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Vorwort

In der vorliegenden Habilitationsschrift werden die Ergebnisse der Forschungsar-
beiten seit 1995 anhand der neunzehn wichtigsten eigenen Veroffentlichungen zum
Thema dargestellt. Die Arbeiten sind thematisch in drei Unterkapitel gegliedert, in
denen die Beitrige zur spektroskopischen Charakterisierung der Huminstoffe (2.1,
sieben Publikationen), Untersuchung der Wechselwirkungen mit hydrophoben Xe-
nobiotika (2.2, vier Publikationen) und den Wechselwirkungen mit Metallkationen
(2.3, drei Publikationen) zusammengefasst sind. Jedem Unterkapitel ist eine kurze
Zusammenfassung der aktuellen Literatur (fiir die Jahre 2000 bis 2004) vorange-
stellt, um einerseits die Relevanz aber auch das fortbestehende Interesse an den
Forschungsthemen zu dokumentieren. Die altere Literatur ist bereits in den einzel-
nen Veroffentlichungen beriicksichtigt.

Im Anschluss daran werden in Kapitel 3 Ergebnisse laufender Forschungsarbeiten
prasentiert. Diese sind eine Fortsetzung der in den vorhergehenden Kapiteln darge-
stellten Forschungsarbeiten an Huminstoffen und ihrer Rolle als Reaktionspartner
fiir Xenobiotika in der Umwelt, wobei besonders die Reaktivitiat gegentiber Metallka-
tionen in den Mittelpunkt des Interesses geriickt ist. Durch die Verwendung von Lan-
thaniden! (Ln3") als molekulare Lumineszenzsonden wird die Komplexierung von
Metallen durch Huminstoffe mit stationdren und zeitaufgelosten Fluoreszenztechni-
ken untersucht. Zum besseren Verstindnis der Sondeneigenschaften der Ln3* sind
die relevanten (spektroskopischen) Eigenschaften der Lanthanide sowie ihrer Kom-
plexe kurz in Abschnitt 3.1 zusammengefasst. Von den bislang erzielten Ergebnisse
werden u.a. die aktuellen Resultate der Untersuchung der Energietransferprozesse in
Huminstoff-Lanthanid-Komplexen diskutiert. Besonders die Bestimmung der mitt-
leren Absténde von Metallbindungspliatzen in Huminstoffen iiber die Messung eines
Interlanthanid-Energietransfers eréffnet neue Moglichkeiten, Phénomene wie die der
Huminstoffassoziation auf Grofenskalen von wenigen Nanometern zu untersuchen.
Die Darstellung in Kapitel 3 konzentriert sich vor allem auf die Diskussion der
Ergebnisse, Informationen zu experimentellen Details (z.B. zu den verwendeten Ge-
raten) und zu allgemeineren theoretischen Grundlagen finden sich in den Anhéngen

A und C.

Tn der neueren Literatur wird auch hiufig der Begriff Lanthanoide verwendet.
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Kapitel 1

Einleitung

Huminstoffe (HS) entstehen aus pflanzlichen und tierischen Material durch chemi-
sche und biologische Ab- und Umbauprozesse. Wahrscheinlich liegen verschiedene
Entstehungswege vor, die je nach lokalen Bedingungen (Klima, Pflanzenbewuchs,
Mikroorganismen usw.) verschieden stark zum Gesamtentstehungsprozess beitra-
gen. Als bekannteste Hypothesen fiir die HS-Genese sind die Lignin-Theorie und die
Polyphenol-Theorie zu nennen, desweiteren ist die Kondensation von Polysaccha-
riden und Aminoverbindungen in Betracht zu ziehen [1-4]. HS sind ubiquitér und
stellen den wohl grofiten verfiigharen Kohlenstoffpool dar, er iibertrifft selbst die in
Pflanzen und Tieren gebundene Menge. Dennoch gehéren HS zu einer Substanzklas-
se, die immer noch nicht vollstdndig verstanden ist in Bezug auf ihre Reaktivitat in
der Umwelt. Fiir die Jahre 2000 bis 2004 kénnen im Web of Science 2075 Eintrige
zum Stichwort humic substances gefunden werden. Neben den eher traditionellen
Themenschwerpunkten (s.u.), die sich mit den verschiedenen Effekten von HS auf
die Speziation, Bioverfiigharkeit und verédnderte Toxizitdt von Xenobiotika befas-
sen, werden die Bedeutung der HS fiir die Nahrungskette (vor allem in aquatischen
Lebensrdumen) untersucht. Zusétzlich zu den eigentlichen physiologischen Effek-
ten, die u.a. die Rolle von HS in Elektronen-Donor-Akzeptor-Zyklen in Verbindung
mit Mikroorganismen untersuchen, ist vor allem die Wirkung von HS als Mediator
beim Abbau bzw. in der Wasseraufbereitung bei der Bildung von halogenierten Ver-
bindungen von Interesse. Durch Verédnderungen im Klima, den steigenden Eintrag
von anthropogenen Substanzen in die Umwelt und durch die sich stetig wandelnde
Nutzung von Landflichen und Gewéssern (z.B. durch Landwirtschaft) wird auch die
Qualitat und die Quantitiat der HS verdndert. So verursacht der zunehmende Gehalt
an HS in Oberflachengewéssern bei der Trinkwasseraufbereitung stetig steigende Ko-
sten in der Grofsenordnung von einigen 100 Mio. Euro. Wesentliche Kostenfaktoren
sind die Entfernung von HS durch Flockungsprozesse, die Biofilmbildung in Wasser-
leitungssystemen und in Filteranlagen sowie die Bildung von gesundheitsschédlichen
Substanzen im Zusammenhang mit Desinfektions- und Oxidationsschritten wahrend
der Wasseraufbereitung. Da HS zu ca. 50 bis 60% aus Kohlenstoff bestehen, ist ein
Verstéandnis der Kohlenstoffdynamik in Zusammenhang mit HS auch fiir die Dyna-
mik des Treibhausgases COy bedeutsam (s. DFG Schwerpunktprogramm ,Boden als
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2 KAPITEL 1. EINLEITUNG

Quelle und Senke fiir CO3-Mechanismen und Regulation der Stabilisierung organi-
scher Substanz in Boden").

HS konnen als Biopolymere aufgefasst werden, die sich neben ihrer auftergewhnlich
grofen Heterogenitdat durch eine grofse Zahl verschiedenster Funktionalitdten aus-
zeichnen (z.B. aromatische Strukturen oder basische und saure Gruppen). Dement-
sprechend ist ihre Reaktivitit gegeniiber Xenobiotika in der Umwelt mannigfaltig.
Saure-Base-Gruppierungen bestimmen die Komplexierung von Metallkationen, hy-
drophobe bzw. hydrophile Eigenschaften beeinflussen die Wechselwirkung mit orga-
nischen Xenobiotika. Die Wechselwirkung mit Xenobiotika kann entweder zu einer
Immobilisierung oder zu einer erhohten Mobilisierung dieser fithren und aufgrund der
verdnderten Bioverfiigharkeit wird die Toxizitét der Xenobiotika beeinflusst [1,5-10].
Durch die Anwesenheit von Chromophoren wird in natiirlichen Wéssern die Ein-
dringtiefe der Sonnenstrahlung durch HS bestimmt. Variationen im HS-Gehalt kon-
nen so einen bedeutsamen Effekt auf die Flora und Fauna von aquatischen Okosys-
temen haben.

Fiir Untersuchungen der Reaktivitdt von HS werden Referenz- und Standard-HS
benotigt. Von verschiedenen Arbeitsgruppen und der International Humic Substan-
ces Society (IHSS) werden Standardroutinen zur Isolierung von HS vorgeschla-
gen [1,4,11,12|. So wird z.B. fiir die Isolierung von aquatischen HS die Adsorption
bei pH-Werten < 2 an nicht-ionischen Polymeren (XAD-2 oder XAD-8) und die an-
schliekende Desorption bei pH-Werten > 12 als Methode favorisiert. Dadurch wird
eine operational-definierte Auftrennung der HS in hydrophile und hydrophobe Frak-
tionen erreicht. HS werden weiter unterteilt in Fulvinsduren (FA, fulvic acids) und
Huminsduren (HA, humic acids). Diese Unterscheidung ist rein operational-definiert
und basiert auf Unterschieden in der Loslichkeit und Adsorbierbarkeit von FA- und
HA-Fraktion. So werden z.B. FA und HA durch die unterschiedliche Loslichkeit bei
pH-Werten < 2 definiert - FA sind 16slich, wahrend HA ausgeféllt werden. FA sind
ionisch-hydrophil, HA ionisch-hydrophob. Daneben fallen bei der Isolierung noch die
Fraktion der nicht an XAD-Harze adsorbierbaren Verbindungen sowie die Fraktion
der irreversibel an die XAD-Harze gebundenen Verbindungen an. Letztere konnen
nur durch Extraktion mit organischen Losungsmitteln wieder von der Festphase ent-
fernt werden. Zur Isolierung von bodenbiirtigen HS wird der Boden z.B. mit einer
alkalischen Losung extrahiert und im Anschluss daran in die operational-definierten
Fraktionen FA und HA aufgetrennt.

Bedingt durch die unterschiedlichen Ausgangsmaterialien in der Genese von HS (be-
griindet in der unterschiedlichen Flora und Fauna in Kombination mit den jeweiligen
klimatischen Bedingungen), ist eine Angabe einer generellen Struktur nicht moglich.
Zur Beschreibung der Reaktivitat von HS werden besser Bausteine (building blocks)
bzw. funktionelle Gruppen identifiziert (s.u.). Hydroxid-, Amid-, Amin-, Carboxyl-
sowie Carbonyl-, Phenol- und Quinon-Gruppen sind héufige funktionelle Gruppen in
HS [1,2,4,13-15|. Dariiberhinaus miissen auch noch schwefelhaltige Gruppen in die
Betrachtung einbezogen werden. Eine weitere Schwierigkeit beim Umgang mit HS ist
die im Verlauf der Humifizierung auftretende stiandige Veranderung der HS, wodurch
das Isolieren und Bereitstellen von Standards und Referenzmaterialien erschwert



wird. Mit zunehmendem Alter der HS werden die beobachtbaren Veréinderungen ge-
ringer und die HS kénnen dann als refraktér bezeichnet werden [1]. Eine Isolierung
von HS bedeutet aber auch immer einen Eingriff in das Gesamtsystem HS. So sind
z.B. in HS Metallkationen Me"" (z.B. Fe(II), Fe(III)) gebunden, deren Gehalt durch
die Isolierung verandert werden kann. Die Anwesenheit der Me™t kann z.B. das Re-
doxverhalten der HS beeinflussen [16]. Aufserdem tibernehmen Me"* moglicherweise
wichtige Funktionen bei der Ausbildung von Uberstrukturen. HS kénnen Aggrega-
te bilden und bestimmte HS-Eigenschaften werden erst durch diese Uberstrukturen
definiert. Das hat wichtige Konsequenzen fiir die Definition von HS-Bausteinen zur
Beschreibung der Reaktivitdt von HS, da so die makromolekularen Eigenschaften
nicht mit erfasst werden.

HS sind von interdisziplindrem Interesse fiir Bio-, Geo- und Umweltwissenschaften.
Vor dem Hintergrund der enormen Komplexitiat der HS ist die (Weiter) Entwicklung
von analytischen Techniken zur Untersuchung der Wechselwirkungen bzw. der Wech-
selwirkungsmechanismen zwischen HS und Xenobiotika zwingend erforderlich. Erst
die Anwendung von fundamentalen physiko-chemischen Konzepten, wie es z.B. der
Resonanzenergietransfer darstellt, wird die Moglichkeit eroffnet, tragfahige Konzep-
te zur Beschreibung der Wechselwirkungen von HS in der Umwelt zu erarbeiten, die
iiber die auf empirische Daten beruhenden hinausgehen.

Spektroskopische Methoden - vor allem die Fluoreszenzspektroskopie mit ihrer ein-
zigartigen Multidimensionalitdt - sind als nicht-invasive Techniken besonders ge-
eignet die Wechselwirkungen von HS mit Xenobiotika zu untersuchen. Ein Nach-
teil, den es bei der Anwendung von Fluoreszenztechniken zu iiberwinden gilt, ist
das liickenhafte Verstdndnis der photophysikalischen Prozesse in Zusammenhang
mit HS und zwar sowohl bezogen auf die intrinsische Fluoreszenz der HS als auch
auf die von extrinsischen Lumineszenzsonden. In Kapitel 2 sind Veroffentlichungen
zu Ergebnissen der spektroskopischen Untersuchungen von HS und ihren Wechsel-
wirkungen mit organischen und anorganischen Verbindungen zusammengefasst. In
diesen wurden fundamentale photophysikalische Prozesse in HS und von mit HS
wechselwirkenden Lumineszenzsonden systematisch erforscht. Neben dem Einsatz
von leistungsstarken spektroskopischen Verfahren, die in Einzelfillen eine spektrale
Auflésung besser 0.1 nm haben (Tieftemperaturfluoreszenzexperimente) und in der
Zeitdoméne, Prozesse im Pikosekundenbereich aufzulosen vermogen (Messungen mit
Streak-Kamera), wurden auf chemischer Seite zusétzlich Modellverbindungen und
gezielt-modifizierte HS untersucht. Die Auswahl der Modellverbindungen wurde an
bekannten Struktureinheiten von HS-Vorlaufersubstanzen (z.B. Lignin) orientiert.
Zunachst werden die Resultate der spektroskopischen Charakterisierung der HS
selbst dargestellt (s. 2.1). Neben der Untersuchung der isolierten HS in Form von
HA- und FA-Fraktionen wurden auch die lediglich 0.45 pm-filtrierten Huminstoffo-
sungen spektroskopisch untersucht. Um die aufsergewohnliche Komplexitat der HS
in den Experimenten zu reduzieren, wurden die HS-Proben chemischen und physi-
kalischen Behandlungen (z.B. Oxidation durch O3 oder Chlorung) unterzogen, um
so definierte Reaktionen in den HS zu induzieren und aus deren Auswirkungen auf
die photophysikalischen Parameter, Riickschliisse auf die Photophysik der HS zu zie-
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hen. In den Kapiteln 2.2 und 2.3 sind die gewonnenen qualitativen und quantitativen
Erkenntnisse der Wechelwirkungen von HS mit organischen und anorganischen Ver-
bindungen dargestellt. In Kapitel 2.2 werden polyzyklische aromatische Kohlenwas-
serstoffe (PAK) als Fluoreszenzsonden zur Untersuchung der Wechselwirkung von
hydrophoben Xenobiotika mit HS eingesetzt. Insbesondere der Vergleich der Ergeb-
nisse der nicht-invasiven Fluoreszenzmessungen mit Ergebnissen der Mikrofestpha-
senextraktion (SPME) lieferte wichtige Erkenntnisse zu den Wechselwirkungen von
hydrophoben Xenobiotika mit HS. In den durchgefiihrten Tieftemperaturmessun-
gen konnten erstmals hochaufgeloste Fluoreszenzspektren von HS-Pyrenkomplexen
erhalten werden. In Kapitel 2.3 sind schlieklich Veroffentlichungen, in denen die
Wechselwirkungen von HS mit Metallionen - z.B. Eu*" - untersucht worden sind,
dargestellt. Die durch die Metallkomplexierung induzierten Veranderungen der pho-
tophysikalischen Parameter der HS wurden vor allem durch zeitaufgeloste Fluo-
reszenztechniken charakterisiert. Zur Auswertung der komplexen Abklingkinetiken
werden speziell Lebenszeitverteilungen herangezogen.

Die im Kapitel 2 vorgestellten Arbeiten waren ein Teil folgender Forschungsvorha-
ben, welche im Zeitraum September 1995 bis Juni 2000 am Engler-Bunte-Institut,
Bereich Wasserchemie der Universitit Karlsruhe durchgefiihrt worden sind:

e Charakterisierung komplexer Stoffstrukturen in der Umwelt mit Hilfe hochauflé-
sender Analysenverfahren
(Forschungsschwerpunktprogramm Baden-Wiirttemberg)

e Refraktare organische Sauren im Gewasser
(DFG-Schwerpunktprogramm)

e Einfluss von Oxidationsreaktionen auf die Wechselwirkungen zwischen natiirlichen
organischen Wasserinhaltsstoffen (NOM) und Metallionen
(DFG-Forschungsvorhaben)

Die vorgestellten Ergebnisse finden z.T. ihre Fortsetzung in aktuell laufende For-
schungsvorhaben am Institut fiir Chemie der Universitat Potsdam:

e Laserspektroskopische Untersuchungen der Struktur-Wirkungsbeziehungen in Metall-
Siderophor-Komplexen
(DFG-Forschungsvorhaben)

e Spektroskopische Bestimmung von thermodynamischen und kinetischen Kenngro-
Ben zur Beschreibung der Huminstoff-Metall-Komplexierung
(Verbundvorhaben des BMWA)

e Fundamental Processes of Radionuclide Migration
(Integriertes Projekt im 6. EU-Rahmenprogramm)

Ausgewihlte Beispiele von bislang in diesen Forschungsvorhaben erzielten Ergebnis-
sen sind abschlieffend in Kapitel 3 beschrieben.



Kapitel 2

Eigene Arbeiten - von 1995 bis 2000

Neben den Co-Autoren haben weitere Studenten in Studien- und Diplomarbeiten
bei der Durchfithrung der Forschungsprojekte mitgewirkt und damit auch den Fort-
gang der in Kapitel 2 dargestellten Ergebnisse unterstiitzt.

Mein Dank gilt besonders:

Clemens Barth (Modellversuche zur Mobilisierung von Schadstoffen durch Humin-
stoffe am Beispiel von Polyzyklischen aromatischen Kohlenwasserstoffen),

Seema Chauhan (Characterization of metal ion complexation by liposomes),

Babak Ebrahimi (Einfluss der Wasserharte auf die Mobilisierung von PAK durch na-
tiirliche organische Wasserinhaltsstoffe (NOM)),

Sabine Flaskdmper (Fluoreszenzspektroskopie an Proben mit hoher optischer Dichte:
Bestimmung von Geometrieparametern zur Korrektur des Filtereffektes bei Fluores-
zenzmessungen),

Helga GleiBner (Infrarotspektroskopische Charakterisierung von Huminstoffen in wéssri-
ger Losung),

Ralf Porkert (Wechselwirkung von polyzyklischen aromatischen Kohlenwasserstoffen
(PAK) mit nattirlichen organischen Wasserinhaltsstoffen (NOM) - Vergleich zweier
analytischer Methoden),

Daniel Schmitt (Einfluss geloster organischer Bodenbestandteile auf den Transport
von polyzyklischen aromatische Kohlenwasserstoffen (PAK) in Modellboden)

und Thomas Weber (Einfluss von oxidativen Wasserautbereitungsverfahren auf die
HS-Metallkomplexierung).
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2.1 Spektroskopische Charakterisierung von Humin-
stoffen

In der spektroskopischen Charakterisierung der HS wurde systematisch die statio-
nére und zeitaufgeloste intrinsische Fluoreszenz von HS untersucht. Durch die Mul-
tidimensionalitdt der Fluoreszenz (mit den Observablen Intensitdt Iz, Anregungs-
wellenldnge \.., Emissionswellenldnge A.,, und Fluoreszenzabklingzeit 1) und die
gezielte chemische Modifikation von HS ist es in diesen Untersuchungen gelungen

e die Beteiligung von intra- und intermolekularen Energietransferprozessen sowie
konformativen Reorganisationsprozessen an der elektronischen Desaktivierung
von HS nachzuweisen,

e cinfache Bausteine (building blocks) als fluoreszierende Strukturelemente von
HS zu identifizieren,

e den Einfluss von Ursprungsort und Fortschreiten der Humifizierung zu unter-
suchen.

Die folgenden Veroffentlichungen beschreiben detailliert die spektroskopische Cha-
rakterisierung von HS verschiedener Ursprungsorte und sind in 2.1.1 bis 2.1.7 dar-
gestellt:

1. C. Zwiener, M.U. Kumke, G. Abbt-Braun, F.H. Frimmel
Acta Hydrochim. Hydrobiol., 1999, 27, 208 - 213.
Adsorbed and bound residues in fulvic acid fractions of a contaminated groundwater: Isola-
tion, chromatographic and spectroscopic characterization.

2. M.U. Kumke, C. Zwiener, G. Abbt-Braun, F.H. Frimmel
Acta Hydrochim. Hydrobiol., 2000, 27, 409 - 415.
Spectroscopic characterization of fulvic acid fractions of a contaminated groundwater.

3. G.V. Korshin, M.U. Kumke, C.-W. Li, M.M. Benjamin, F.H. Frimmel
Environ. Sci. Technol., 1999, 33, S. 1207 - 1212.
Influence of chlorination on chromophores and fluorophores in humic substances.

4. M.U. Kumke, C.H. Specht, T. Brinkmann, F.H. Frimmel
Chemosphere, 2001, 45, 1023 - 1031.
Alkaline hydrolysis of humic substances - Spectroscopic and chromatographic investigations.

5. M.U. Kumke, G. Abbt-Braun, F.H. Frimmel
Acta Hydrochem. Hydrobiol., 1998, 26, 73 - 81.
Time-resolved fluorescence measurements of aquatic natural organic matter (NOM).

6. F.H. Frimmel, M.U. Kumke
in: Humic Substances: structure, properties, and uses, G. Davies and E. Ghabbour (eds.),
Royal Society of Chemistry, Cambridge 1998, 113 - 122.
Fluorescence decay of humic substances (HS) - A comparative study.

7. M.U. Kumke, F.H. Frimmel
in: Refractory organic substances in the Environment, F.H. Frimmel, G. Abbt-Braun (eds),
Wiley-VCH, Weinheim 2002, 215 - 231.
Stationary and time-resolved fluorescence for refractory organic substances characterization.
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Bezug zur aktuellen Literatur Neben Weiterentwicklungen im Bereich der
NMR-Spektroskopie und Massenspektrometrie in Kombination mit hochentwickel-
ten Auswerteverfahren, der Standardisierung von Isolierungsprozeduren fiir HS zur
Bereitstellung von Referenzmaterialien und der Anwendung von chromatographi-
schen Verfahren mit multidimensionaler Detektion, ist es der Ausbau der stationiren
und zeitaufgelosten Fluoreszenztechniken, der einen grofen Beitrag zur Charakteri-
sierung von HS und deren Reaktionen geleistet hat [1,17-19]. Durch die Kombination
analytischer Methoden werden fiir komplexe Proben wie HS verschiedene physiko-
chemische Parameter zuginglich. Wilkinson et al. konnten durch die Kombination
von Fluoreszenz-Korrelationsspektroskopie mit chromatographischen Verfahren fiir
verschiedene HS und HS-Fraktionen Diffusionskoeffizienten bestimmen [20-24]. Be-
sonders die Multidimensionalitédt der Fluoreszenztechniken hat zu einer breiten An-
wendung in der Charakterisierung von HS und HS-Fraktionen gefiihrt. Durch die in-
strumentellen Weiterentwicklungen wurden totale Lumineszenzspektren (TLS) von
HS gekoppelt mit chromatographischen Trennverfahren gemessen [25-27|. In der
steigenden Anwendung von TLS zur Charakterisierung setzt sich die Erkenntnis
durch, dass einfache 2D-Fluoreszenzspektren nicht geeignet sind, da fiir ein komple-
xes Stoffgemisch wie HS ein starker Einfluss der gewdhlten Anregungs- und Emis-
sionswellenléngen auf die gemessenen Spektren beobachtet wird. Mit der Messung
der TLS konnen geeignetere experimentelle Parameter bestimmt werden, wie sie
z.B. in der chromatographischen Analyse organischer Wasserinhaltsstoffe gebraucht
werden [28]|. Durch die Kombination mit Messungen von TLS verschiedener Refe-
renzverbindungen ist eine Klassifizierung nach Ursprungsorten und Vorldufermate-
rialien moglich [28,29]. So wurden grofe Unterschiede in der Fluoreszenz zwischen
terrestrischen, aquatischen und marinen HS beobachtet [30]. Durch die Aufnahme
von TLS und die zusétzliche Einteilung in spezifische spektrale Regionen koénnen
Ursprungsort, Humifizierungsgrad usw. verldsslicher beschrieben werden [31] (s. da-
zu auch 2.1.7).

In Kombination mit Absorptionsspektroskopie wird die Messung der Fluoreszenz
zur einfachen und schnellen Bestimmung des Gehalts an HS in natiirlichen Wéssern
angewandt [32] (s. auch Anhang D, Verdffentlichung Nr. 22). Als Methode, die nur
geringe oder keine Probenaufbereitung benétigt, kann die Fluoreszenzspektroskopie
auch als schnelle Vor-Ort-Methode eingesetzt werden, um z.B. das Ausbreitungs-
verhalten in Béden oder Gewéssern zu untersuchen. Durch Messen der intrinsischen
HS-Fluoreszenz kénnen so Transportwege, der Eintrag von Verunreinigungen durch
bestimmte Industrien (wie z.B. die Papierindustrie) oder der Zustand von Deponie-
renaturierungen verfolgt und charakterisiert werden [30,33-36] (s. dazu auch 2.1.1,
2.1.2 und 2.1.3). Durch Untersuchungen der intrinsischen Fluoreszenz von Sicker-
wasserproben wurde der Grad der Humifizierung bestimmt. Dieser ist ein wichtiger
Parameter zur Beurteilung einer Deponie z.B. mit Hinblick auf die Mobilitdt von
Schadstoffen aus der Deponie [35]. Das Einleiten von Abwassern der Papierher-
stellung fiihrt zu signifikanten Veranderungen in den TLS bzw. synchronen Fluo-
reszenzspektren von Flusswasserproben [37,38]. Ausbreitung von Grundwasser und
Eintrag von Stoffen wurden durch die Messung der intrinsischen Fluoreszenz von
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HS unter verschiedenen experimentellen Bedingungen untersucht [39]. Fiir Kiisten-
regionen wird versucht, anhand von Fluoreszenzmessungen von Wasserproben das
Auftreten von Algenbliiten und das Einleiten von anthropogenen Stoffen zu {iber-
wachen [40]. Durch Kontrolle der Qualitét des gelosten organischen Kohlenstoffs in
natiirlichen Gewéssern (von denen ein grofser Anteil die HS sind) und im Auslauf
von Klaranlagen wird den Betreibern der Anlagen ein Parameter an die Hand ge-
geben, der ein schnelles steuerndes Eingreifen ermoglicht [28,34,41,42]. Aus den
spektroskopischen Eigenschaften natiirlicher Wisser werden Riickschliisse auf die
Reaktivitat der gelosten organischen Stoffe gezogen [36,43]. Dies ist u.a. bedeutsam
im Falle einer Chlorung von Trinkwéssern und der potentiellen Bildung von gesund-
heitsschédlichen chlorierten Reaktionsprodukten, einer in den USA weitverbreiteten
Problematik (s. dazu 2.1.3). Basierend auf Fluoreszenzmessungen sind verschiedene
Indizes entwickelt worden, die den Humifizierungsgrad, den Gehalt an aromatischen
Strukturen oder die Herkunft der HS einzuordnen gestatten [33,34,44-50].

Aus vergleichenden Untersuchungen geht hervor, dass die relative Fluoreszenz der
FA-Fraktion grofer ist als die der dazugehérigen HA-Fraktion [25,29]. Dass die Frak-
tionen mit den kleinen und mittleren molaren Grofen besser fluoreszieren, konnte
auch durch Kombination von Grofenausschlusschromatographie (size exclusion chro-
matography, SEC) und Fluoreszenzdetektion gezeigt werden [28]. In Fraktionen mit
hoher molekularer Grofe scheint der Anteil an Polysaccariden dominant. In der
Kopplung von TLS-Detektion und Hochdruck-SEC konnte ferner gezeigt werden,
dass die kleinen, polaren Anteile der HS am stérksten fluoreszieren und sich auch in
der Lage des Emissionsmaximums deutlich von den gréfseren unterscheiden [26] (s.
dazu 2.1.3, 2.1.4 und 2.1.5). Die Fluoreszenz von partikuléren, kolloidalen und gelo-
sten HS scheint grofe Ahnlichkeit zu besitzen. Fiir HS isoliert aus dem Amazonas lie-
fsen sich zwei charakteristische Fluoreszenzanregungsbanden identifizieren, aus deren
Quotienten ein linearer Zusammenhang fiir die pH-Abhéngigkeit der HS-Fluoreszenz
gefunden wurde [51]. In anderen Féllen zeigen auch mittels unterschiedlicher Fest-
phasen isolierte HS gute Ubereinstimmung in ihren Fluoreszenzeigenschaften, was
auf sehr dhnliche Strukturen (bzw. Fluorophore) in den isolierten Fraktionen hin-
weist [52]. Dass die kleinen Grofenfraktionen der HS neben der stérksten Fluores-
zenz auch das grofste photochemische Sensibilisierungspotential besitzen, konnten in
photochemischen Abbauexperimenten mit 2,4,6-Trimethylphenol und dem Herbizid
Fenuron gezeigt werden [53]. Allerdings scheint diese Sensibilisierung des photoche-
mischen Abbaus durch HS von den abzubauenden Stoffen beeinflusst zu werden.
In Photoabbauexperimenten mit polyzyklischen aromatische Kohlenwasserstoffen
(PAK) konnte durch die Gegenwart von Suwannee River FA kein beschleunigter
Photoabbau der PAK gefunden werden [54].

Neben der phanomenologischen Anwendung von Fluoreszenzmethoden zur Charak-
terisierung des Ursprungsorts oder des Eintrags von Verunreinigungen, gibt es me-
chanistische Untersuchungen, die das Ziel einer Identifizierung von Fluorophoren in
HS haben. Es wurden verschiedene Modellsysteme diskutiert, die im Gegensatz zu
fritheren Meinungen nicht mehr von nahezu unendlich vielen Fluorophoren ausgehen,
sondern eine begrenzte Anzahl von Fluorophoren annehmen. Vorangetrieben wurden
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diese Uberlegungen besonders durch Ergebnisse aus massenspektrometrischen Un-
tersuchungen [18|. Fraktionierung in polyphenol-reiche und carbohydrat-reiche An-
teile zeigten, dass die polyphenol-reiche Fraktion deutlich besser fluoresziert [55,56].
Der Vergleich von HS verschiedener Ursprungsorte in Bezug auf ihr spektrosko-
pisches Verhalten im Temperaturbereich von -160°C bis +300°C legte nahe, dass es
nur eine kleine begrenzte Anzahl von fluoreszierenden Strukturen gibt [25,57] (s.
dazu auch Kap. 2.1.1 bis 2.1.4). In anderen Studien wird vor allem die Anwesen-
heit von chinoiden Strukturen als fluoreszierendes Strukturelement favorisiert. Die-
se stiitzen sich u.a. auf ESR-Untersuchungen und vergleichende Betrachtungen mit
Chinon-Hydrochinon-Modellsystemen [49, 58]. Der Gehalt an Chinon-Hydrochinon-
Strukturen bestimmt das Redoxverhalten der HS. Aus einem Vergleich der Fluores-
zenzeigenschaften mit den Elektronenakzeptor-Eigenschaften verschiedener HS (ge-
messen durch Reduktion von Fe(III) zu Fe(II)) zeigte sich aber nur eine méfige Kor-
relation [59]. In Absorptions- und Fluoreszenzmessungen in Kombination mit laser-
induzierten Ausbleichexperimenten wurde versucht, selektiv bestimmte Chromopho-
re bzw. Fluorophore anzuregen und photochemisch abzubauen. Aus den gewonnenen
Ergebnissen wird auf eine intramolekulare Energie- und Landungstransfer-Kaskade
geschlossen - dhnliche wie in 2.1.6 beschrieben - so dass nur eine begrenzte Anzahl
von gekoppelten Fluorophoren fiir die beobachtete komplexe Fluoreszenz verant-
wortlich sind [60].
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2.1.1 Adsorbed and bound residues in fulvic acid fractions of
a contaminated groundwater: Isolation, chromatogra-
phic and spectroscopic characterization

C. Zwiener, M.U. Kumke, G. Abbt-Braun, F.H. Frimmel
Acta Hydrochim. Hydrobiol., 1999, 27, 208 - 213.

In dieser und der in 2.1.2 angefiithrten Publikation wurden aus Grundwasserproben
eines ehemaligen Gaswerksgeléndes isolierte HS untersucht. Zunéchst erfolgte die
Charakterisierung vornehmlich iiber chromatographische Verfahren in Kombination
mit UV /Vis- und Fluoreszenzspektroskopie.

Es zeigten sich in Abhéngigkeit vom Probenahmeort deutliche Unterschiede zwi-
schen den isolierten Huminstoffen, speziell den FA-Fraktionen. Wéhrend die Probe
aus dem Abstrombereich in ihren untersuchten Werten sehr gut mit dem aus anderen
natiirlichen Gewéssern isolierten HS iibereinstimmte, zeigte die aus der Schadstof-
fahne gewonnene HS-Probe ein spezifisch-abweichendes Verhalten. Fiir letztere deu-
teten die Chromatogramme sowie die Absorptions- und Fluoreszenzspektren darauf
hin, dass mit den HS assoziierte organische Verbindungen vorhanden waren, die noch
nicht vollstdndig abgebaut bzw. noch nicht in die HS-Matrix integriert waren. Durch
Extraktion mit unpolaren organischen Losungsmitteln konnten teilweise organische
Verbindungen extrahiert werden, wodurch das Vorliegen von an HS physisorbierte
Riickstande weiter unterstrichen wurde. Aus Vergleich mit Einzelsubstanzen wurden
Salicylsdure und verwandte Derivate als eine mogliche Verbindungsklasse identifi-
ziert.

Synchrone Fluoreszenzspektren (AL = 60 nm)
(s. Fig. 2 in Kapitel 2.1.2)
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SPEKTROSKOPISCHE CHARAKTERISIERUNG VON HS

Adsorbierte und gebundene Riicksténde in den Fulvinsiurefraktionen
eines kontaminierten Grundwassers - Isolierung, chromatographische und

spektroskopische Charakterisierung

C. Zwiener, M. U. Kumke,
G. Abbt-Braun, and F. H. Frimmel*

Keywords: Humic Substances, Fulvic Acids, Bound
Residues, Gas Facility, XAD Adsorption, Size-exclusion
Chromatography, Hydrophobic Interaction Chromatography

S y: Humic sut (HS) were isolated from two
contaminated groundwater samples (B22 and B53) from a site
of a former gas facility. The isolation yielded almost only the
fulvic acid fractions (FA). For characterization spectroscopic
(UV, fluorescence) and chromatographic techniques (hydro-
phobic interaction chromatography — HIC as well as size-
exclusion chromatography — SEC) were applied. The sample
designated B22 FA was collected from the contamination
plume whereas the sample B53 FA was collected downstream.
Distinct differences were exhibited by these samples. The UV
and fluorescence spectra as well as the HIC and SEC chro-
matograms of the B53 FA sample resemble those of the FA
fraction obtained from natural water (groundwater, bog). The
HIC and SEC chromatograms reveal the presence of organic
compounds in B22 FA which can be derived from coal tar
contaminants or their metabolites. Some of the compounds
can be extracted from the FA fraction with non-polar organic
solvents indicating adsorptive forces between the con-
taminants and the FA fraction.

1 Introduction

Gas production facilities were common in Germany at the
beginning of the 19th century. Although almost all gas produc-
tion was terminated in the 1970, highly contaminated sites
have remained. Groundwater samples taken from these sites
often contain a variety of polyaromatic (PAH) and N-, O-, S-
heterocyclic compounds as well as their metabolites [1-4].

* Dr. Christian Zwiener, Dr. Michael U. Kumke, Dr. Gudrun
Abbt-Braun, Prof. Dr. Fritz H. Frimmel, Engler-Bunte-Institut,
Bereich Wasserchemie, Universitit Karlsruhe (TH), Engler-
Bunte-Ring 1, D-76131 Karlsruhe, Germany

Correspondence to F. H. Frimmel
E-mail: fritz.fimmel@ciw.uni-karlsruhe.de

Schlagworter: Huminstoffe, Fulvinsiuren, gebundene Riick-
stinde, Gaswerksgelinde, XAD-Adsorption, Grofienaus-
schlufichromatographie, Umkehrphasenchromatographie

Zusammenfassung: Von den zwei kontaminierten Grundwas-
serproben B22 und B53 eines ehemaligen Gaswerksgeldndes
wurden Huminstoffe (HS) isoliert. Dabei wurde jeweils vor-
wiegend die Fulvinsiurefraktion (FA) erhalten. Zur Charakte-
risierung der FA-Fraktionen wurden spektroskopische (UV,
Fluoreszenz) und chromatographische Methoden (hydropho-
be Wechselwirkungschromatographie HIC auf Umkehrphasen
und GréBenausschluBchromatographie SEC) angewandt. Die
Proben zeigen deutliche Unterschiede, wobei B22 FA direkt
aus der Schadstoffahne und B53 FA aus dem Abstrombereich
stammt. Beriicksichtigt man die UV- und Fluoreszenzspektren
sowie die Chromatogramme der HIC- und SEC-Trennung, so
ist B53 FA sehr gut mit FA-Fraktionen natiirlicher Gewésser
(Grund- bzw. Braunwasser) vergleichbar. Die Anwesenheit
von organischen Verbindungen in der Probe B22 FA wird be-
sonders in den Chromatogrammen nach HIC- und SEC-Tren-
nung deutlich. Diese Verbindungen konnen auf Kohleteer-
riickstdnde oder deren Metaboliten zuriickgefiihrt werden. Ein
Teil der organischen Verbindungen 146t sich mit unpolaren or-
ganischen Losemitteln aus der FA-Fraktion extrahieren, was
auf Sorptionswechselwirkungen zwischen den Kontaminanten
und der FA-Fraktion hinweist.

The transport, fate, and bioavailability of contaminants in
aquatic environments is highly dependent largely on the parti-
tioning of the pollutant between water, soil or sediment and
natural organic matter (NOM, dissolved and adsorbed on soil
or sediment) [5-7]. A main part of the NOM are usually humic
substances (HS). The interaction between aquatic HS and or-
ganic pollutants can be attributed to van der Waals forces,
charge-transfer mechanism, as well as hydrogen bond forma-
tion, ion exchange, and even covalent binding [8, 9]. The spe-
cific kind of interaction depends on the physico-chemical
properties of both the HS and the organic pollutant.

The objective of this work was to investigate adsorbed or
bound organic residues in the isolated fractions of aquatic HS.
For that purpose aquatic HS were isolated from a contaminat-
ed site and characterized by different methods.

11
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2 Experimental

Sampling site

Aquatic samples were taken at the contaminated site of a
former gas facility in southern Germany. Pollution at this site origi-
nated from gasification and gas purification processes due to leak-
age from storage facilities and water leaching of coal and tar dump-
ing-grounds. Groundwater samples taken from these sites contain a
variety of aromatic and heterocyclic compounds [10] and possibly
their metabolites [4]. Different wells were installed to investigate
the contaminated field and the groundwater below. The tubes in-
stalled were made of polyvinyl chioride and high density polyethyl-
ene, and their diameters were 125 mm and 150 mm, respectively.
The well B22 was located within the contamination plume, i.e. in
the primary source of contamination with a high contamination
level. The well B53 was located downstream of the contamination
plume with a low contamination level. More details were provided
elsewhere [10].

Sampling procedure

Groundwater samples were collected from the aquifer at about
5.5 m below ground level with a submersible pump from the two
wells (differing in their pollution burden). Two 100 L samples were
collected into 50 L polyethylene containers from the wells B22 and
BS3, cooled immediately, and stored at 4°C in the dark.

TIsolation of humic substances

One hundred L water samples from wells B22 and B53 were
filtered (0.45 pm, filter cartridge made from polypropylene and
cellulose acetate, Sartorius) and then acidified to pH 2 with HCI1
prior to the isolation. The isolation of HS was performed by ad-
sorption/desorption on a polystyrene-resin (XAD-8, Merck) as de-
scribed by Mantoura and Riley [11] and varied by Abbt-Braun et al.
[12]. The isolation of HS with XAD resin has been achieved by

1 Adsorption II Desorption

XAD col

Fig. 1: Scheme of the first two steps of the adsorptive XAD isola-
tion of humic substances. NHS: non adsorbable carbon fraction at
pH 2; Ads: with NaOH (0.2 M) non desorbable carbon fraction.

Schema der ersten beiden Schritte der Adsorptionsanreicherung
von Huminstoffen an XAD. NHS: bei pH = 2 nicht adsorbierbarer
Anteil; Ads: mit NaOH (0.2molar) nicht desorbierbarer Anteil.

employing the following two steps: I The adsorption of organic
matter on XAD-8 resin at pH 2; and II The desorption of adsorbed
HS with NaOH (Fig. 1). The resulting solutions of fulvic acids (FA)
and humic acids (HA) were used for further investigations, respec-
tively the freeze-dried samples.

In addition, the FA fractions of a bog lake HO10 (Lake Hohloh,
Black Forest) and of a natural groundwater FG1 (Fuhrberg) from
the major research program ROSIG (Refrakire organische Sauren
in Gewissern) were used as reference materials [13]. The fractions
had been isolated from 1000 L samples with the above described
method of XAD-adsorption. To investigate the organic contami-
nant content of the FA fractions 10 mL samples were extracted
three times with 4 mL rn-hexane (pro analysi, Merck) and subse-
quently three times with 4 mL dichloromethane (pro analysi,
Merck).

Analyses

Dissolved organic carbon (DOC) content was determined on
10 mL samples acidified with 0.1 mL concentrated phosphoric
acid and purged with nitrogen, prior to analysis with a Dohrmann
Carbon Analyzer DC 80 (Schmidlin, Mutlangen). ¢

Copper complexation capacity (CCC) was measured by differ-
ential pulse polarography at pH 6.9 and a DOC content of the
sample of 1 mg/L according to Frimmel and Geywitz [14], using a
polarograph with a mercury hanging-drop electrode (646/647 VA,
Metrohm). UV spectra were recorded on a spectrophotometer with
a data station (Spectronic 1201, Milton Roy) in 10 mm quartz glass
cuvettes (Hellma).

For the fluorescence experiments the samples were diluted
with deionized water to a final DOC concentration of 10 mg/L. For
the steady state fluorescence measurements a Perkin Elmer LS 5B
was used with a spectral bandpass of 5 nm for both excitation and
emission. Liquid chromatographic analyses were performed using
a HP 1090 liquid chromatograph with HP ChemStation (Hewlett
Packard), diode array and fluorescence detection [15]. Two
methods were employed for size-exclusion and hydrophobic inter-
action chromatography (Table 1).

3 Results and Discussion

The carbon balance for the two steps of HS isolation (the
adsorption of organic matter on XAD resin at pH 2, and the
desorption of adsorbed HS with NaOH, cf. Figure 1) is shown
in Figure 2 for the samples B22 and B53 in comparison to the
bog lake sample HO10 representing a typical result for natural
surface and groundwater. The samples B22 and B53 from the
gas facility arca exhibited a smaller amount of adsorbable or-
ganic substances (step I), compared with the HO10 sample.

More distinct differences are observed for the desorbed
fraction (step II). For the sample HO10 the total amount of ad-
sorbed organic carbon could be desorbed, for B53 85 % and fi-
nally for B22 only 49 %. This observation can be explained by
the high contamination level of the sample B22 with organic
compounds of coal tar residues and their metabolites (e.g.
BTEX, indan, naphthalene, and other PAH). Representatives
of these compound classes are not desorbed from the XAD
resin with aqueous eluents at high pH value (NaOH), but they
could be finally extracted with methanol in a soxhlet appara-
tus. In the methanol extract only a few compounds could be
identified by HPLC/DAD and GC/MS: e.g. naphthalene,
benzothiophen, methyl derivatives of phenol, phenanthridi-
none. Obviously, the DOC content of this fraction cannot be
measured.

Acta hydrochim. hydrobiol. 27 (1999) 4 bl 213
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Table 1: HPLC parameters for gel and hydrophobic interaction (HI) chromatography.

Parameter fiir die HPLC-Messung der Gelchromatographie und der hydrophoben Wechselwirkungsch

Method (gel chromatography)

Column Progel-TSK, G2000SW,; (Supelco)
300 mm x 7.8 mm, 5 pm particle

..
graphie.

Method II (HI chromatography)

ODS Hypersil (Hewlett Packard)
125 mm x 4 mm, 5 pm particle

Eluent Phosphate buffer, ¢ = 2.5 mmol/L, pH = 7 A: aqueous acetic acid (0.01%)
B: acetonitrile
Gradient 99% A at 0 min, 70% A at 2 min,
15% A at 16 min, 15% A at 20 min
Flow 1 mL/min 0.6 mL/min
Injection 50 pL by autosampler 50 puL by autosampler

Detection UV absorption at 220 nm, 254 nm,
436 nm, spectra from 210...400 nm
Fluorescence: excitation at 314 nm,

emission at 430 nm

Sample parameters

20%

B22(1.82gC) B53(034¢C HO10 (28.5 g C)

Fig. 2: Carbon balance during the XAD-8 isolation. Comparison of
two samples of the gas facility site (B22, B53) with a sample of a
natural bog lake (HO10). Adsorption steps: I adsorption on XAD-8
at pH 2; II desorption of the preloaded XAD resin with NaOH
(0.2 M); NHS and Ads according to Figure 1; HS: humic sub-
stances.

Kohlenstoffbilanz der Adsorptionsanreicherung auf XAD-8. Ver-
gleich fiir zwei Proben aus dem Gaswerksgelidnde (B22, B53) mit
einem natiirlichen Braunwasser (HO10). Anreicherungsschritte:
T Adsorption bei pH = 2; I Elution mit NaOH (0.2molar); NHS und
Ads entsprechend Bild 1; HS: Huminstoffe.

The yields of the FA and HA fractions for the whole isola-
tion procedure are shown in Table 2. Mainly FA fractions were
obtained from the aqueous samples according to the amount of
carbon in the original water sample. The losses can be attribut-
ed to further steps of fractionation like precipitation, washing,
repeated adsorption, and ion exchange separation.

The FA fractions were characterized by determining the
pH-dependent specific absorption and the copper(Il) com-
plexing capacity (CCC). The FA fractions of B22 and B53
showed lower specific absorbance at 254 nm and 436 nm com-
pared to the FA fraction of HO10 (Table 3). This indicates a
lower content of UV light absorbing, unsaturated, or aromatic
structures and of visible light absorbing chromophores (the

pH = 11.5...12, electrical conductivity
1..5 mS/cm, B(DOC) = 95...250 mg/L

UV absorption at 220 nm, 254 nm,
436 nm, spectra from 210...400 nm
Fluorescence: excitation at 314 nm,
emission at 430 nm

pH = 11.5...12, electrical conductivity
83..98 mS/cm, B(DOC) = 95...250 mg/L

Table 2: Yields of isolated FA and HA after the isolation with
XAD-8 and further purification with ion-exchange columns.

Ausbeuten fiir FA- und HA-Fraktionen nach Isolierung mit XAD-8
und nachfolgenden Reinigungsschritten mit Ic hersé

len.
Carbon portion B53 B22
mass fraction mass fraction
inmg in% inmg in%
Total 341 100 1817 100
FA 62 18 257 14
HA 27 2
Loss during fractionation 113 33 876 48

wavelength 436 nm serves as measure for the yellow color) in
the FA of the gas facility. The FA fraction from the contaminat-
ed sample B22 exhibited the lowest values.

Compared to HO10 the specific UV absorbance at 254 nm
of the sample B22 exhibited less and that of B53 even lesser
dependence on the pH value. It can be deduced, that the FA
fractions from the gas facility site contain less phenolic or
acidic groups attributed to UV absorbing moieties, than the FA
fraction of HO10.

The copper(II) complexing capacity (CCC) was found to
be 1.1 pmol/mg for the B22 FA, 1.4 pmol/mg for the B53 FA,
and 2.2 ymol/mg for the HO10 FA. These measurements were
carried out at a DOC concentration of 1 mg/L. The results are
in good agreement with the above mentioned measurements.

The UV spectrum of the FA fraction of B53 (Fig. 3a) is
comparable to that of the FA fractions from natural origin.
However, in the UV spectrum of the FA fraction of B22 an ad-
ditional absorption band is noticeable in the wavelength range
of 260 nm to 280 nm (Fig. 3 b). This band is suspected to be
derived from organic contaminants which are associated with
the FA or specific moieties of the FA. Due to their interaction
the organic compounds are isolated together with the FA frac-
tion.

Acta hydrochim. hydrobiol. 27 (1999) 4 EXE] ~ FE]
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Table 3: pH-value dependent absorbance of different FA samples normalized to the DOC content; pH adjusted with HCI and NaOH.
pH-Wert-abhingige, auf den DOC normierte Absorption verschiedener FA-Proben; pH-Wert-Einstellung mit HCl und NaOH.

pH value @y540m/ B(DOC)
L/(cm g)
B22 FA B53 FA HO10 FA
11 283 331 51.5
7 25.8 31.6 48.5
5 24.8 322 -
2 24.8 320 39.3
200 250 300 350 400
wavelength in nm
20
6
812
£
<08
04
00
200 250 300 350 400

‘wavelength in nm

Fig. 3: UV spectrum of the original fulvic acid fraction (FA), that
of the FA after hexane extraction, and that of the FA after hexane
and subsequent dichloromethane extraction. The arrow indicates
an absorption band attributed to organic contaminants. a) B53;
b) B22.

UV-Spektren der originalen Fulvinsiurefraktion (FA), der FA nach
Hexanextraktion und der FA nach Hexan- sowie Dichlormethan-

extraktion. Der Pfeil markiert eine Absorptionsbande, die orga-
ischen Kontami dnet wird. a) B53; b) B22.

-

To check whether only weak intermolecular forces prevail
between the organic molecules and the FA (e.g. van der Waals
or dipole-dipole forces), the FA solutions were subjected to
liquid-liquid extraction with hexane, followed by dichlo-
romethane. Organic solvents are expected to overcompensate
weak intermolecular forces. Only little or no influence can be
expected for the ionic interactions or specific bonds between

Acta hydrochim. hydrobiol. 27 (1999) 4 EIiE] — FAE]

A3/ BDOC)
L/(cm g)

B22 FA B53 FA HO10 FA
11 1.6 58
0.8 1.1 38
0.6 09 —

0.6 0.8 23

reactive moieties of the organic compounds and FA. As a result
of the extraction the above mentioned additional absorption
band in the UV spectrum of B22 FA disappeared (see Fig. 3b).
This implies, that the organic contaminants causing the addi-
tional UV absorption band are associated by weak forces to the
FA and can therefore be removed from the complex by organic
solvents. The liquid-liquid extraction of B53 FA shows almost
no influence on the shape of the UV spectrum in the wave-
length range between 250 nm and 400 nm. Hexane extraction
removes about 10%, hexane/dichloromethane extraction
about 20 % of the UV absorbing portion of the FA. These val-
ues were calculated for the lengths 250 nm and 280 nm.

The normalized fluorescence emission spectra of the sam-
ples B22 and B53 in water before and after extraction with
hexane and dichloromethane is shown in Figure 4. Under the
experimental conditions employed the fluorescence intensity
of the sample B22 was five times the intensity of the sample
B53. Due to the extraction procedure no change in the shape of
the fluorescence spectra was observed and the relative fluores-
cence intensities before and after extraction with the organic
solvents decreased only slightly. In Figure 4 the fluorescence
spectra of a groundwater FA (FG1 FA) and of salicylic acid are
shown as well. It is interesting to note that the fluorescence
spectra of the sample B22 and of salicylic acid are quite simi-
lar in shape. Only in the wavelength range higher than 425 nm
minor deviations were found. Salicylic acid can be considered
as model compound for possibly occurring metabolites of the
original coal tar contaminants in the sample B22. However,
salicylic acid is not extractable with organic solvents at neutral
pH.

On the other hand the fluorescence spectrum of the FG1
FA isolated from a non-contaminated groundwater resembles
that of the sample B53 FA. However, the spectrum of the
ground water FA was slightly shifted to longer wavelengths.

For the dichloromethane extracts of B22 FA and B53 FA
the observed fluorescence spectra were identical. Compared to
the spectra monitored in water the fluorescence maximum was
shifted to 350 nm. For the sample B53 FA only a very weak
fluorescence signal could be detected in the dichloromethane
extract indicating that only minor amounts were extracted. The
amount of non-polar, by organic solvents extractable fluores-
cent compounds in B53 FA was therefore smaller when com-
pared with B22 FA.

Size-exclusion (SEC) and the hydrophobic interaction
chromatography (HIC) allow a more detailed consideration of
the FA fractions. The normalized gel chromatograms of the FA
fractions of the samples B22, B53 and FG1 as detected at A =
254 nm are shown in Figure 5. Once more, the chromatogram
of the sample B53 is quite similar compared to that of the
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Fig. 8: Comparison of the normalized gel chromatograms of the FA
fractions of B53 and B22 after hexane extraction; fluorescence de-
tection (A, = 314 nm; A, = 430 nm).

Vergleich der normierten Gelchromatogramme der FA-Fraktionen
von B53 und B22 nach Hexanextraktion; Fluoreszenzdetektion
(A = 314 nm; A, = 430 nm).

4 Conclusions

The samples B22 FA and B53 FA isolated from two wells
with different pollution burden are quite different. The charac-
teristics of B53 FA resemble those of the FA fractions of natu-
ral surface and groundwater. However, B22 FA is character-
ized by the content of some organic compounds, which is evi-
dent when comparing the UV and fluorescence spectra as well
as the SEC and HIC chromatograms of the samples. The or-
ganic compounds are suspected to be associated with the FA or
specific moieties of the FA. The different compound classes or
different interaction forces between the organic contaminants
and the FA fraction can be deduced from solvent extraction
experiments. For instance, in the SEC chromatogram some
UV absorbing compounds can be extracted with non-polar
solvents indicating non-polar organic compounds. On the
other hand, an abundant peak in the SEC chromatogram with
fluorescence detection was not eliminated after solvent extrac-
tion of the sample indicating a more polar or ionic compound
at neutral pH or even a strongly FA-bound pollutant. Com-
pared to the retention behavior of standard compounds in SEC
and HIC the peak could be tentatively identified as salicylic
acid. Synchronous and time-resolved fluorescence measure-
ments are promising approaches to further investigate these in-
teractions and to confirm these results and interpret the fluo-
rescing compounds. Results will be given in another paper
[16].

With the above mentioned experimental methods only ad-
sorbed or loosely-bound contaminants can be detected in the
FA fractions. Nevertheless, also covalently bound contami-
nants (bound residues) are of interest, especially to judge the
FA fraction of B53 downstream of the contamination plume by
their pollution content. It is attractive to assume that the sam-
ple B53 FA contains bound residues as a result of chemical and
biochemical processes. In such cases chemical or hydrolytic
treatment of the FA fraction prior to analysis would be neces-
sary to set free and further identify the bound residues.
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2.1.2 Spectroscopic characterization of fulvic acid fractions
of a contaminated groundwater

M.U. Kumke, C. Zwiener, G. Abbt-Braun, F.H. Frimmel
Acta Hydrochim. Hydrobiol., 2000, 27, 409 - 415.

FA-Fraktionen, die aus Grundwasserproben eines ehemaligen Gaswerkgelédndes iso-
liert worden waren, wurden mit synchroner und zeitaufgeloster Fluoreszenzspektros-
kopie eingehend untersucht (s. auch 2.1.1). Die dem unkontaminierten Grundwasser
entnommene Probe entsprach im spektroskopischen Verhalten dem refraktéaren Stoff-
pool, wie er in anderen natiirlichen Grundwéssern gefunden wird. Hingegen hatte
die aus dem kontaminierten Abstrombereich gewonnene HS-Probe deutlich verén-
derte spektroskopische Eigenschaften. Wie die Untersuchungen zeigten, bestimmte
in dieser Probe eine eng definierte Stoffklasse die spektroskopischen Eigenschaf-
ten. Als eine repréasentative Verbindung konnte Salicylsédure identifiziert werden.
Besonders deutlich trat dies in den zeitaufgelosten Fluoreszenzmessungen hervor.
Die Auswertung lieferte fiir die aus kontaminiertem Grundwasser isolierten HS sehr
enge Fluoreszenzlebenszeitverteilungen, woraus auf das Vorliegen von sehr &hnli-
chen fluoreszierenden Verbindungen geschlossen wurde. Dagegen zeigten HS, die
aus nicht-kontaminierten Wéassern isoliert worden waren, breite multi-modale Ver-
teilungen, die u.a. in der Heterogenitat der Probe und der Priasenz von Reaktionen
im elektronisch-angeregten Zustand begriindet sind.

Verteilung der Fluoreszenzabklingzeiten fir
FA isoliert aus Grundwasserstrom nahe Schadensherd
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Spektroskopische Charakterisierung der Fulvinsaurefraktionen eines

kontaminierten Grundwassers

Keywords: Humic Substances, Fulvic Acids, Steady-state
Fluorescence, Time-resolved Fluorescence

Summary: Two fulvic acid (FA) samples taken from a former
gas production facility in the Southwest of Germany were
characterized using advanced fluorescence techniques.
Steady-state fluorescence (fluorescence excitation, synchro-
nous fluorescence) as well as time-resolved fluorescence were
applied. Distinct differences between the sample B22 FA taken
within the contamination plume and the sample B53 FA taken
downstream were found. Comparison with a model compound
for metabolites and humic substances revealed that due to the
downstream passage the characteristics of the dissolved organ-
ic matter became more humic-like. The assignment of single
classes of compounds in the sample B22 FA is discussed in
terms of their synchronous fluorescence spectra and fluores-
cence decay time distribution.

1 Introduction

The interactions of contaminants with natural organic mat-
ter (NOM) highly determines their fate, transport, and bio-
availability in the aquatic environment [1]. The main part in
NOM can be attributed to humic substances (HS) which are
divided into fulvic acids (FA) and humic acids (HA) on an op-
erationally-defined basis [2, 3]. Different mechanisms for the
interaction between NOM and organic contaminants ranging
from weak van der Waals forces to covalent binding of the con-
taminant to the NOM matrix were reported [4—6]. Fluores-
cence spectroscopy is a multidimensional technique with three
main independent variables: excitation wavelength A,,, emis-
sion wavelength A, and fluorescence decay time 7. In prin-
ciple, fluorescence spectroscopy is capable to investigate the
interaction between NOM and fluorescing contaminants with-
out pre-separation and pre-concentration which would disturb
the equilibrium between NOM and contaminant. The combi-
nation of time-resolved and steady-state fluorescence tech-
niques makes it possible to distinguish between dynamic inter-
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Schlagwérter: Huminstoffe, Fulvinsiuren, statische Fluores-
zenz, zeitaufgelste Fluoreszenz

Zusammenfassung: Eine ausfiihrliche Untersuchung der
Fulvinséure-Fraktionen zweier wiBriger Proben eines Gas-
werksgeldndes wurde mit Hilfe fluoreszenzspektroskopischer
Methoden durchgefiihrt. Dabei wurden sowohl verschiedene
steady-state-Techniken (Fluoreszenzanregungsspektren, syn-
chrone Fluoreszenzspektren) als auch zeitaufgeldste Fluores-
ungen eing t. Es zeigten sich groe Unterschie-
de in den spektroskopischen Eigenschaften der untersuchten
Proben. Von diesen wurde die Probe B22 FA direkt innerhalb
des kontaminierten Bereichs in der gesittigten Grundwasser-
zone genommen, wihrend die Probe B53 FA im Abstrom des
Grundwassers gesammelt wurde. Es zeigte sich, daB die im
Abstrom entnommene Probe in ihren Fluoreszenz-Eigen-
schaften schon sehr dhnlich dem refraktéiren Stoffpool aus un-
kontaminiertem Grundwasser war, wihrend die Probe B22 FA
von einer einzelnen Verbindungsklasse dominiert wurde.

actions and static interactions like complex formation between
the contaminant and the NOM matrix [7-10). In case of sites
of former gas production facilities the pool of substances that
is involved in the building of NOM contains a considerable
amount of contaminants, e.g., polycyclic aromatic hydrocar-
bons (PAH) found in coal tar. These substances are altered by
physical, chemical, and microbiological processes. Within
these different stages of alteration and degradation NOM can
become a reaction partner.

The objective of the work was to investigate the possible
incorporation of PAH into NOM in terms of alteration of the
NOM found in the groundwater at different distances from the
contamination plume. We were especially interested how the
presence of PAH was changing the fluorescence properties of
NOM formed over distance (and over time as well). The work
discussed is highly important for the protection of groundwa-
ter resources and drinking water supplies.

2 Experimental

The samples were taken from a former gas production facility
in the southern part of Germany. Due to leakage from storage facil-
ities of gas production and purification processes the groundwater
is contaminated with a variety of organic compounds [11]. The
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sample site and the sampling procedure are described in detail else-
where [11, 12]. Two wells were probed. Well B22 is located within
the contamination plume whereas well B53 is situated downstream
of the groundwater flow. The FA fractions of the two samples B22
and B53 were isolated using XAD-8 resin according to a modified
method of Mantoura and Riley [2, 3]. The solutions of the samples
B22 FA and B53 FA were diluted to similar concentrations of dis-
solved organic carbon using de-ionized water. In order to investi-
gate the interactions between contaminants and natural organic
matter in more detail the samples B22 FA and B53 FA were extract-
ed using n-hexane (p.a., Merck) and dichloromethane (p.a.,
Merck).

The fulvic acid FG1 FA was isolated from an uncontaminated
groundwater using XAD-8 resin as well and serves as a reference
material in the multidisciplinary research program ROSIG
(Fr 536/17) of the Deutsche Forsch einschaft. A detailed
description of the sample is given in Frimme] and Abbt-Braun {13].
PAKA2 FA was isolated from the soil suspension of a microbial
degradation of PAH using XAD-2 resin and was used as a reference
FA as well [14].

For the fluorescence experiments the final concentration of the
FA used in dissolved organic carbon (DOC) was adjusted to
10 mg/L. The model compound salicylic acid was of p.a. quality
and used as received (Aldrich).

For the steady-state fluorescence measurements a Perkin
Elmer LS 5B was used with a spectral bandpass of 5 nm in excita-
tion and emission. The time-resolved fluorescence experiments
were performed with a FL900 lifetime spectrometer (Edinburgh
Instruments, Edinburgh, UK) in the time-correlated single photon
counting (TCSPC) mode. The TCSPC set up is described in detail
elsewhere {15, 16]. For the decay time measurements the emission
monochromators were set to a spectral bandpass of 9 nm. In the
steady-state and the time-resolved fluorescence experiments an ex-
citation wavelength 4., = 314 nm was used. The steady-state emis-
sion spectra were recorded in the wavelength range of 350 nm <
Ao < 550 nm, the excitation spectra were monitored in the range
between 250 nm < A, <440 nm with an emission wavelength set to
Aem = 450 nm. In addition, synchronous fluorescence spectra were
recorded with set wavelength differences of AA = 20 nm, 60 nm,
and 100 nm, respectively. In the time-resolved measurements the
fluorescence was detected at A, = 375 nm, 416 nm, 430 nm, and
500 nm.

Data analysis in the time-resolved fluorescence
measurements

The fluorescence decay curves were evaluated with different
data analysis approaches. In the first approach the experimental
data were analyzed with a sum of three exponential decay functions
(discrete component approach, DCA). Further, a global analysis
using three exponential decay functions with linked fluorescence
decay times was used. In both data evaluation approaches a discrete
number of decay terms was applied. In addition a different ap-
proach using a distribution analysis with no initial guess on the
number of decay times was used. The data analysis is described in
detail elsewhere [15-18].

3 Results and Discussion
3.1 Steady-state Fluorescence Spectra

Under the experimental conditions applied the fluores-
cence intensity of the B22 FA sample was five times the inten-
sity of the B53 FA sample. Due to the extraction procedure no
change in the shape of the fluorescence emission spectra was
found [12]. In Figure 1 the normalized fluorescence excitation
spectra of the samples B22 FA and B53 FA are shown for three
different emission wavelengths. It is obvious that for the B22
FA sample the excitation spectra are dominated by a single
band located at A, = 295 nm. No influence on the detection
wavelength A, was observed. For A, = 500 nm an additional

410

rel. I

250 300 350 400 450 500
Ay, / N

Fig. 1: Fluorescence excitation spectra of B22 FA and B53 FA at
three different emission wavelengths A.,,. The spectra were nor-
malized at A, = 295 nm. ¢

Fluor pektren der Proben B22 FA und B53 FA bei
drei Detektionswellenlingen A_,. Die Spektren sind bei A, =
295 nm normiert.

poorly structured fluorescence contribution was detected in
the wavelength range between 300 nm and 400 nm which re-
sembled the spectral shape of sample B53 FA (see below). For
B53 FA a clear dependence of the observed fluorescence exci-
tation spectra on the detection wavelength 4., was found.
Moreover, no clear indication of a band located around 295 nm
could be observed rather than broad non-structured excitation
spectra. For the detection wavelength A, = 380 nm a slight
maximum around 300 nm could be found. A dependence of
the fluorescence excitation spectra has to be expected for mix-
ture of fluorescing compounds and reflects for the sample
B53 FA the increased heterogeneity. It indicates that during
the downstream passage physically, chemically, and microbio-
logically induced processes altered the organic substances in
the groundwater.

3.2 Synchronous Fluorescence Spectra

The application of the synchronous scanning mode in flu-
orescence spectroscopy is especially useful for mixtures of
fluorophores because the wavelength difference AA offers an
additional parameter in selectivity. In principle, by scanning
the mixtures with different AA a complex steady-state fluores-
cence spectrum can be further resolved and single substance
can be identified [19].

In Figure 2 the synchronous fluorescence spectra (AA =
60 nm) of B22 FA, B53 FA in the aqueous phase (before and
after organic solvent extraction with hexane and CH,Cl)), sali-
cylic acid, and a groundwater FA (FG1 FA) are compared. The
spectra are normalized at A, = 316 nm which is equal to the
emission maximum in the synchronous fluorescence spectrum
of salicylic acid (grey area).

In the synchronous spectra of B53 FA no major influence
of the extraction with the organic solvents was found, except in
the long wavelength range. Here, the fluorescence was de-
creased compared to the B53 FA sample prior to extraction.
The spectral shape of the B53 FA samples resembles the spec-
trum found for a groundwater FA. These trends were also
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Table 1: Fluorescence decay times 7 and their relative amplitudes 4 of the B22 FA and B53 FA samples prior to extraction (o standard
deviation, % goodness of the fit). The experimental data were analyzed using the DCA and the global analysis, respectively. In the global
analysis the fluorescence decay times of B22 FA and B53 FA were linked. The fluorescence decay time of salicylic acid was measured for
emission wavelengths 350 nm < A, < 450 nm and found to be constant within the experimental resolution.

Fluoreszenzabklingzeiten der Proben B22 FA und B53 FA bei A, = 314 nm. Gezeigt sind die Ergebnisse einer globalen Analyse, in der die
Abklingzeiten fiir die g D: itze gemei optimiert wurden, wie auch der DCA-Methode. Die Fluoreszenzlebenszeit der Sali-
cylsdure wurde im Spektralbereich 350 nm < A, < 450 nm gemessen und zeigte sich unabhéngig von der Emissic ilenla

7 (9) 4, 5 (0) 4, 7 (0) 4 Ve
ns % ns % ns "/3
A = 416 nm
B22 FA 14 (0.4) 82 44 (0.2) 849 145 (1.9) 7 1.09
B53 FA 14 (0.3) 34.1 4.8 (0.3) 52.9 14.1 (1.7) 13 1.095
Agn = 500 nm
B22 FA 1.5 (04) 17.8 4.7 (0.3) 71.6 15.6 (1.8) 10.6 1.07
B53 FA 1.3 (0.2) 29 4.9 (0.4) 549 14.5 (1.3) 16.1 1.27
global analysis
A = 500 nm
B22 FA 2 (0.1) 13.6 4.4 (0.2) 73.3 13.8 (1) 13.2 1.17
B53 FA 25.1 56.2 18.7 135
salicylic acid 41 1.1

Table 2: Fluorescence decay time distribution analysis results (4., = 314 nm, 100 decay times equally spaced in the range 0.1...50 ns). Shown
are the mean fluorescence decay times 7 for the samples B22 FA and B53 FA solved in water before and after (*) organic solvent extraction.
For comparison the results are given for a non-contaminated groundwater FA (FG1 FA, A, =410 nm) and for a FA isolated from a microbial
degradation of PAH (PAKA2 FA, A, = 450 nm).

Mittlere Fluoreszenzabklingzeiten der ESM-Analyse der Proben B22 FA und B53 FA in Wasser, wobei die mit * markierten Zeilen den
Ergebnissen nach Extraktion mit organischen Losungsmitteln entsprechen. Zum Vergleich sind die Ergebnisse der ESM-Analyse fiir eine
Grundwasser-FA (FG1 FA, A, =410 nm) und fiir FA, die aus den Riickstinden eines mikrobiellen PAK-Abbaus isoliert wurden (PAKA2 FA,

Aem = 450 nm), angegeben.

% (0) 4, % (0)
ns % ns
Ay = 416 nm
B22 FA 1.5 (0.1) 72 4.4 (0.5)
B22 FA* 1.5 (0.1) 6.3 4.5 (0.7)
B53 FA 1.1 (0:3) 27.1 4.2 (1.23)
B53 FA* 1 (03) 26.4 3.8 (1.2)
Ae = 500 nm
B22 FA 3.9 (1.75)
B22 FA* 1.5 (0.1) 13.5 4.5 (0.5)
B53 FA 2.6 (2.38)
B53 FA* 1.2 (0.3) 22.1 43 (12
PAKA2 FA 1.1 (04) 18.7 5 (2
FG1 FA 0.8 (0.6) 35 45 (1.7)

were strikingly similar as can be seen from the comparison of
the data in Table 1 and Table 2. The fluorescence decay of B22
FA was found to be dominated by a mean decay time 7, of
around 4 ns. The relative fractional contribution 4, was calcu-
lated to be greater than 80 %. For B53 FA the relative contribu-
tion of the decay at 7, was only about 50 %. The results were in
excellent agreement with the DCA and global analysis.

The results of the ESM analysis are shown in Figures 4A
and 4B. They show a decay time pattern with well separated
peaks for B22 FA and less separated peaks for B53 FA. At the
emission wavelength A, =416 nm for the B22 FA sample the
solvent extraction yielded no further improvement in the reso-

4, 7 (0) 4, x

% ns %

86.7 14.8 (0.6) 6.2 1.034
90 10.8 (0.8) 3.7 1.047
59.9 124 (1.9) 13.8 1.053
57.8 10.9 (1.7) 15.8 1.137
952 226 2.8) 438 1.017
733 122 (0.7) 13.2 1.059
96.1 21.3 (2.6) 3.9 1.096
59.4 129 (2.1) 18.6 1.059
65.7 154 (2.2) 15.6 1.125
58.6 24 (3.8) 6.4 1.04

lution of the decay time distribution, whereas at 4,,, = 500 nm
the resolution of the decay time peaks was significantly better.
Here, the obtained decay time pattern became equal to the pat-
tern calculated for A, = 416 nm. On the other hand for the
B53 FA sample broader peaks were calculated in the ESM
analysis for which the relative fractional contributions were
quite different compared with sample B22 FA (see Table 2 as
well). Again, the extraction with organic solvents leads to an
improvement in the resolution of the decay time distribution
pattern (at A,,, = 416 nm). A similar decay time distribution as
found for sample B53 FA was obtained for a number of HS of
different origins. Considering the great similarity of the
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fluorescence signal was observed in the lower molecular
weight range for the sample B22 FA, whereas for the sample
B53 FA a chromatogram similar to HS was obtained. While for
the sample B22 FA the contribution of DOC originating from
incoming groundwater can be considered small, the contribu-
tion of B22 FA itself is apparently decreased within the
groundwater downstream. The transformation was also shown
in the portion of total desorbed organic carbon during the
XAD isolation [12]. For the sample B22 only 49 % of the ad-
sorbed carbon could be desorbed because of the less polar
character, while for the sample B53 85 % could be desorbed
with water (pH 12) indicating an increase in the polarity of the
sample and probably an increase in the heterogeneity of the
sample as well.

Salicylic acid was chosen as a model compound to repre-
sent the class of substituted benzoic acids. A comparison of
fluorescence decays of differently substituted benzoic acid and
humic substances was presented clsewhere [26]. The results
presented make it attractive to assume that for B22 FA the
fluorescence properties are determined by compounds of the
salicylic acid type. This assumption is supported by the
steady-state as well as the time-resolved fluorescence mea-
surements of B22 FA when compared to salicylic acid alone.
Although for B53 FA in the analysis of the time-resolved fluo-
rescence data a fluorescence decay time of approx. 4 ns was
the main contribution, in the fluorescence emission and fluo-
rescence excitation spectra the similarities to salicylic acid
vanished or were covered by other fluorescence. Although on-
ly a single compound like salicylic acid was compared to a
supposedly heterogeneous mixture of compounds the similari-
ties found for B22 FA are quite striking. Considering the re-
sults of the SEC and hydrophobic interaction chromatography
(HIC) presented by Zwiener et al. the advanced fluorescence
measurements confirmed the dominance of a single class of
low-molecular weight fluorescing compounds in sample
B22 FA [12].

Due to the solvent extraction in the synchronous fluores-
cence spectrum of B22 FA the band at approx. 260 nm was
lost, this went along with results obtained in the SEC experi-
ments. The considerably long retention times in the SEC and
the range of the fluorescence signals make the assumption of
small, not or only weakly bound organic molecules with a rela-
tive low polarity attractive, e.g., metabolites of tar coal com-
pounds. The results obtained in the fluorescence experiments
indicate that due to the extraction procedure for the sample
B22 FA a more homogeneous solution of closely related com-
pounds (e.g. hydroxy-substituted benzoic acids) was obtained.
Especially, the better resolved fluorescence decay time distri-
butions supported this conclusion. From our results it can be
deduced further that during the downstream passage the dis-
solved organic matter was transformed into more refractory
material (hence, more similar to humic substances). While in
the sample B22 FA a great portion of the dissolved organic
material could be attributed to low-molecular weight com-
pounds that were partly loosely bound by weak interactions to
refractory fractions (HS fraction), this fraction was no longer
identified in the B53 FA sample. This is supported by the sepa-
ration experiments performed by Zwiener et al. [12]. To ex-
plain the observations two possible reasons have to be consid-
ered responsible. One could be a further biodegradation of the
compounds and second, due to chemical and biochemical
processes these compounds became more strongly bound to
the matrix of humic substances, e.g. due to the formation of
covalent bounds. In such a case the spectroscopic identity of
the smaller molecules would be lost and they would no longer
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be detectable in the time-resolved fluorescence measurements.
The fluorescence decay would become more and more com-
plex which is indicated by the samples B22 FA and B53 FA. A
major part of the fluorescence decay of B53 FA is still deter-
mined by fluorescence processes with a decay time of approx.
4 ns. However, compared to the model compound salicylic ac-
id and to B22 FA the distribution peak is reasonably broader,
probably due to the fact that because of the incorporation the
site heterogeneity is increased. This increase in the heteroge-
neity of the chemical environment is then reflected in a broad-
ening of the fluorescence decay time distributions.
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2.1.3 Influence of chlorination on chromophores and fluoro-
phores in humic substances

G.V. Korshin, M.U. Kumke, C.-W. Li, M.M. Benjamin, F.H. Frimmel
Environ. Sci. Technol., 1999, 33, S. 1207 - 1212.

Die Verdnderungen von HS (Suwannee River HS) durch Chlorung wurden absorp-
tions- und fluoreszenzspektroskopisch untersucht. Dabei wurden die Auswirkungen
der Chlorung auf die Halbwertsbreite der Elektronentransferbande im UV /Vis-Ab-
sorptionsspektrum, auf die Fluoreszenzintensitat und auf die relativen Anteile von
operational-definierten Fluoreszenzabklingzeiten als Parameter verfolgt und mit Ver-
anderungen der Aromatizitit sowie der Grofe der HS korreliert. Durch die Chlorung
schrumpfte die Halbwertsbreite der Fluoreszenzbande bei einer gleichzeitigen Zunah-
me der Fluoreszenzintensitat. Die spektrale Lage der Fluoreszenz zeigte eine hypso-
chrome Verschiebung und die relativen Anteile der operational-definierten Fluores-
zenzabklingzeiten dnderten sich. Gleichzeitig nahm in den Absorptionsspektren die
Extinktion (Eossnm) selbst ab und die Halbwertsbreite der Elektronentransferbande
verringerte sich. Als Schluffolgerung ergibt sich, dass die Chlorung von HS eine Ab-
nahme der Aromatizitit sowie eine Abnahme der mittleren Grofe der HS-Molekiile
bewirkt.
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Influence of Chlorination on
Chromophores and Fluorophores in
Humic Substances

GREGORY V. KORSHIN, * 1T

MICHAEL U. KUMKE,*

CHI-WANG LI," AND FRITZ H. FRIMMEL*
Department of Civil and Environmental Engineering,
University of Washington, Box 352700, Seattle, Washington
98195-2700, and Engler-Bunte-Institute, Water Chemistry
Division, University of Karlsruhe, Richard-Wiltstétter-Allee 5,
Karlsruhe 76131, Germany

Three types of fluorophores (decay times 1.2, 4.3, and 10.7
ns, respectively) participate in the fluorescence of
Suwannee River hydrophobic acid (HPOA). The emission
of the fast-decaying fluorophores (FDF) is red-shifted
compared with that of longer-decaying groups. Upon
chlorination, the FDF contribution (fpg) to the emission
declines, the specific absorbance at 254 nm (SUVA;s4)
decreases, and the electron-transfer absorbance band in
the UV spectra of HPOA contracts. On the basis of the
literature data and experimental evidence, the width of the
electron-transfer absorbance band (Agg) is found to be
proportional to the gyration radii (Ry) of the humic molecules.
The Ry values of chlorinated HPOA are also well-
correlated with the energy of the emission band maximum
(Emax) and emission bandwidth (Aem). These consistent
changes reflect the destruction of aromatic halogen attack
sites accompanied by the breakdown of the humic
molecules into smaller fragments.

Introduction

Natural organic matter (NOM) is typically dominated by
humic substances (HS), an operationally defined class of
organic oligomers or polymers with molecular weights
ranging from <1000 to >100000 Da (I, 2, 3). HS contain
substantial amounts of hydroxy-, carboxy-, and methoxy-
substituted aromatic units (4, 5 which are collectively referred
to as polyhydroxyaromatic (PHA) or phenolic moieties. PHA
is thought to constitute the substrate for halogenation
reactions, and “masked” aromatic -diketones (e.g., resor-
cinol, 3,5-dihydroxybezoic acids, and some flavonoids) are
likely to be very important in the generation of trihalo-
methanes and possibly haloacetic acids (6—9).

The importance of activated aromatic, especially S-dike-
tone, sites in the generation of trihalomethanes has been
supported by experiments with model compounds (7, 8, 10,
11). However, efforts to probe the nature of the reaction sites
in HS using structure-sensitive methods (notably, *C CP-
MAS NMR), although successful (12— 14), have had a limited
scope. More insight into the nature of the reactive sites in
NOM may be gained via in situ methods that use NOM
concentrations typical for potable water (<10 mg/L of
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1 University of Washington.

* University of Karlsruhe.
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dissolved organic carbon, DOC), are structure-sensitive,
provide information about the intermediates, and can be
employed for a wide range of NOM types, pHs, and other
reaction parameters.

UV absorbance and fluorescence of NOM meet several of
these requirements, being simple, being sensitive to the
presence of NOM, and possessing intrinsic, albeit complex,
correlation with the internal structure of HS (15—20). Their
use for NOM halogenation studies is attractive since the
chromophores and fluorophores in NOM are activated
aromatic units in PHA, and their involvernent in halogenation
may be tracked by both UV absorbance and fluorescence.
Recent studies have shown a good correlation between the
changes of UV absorbance spectra of NOM and formation
of disinfection byproducts (17, 21, 22). The goal of this paper
is to compare the effects of halogenation on the UV and
fluorescence spectra of NOM and to explore their implications
for understanding the halogenation mechanisms.

Materials and Methods

The hydrophobic acids fraction (HPOA) from Suwannee River
natural organic matter was used in all experiments. The
samples were obtained by Jerry Leenheer at the U.S.
Geological Survey Laboratory in Boulder, CO using the XAD-8
adsorption procedure (23) and contained <0.7% nitrogen
and <0.3% sulfur. On the basis of '*C CP-MAS NMR analysis
(using a Chemagnetics CMX 200 MHz spectrometer at a
spinning rate of 5000 Hz) aromatic and carboxylic groups
accounted for approximately 26% and 22%, respectively, of
the total carbon in the sample.

The experiments were conducted with samples containing
5.0 mg/L (as carbon) HPOA and 0.01 MNaClOy. The dissolved
organic carbon concentration was measured using an OI
700 carbon analyzer (OI Corp., College Station, TX). Chlo-
rination was carried out at pH 7.0 and 25 °C, using CI/DOC
ratios from 0.1 to 4.0 mg/mg (with Cl expressed as Clp). Free
chlorine was measured using the standard DPD-FAS titri-
metric method (24). The reaction time was 7 days. No residual
chlorine was present at the end of the exposure time. UV
spectra were recorded with a Perkin-Elmer Lambda-18 dual-
beam spectrophotometer. Instantaneous emission spectra
were recorded with a Perkin-Elmer LS-50B fluorescence
spectrometer using an excitation wavelength of 320 nm.
Emission spectra were recorded from 360 to 560 nm at an
angle of 90° versus the position of the excitation beam. The
bandwidth of the slits was 5 nm. The fluorescence emission
spectra were corrected for inner filter effect (25).

Time-resolved fluorescence measurements were per-
formed using a FL900CDT fluorescence decay time spec-
trometer (Edinburgh Analytical Instruments) in the time-
correlated single-photon counting mode. The instrument
was set up in a T-geometry with two analyzing detection
channels. A Hamamatsu R1527 photomultiplier tube (PMT)
with a rise time of 2.2 ns was used for light detection. A
nF900 nitrogen-filled nanosecond flash lamp (Edinburgh
Analytical Instruments) operated at 40 kHz was used as the
excitation light source. A Norland 5000 multichannel analyzer
(MCA) (Viking Instruments Inc.) with a 4096-channels
memory was operated in the pulse height analysis mode;
1024 channels of the MCA memory were attributed to each
detection channel in a typical experiment. The stability of
the excitation pulse profile was controlled throughout each
fluorescence decay experiment. To obtain a sufficient number
of counts in a wide dynamic range of the emitted light
intensity, the measurements were done in cycles of 5000
counts. The counts from 10 cycles were summed to yield a
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FIGURE 1. Compari of fl ission spectra of
chlorinated HPOA. Varying CI/DOC ratios. DOC 5 mg/L. (1) 0 (initial
sample); (2) 0.5; (3) 1.0; (4) 2.0; (5) 4.0. (A) Absolute intensities. (B)
Normalized spectra.

total of 50000 counts per emission decay profile in the
maximum channel. The experiments were typically run at a
time base of 100 ns with a 5 ns delay of the stop photo-
multiplier tube. The time calibration was 0.095 ns/channel.
The excitation wavelength was 314 nm. The emitted light
‘was monitored at 410 nm using a spectral bandwidth of 9
nm. To prevent counting artifacts caused by excessively high-
photon loads, the counting rate was typically <1%, so pile-
up problems in the decay time analysis were very unlikely.
The instrument’s software provided multiexponential data
fitting, decay time distribution analysis, and global analysis.
The experimental decay data were analyzed with nonlinear
least-squares algorithms based on the Marquardt method.
The results of the data-fitting procedures were evaluated
using the y?-values and the randomness of the weighed
residuals. Only the fluorescence decay observed within the
first 85 ns after the excitation flash was taken into account
in the data fitting, and no shift term was introduced into the
data analysis. The performance of our fluorescence decay
time spectrometer was tested with a number of model
compounds with known fluorescence decay times as de-
scribed in ref 26.

Results

The fluorescence spectra of HPOA dosed with chlorine are
shown in Figure 1A. The first 0.5 mg/L of chlorine had virtually
no effect on the emission spectrum (data not shown), but
subsequent Cl doses up to 10 mg/L caused the emission
intensity to increase substantially.

When the spectra shown in Figure 1A are normalized by
their respective maximum emission intensities, two trends
are evident (Figure 1B): the position of the emission
maximum (4max) exhibits a blue shift and the emission band
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TABLE 1. Gauss Fitting Parameters for Emission Spectra of
Chlorinated HPOA

CI/DOC dose Enax, €V Amax, NM Aem €V
0 2.82 440 0.69
0.1 2.82 440 0.69
05 2.83 438 0.68
0.8 2.84 437 0.67
1.0 2.85 435 0.65
20 2.86 434 0.61
4.0 2.89 429 0.58

contracts with increasing chlorine dose. To compare the
shapes of the normalized spectra, the emission intensity was
replotted as a function of the energy of the emitted light
quanta (E = 1240/%, where E is the energy in eV and 1 is the
wavelength in nm). The emission spectra were then fit using
the Gaussian function (27):

41n(2) (E — Epp)*
T A

em

I(E) = I exp 1)

where Ij and Ey,, are the emission intensity (, = 1 for
normalized spectra) and the energy corresponding to the
wavelength of maximum emission, respectively, and Aepy, is
the width of the emission band measured at 50% of the
maximum intensity.

The best-fit parameters and other data relevant for
characterizing these samples according to eq 1 are given in
Table 1. At CI/DOC = 0.5, halogenation affected both the
position and the width of the Gauss band modeling the
emission of HPOA. The emission bandwidth decreased from
0.69 eV in unchlorinated HPOA to 0.58 eV as the CI/DOC
ratio was increased to 4.0.

The Gauss function may be thought to describe the
distribution of identical fluorophores in slightly different
chemical environments associated with instantaneous con-
formational variations of polymeric/oligometic molecules
of HS. The literature, however, indicates that HS contain
more than one fluorophore-type (28—32) and the ap-
proximation of the emission or absorbance spectra using
one Gauss band is not per se a proof of a one-fluorophore
or one-chromophore model but a convenient way to quantify
the influence of halogenation on the spectral bands. Mani-
festations of dissimilar fluorophores in the emission may
also be detected using evolving factor analysis, by math-
ematical analysis of the spectra and by time-resolved
spectroscopy that unambiguously evaluates the contribution
of fluorophores with unequal decay times. The two latter
approaches were used in this study.

The intrinsic structure of the emission spectra of HPOA
and its chlorinated analogues was examined using the first-
order derivatives of the normalized emission spectra (Figure
2A,B). The derivatives of all these spectra have structures
that deviate from the one-band Gauss band model. These
features were most evident for unaltered HPOA (Figure 2A).
Their intensity substantially exceeded that of artifacts caused
by high-frequency numerical noise in the spectra. Numerical
processing using varying differentiation intervals (27) always
resulted in the same features in the derivatives. These features
(denoted as o, 8, y, and ¢ in Figure 2B) appear to indicate
the presence of dissimilar chromophores.

The intersection of the derivatives with the abscissa shifts
toward higher energy with increasing chlorine dose. This
corresponds to the blue shift of the maximum of the emission
spectra seen in the first-order emission data (e.g., Figure
1B). The intensity of feature y located at 2.61 eV is not affected
by chlorination while that of feature o steadily increases with
the chlorine dose. In contrast, structures o and f8 located at
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FIGURE 2. First derivatives of ized fl
emission spectra. (A) Comparison of the single-band Gauss fit with
the experil p for HPOA and effects of minor
bands. (B) First derivatives for varying chlorine/DOC ratios.

2.29 and 2.45 eV become progressively weaker with the
increase of the ClI/DOC ratio.

Time-resolved fluorescence confirmed the existence of
dissimilar fluorophores in HPOA. The discrete component
approach (DCA) which employs the smallest number of
exponential terms to fit the observed decay was used to
process the data. DCA analysis of the HPOA emission
established that the emission decay profiles could be fitted
using at least three exponential terms. To confirm the validity
of the DCA approach, the fluorescence decay of HPOA was
additionally evaluated using the distribution analysis, which
does not introduce any a priori model of the fluorescence
decay lifetimes distribution. These two methods of the
evaluation of the fluorescence decay times are compared in
more detail in refs 26, 33, 34. It was found that the mean
fluorescence decay times obtained using the distribution
analysis mode were comparable to those calculated in the
DCA mode. The trends observed for halogenated HPOA using
either approach were identical. Therefore, only the DCA
results will be discussed here. However, it needs to be
recognized that the three fluorophores presumed to exist
within the DCA approach are operationally defined and do
not necessarily correspond to distinct chemical entities.

The contribution of the three components in the emission
was evaluated presuming that the decay times of the three
components were constant for all samples and only their
relative contributions were affected by chlorination. The
decay times were extracted having the goal of maximizing
the global goodness-of-fit considering all the experimental
data. The best-fit decay times (1.2, 4.3, and 10.7 ns) and the
contributions of the respective fluorophores to the emission
of chlorinated HPOA are shown in Table 2. The decay times
shown are comparable with those reported for other HS

TABLE 2. Fluorescence Decay Times Obtained for Chlorinated
HPOR Samples; Emission Wavelength 410 nm

CDOC 71(0), An w0 Az  mwl As
dose ns % ns % ns % &

Three Linked Exponential Terms
0 1.2(0.1) 346 4.3(0.3) 45.9 10.7(0.7) 19.5 1.382

0.1 36.8 40.1 23.1 1.388
08 296 41.2 29.2 1.480
20 295 44.6 259 1.352
4.0 239 51.0 252 1.228

IIl‘I“I(;JIiF 3. Parameters of UV Absorbance Spectra of Chlorinated

Cl/poc SUVAzs,
dose L/(mg-m) Aszse/Azso A, eV
0 5.01 0.413 2.31
0.1 4.90 0.416 2.32
05 4.54 0.393 2.25
0.8 4.19 0.377 2.20
1.0 4.07 0.366 2.17
2.0 3.21 0.319 2.04
4.0 1.85 0.208 1.74

samples (28—32). The respective fluorophores will be op-
erationally referred to as the fast-, medium-, and slow-
decaying fluorophores (FDF, MDF, and SDF, respectively).

The contribution of these fluorophores to the emission
was affected by chlorination. For the unaltered sample, FDF,
MDF, and SDF fluorophores contributed 35%, 46%, and 19%
of the emission output, respectively. The lowest chlorine dose
(C1/DOC = 0.1) caused a marginal increase of the FDF and
SDF contributions while that of MDF decreased correspond-
ingly. A further increase of the chlorine dose reversed this
trend. As the C1/DOC ratio reached 4.0, the FDF contribution
declined from 37% to 24% while those of the MDF and SFD
increased from 40% to 51% and from 23% to 25%, respectively.
Thus, the FDF sites are selectively eliminated by chlorination
while the MDF and SDF contributions increase with the Cl
dose.

Simultaneously with the changes in fluorescence, con-
siderable effects in UV absorbance of HPOA were detected.
Chlorination caused a substantial decrease of UV absorbance.
Visually, the UV spectra of chlorinated HPOA were similar
to those reported in refs 17, 21, 22. The influence of
chlorination on UV absorbance of HPOA was quantified based
on the specific UV absorbance at 254 nm (SUVAgs4), the ratio
of absorbances at 280 and 350 nm (Asso/Azso), and the width
of the electron-transfer band (Agr) (17, 35). The value of Agr
was calculated using the ratio of absorbances at 350 and 280
nm (Asso/Azs0). Assuming that the Gaussian function (eq 1)
can describe the shape of the ET band for 2 > 250 nm and
the maximum of the band is located in the range 252—254
nm (~4.90 eV) (17, 35), the following formula for Agr was

derived:
A -2
Agr = 2418(ln(ﬂ)) )
A350

The parameters of the UV spectra are compiled in Table 3.
SUVAzs4 has been reported to be proportional to the
aromaticity of HS (9, 16, 36, 37) although it may also be
affected by nonaromatic conjugated double bonds. Accepting
the position that SUVAzs is mainly determined by the
activated aromatic groups, its decrease from 5.01 to 1.85
L/(mg-m) seenin chlorinated HPOA supports the assumption
that chlorine specifically targets these aromatic sites. The
less anticipated effect is that the width of the ET band Agr
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decreases from 2.31 to 1.74 eV as the CI/DOC ratio increases.
A possible meaning of Agr for the chemistry of HS is discussed
in the next section.

Discussion
The trends in fluorescence and UV absorption spectra of
chlorinated HPOA are summarized as follows:

(1) Chlorination causes the emission band to contract
and shift toward lower 4 (higher quanta energies).

(2) The FDF contribution (Lpr) to the fluorescence
decreases with chlorine dose while that of MDF and SDF
increases. This occurs simultaneously with the weakening of
o and f features and enhancement of the 0 structure in the
first derivatives of the emission spectra of HPOA.

(3) The intensity of fluorescence emission increases for
a CI/DOC ratio < 2.

(4) SUVAzs4 and Agr decrease.

We interpret these trends with the major premise that
halogenation decreases the aromaticity of HPOA and causes
its molecules to break down into smaller fragments. The
literature establishes unambiguously that a decrease in the
average molecular weight (AMW) of HS is associated with an
increase of the fluorescence intensity (observed for CI/DOC
ratios < 2 in this work) (38—41). The reported time-resolved
fluorescence data also indicate that the contribution of
“medium” (2 < 7 < 10 ns) and “slow” (r > 10 ns) fluorophores
increases with the decrease of AMW. This is accompanied
by a decrease of the FDF contribution (¢ < 2 ns). For instance,
HS with molecular weights 3—50 kDa have Irpr of 17% while
for MW ranging from 50 to 100 kDa Irpr was 28% (30, 42). The
AMWs of aqueous HS are lower compared with that of soil
HS, and the contribution of “medium” fluorophores in them
is considerably higher (43).

We attempt to use the results of UV and fluorescence
spectroscopy to probe the influence of halogenation on the
size (deemed to be proportional to the AMW) of the HPOA
molecules. We hypothesize that the width of the ET band
may be indicative of the AMW of HS. The rationale for this
assumption is that the chromophores in an HS molecule are
more likely to interact each with other as the size of the
molecule increases because of the increasing degree of
conformational degrees of freedom. These interchromophore
interactions may generate additional absorbance bands
located at wavelengths longer than the ET bands of individual,
noninteracting chromophores (44, 45). If these bands are
present, the single Gauss function employed for modeling
the UV absorbance at 4 > 250 nm should be viewed as a
composite representation for a more complex system of
overlapping bands. Because of their contribution, Agr will
increase with the AMW of HS.

The literature data allow testing this hypothesis. To do
so, we used the published absorbance data at 254 and 400
nm for several humic and fulvic acids (46). This data set also
contains the average sizes (giration radii, Ry) determined for
the HS samples by low-angle X-ray diffraction. We calculated
the corresponding Ag; for these samples and compared them
to the reported radii. The Agr values were calculated using
a formula similar to formula 2 and presuming that the
maximum of the ET band was located at 254 nm and the
contribution of absorbance bands other than the ET band
was negligible. The results are shown in Figure 3. A modest
correlation between the radius of HS and Agr was found for
the series of 10 samples (k¢ = 0.66). The relationship between
Agr and R; was as follows:

Ry =13.2A5 — 17.5 ®

where the giration radius is measured in A and the width of
the ET band is in eV. When one outlier was excluded, the
correlation was much stronger (R? = 0.78). By contrast, the
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correlation between R; and SUVA,s, was weak (R? = 0.33).
On the basis of these data, it was presumed that the changes
of the giration radii of HPOA caused by halogenation might
be semiquantitatively estimated using the R; versus Agr
correlation obtained for independent samples of HS. The
giration radii of HPOA and its analogues calculated using
formula 3 are estimates that need to be confirmed through
independent experiments. It is nevertheless believed that
the Ry data so obtained allow evaluating the trends associated
with HPOA halogenation.

A good dose-property correlation between the C1/DOC
dose, the estimated giration radii of chlorinated HPOA, and
the width of the emission band was found (Figure 4). For
CI/DOC > 0.1, the size of HPOA molecules decreases in
parallel to the contraction of the fluorescence emission band.
The giration radius of HPOA is also correlated with the
position of the maximum in the emission spectra and with
Irpr. The correlation coefficients for these data sets are 0.89
and 0.97, respectively (Figure 5). The blue shift of the emission
band and of the decrease of Fpr associated with the decrease
of the molecular size demonstrated here corroborates the
trends described qualitatively in the literature (30, 31, 42).

It has also been proposed that the fluorescence decay
characteristics of HS may be affected by the energy transfer
inside the polymeric molecules (47). In large HS molecules,
intrafluorophore energy transfer shortens the apparent decay
lifetimes of the fluorophores. In smaller molecules, this
channel of the excitation energy dissipation may be weakened
and the lifetimes of the fluorophores increase. Since chlo-
rination decreases the size of the HPOA molecules and
destroys some of the aromatic chromophores involved in
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the energy transfer, the decrease of Jrpr in chlorinated HPOA
correlates well with this hypothesis.

The blue shift of the emission associated with the depletion
of FDF signifies that their contribution is more notable in
the red part of the fluorescence spectra of HPOA. This is also
demonstrated by the weakening of structures ocand 8 (located
at 2.28 and 2.45 eV, respectively) in the derivatized emission
spectra (Figure 2B). This indicates that the FDF emission
band is likely to be located in the range of energy quanta
from <2.5to 2.6 eV (4 > 480 nm). This location of emission
spectra has been associated with high-AMW samples (e.g.,
humic acids extracted from soils and water sources (19, 20,
41)). The increase of the intensity of feature ¢ in chlorinated
HPOA signifies that the emission of MDF and SDF is likely
to be blue-shifted compared with that of FDF.
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Nomenclature

AMW average molecular weight

Cl/DOC  chlorine to DOC mass ratio

DCA discrete component approach in the analysis of
fluorescence decay

Agr width of the electron-transfer band in UV
spectra, eV

Aem width of the emission band in fluorescence
spectra, eV

DOC dissolved organic carbon, mg/L as carbon

Enax position of maximum in the emission spectra,
eV

ET electron transfer

eV electron volt

FDF fast-decaying fluorophores
HPOA  fraction of hydrophobic acids

HS humic substances
Irpy intensity of emission of fast-decaying fluoro-
phores

MDF medium-decaying fluorophores
NOM natural organic matter

PHA polyhydroxyaromatic moiety
Ry gyration radius

SDF slow-decaying fluorophores

SUVAzs4  “specific” absorbance at 254 nm (4;55/DOC)
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2.1.4 Alkaline hydrolysis of humic substances - Spectroscopic
and chromatographic investigations

M.U. Kumke, C.H. Specht, T. Brinkmann, F.H. Frimmel
Chemosphere, 2001, 45, 1023 - 1031.

Optische Spektroskopie und Gréfenausschluss-Chromatographie wurden als analy-
tische Methoden zur Detektion der Verdnderungen in HS, induziert durch alkali-
sche Hydrolyse, verwendet. Ahnlich zu den durch Chlorung (s. auch 2.1.3) indu-
zierten Verdnderungen wurde bei der alkalischen Hydrolyse insgesamt eine Spal-
tung der HS in kleinere Fragmente beobachtet. In den Absorptionsspektren nahm
die Extinktion ab, widhrend die Fluoreszenzintensitit insgesamt zunahm, beglei-
tet von einer hypsochromen Verschiebung des Fluoreszenzmaximums. Die deutli-
che Zunahme der Fluoreszenz von HS nach erfolgter Hydrolyse ist auch ein Indiz
fiir die Wirksamkeit von intramolekularen Loschprozessen in HS. Der Vergleich der
Hydrolysate mit verschiedenen aromatischen Carbonséuren, wie z.B. Gallusséure,
4-Hydroxybenzoesiure oder Acetylsalicylsiure, zeigte bemerkenswerte Ubereinstim-
mungen in den spektroskopischen und chromatographischen Eigenschaften. Die ein-
fachen aromatischen Carbonsduren konnen als - in erster Ndherung und mit aller
gebotenen Vorsicht, die solch starke Vereinfachungen gebieten - gute Modellstruk-
turen von fluoreszierenden Einheiten in HS angesehen werden.
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Abstract

To find out more on the structure of humic substances (HS), isolated dissolved organic carbon (DOC) samples from
a brown water lake and a wastewater effluent were fractionated and subjected to alkaline hydrolysis. UV/Vis and
fluorescence spectroscopy, as well as size-exclusion chromatography with on-line detection of UV absorption, fluo-
rescence and DOC concentration were used to investigate the structural changes caused by the hydrolysis reaction.
Following hydrolysis, the fluorescence intensity increased considerably despite a decrease in the UV absorption. The
UV absorption and the DOC data from the SEC experiments revealed a strong shift to smaller molecular sizes after
hydrolysis. The spectra of the hydrolysed samples, as well as the size-exclusion chromatograms, were compared to
spectra of hydroxybenzoic acids and hydroxycinnamic acids. From this comparison, it can be concluded that the
hydrolysis products have a structure similar to these organic acids. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Humic substances (HS) account for a major part of
the dissolved organic carbon (DOC) in all aquatic eco-
systems. Although it is impossible to describe an exact
formation pathway, two general conceptual models have
been discussed in the literature. The first one assumes
HS to be formed from the tissues of plant material by
their partial breakdown and oxidation due to extracel-
lular enzymes and abiotic processes. The second concept
states a polymerization of simple compounds like qui-
nones that are derived from degraded plant material.
Aquatic HS can be derived from both external sources
like plants/soils (allochthonous) and from sources pro-
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duced within the aquatic ecosystem like algae/bacteria
(autochthonous) (Mc Knight and Aiken, 1998).

Due to the enormous number of different precursor
materials, an exact structure of HS is impossible to de-
fine. More useful is the identification of structural
building blocks and their relation to the reactivity of HS.
Due to the vast heterogeneity of HS, an in situ charac-
terization of structural elements is very difficult. A
promising experimental approach is to reverse the for-
mation of HS and to release structural sub-units under
defined experimental conditions. Hydrolysis reactions
have been successfully applied in the past to release
amino acids, carbohydrates, aliphatic and aromatic
carboxylic acids, as well as phenols from HS (Liao et al.,
1982; Parsons, 1989; Hautala et al., 1997; Jahnel et al.,
1998; Frimmel et al., 1998; Hautala et al., 1998).

The objectives of the presented work were to inves-
tigate the effect of alkaline hydrolysis on the properties
of HS, especially on their size and their spectroscopic
properties. Differences and similarities were evaluated
for HS of different origin. The ultimate goal is to identify
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substructures in HS that define their spectroscopic and
chromatographic properties and to use them for a clas-
sification of HS in terms of their reactivity with xeno-
biotics.

2. Experimental details
2.1. Materials, samples and sample treatment

Ultrapure water (18.2 MQ cm, Milli-Q pLus, Milli-
pore) was used in all experiments. A sodium hydroxide
solution (¢=1 mol/l) was prepared by diluting a com-
mercially available concentrate (50-52% (w/w), Fluka,
puriss. p. a.).

The HS samples investigated were collected from a
brown water lake (Hohlohsee, Northern Black Forest,
Germany; HO14) and wastewater effluent (water treat-
ment plant, Neureut, Germany; ABV3). While the brown
water was of natural origin and its precursors can be
considered to be mainly plant remains, the wastewater
effluent had a strong contribution from anthropogenic
activities. The original samples were freeze-dried (Orig) or
separated into fulvic acids (FA), humic acids (HA) and
non-humic substances (NHS) by using an XAD-8
(polymethylmethacrylate) resin according to a modified
method of Mantoura and Riley (Mantoura and Riley,
1975; Abbt-Braun et al., 1991). Basic sample parameters
are described in detail elsewhere (Frimmel and Abbt-
Braun, 1999). The concentration of dissolved organic
carbon was measured using a Shimadzu 5000 TOC ana-
lyzer, calibrated with potassium hydrogenphthalate
standards.

Sample solutions were prepared by adding 10 ml of
water to approximately 2.5 mg of freeze-dried material.
The resulting mixtures were sonified for 15 min and
subsequently filtered (0.45 pm, polyvinylidenefluoride).
For the hydrolysis 0.75 ml of sodium hydroxide (¢=1
mol/l) solution was added to 2.25 ml of sample solution.

Table 1
Spectroscopic properties of the benzoic acids investigated®

The resulting solution was heated under nitrogen in a
sealed glass vial for 48 h at 100°C. Subsequently, 25 ml
of water was added, then the solution was filtered using
a 0.45 pm polyvinylidenefluoride filter. A styrene-based
cation exchange resin cartridge (OnGuard-H, Dionex)
was used to neutralize the solutions. After discarding the
first 4 ml, the solutions obtained were used in the further
spectroscopic and chromatographic measurements.

Different benzene carboxylic acids were investigated
for their spectroscopic properties. The compounds are
listed in Table 1. All compounds were purchased from
Aldrich (grade > 97%) and used as received. The UV/Vis
absorption measurements and the fluorescence mea-
surements were carried out at pH values of 2, 7, and 11,
respectively. To adjust the pH, aqueous HCl and NaOH
were added to the solutions. In case of pH =7, a phos-
phate buffer was used. For the fluorescence measure-
ments, the optical density of the samples was adjusted to
0.1 at 265 nm in order to measure all samples under the
same excitation conditions.

2.2. UVIVis and fluorescence

For the UV/Vis measurements, a Cary50 spectrom-
eter (Varian) was used. The absorption spectra were
recorded in the range of 200 nm < A5 < 500 nm. All
spectra were background corrected.

The fluorescence spectra were recorded using a
CDT900 fluorescence spectrometer (Edinburgh Analyt-
ical Instruments). The instrument was equipped with a
450 W Xenon lamp and a red-sensitive photomultiplier
tube, which was operated in the single photon counting
mode. The instrument is described in detail elsewhere
(Kumke et al., 1998; Frimmel and Kumke, 1999). Flu-
orescence emission spectra and fluorescence excitation
spectra were recorded. The fluorescence emission spectra
were measured for three different excitation wavelengths
of Zex =260, 270, and 330 nm, in the wavelength range of
265 nm < Aoy < 650 nm, respectively. For the fluores-

UV absorption maximum® (in nm)

Fluorescence maximum¢ (in nm)

Gallic acid 262
4-Hydroxycinnamic acid 288
2-Hydroxycinnamic acid 271 (314)
3,4-Dihydroxycinnamic acid 288 (314)
4-Hydroxybenzoic acid 248
Acetylsalicylic acid (266)
Coniferyl alcohol 263 (300snoutder)
Ferulic acid 265 (310)
7-hydroxycoumarin 325

349
401
498 (408oulder)
426

411
340
442

453

“The data were collected from solution at pH 7.

® Given are the wavelengths for the absorption maximum. In case of two maxima, the second is given in parentheses.
©The excitation wavelengths were chosen according to the UV absorption maxima.



cence excitation spectra, two different detection wave-
lengths (Zem = 310 and 450 nm) were chosen, and the
spectra were measured in the wavelength range of
225 nm < A < 440 nm. The spectra were recorded with
a spectral bandpass of 1.8 nm in the excitation as well as
in the emission monochromator. The dwell time of the
measurements was set to 0.5 s and data points were ta-
ken every nanometer.

2.3. Size-exclusion chromatography
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The experimental set-up for the size-exclusion chro-
matography (SEC) measurements is described in detail
elsewhere (Specht et al., 2000). Three different on-line
detection methods were used: UV-absorption at Ay =
254 nm, fluorescence at Ay = 260 nm, Aem; = 310 nm
and at Aeo = 330 nm, Aemo =450 nm and DOC. A
TSK-50 HW (S) column was used with a phosphate
buffer as the mobile phase (28 mmol/l, pH 6.8). The
exclusion volume (19 ml) and the permeation volume (47
ml) were determined using dextrane blue and water,
respectively. The injection volume of the samples was 2
ml and the DOC concentration of the samples was in the
range of 2-10 mg/l.

3. Results and discussion
3.1. UVIVis spectroscopy

The UV/Vis spectra were recorded in the range of
200 nm < Zups < 500 nm. For the humic substances
ABV3 isolated from the wastewater effluent, a decrease
in the UV/Vis absorption was observed after hydrolysis
only for the HA fraction. For the absorption spectra of
ABV3 FA and ABV3 NHS no significant changes were
found. More conclusive results were obtained for the
brown water HO14 and its isolated fractions. Here, a
decrease in the absorption was found for all fractions
investigated. While the brown water samples HO14 be-
fore hydrolysis showed featureless absorption spectra,
the hydrolysis caused a significant change in the related
absorption spectra (e.g., Fig. 1 for HO14 FA before and
after hydrolysis). This was observed for the HA fraction
of the wastewater effluent ABV3 as well. Due to hy-
drolysis, a well-pronounced absorption band around
Jabs = 265 nm appeared in the spectra (Fig. 1). It was
strongest for the FA and HA fraction and least pro-
nounced for the NHS fraction of the brown water
HO14.

To compare the influence of the hydrolysis on the
different HS fractions investigated, the UV/Vis spectral
data were normalized to the concentration of DOC. The
absorption s = 254 nm and s = 436 nm is fre-
quently used to characterize the properties of HS solu-

%in nm

Fig. 1. UV/Vis spectra (not normalized) of HO14 FA before
and after hydrolysis. The ratio of the two spectra is shown as
well as the spectra of the pure medium before (a) and after
hydrolysis (b).

tions. These wavelengths were formerly used to estimate
the aromaticity and the content of quinones in HS
samples (Stevenson, 1982). Korshin et al. (1997) sug-
gested the use of the absorption at Z,;,s = 203 nm and at
Jabs = 253 nm for an estimation of the degree of func-
tionality of the aromatic ring. Benzenoid compounds
usually show an absorption band at 203 nm, which is
often referred to as the benzenoid band (Bz). An ab-
sorption around 253 nm can be attributed to a charge-
transfer transition (CT). While the strength of the Bz
band stays relatively unchanged upon changes in the
functionality of the aromatic ring, the CT band is
strongly altered. Therefore, a change in the ratio of these
wavelengths should be indicative of alterations in the
functionality of the aromatic system.

In Fig. 2 the ratio of the UV/Vis absorption at
254 nm to that at 203 nm is shown (later referred to as

I before hydrolysis
[ after hydrolysis

0,604

203 nm.

S

Ezsa nm

HO14 Orig
HO14 FA
HO14 HA

HO14 NHS
ABV3 FA
ABV3 HA

ABV3 NHS

Fig. 2. Comparison of the absorption ratio 4»ss nm/4203 nm for
the HS samples before and after alkaline hydrolysis. The pH
was adjusted to 4.
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ratio I). For the HS fractions investigated, an increase in
ratio I was observed after hydrolysis, which indicates an
increase in the degree of effective functionality of the
benzoic rings. Because a direct attack of hydroxide ions
on the aromatic moieties is improbable under the reac-
tion conditions applied (Fyfe, 1971), side chain altera-
tions like ester and amide hydrolyses, retro-aldol
reactions, benzil-benzilic rearrangements, o— and B—
ether cleavages as well as B—y-C-C cleavages may be
responsible for the increase (Wallis, 1971; Parsons, 1989;
Beyer, 1998).

3.2. Fluorescence spectroscopy

In Fig. 3, the influence of hydrolysis on the steady-
state fluorescence of the brown water samples HO14 is
shown.

For comparison, the fluorescence intensities were
normalized to the concentration of dissolved organic
carbon. As a general trend , the fluorescence of the
NOM samples investigated was increased upon hy-
drolysis. However, the observed increase was much
stronger for the brown water samples and within the
fractions decreasing in the order HOI4 Orig >
HOI14 FA > HO14 HA > HO14 NHS. For the waste-
water effluent, ABV3 FA and ABV3 NHS showed a
small increase.

To quantify the alteration in the fluorescence inten-
sity, the fluorescence spectra recorded at different exci-
tation wavelengths were integrated and the relative
change upon hydrolysis was calculated. The calculated
overall change in the fluorescence intensity of the HS
samples is shown in Fig. 4 for two different excitation
wavelengths. Independent of the excitation wavelength,
the fluorescence intensity of the wastewater effluent
fractions was only slightly changed upon hydrolysis,
indicated by a relative change in fluorescence intensity
close to one (see Fig. 4(b)). On the other hand, for the
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Fig. 3. Steady-state fluorescence spectra (4ex = 330 nm, pH 4)
of brown water HO14 Orig before and after alkaline hydrolysis
of the sample.
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Fig. 4. Relative change of the overall fluorescence intensity of
the NOM samples due to hydrolysis at different excitation
wavelengths. Shown are the ratios of the integrated fluorescence
intensity before hydrolysis and after hydrolysis ((a) brown
water HS and (b) wastewater effluent HS).

brown water and its fractions, a strong increase in the
overall fluorescence intensity was observed (for HO14
Orig a 2.5-fold increase was observed for 4, = 260 nm;
see Fig. 4(a)). Moreover, the observed increase caused
by hydrolysis was dependent on the excitation wave-
length. For A, = 330 nm, the increase of the overall
fluorescence intensity was smaller. Here, an increase less
than 2-fold was measured for all brown water samples
HO14.

The completely different behaviour of the wastewater
samples ABV3 might be attributed to their young age.
On the other hand, the brown water samples HO14 are
much older which means, that they have been subjected
to numerous alterations like enzymatic or light-induced
oxidations. These alterations seem to favour the spec-
troscopic changes induced by alkaline treatment. As the
hydroxide ions preferently attack aliphatic moieties with
oxygen-containing functional groups (Wallis, 1971;
Parsons, 1989; Beyer, 1998), the results show the im-
portance of these structural parts for the spectroscopic
properties of HS.

The effect of increasing fluorescence intensity has also
been observed after chlorination, ozonation and UV
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irradiation of HS (Korshin et al., 1999; Win et al., 2000).
Under these different conditions HS are supposed to be
cleaved to smaller molecules. These might have higher
fluorescence quantum yields than the original macro-
molecular substances. Another possibility is, that upon
degradation, fluorescence quenching of small molecules
by their interaction with HS (Morra et al., 1990; Doll
et al., 1999) is reduced. The two explanations were fur-
ther examined by size-exclusion chromatography and
are discussed later in the paper.

It is interesting to note that the observed increase in
the fluorescence intensity was not uniform in the spectral
range of the fluorescence spectrum which becomes ob-
vious from the calculation of the difference of fluores-
cence intensity before and after hydrolysis (see Fig. 5).
The maximum increase of the fluorescence intensity was
found in the wavelength range between 415 nm <
Jem < 440 nm. In Fig. 5, the calculated spectra (for
Jex = 330 nm) of the brown water samples are shown.

In Fig. 5(b), the fluorescence excitation spectra of the
brown water HO14 FA fraction before and after hy-
drolysis are compared. The ratio of the two spectra is

_] A,, =330 nm
2500 .
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Fig. 5. (a) Calculated differences of the steady-state fluores-
cence spectra of the brown water and its HS fractions upon
alkaline hydrolysis (4. = 330 nm). (b) Comparison of the flu-
orescence excitation spectra of HO14 FA before and after hy-
drolysis (not corrected for lamp profile). The ratio of both
spectra is shown as well (1 = 450 nm).

shown as well. For a simple homogeneous solution of a
fluorescent compound, it can be expected that the ob-
served fluorescence excitation spectrum and the corre-
sponding UV/Vis absorption spectrum are identical
(assuming that the intensity distribution of the excita-
tion lamp was considered properly). In general, for HS
the measured fluorescence excitation spectrum and the
UV/Vis absorption spectrum are not identical. While the
absorption spectrum is (almost) featureless with an in-
creasing absorption toward the UV region, in the fluo-
rescence excitation spectrum, a relatively well-resolved
band is observed in the spectral region around
310 nm < Jex < 370 nm. These differences indicate that
only a part of the light-absorbing chromophores present
in HS is fluorescent. Based on the fluorescence excitation
spectra, a connection between the observed fluorescence
increase and the related change in the absorption spectra
can be drawn. The comparison of the ratio of the fluo-
rescence excitation spectra and the difference in the ab-
sorption spectra (see Fig. 1) reveals striking similarities
and it also gives one explanation for the observed de-
pendence on the fluorescence excitation wavelength of
the fluorescence increase upon hydrolysis. The com-
pounds built (or released) by the hydrolysis of the HS
showed a strong absorption around Z,,s = 265 nm. The
larger increase in the fluorescence intensity, with
Jex = 260 nm, can be attributed to that fact. The num-
ber of compounds (or subunits) released from HS par-
ticipating in light absorption was found to be larger for
A =260 nm, and therefore, the observed overall increase
in the fluorescence intensity with that particular excita-
tion wavelength can also be expected to be higher when
compared to an excitation wavelength of lower energy
(e.g., Zex = 330 nm).

3.3. Comparison of the spectral character of benzoic acid
and the changes induced by hydrolysis in fluorescence and
UV1IVis absorption

In a comparative approach, the UV/Vis absorption
spectra and the fluorescence spectra of different ben-
zoic acids and related compounds were measured and
compared with spectra of the HS and the calculated
differences observed upon hydrolysis. Table 1 sum-
marizes the relevant spectroscopic properties of the
compounds investigated. All benzoic acid derivatives
show absorption maxima between 250 nm <
Jabsmax < 330 nm. A strong overlap was found com-
pared to the UV/Vis absorption spectra calculated
from the measurements before and after hydrolysis of
HS. This was also valid for the steady-state fluores-
cence excitation spectra of the benzoic acids. In Fig. 6,
the calculated fluorescence spectra of the hydrolysis
products of the brown water HO14 Orig is compared
with the fluorescence spectra of various benzene
carboxylic acids.
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Fig. 6. Comparison of the fluorescence spectra of several ben-
zoic acids with the calculated difference spectrum of HO14 Orig
upon hydrolysis (4 = 260 nm, pH 7).

Assuming that some of the building processes of HS
are reversed due to the alkaline treatment, a release of
lignin-derived moieties like p-coumaryl, sinapyl and
coniferyl alcohol-like structures can be expected. This is
strongly supported by the striking agreement between
the UV/Vis absorption spectra, as well as the steady-
state fluorescence spectra of those simple model com-
pounds and the calculated changes upon hydrolysis in
the spectra of the HS. Furthermore, the results are in
qualitative accordance with analytical pyrolysis data of
lake Hohloh samples, where 16-22% of the volatile
matter were assigned to phenols, lignin monomers and
dimers (Schulten and Gleixner, 1999). A significant
contribution of allochthonous, soil-derived precursors
to lake Hohloh HS seems to be reasonable, since it is a
nutrient-poor bog lake, that will slowly become over-
grown by detrital plant material.

3.4. Size-exclusion chromatography

The data from the size-exclusion chromatography
confirmed the findings from the UV/Vis and fluorescence
measurements. The chromatograms of the wastewater
samples were only slightly altered by hydrolysis.
Whereas the DOC and UV-absorption traces of the FA
and NHS sample showed virtually no changes, the flu-
orescence trace of the FA sample revealed an increase of
fluorescence intensity. This increase was not attributable
to single fractions and occurred at both sets of excitation
and emission wavelengths. Both, the DOC and the UV
absorption trace of the HA sample showed a shift to
higher elution volumes. In size-exclusion chromatogra-
phy, several non-ideal interactions between the gel and
sample such as ion exclusion, ion exchange and ad-
sorption can occur (Johansson and Gustavsson, 1988;

Potschka, 1988). These interactions are superimposed to
the separation of the molecules due to their size. Under
the reaction conditions applied, the most likely reactions
are ester and ether cleavages (Wallis, 1971), which lead
to an increase in carboxyl and hydroxyl group content.
As a result, the gel-sample interactions, which may lead
to a retardation, are decreased (Specht and Frimmel,
2000). Because of this, the shift to higher elution vol-
umes can most likely be attributed to smaller molecules
rather than to an increase in the attractive interactions
between gel and sample.

The influence of hydrolysis on the brown water
sample was much more pronounced in comparison to
the wastewater samples. For all brown water samples
(original, FA, HA, and NHS) the fluorescence intensity
increased whereas the UV absorption decreased. In
connection with a shift to higher elution volumes, this is
another indication for breakdown of larger molecules
due to hydrolysis. Large molecules have the ability to
release the energy from an absorbed photon via pro-
cesses which do not involve the emission of light. For
smaller molecules, this is often not the case. Because of
this, the fluorescence increases even if the UV absorption
decreases, i.e., the fluorescence yield increases. Due to
the chromatographic separation quenching of the
smaller fluorescent entities by larger NOM molecules is
suppressed even for the non-hydrolysed sample. There-
fore, the increase of fluorescence is more likely caused by
an increase of the fluorescence yield and the number of
fluorescent entities rather than by a decrease of the
quenching effect of NOM. In contrast to the wastewater
sample, the increase of fluorescence intensity can be at-
tributed to several fractions.

Fig. 7 depicts the chromatograms obtained with
DOC-, UV absorption-, and the fluorescence detection
of the brown water sample HO14 Orig before and after
hydrolysis. The DOC and UV absorption chromato-
grams show a considerable shift to higher elution vol-
umes, i.e., lower molecular mass. This shift cannot be
found in the fluorescence trace. From these results one
can conclude, that the higher molecular mass fractions
of natural organic matter contain structures which are
potentially capable of fluorescence. These structures are
unveiled by the hydrolysis reaction and lead to an in-
crease in fluorescence intensity. This holds for all brown
water samples investigated in this work. The highest
increase in fluorescence intensity (by a factor of 3.8) was
found for Je; =260 nm and Agn; =310 nm. At
Jex2 = 330 nm, Aem> = 450 nm, fluorescence intensity
increased by a factor of 2.7. This increase is higher than
the increase in overall fluorescence intensity, which was
found for the non-separated sample. In the non-sepa-
rated sample, fluorescence quenching can occur through
intermolecular energy transfer from smaller to larger
molecules, which is not possible after separation in the
SEC column. As the total area of the DOC chromato-
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Fig. 7. SEC chromatograms of brown water HO14 Orig before and after hydrolysis obtained with DOC, UV absorbance, and flu-

orescence detection.

grams does not decrease, no degradation of organic
matter to CO, took place due to hydrolysis. On the
other hand, the total area of the UV signal decreases by
16%. Because of the cleavage of side groups, conjugated
systems might be destroyed, resulting in a lower UV
absorption. In addition to the shift, the chromatograms
of the samples after hydrolysis show fractions which
were set free from the original sample. No major dif-
ferences can be found between the different natural or-
ganic matter fractions in the DOC and UV absorption
chromatograms. In contrast, it was possible to detect
significant differences between the samples in the fluo-
rescence signal. Fig. 7(c) shows the chromatogram of the
fluorescence detector with . ; =260 nm and Ae,; =
310 nm. Whereas fractions 2 and 3 could be found in the
original sample as well as in the FA sample, fraction 2
was absent in the HA sample and fraction 3 could not be
found in the NHS sample. Also, the HA showed no
fluorescence at the chosen set of excitation and emission
wavelengths before hydrolysis. The chromatograms of
the fluorescence signal at Zex» = 330 nm, Zepm > = 450 nm
showed only minor changes in shape. Since humic sub-
stances show a strong fluorescence signal at this set of

excitation and emission wavelengths, the increase in in-
tensity is probably caused by a decrease in the self-
quenching effect of humic substances.

To determine the structures of the substances which
make up fractions 2 and 3 found in the fluorescence
chromatograms, SEC experiments with the compounds
listed in Table 1 were carried out under the same
conditions used for the natural organic matter sam-
ples, i.e., the same UV absorption and fluorescence
excitation and emission wavelengths were used. The
data showed, that benzoic acid derivatives like gallic
acid and 4-hydroxybenzoic acid had a strong fluores-
cence signal at Ae; =260 nm, Zem; = 310 nm, but
hardly any signal at Ao =330 nm, ZAemp =450 nm.
The derivatives of cinnamic acid on the other hand
showed a strong signal at Aeo =330 nm, Zemo =
450 nm, but only a weak signal at g =
260 nm, Ay = 310 nm. In addition, the elution vol-
ume of the benzoic acid derivatives coincides with the
elution volume of fraction 3. From this, one may
conclude, that the fractions 2 and 3 consist of sub-
stances with a structure similar to hydroxybenzoic
acids rather than hydroxycinnamic acid.
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4. Conclusions

Hydrolysis reactions have been used quite exten-
sively to obtain information on the structure of the
building blocks of humic matter. In combination with
spectroscopy in the UV/Vis range, hydrolysis gives
information not only on the aromatic and unsaturated
areas of the molecules with main absorbances around
A =260 nm, but also on the molecular size. Especially
fluorescence spectra give insight into the stability of
the molecular structure in aqueous solution. The sig-
nificant increase in the fluorescence after hydrolysis
makes it attractive to assume the presence of
quenching mechanisms in the original dissolved mac-
romolecule which are lost in the smaller hydrolysed
products. The identification of the building blocks still
remains troublesome. Poor resolution of chromato-
graphic fractionation based on water as the mobile
phase and lack of powerful identification methods are
the main reasons. A way out of this dilemma seems to
be the use of reasonable model compounds. Their
properties in mixtures can be compared with the in-
tegrated character of the complex samples to be in-
vestigated. The best fit is a good basis for structural
assumptions. The application of that strategy to the
hydrolysis products of HS makes the substituted rep-
resentatives of salicylic acid, cinnamic acid, and 7-
hydroxy-coumarin to appear as attractive building
blocks of the complex organic matter in brown water.

Acknowledgements

The work was funded by the Deutsche Forschungs-
gemeinschaft in the ROSIG research program and in the
research project MetalOM (Grant Fr 536/21-1). The
authors wish to thank Dr. Gudrun Abbt-Braun and
Axel Heidt for preparing and supplying the HS samples.

References

Abbt-Braun, G., Frimmel, F.H., Lipp, P., 1991. Isolation of
organic substances from aquatic and terrestrial systems
comparison of some methods. Z. Wasser-Abwasser-Forsch
24, 285-292.

Beyer, H., 1998. Lehrbuch der Organischen Chemie. Hirzel,
Stuttgart.

Doll, T.E., Frimmel, F.H., Kumke, M.U., Ohlenbusch, G.,
1999. Interaction between natural organic matter (NOM)
and polycyclic aromatic compounds (PAC) — comparison of
fluorescence quenching and solid phase micro extraction
(SPME). Fresenius J. Anal. Chem. 364, 313-319.

Frimmel, F.H., Jahnel, J., Hesse, S., 1998. Characterization of
biogenic organic matter (BOM). Water Sci. Technol. 37, 97—
103.

Frimmel, F.H., Abbt-Braun, G., 1999. Basic characterization of
reference NOM from central Europe — similarities and
differences. Environ. Int. 25, 191-207.

Frimmel, F.H., Kumke, M.U., 1999. Optische Parameter zur
Stoffcharakterisierung vom Trinkwasser bis zum Abwasser.
Wien. Mitt. 156, 1-24.

Fyfe, C.A., 1971. Nucleophilic attack by hydroxide and
alkoxide ions. In: Patai, S. (Ed.). The Chemistry of the
Hydroxyl Group — Part 1. The Chemistry of Functional
Groups. Interscience, London, pp. 52-131.

Hautala, K., Peuravuori, J., Pihlaja, K., 1997. Estimation of
origin of lignin in humic DOM by CuO-oxidation. Chemo-
sphere 35, 809-817.

Hautala, K., Peuravuori, J., Pihlaja, K., 1998. Organic
compounds formed by chemical degradation of lake aquatic
humic matter. Environ. Int. 24, 527-536.

Jahnel, J.B., Ilieva, P., Abbt-Braun, G., Frimmel, F.H., 1998.
Aminosduren und Kohlenhydrate als Strukturbestandteile
von refraktiren organischen Sduren. Vom Wasser 90, 205—
216.

Johansson, B.-L., Gustavsson, J., 1988. Elution behavior of
some proteins on fresh, acid- or base-treated sephacryl S-
200 HR. J. Chromatogr. 457, 205-215.

Korshin, G.V., Li, C.-W., Benjamin, M.M., 1997. Monitoring
the properties of natural organic matter through UV
spectroscopy: a consistent theory. Water Res. 31, 1787-
1795.

Korshin, G.V., Kumke, M.U., Li, C.W., Frimmel, F.H., 1999.
Influence of chlorination on chromophores and fluoro-
phores in humic substances. Environ. Sci. Technol. 33,
1207-1212.

Kumke, M.U., Abbt-Braun, G., Frimmel, F.H., 1998. Time-
resolved fluorescence measurements of aquatic natural
organic matter (NOM). Acta Hydrochim. Hydrobiol. 26,
73-81.

Liao, W., Christman, R.F., Johnson, J.D., Millington, D.S.,
1982. Structural characterization of aquatic humic material.
Environ. Sci. Technol. 16, 403-410.

Mantoura, R.F.C., Riley, J.P., 1975. The analytical concentra-
tion of humic substances from natural waters. Anal. Chim.
Acta 76, 97-106.

Mc Knight, D.M., Aiken, G.R., 1998. Sources and age of
aqutic humus. In: Hessen, D.O., Tranvik, LJ. (Eds.),
Aquatic Humic Substances — Ecology and Biogeochemistry.
Springer, Berlin, pp. 9-39.

Morra, M.J., Corapcioglu, M.O., von Wandruszka, R.M.A.,
Marshall, D.B., Topper, K., 1990. Fluorescence quenching
and polarization studies of naphthalene and 1-naphthol
interaction with humic acid. Soil Sci. Soc. Am. J. 54, 1283~
1289.

Parsons, J.W., 1989. Hydrolytic degradations of humic sub-
stances. In: Hayes, M.H.B., MacCarthy, P., Malcolm, R.L.,
Swift, R.S. (Eds.), Humic Substances II — in Search of
Structure. Wiley, Chichester, pp. 99-120.

Potschka, M., 1988. Size-exclusion chromatography of poly-
electrolytes, experimental evidence for a general mechanism.
J. Chromatogr. 441, 239-260.

Schulten, H.-R., Gleixner, G., 1999. Analytical pyrolysis of
humic substances and dissolved organic matter in aquatic
systems: structure and origin. Water Res. 33, 2489-2498.



2.1. SPEKTROSKOPISCHE CHARAKTERISIERUNG VON HS 41

M.U. Kumke et al. | Chemosphere 45 (2001) 1023-1031 1031
Specht, C.H., Frimmel, F.H., 2000. Specific interactions of Formation, Structure and Reactions. Wiley—Interscience,
organic substances in size-exclusion chromatography. En- New York, pp. 345-372.
viron. Sci. Technol. 34, 2361-2366. Win, Y.Y., Kumke, M.U., Specht, C.H., Schindelin, A.J.,
Specht, C.H., Kumke, M.U., Frimmel, F.H., 2000. Character- Kolliopoulos, G., Ohlenbusch, G., Kleiser, G., Hesse, S.,
ization of NOM adsorption to clay minerals by size Frimmel, F.H., 2000. Influence of oxidation of dissolved
exclusion chromatography. Water Res. 34, 4063-4069. organic matter (DOM) on subsequent water treatment
Stevenson, F.J., 1982. Humus Chemistry, Genesis, Composi- processes. Water Res. 34, 2098-2104.

tion, Reactions. Wiley, New York.
Wallis, A.F.A., 1971. Solvolysis by acids and bases. In:
Sarkanen, K.V., Ludwig, C.H. (Eds.), Lignins, Occurrence,



42 KAPITEL 2. EIGENE ARBEITEN - VON 1995 BIS 2000

2.1.5 Time-resolved fluorescence measurements of aquatic na-
tural organic matter (NOM)

M.U. Kumke, G. Abbt-Braun, F.H. Frimmel
Acta Hydrochem. Hydrobiol., 1998, 26, 73 - 81.

Das Fluoreszenzabklingverhalten von FA- und HA-Fraktionen verschiedener Ur-
sprungsorte wurde untersucht und mit unterschiedlichen Auswertemethoden ana-
lysiert. Sowohl die Annahme von diskreten Fluoreszenzkomponenten als auch die
Auswertung mittels Verteilungsfunktionen zeigten die Unterschiede bzw. Gemein-
samkeiten im Fluoreszenzabklingverhalten der verschiedenen HS. Die aus der Annah-
me von diskreten Fluoreszenzkomponenten resultierende Anzahl an Fluorophoren ist
rein operational-definiert. Eine bessere Beschreibung wird durch die Anwendung von
Verteilungsanalysen (maximum entropy method (MEM) oder exponential series me-
thod (ESM)) erreicht. Neben den Unterschieden in den Ursprungsorten spiegelt sich
im Fluoreszenzabklingverhalten auch der Einfluss von Oxidationsreaktionen wider,
ein Indiz fiir den Einfluss der HS-Gesamtstruktur auf die spektroskopischen Eigen-
schaften von HS.
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Zeitaufgeldste fluoreszenzspektroskopische Untersuchungen
natirlicher organischer Wasserinhaltsstoffe (NOM)

M. U. Kumke, G. Abbt-Braun,
and F. H. Frimmel**

Keywords: Time-resolved Fluorescence, Natural Organic
Matter, Humic Substances, Ozonation

Summary: The fluorescence decay of aquatic natural organic
matter (NOM) samples was investigated using the time-corre-
lated single photon counting technique (TCSPC). Two different
approaches for the data analysis are presented: the discrete
component approach (DCA) and the exponential series method
(ESM). The parameter set obtained in the DCA is discussed in
terms of characterization for NOM of different origins. Howev-
er, the obtained parameter set can only be interpreted as opera-
tionally defined. Using the ESM for a fluorescence decay time
distribution analysis no a priori assumption about the number
of fluorescing components was introduced into the data analy-
sis. The interpretation of fluorescence decay time data for sam-
ples before and after ozonation is in good agreement with re-
sults of other analytical methods.

1 Introduction

During the last decades substantial effort has been directed
towards the characterization of natural organic matter (NOM).
The application of elemental analysis, chromatographic, spec-
troscopic, and pyrolysis techniques yielded valuable results for
a general characterization of NOM [1-7]. The combination of
pyrolysis results with data obtained from NMR, IR, and titra-
tion experiments revealed the presence of a variety of structural
elements like aromatic carboxylic acids, phenolic groups, and
aliphatic moieties [8, 9]. However, the results obtained so far
were only successful in describing these basic features of
NOM, whereas the understanding of the relationship between
the structure of NOM and its interaction with xenobiotics is still
poor [10-14]. The main disadvantages of the techniques com-
monly used for characterization purposes are their destructive
character, the high concentrations of samples needed, and the
neglect of conformational dynamics of NOM.
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Schlagworter: Zeitaufgeloste Fluoreszenzspektroskopie, na-
tiirliche Wasserinhaltsstoffe, Huminstoffe, Ozonung

Zusammenfassung: Das Fluoreszenzabklingverhalten von
natiirlichen organischen Wasserinhaltsstoffen (NOM) wurde
mittels der zeitkorrelierten Einzelphotonenzdhlung untersucht.
Zur Auswertung der Abklingkurven wurden zwei unterschied-
liche Analyseverfahren verwendet: Ansatz diskreter Kompo-
nenten (DCA) und Fluoreszenzabklingzeitenverteilung
(ESM). Die in der DCA erhaltenen Parameter kénnen nur zur
Charakterisierung der NOM verwendet werden und sind rein
operational definiert. In der ESM-Analyse wurde a priori kein
Modell angenommen.

In general, spectroscopic techniques are powerful and non-
destructive. They have been successfully applied for the identi-
fication and characterization of a great variety of compounds
even in diluted aqueous samples. Steady state fluorescence
spectroscopy has proven to be a highly sensitive technique
which has been already successfully applied in the character-
ization of NOM [3, 5-8]. Recently, a few attempts have been
made to approach the characterization of NOM and its dynam-
ics by time-resolved fluorescence spectroscopy [15-18].

In the present contribution we show results of time-re-
solved fluorescence decay measurements of aquatic NOM of
different origin. The data are discussed using two different ap-
proaches for the data analysis. Results for the original NOM
and the fulvic and humic acid fractions are presented as well as
those for chemically modified NOM due to ozonation.

2 Experimental
2.1 Spectrometry

Time-resolved fluorescence measurements were per-
formed using a FL90OCDT fluorescence lifetime spectrometer
(Edinburgh Analytical Instruments, Research Park, Riccarton,
Currie, Edinburgh EH14 4AP, UK) in the time-correlated sin-
gle photon counting mode. The instrument was set up in a T-ge-
ometry format with two analyzing detection channels. The fo-
cal length of the monochromators in the excitation and emis-
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sion channels was 300 mm with an aperture of f/4.2 (optical
configuration: symmetrical Czerny-Turner). The grating of the
excitation monochromator was blazed at 250 nm and the grat-
ings of the emission monochromators were blazed at 500 nm
for optimal performance. The linear dispersion of the mono-
chromators was 1.8 nm/mm which determines together with
the slit width the spectral bandpass of the fluorescence mea-
surements. For the detection a photomultiplier tube (PMT)
R1527 (Hamamatsu) with a rise time of 2.2 ns was used.

A nF900 nanosecond flash lamp (Edinburgh Analytical In-
struments) filled with nitrogen gas (1 bar, 6.6 kV, 0.3 mm elec-
trode separation, operated at 40 kHz) was used for the excita-
tion of the samples. The multichannel analyzer (MCA) Norland
5000 (Viking Instruments Inc., 128 Owen Road, Madison,
WI 53716, USA) was used in the pulse height analysis mode.
The memory of the MCA Norland 5000 consists of 4 096 chan-
nels. In the typical T-geometry format experiment 1024 chan-
nels of the MCA were attributed to each detection channel.

For the data analysis the commercial software package of
Edinburgh Instruments was used. In addition to the standard
software features (discrete multi-exponential approach), the
level 2 software was used for the decay time distribution analy-
§18.

For a reliable data evaluation of complex fluorescence ki-
netics the acquisition rate (reported as the count rate at peak
maximum) is a crucial parameter. Experiments at different
count levels (10%...10° counts at peak maximum, CPM) were
performed and the influence on fitting results was monitored.
In order to get reliable results in an acceptable period of
time the experiments were performed at a count level of
3...5 - 10* CPM. The measurement time was usually below
4 hours, and the stability of the time profile of the excitation
pulse was controlled by monitoring the fluorescence decay of
the NOM samples and the excitation pulse in cycles of
5000 CPM per cycle. The excitation wavelengths in the time-
resolved fluorescence measurements were 314 nm, 337 nm,
and 357 nm. The experiments were typically run at a time base
of 100 ns with 5 ns delay of the stop PMT. The fluorescence
emission was detected between A, =400 nmand A, =530 nm
with a slit width of 9 nm. For the comparison of NOM samples
Ao = 450 nm was used in terms of a standard emission wave-
length which was different from the fluorescence emission
maximum for some of the NOM samples. In general, the
counting rate was less than 1 % for the natural organic matter
samples under investigation and therefore pile up problems
in the lifetime data analysis were not likely to occur. The
experimental data were analyzed with non-linear least square
(NLLS) algorithms based on the method of Marquardt. The
results of the data fitting procedures was judged by the y?-value
and the randomness of the weighted residuals. In general, the
fit was made starting with the rising edge of the experimental
data.

The steady state fluorescence measurements were
performed with a Perkin Elmer LS 5B spectrofluorometer. In
the standard steady state experiment a spectral bandwidth of
10 nm for excitation and emission was used. Excitation wave-
lengths of A, = 330 nm or A, = 314 nm were applied, and the
spectra were recorded in the range of 350 nm < A, < 550 nm.
The spectra were background corrected and for comparison
purposes correlated with the dissolved organic carbon concen-
tration (DOC, in mg/L). The steady state fluorescence spectra
were not quantum-corrected. The Raman signal of pure water
was used as internal standard for correction of day-to-day
fluctuations of the excitation intensity.

2.2 Samples and Sample Treatment

In the fluorescence experiments a dissolved organic carbon
(DOC) concentration of 2...5 mg/L was used. Unless otherwise
noted the samples were dissolved in deionized water (MilliQ
water purification system) at a pH of 6...7. The fluorescence
measurements were performed with air-saturated samples. In
preliminary experiments with air-saturated and nitrogen-
saturated samples only a minor influence of oxygen on the
observed fluorescence decay was monitored. This is subject to
further investigations.

The samples of NOM were of different origin. Table 1 sum-
marizes the samples investigated.

Table 1: Notation and origin of the NOM samples investigated. FA:
fulvic acid, HA: humic acid

Herkunft und Notation der untersuchten NOM-Substanzen. FA:
Fulvinsdure, HA: Huminsiure

Assignment (fraction) Origin

FG1 (FA, HA) groundwater (Fuhrberg)

SV1 (FA, HA) production effluent from brown coal
(Schwelvollertsee)

BS1 (FA, HA) soil seepage water (Bayreuth)

ABV2 (FA, HA) wastewater effluent (Karlsruhe)

HO10 (FA, HA) bog lake (Hohlohsee, Black Forest)

BM7 (FA) bog lake (Brunnsee, Secon)

BM12 (FA) bog lake (Brunnsee, Seeon)

BR2B (FA) soil seepage water

MEX1 (FA) Mexican soil

WIN1 (FA) bog lake

The isolation procedure was based on the XAD-method of
Mantoura and Riley and was described by Abbt-Braun et al.
[19]. All NOM samples were of aquatic origin with the excep-
tion of the MEX1 FA and WIN1 HA samples which were isolat-
ed from soil.

2.3 Ozonation

The ozonation of the NOM samples was performed in a
vessel (height: 0.35 m, diameter: 0.065 m) stirred by a magnetic
stirrer. For the dispersion of the ozone the reactor was equipped
with a porous glass frit. The ozone concentration in the gaseous
phase was measured before and after passing the reactor using
two UV-detectors at a detection wavelength of 254 nm.

In the experiments the ozonation was stopped after 5 min
and the absorbed mass of 0zone was determined in a mass bal-
ance of the gas phase of the reactor. The experimental setup is
described in more details by Wolf and Frimmel [20].

3 Theory/Data Evaluation

3.1 Data Analysis Using a Small Set
of Exponential Functions

The experimental data were evaluated with a sum ofup to 4
exponential decay terms (Eq. (1), discrete component ap-
proach, DCA). :

4 t
10 = ; B-eT ®
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In the recent literature only a few applications of time-re-
solved fluorescence measurements on NOM samples can be
found. Milne et al. used a simple single exponential approach in
the data evaluation [25]. For NOM of different marine origin
they reported fluorescence decay times of approximately 1 ns.
In more sophisticated approaches Lochmiiller et al. and Lang-
ford et al. used three exponential decay terms in the data evalua-
tion [15-17]. In these investigations only NOM samples isolat-
ed from soils were used.

For comparison with the few results reported in the litera-
ture we analyzed some of the experimental data also by fitting
with a sum of three exponential decay terms (see Fig. 3). The
dotted line shown in Figure 3 visualizes the observed trend of
the literature data (and was not calculated by a model). For the
soil-derived samples the fastest decaying part of the total fluo-
rescence decay had the strongest contribution whereas for the
aquatic NOM samples the main contribution in the fluores-
cence decay is due to operationally defined components with a
fluorescence decay time of 3 to 4 ns. It is interesting to note that
for the soil seepage NOM sample BS1 FA the fastest decaying
component is pronounced compared to the other aquatic NOM
samples. This soil seepage NOM sample is closest related to the
soil derived NOM samples reported in the literature.

4.2 Data Evaluation Using
the Exponential Series Method

Because of the large heterogeneity of NOM the assumption
in the DCA analysis of the presence of a small number of well-
defined fluorophores is of low probability. In a different ap-
proach the experimental data were evaluated using the expo-
nential series method. Here, no initial guess about the number
of contributing fluorescence components in the observed fluo-
rescence decay has to be made. Only the lower and upper limit
of the decay time range had to be introduced into the analysis.
The shortest reliable fluorescence decay time that can be deter-
mined with the used setup was approximately 0.1 ns and was
therefore set for the lower decay time limit in the ESM analysis.
For the upper limit a value of 50 ns was chosen. In the fluores-
cence decay measurements the time range of the MCA was set
to 100 ns. In the experiments at this point of time the initial fluo-
rescence intensity already decayed to less than 0.1 % of its ini-
tial value, which suggests that an upper limit of 50 ns is a rea-
sonable assumption.

In the ESM approach the heterogeneity of fluorophores as
well as the heterogeneity of different environments of the fluo-
rophores is considered. However, these two kinds of hetero-
geneity cannot be distinguished, the obtained fluorescence life-
time distributions are a sophisticated data representation for
heterogeneous systems, especially for samples, in which the
actual shape of the fluorescence spectra is changing during the
fluorescence decay because of intramolecular energy transfer
processes or intramolecular motions. The time dependence of
the shape of the fluorescence spectra was proven in time-
resolved fluorescence emission spectra (TRES) measurements
and will be reported in detail elsewhere. Briefly, the TRES
measurements revealed that the fluorescence maximum is
shifted to longer wavelengths during the lifetime of the excited
state, e.g., due to intramolecular reorientation of the fluo-
rophore's environments.

In Figure 4 a typical result for NOM samples isolated from
different origins is shown (see Table 1). The relative contribu-
tions versus fluorescence lifetimes in the considered time win-

Acta hydrochim, hydrobiol. 26 (1998) 2 -

dow are given. The number of lifetimes is limited to 100, and
these are logarithmically spaced in the considered time range.
The results are summarized in Table 2. For the results shown the
shift term in the data analysis was fixed to 0.1 channels for all
NOM samples analyzed. The data shown were obtained with an
excitation wavelength A, = 337 nm and an emission wave-
length A, =450 nm. For all samples investigated no significant
contributions of fluorescence lifetimes longer than 20 ns were
obtained, and the main contribution in the observed fluores-
cence decay was in the time range between 2 ns and 4.5 ns. The
fluorescence lifetime distributions can be represented by mean
fluorescence decay times and the width of the calculated distri-
bution given by a standard deviation in Table 2. For most of the
NOM samples the ESM approach revealed more than one local
maximum,

The calculated fluorescence decay time distributions were
different according to the origin of the NOM samples. When
the FA and HA fractions of one NOM sample were compared
the HA fractions showed a general tendency towards longer
fluorescence decay times. Normally, a higher aromatic content
and a more rigid structure can be attributed to the HA fractions.
This would go along with the tendency of longer fluorescence
decay times. The actual fluorescence decay time pattern for
some NOM samples are quite similar, but further experiments
and the comparison with the results of other analytical meth-
ods, like LC-DOC analysis, are needed for a detailed interpre-
tation.

4.3 Chemical Modification
of the NOM Structure by Ozonation

The capabilities of the ESM approach were tested for the
characterization of NOM samples treated with ozone. In the
ozonation process structural units containing low valent nitro-
gen and sulfur or double bounds are preferentially oxidized.
Due to the oxidation the molecular structure of the NOM is
changed. Gel chromatography measurements of the NOM
samples before and after ozonation revealed an enhanced con-
tribution of low molecular weight structures after the NOM
sample reacted with ozone.

In Figure 5 the results of the ESM analysis for NOM sam-
ples of two different wastewaters (originals) are shown. In gen-
eral, for both NOM samples after ozonation the contribution of
long fluorescence decay times is decreased and the relative
amount of short-lived fluorescence components is enhanced.
The extent of the decrease in long fluorescence lifetimes and
the relative enhancement of the short decaying fluorescence
fraction corresponds well to the degree of ozone absorption by
the NOM sample. The wastewater effluents were rich in sulfur-
and nitrogen-containing groups as well as carbon double
bonds. These samples showed a strong absorption of ozone
compared to a NOM sample of higher refractory character, like
that of a bog water. The content of sulfur- and nitrogen-contain-
ing groups in a bog water is much lower compared to the brown
coal derived production effluent (SV1). The smaller degree in
the refractory character was reflected in the calculated fluores-
cence decay time distributions before and after ozonation [26].
The contribution of the long fluorescence decay components is
decreased due to the ozonation for both wastewater effluents
and was found to a smaller extent for the bog lake NOM sample.

It is interesting to note that the shape of the calculated fluo-’

rescence decay time distributions of the bog lake NOM and the
NOM from a brown coal derived production effluent became
more similar after ozonation. This may be an indication for the
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presence of similar fluorophores including their molecular
framework after both NOM samples were oxidized by ozone.
This is subject of further investigations.

5 Conclusions

Because of the heterogeneity of original NOM samples in
the composition of fluorophores as well as in the molecular en-
vironment for one particular fluorophore, the fluorescence de-
cay of NOM is of highly complex nature. The data analysis us-
ing a discrete component approach yielded excellent data rep-
resentation in terms of fit parameter like randomness of the re-
siduals and y?-values. However, the calculated set of four fluo-
rescence decay times and the related fractional intensities can
only be understood in terms of operationally defined parame-
ters and the interpretation in terms of real physical fluoro-
phores is crucial. Even though the obtained operationally de-
fined parameter sets seem to be able to characterize the fluores-
cence decay of NOM when NOM samples of different origin
are compared with one another. It is interesting to note that
closely related samples became very similar, e.g., due to their
comparable genesis like samples isolated from bog waters.
They showed highly similar fluorescence decay times and frac-
tional intensities as revealed in the DCA. This could be an indi-
cation of the presence of molecular similarities in the fluores-
cing structures.

Eventhough the DCA yielded excellent results in the repre-
sentation of the NOM fluorescence decay data, the a priori in-
troduction of a limited number of fluorescent components is
most probably an over-simplification of the fluorescence decay

processes inside the NOM samples. Therefore, the representa-"

tion of the fluorescence decay data by fluorescence decay time
distributions is a promising approach. The obtained fluores-
cence decay time distributions of the NOM samples investiga-
ted turned out to be different according to their origin and
chemical history. Using the ESM approach for the analysis of
fluorescence decay data of NOM samples, ¢.g., before and after
ozonation, revealed a shift in the observed fluorescence decay
time distribution towards shorter decay times for the ozonated
samples. That goes along with the observation of an increase of
the low-molecular size fractions in the LC-DOC analysis. It is
attractive to assume that the observed shorter fluorescence de-
cay time contributions are due to fractions of low molecular
size. The time-resolved fluorescence measurement of model
compounds for the fluorescent building blocks of NOM re-
vealed that all of the model compounds investigated (quinones,
aromatic hydroxylic acids) showed fluorescence lifetimes
shorter than 1 ns. This work is still in progress and indicates that
interactions between fluorescing structures (through bonds or
space) might be responsible for the observed complex fluores-
cent decay. Intramolecular energy transfer processes, self
quenching, or formation of excited dimers may be involved in
these processes.

Further investigations are needed for a more detailed inter-
pretation of the results obtained so far. The introduction of ex-
ternal fluorescence quenchers and fluorescence probes seems
to be a very promising tool for these experiments. The useful-
ness of the obtained parameter sets in DCA and ESM for NOM
characterization purposes is subject to further investigations.
Investigations of further NOM samples under variation of ex-
perimental parameters like temperature, pH, ionic strength,
emission and excitation wavelength will challenge the present-
ed data analysis.
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2.1.6 Fluorescence decay of humic substances (HS) - A com-
parative study

F.H. Frimmel, M.U. Kumke
in: Humic Substances: structure, properties, and uses, G. Davies and E. Ghabbour
(eds.), Royal Society of Chemistry, Cambridge 1998, p. 113 - 122.

Die intra- und intermolekularen Prozesse der strahlenden und strahlungslosen Des-
aktivierung von HS nach erfolgter elektronischer Anregung wurden mittels zeitauf-
geloster Fluoreszenzspektroskopie untersucht.

HS zeigen ein hochst komplexes Fluoreszenzabklingverhalten. Die experimentellen
Daten wurden sowohl mittels operational-definierten Einzelkomponenten als auch
mit Lebenszeitverteilungen ausgewertet (s. auch 2.1.5) und anschliefsend mit einfa-
chen Modellverbindungen verglichen. Aus Untersuchungen des Fluoreszenzabkling-
verhaltens in Abhéngigkeit von der Emissionswellenléinge wurde ein Modell zur Be-
schreibung der intramolekularen Desaktivierungsprozesse in HS entwickelt, nachdem
insbesondere Energietransferprozesse zwischen verschiedenen HS-Chromophoren die
Fluoreszenzabklingkinetik bestimmen.
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FLUORESCENCE DECAY OF HUMIC SUBSTANCES (HS) - A COMPARATIVE STUDY

Fritz H. Frimmel and Michael U. Kumke

Engler-Bunte-Institute, Division of Water Chemistry, University of Karlsruhe, Richard-Willstétter-
Allee 5, 76131 Karlsruhe, Germany

1 INTRODUCTION

The fluorescence of aquatic humic substances (HS) is commonly found in the wavelength region
between 275 nm and 600 nm. Up until now mainly steady-state fluorescence techniques including
emission, excitation, and synchronous fluorescence spectroscopy were used for the investigation of
HS. These techniques were successfully applied in the characterization of HS of different origin and
in the investigation of molecular interactions between HS and Xenobiotics. Steady-state
fluorescence techniques were applied to characterize HS of different origin, e.g. aquatic and soil-
derived HS were distinguished1’3. Fluorescence anisotropy techniques were used to monitor
association processes of HS®. In order to get more specific information on fluorophores present in
HS chemometric data evaluation approaches, e.g. rank analysis, were introduced’. Using
fluorescence techniques conditional binding constants for the interaction of metal ions and HS were
determined. Here, especially fluorescence quenching has proven to be a valuable tool®’. The
synchronous scan fluorescence technique was applied to investigate the competitive binding of
different metal ijons and HS’. A combination of steady-state fluorescence techniques and
chemometric data analysis, e.g. rank analysis, evolving factor analysis, yielded a deeper
understanding of the acid-base properties and the metal binding sites of HS’'?. The fluorescence

quenching approach was further used for the determination of interaction constants of PAH and
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HS'*'S. Here, the extrinsic fluorescence of the probe (PAH) was detected and HS served as a
quencher. Based on results obtained in fluorescence quenching experiments models on the micro-
organization of HS were proposed'”.

Recently, time-resolved fluorescence techniques were applied for the investigation of the
fluorescence decay of HS and of the dynamics of interaction processes between HS and
environmental contaminants. The combination of steady-state fluorescence quenching and time-
resolved fluorescence quenching experiments has proven that the observed interaction of PAH and
HS was due to a static ground state interaction'>'®. Time-resolved laser-induced fluorescence
spectroscopy was applied in the characterization of the complexation processes of actinide and
lanthanide ions with HS. The method was used for the speciation of different ion/HS-complexes
with hydroxide and carbonate. The great sensitivity and selectivity allowed the distinction between
individual carbonato complexes, e.g. M(CO3)", M(CO3), ,and M(CO3)33’, respectivelyls’2 ', In these
experiments the extrinsic fluorescence of the metal ions was used for the analysis. Only very few
results on the investigation of the fluorescence decay of HS itself are published. Time-resolved
fluorescence anisotropy measurements of HS were performed in order to monitor changes in size
and shape of HS in solution with variation of pH, ionic strength and HS concentration”. Langford
and Cook investigated the fluorescence of HS quenched upon metal ion complexation®. For all HS
investigated highly complex fluorescence decay kinetics were found. In Order to account for the
high complexity three exponential decay terms were introduced. Although this could only be a
rough approximation the approach was successful in describing conformational changes of the HS.
Based on the results a three-component model for the binding of metal ions was suggested”. The
introduction of a small limited number of exponential terms in the analysis a priori assumes that the
number of participating fluorescing sites is known. Considering the heterogeneity of HS this has to
be considered very carefully. In a more sophisticated approach no initially pre-assumed number of
decay terms is introduced in the analysis of the fluorescence decay of HS rather than a large number
(i approx. 100). Here, the Maximum Entropy Method (MEM) and the Exponential Series Method
(ESM) were used for the analysis of the HS fluorescence decay”**. In both approaches for the
fluorescence decay of the HS investigated a tri-modal fluorescence decay time distribution was
found.

The scope of the present work was to further evaluate the capabilities of time-resolved
fluorescence techniques and of ESM for the characterization of intra- and intermolecular interaction
dynamics of HS. In order to achieve the set objective a) a characterization of fluorescing sites inside
the HS of different origin is necessary. and b) a deeper understanding of the intramolecular

processes involved in the fluorescence decay of HS is inevitable
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2 EXPERIMENTAL DETAILS

In the fluorescence experiments the HS samples investigated were of aquatic origin and the
concentration of dissolved organic carbon (DOC) was 10 mg/L unless otherwise stated. In the
investigation of original waters the samples were filtered (0.45 um). The isolation procedure for the
FA samples was based on the XAD-method of Mantoura and Riley and was described by Abbt-
Braun et al.”%. The concentrations of the model compounds were in the range of 10 — 10° M for
the benzoic acid derivatives. The lignin sulfonic acid was used at a DOC concentration of 10 mg/L.
All model compounds were of analytical purity and used as received. Table 1 summarizes basic

experimental parameters of the samples investigated.

Table 1 Model compounds investigated.

Name Adex (innmM) Ao, (in nm) pH conc.
Salicylic acid 314 360 - 480 4,6 10°M
Benzoic acid 314 400, 450 4,11 10°M
Methoxy benzoic acid 314 400, 420 4,11 10°M
3,5 Dihydroxy benzoic ¢ 337 400, 420 4,1 5%10%* M
Lignin sulfonic acid 314 370 - 540 7 10 mg/L

In the steady-state experiments a spectral bandwidth of 10 nm and of 9 nm in the time-resolved
measurements was applied, respectively. (Perkin Elmer LS 5B Luminescence Spectrometer). A
wavelength of 314 nm was chosen for the excitation of the samples in the steady-state experiments
as well as in the time-resolved experiments. The steady-state emission spectra were recorded
between 330 nm and 550 nm, respectively.

The experimental set-up of the time-resolved fluorescence experiments is described in detail
elsewhere®. Briefly, a lifetime spectrometer FL 900 (Edinburgh Instruments) was set up in the
single photon counting mode. A nitrogen filled flash lamp was used as excitation light source (1
bar, 40 kHz). The experiments were performed with a final count number in the decay peak
maximum of 5*10* counts (CPM). In order to control the performance of the instrument such as the
stability of the excitation light pulse, the experimental data were collected in five cycles of 1*10*
CPM. All fluorescence decay curves were deconvoluted with the time profile of the excitation light

flash. The fluorescence measurements were performed with air-saturated samples.

1.1 Data Treatment
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The fluorescence decay curves of the HS samples were analyzed by two different approaches
using a small number of exponential terms (i max. 4; discrete component approach, DCA) and a
large number of exponential decay terms (i max. 100, distribution analysis)**’. The later approach
was considered to be superior because no initial assumption about the number of fluorophores had
be made and the heterogeneity of the HS samples could be taken into account best. For the
distribution analysis an exponential series method (ESM) was applied (commercial software
package Edinburgh Instruments, Level 2 software). In the ESM analysis no shift term was applied
and a decay time range between 0.1 ns through 50 ns was introduced.

The overall mean fluorescence decay time Tmean Of the distribution was calculated following

equation (1):

ZA,‘ 7

Tmean - 17 (1)
>4

3 RESULTS AND DISCUSSION
3.1 General Aspects on the Fluorescence Decay of HS

In figure 1 the fluorescence decays of salicylic acid and a brown water HS are compared. The
data evaluation of the fluorescence decay of salicylic acid yielded a fluorescence lifetime of 4.1 ns
for all emission wavelength investigated (380 nm < Aer, < 480 nm, step width 10 nm) using ESM
and DCA, respectively. Contrary to the mono-exponential fluorescence decay of salicylic acid
which can be found for most solutions of a single fluorophore the fluorescence decay of HS was
highly complex as shown in figure 1. In order to represent the experimental data a number of at
least 3 exponential decay terms were necessary (DCA). The disadvantage of analyzing the
fluorescence decay data of HS with a small limited number of exponential decay terms is the
introduction of a a priori model. Because of the large heterogeneity of HS a self-modeling
distribution analysis (ESM) of the fluorescence decay without a pre-assumed number of
fluorescence decay terms was preferred in the data evaluation. Starting with a flat distribution of
decay times the ESM analysis optimized the amplitudes of each decay time which were evenly
spaced in the considered decay time range. In figure 2 the results of the ESM analysis for a brown

water FA, lignin sulfonic acid and some benzoic acids derivatives are summarized.
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0 200 400 600
channel

Figure 1 Comparison of fluorescence decay curves of salicylic acid (Aex= 314 nm, Aew= 425 nm,
pH 6, tr= 4.1 ns) and a brown water HS (Aex= 314 nm, Aew= 420 nm, pH 6.5). The time calibration

of the measurement was 0.095 ns /channel.

The benzoic acid derivatives were chosen because structures related to the compounds are
considered as models for fluorophores present in HS. For a homogenous solution of a single
compound well resolved narrow peaks were found in the ESM. The mean fluorescence decay time
of these peaks agreed with results obtained in a standard analysis fitting a single exponential decay
(DCA). For lignin sulfonic acid and for HS in general less resolved broad fluorescence decay time
distributions were found in the ESM analysis. Commonly, for HS bi- or tri-modal fluorescence
distributions are calculated with mean decay times centered around approximately 1 ns, 4 ns, and 10
ns, respectivelyzs‘zs. There are several reasons possible causing the broad poorly resolved decay
time distribution found for HS. Apparent reasons could be the heterogeneity of the HS and the
limited capability of ESM to resolve closely located decay times with small fractional intensities (or
small differences in their fractional intensities)*’. Due to the heterogeneity of the HS a large number
of different fluorophores in different molecular environments has to be considered. Furthermore,

possible intra- and inter-molecular interaction processes, €.g., energy transfer processes have to be
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taken into account. For the model compounds which are assumed to be ‘fluorecing structures’ of HS

sharp narrow peaks were calculated.

brown water FA (. = 450 nm)
—e— lignin sulfonic acid (x,,= 450 nm)
—v— salicylic acid (1= 425 nm)
—e— benzoic acid (1, = 450 nm)
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Figure 2 Shown are the result of an ESM analysis for benzoic acid (pH 4), 3,5-dihydroxy benzoic
acid (pH 4), salicylic acid (pH 4), lignin sulfonic acid (pH 7), and brown water FA (pH 7),
respectively. For the benzoic acid and its derivatives mean fluorescence decay times of 5.4 ns, 4.1

ns, and 0.2 ns were calculated.

The found decay times were located within the decay time distribution range found for HS.
However, for HS no such sharp peaks were found. This makes the assumption attractive that the
fluorophores present in HS are interacting and non-isolated structures. Figure 2 shows the obtained
fluorescence decay time distribution of lignin sulfonic acid as well. The found distribution agrees
well in the first broad peak centered around 0.7 ns. But no contributions of longer decay times were
found. Here, the fluorescence decay time distribution of HS differed significant. The brown water
FA was mainly built from plant material. This makes it tempting to relate part of the observed

fluorescence decay of the brown water HS to fluorescing structures originating from lignin.
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3.2 Fluorescence Decay of HS of Different Origin

In figure 3 the fluorescence decays of HS of different aquatic origin are compared. The brown
water and the soil seepage water are dominated by HS derived from plant tissues. For these HS the
observed fluorescence decays are quite similar. However, for HS from the River Rhine and from a
waste water effluent different fluorescence decay curves were observed. In addition to the plant
tissues for the later two HS contributions of bacterial and animal tissue, and of anthropogenic
substances like detergens, optical brighteners and other classes of chemical compounds have to be
considered as well.

The fluorescence decay observed for HS of the River Rhine resembles at short times (channel <
100) the fluorescence decay of brown water HS and of soil seepage water HS. For longer times the
fluorescence decay starts to differ and approaches the decay curve observed for a waste water
effluent. It is tempting the attribute the observed time-dependence of the River Rhine fluorescence

to a combination of HS structures originating

10

/waste water effluent

normalized counts

brown water

soil seepage water

) )
300 400
channel

Figure 3 Fluorescence decay curves of HS of different origin (A= 314 nm, Aep= 450 nm, time
calibration: 0.095 ns / channel).
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from (natural) plant tissue and from anthropogenic compounds. The later ones could be considered
to influence the fluorescence properties of the waste water HS more strongly.

In order to investigate intramolecular processes involved in the fluorescence decay of HS the
influence of the emission wavelength was monitored. In the ESM distribution analysis an increase
of the contribution of longer fluorescence decay times was found when the fluorescence emission
wavelength was shifted to lower energy. To summarize the observed tendencies for different HS a
mean fluorescence decay time Tmean Was calculated according to eq.(1). In figure 4 the dependence
Of Tmean ON the emission wavelength is shown. Similar to the difference for the single decay curves
monitored at A= 450 nm (see figure 3) the observed emission wavelength dependence of Tiean Was
related to the origin of the HS. For all HS samples investigated Tmean increased with increasing
emission wavelength. For the brown water FA and the waste water the mean fluorescence decay
time showed an increase up to approx. 470 nm. For higher emission wavelength, however, Tmean
decreased slightly again. For the ground water FA the increase of Tpmean Was found for all emission
wavelength investigated.

In order to prove the contribution of lignin-like structures to the fluorescence of HS the
dependence of Tmean On the emission wavelength was monitored for a range of 370 nm < A, < 540
nm. Again, the decay time distribution found in an ESM analysis was shifted with decreasing
energy of Aem towards longer decay times. This emphasizes the role of plant-derived materials in the
origin of the HS samples investigated.

The comparison with model compounds proved the capabilities of the ESM analysis and showed
that the calculated broad decay time distribution pattern are caused by the properties of the HS.
Especially, the comparison of the fluorescence decay pattern of lignin sulfonic acid and HS samples
showed a close relationship indicating that for the samples investigated lignin-like structures were
retained during the origin of the HS. This indicates further that for HS derived form plant materials
lignin-related structures still determine the fluorescence of the HS. It is tempting to attribute the
observed high complexity of the fluorescence decay of HS to the heterogeneity of the HS structure
as well as to intra- and intermolecular interaction processes. Attractive to assume are interaction
processes like intra- and intermolecular energy transfer processes the HS matrix. The observed
dependence of the ESM decay time pattern on the emission wavelength could be based on such
processes. In HS fluorophores with different energy levels are present. Fluorophores with high
energy levels can among other deactivation processes either fluoresce or transfer the energy to a
fluorophore in the molecular neighborhood which possess suitable acceptor levels. To allow a
successful energy transfer several limiting conditions have to be satisfied like overlap of the donor-

acceptor orbital, proximity of donor and acceptor etc.
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Figure 4 Dependence of Tyean on the emission wavelength Aey. Tmean was calculated according to

eq.(1).

In case of an energy transfer the decay time of the energy donor would be quenched. For the
acceptor a longer decay time could be expected because it is ‘excited’ by the excitation light flash
and by the donor fluorophore which could be considered as a kind of second ‘light source’. Because
of the great heterogeneity of HS and limiting experimental conditions it was up to now impossible
to monitor a build-up kinetic of an acceptor fluorophore. Because of the heterogeneity of HS it is
tempting to assume a high density of energy levels of fluorophores. In HS at short emission
wavelengths (equal to high energy) a tendency of short decay times was found whereas at longer
emission wavelength (equal to lower energy) the mean fluorescence decay time was increased and
finally leveled off indicating that at very long emission wavelength (Aem > 480 nm) energy transfer
does no longer occur because of the low energy of the fluorophores. More experiments are
necessary to prove the suggested model summarized in figure 5.Experiments with chemical
modified HS are in progress. Due to oxidation the chemical structure of HS is modified. In case of
energy transfer processes present these should be altered by such treatment of the HS. Moreover,
the complexation with metal ions and the effect on the observed fluorescence decay of HS is

investigated as well and will give a further understanding of the dynamic processes of HS.
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Figure 5 Schematic representation of the proposed energy transfer interactions inside a HS matrix.
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2.1.7 Stationary and time-resolved fluorescence for refracto-
ry organic substances characterization

M.U. Kumke, F.H. Frimmel
in: Refractory organic substances in the Environment, F.H. Frimmel, G. Abbt-Braun
(eds), Wiley-VCH, Weinheim 2002, p. 215 - 231.

Stationére und zeitaufgeloste Fluoreszenzuntersuchungen wurden mit FA- und HA-
Fraktionen von HS unterschiedlicher Ursprungsorte durchgefiihrt. Als experimentel-
le Parameter wurden die relative Fluoreszenzeffizienz, die Fluoreszenzabklingzeiten,
das globale Emissionsmaximum und die Breite der Emissionsbanden fiir die verschie-
denen HS-Proben bestimmt. Das globale Emissionsmaximum wurde aus Messungen
des Totalen Lumineszenz Spektrums (TLS) der jeweiligen HS ermittelt. Die spek-
troskopischen Daten der FA- und HA-Fraktionen wurden korreliert und es konnte
gezeigt werden, dass diese Parameter fiir FA- und HA-Fraktionen bemerkenswerte
Unterschiede zeigen. Die Messungen der TLS unterstrichen die Bedeutung der ex-
perimentellen Gerédteparameter bei der Aufnahme der HS-Fluoreszenzspektren, da
diese im Gegensatz zu Einzelsubstanzen, einen deutlichen Einfluss der gewihlten
Anregungswellenldngen zeigen so wie weiterhin einem starken Einfluss von Inner-
Filter-Effekten (erster und zweiter Ordnung) unterliegen. Die Verwendung von Mo-
dellverbindungen, die aus Abbauexperimenten und aus moglichen Vorlauferverbin-
dungen von HS (z.B. Lignine) abgeleitet wurden, lieferte niitzliche Informationen
zum Verstandnis der komplexen Fluoreszenzprozesse in HS. Die Untersuchungen
zeigten abermals deutlich, dass in HS verschiedene Fluorophore nebeneinander vor-
liegen und dass Energietransfer- sowie Protonentransferreaktionen Hauptdesaktivie-
rungskanéle sind und in den Betrachtungen beriicksichtigt werden miissen.

3,5 dihydroxy benzoic acid
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Stationary and Time-resolved Fluorescence for Refractory
Organic Substances Characterization

M. U. Kumke and F. H. Frimmel

Steady-state and time-resolved fluorescence methods were applied to investigate
the fluorescence properties of refractory organic substances (ROS) of different ori-
gins. Using standard 2D emission and total luminescence spectra, fluorescence
maxima, the width of the fluorescence band and a relative fluorescence quantum
efficiency were determined. Different trends for fulvic and humic acids were ob-
served indicating differences in the heterogeneity of the sample fractions. The
complexity of the fluorescence decay of ROS is discussed and compared to simple
model compounds. The effect of oxidation of ROS on their fluorescence properties
is discussed as well.

2111
Introduction

The importance of understanding the interaction mechanism between refractory
organic substances (ROS; or humic substances (HS)) and xenobiotics has already
been pointed out. The ultimate goal is to use fast and simple measurements for an
identification of HS (or ROS) and an estimation of their interaction with different
xenobiotics in order to predict fate and transport of these chemicals for a fast and
reliable risk assessment. Together with other analytical techniques, spectroscopic
approaches have been widely used for the investigation of HS and their environ-
mentally relevant reactions. In particular, fluorescence spectroscopy has been
applied for the characterization of HS because of its high selectivity and outstand-
ing sensitivity. The non-invasive character of the experiments and the capabilities
to monitor reactions on a sub-nanosecond time-scale make it highly attractive
for the investigation of HS and reactions of HS with xenobiotics. In the priority
program ROSIG, a joined effort was made to deepen the understanding of those
reactions. The scope of the work presented here was a thorough investigation of
the intrinsic fluorescence properties of HS. A part of the work is closely related
to results presented in other chapters of this textbook, particularly to the contribu-
tions of Kopinke et al. and Léhmannsrében et al. (Chapters 4.6 and 4.7).
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HS are a complex, heterogeneous mixture of compounds originating from degra-
dation of plant and animal tissues. The question of existence and the search of a
general structure of HS seem therefore somewhat ill-defined. Although a general
structure of HS can not be proposed, a classification scheme of HS and of their
reactions with xenobiotics is within reach. This scheme can be based on the infor-
mation on the precursor materials, on the origin of HS and on their characteristic
properties. However, a major drawback in HS research results from the extreme
heterogeneity of the samples and the information on HS gained by analytical tech-
niques suffers strongly from this fact. The application of fluorescence spectroscopy
as analytical technique can overcome several of the limitations and yield useful in-
formation on structure and reactivity of HS. In fluorescence spectroscopy, multi-
dimensional measurements including variations of the excitation wavelength A,,,
emission wavelength ., fluorescence lifetime 7; and fluorescence anisotropy p,
can be used to gain specific information on complex mixtures like HS. To reach
this aim, one has to understand the processes connected with the intrinsic fluores-
cence properties of HS and has to identify the most important fluorescence para-
meters needed to address the issues under investigation.

Based on considerations of precursor materials and on degradation experiments,
common structural features of HS have been suggested (Liao et al. 1982; Schulten
et al. 1987; Senesi et al. 1991; Langvik et al. 1994; Leenheer et al. 1995a, b; Schulten
1995). The importance of specific substructures as potential reaction sites for
metal ion complexation and in the formation of hazardous compounds (e. g. disin-
fection by-products) has also been discussed. The role of aromatic moieties in the
formation of mutagenic substances (e. g. MX) during water disinfection was inves-
tigated (Langvik et al. 1994). However, experimental approaches using pyrolysis or
other intrusive techniques are prone to artifacts. The application of non-invasive
techniques such as fluorescence that have already been used for the determination
of metal binding to HS or the determination of acid—base properties of HS, seems
much more promising (Da Silva and Machado 1994; Casassas and Tauler 1995; Da
Silva et al. 1996). Recently, fluorescence spectroscopy, in particular synchronous
fluorescence and total luminescence, have been successfully used to distinguish
between HS isolated from soil and aquatic origins (Senesi et al. 1989; Patterson
et al. 1992; Pullin and Cabaniss 1995; Mobed et al. 1996; Da Silva and Machado
1997) or to determine the concentration of HS in natural fresh waters (Mittenzwey
et al. 1996; Hautala et al. 2000). Fluorescence spectroscopy and especially fluores-
cence quenching have also been applied as powerful tools for the investigation of
interactions and transformations of organic xenobiotics in the presence of HS
(Kumke et al. 1994; Zimmermann et al. 1997; Doll et al. 1999; Illenseer et al.
1999; Kumke et al. 1999, 2000). A more detailed discussion of these issues is
beyond the scope of the work discussed here and is presented in detail in other
contributions of this textbook (Chapter 4).

The time course of the fluorescence of HS following pulsed excitation has been
investigated using time-resolved fluorescence techniques both in the time and in
the frequency domains (Power et al. 1986; Cook and Langford 1995; McGown
et al. 1995; Zimmermann et al. 1997). A highly complex fluorescence decay was
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reported for the HS investigated. In the data evaluation different models were ap-
plied, however only little effort has been spent in a detailed interpretation of the
obtained data.

Although, some limitations caused by the heterogeneous character of HS have to
be accepted, the outstanding sensitivity and selectivity make fluorescence a method
of choice for the investigation of HS and their reactions. However, further know)-
edge is required for a thorough understanding of the intra- and intermolecular pro-
cesses relevant to the fluorescence of HS. Therefore, the objectives of the work
were to gain deeper insight in the intrinsic processes connected to the fluorescence
of HS and to identify suitable parameters for a meaningful interpretation of these
phenomena on the molecular level. Ultimately, based on these parameters, it was
to develop a classification scheme for HS applicable for the prediction of environ-
mentally relevant reactions. Therefore, the first step is to elucidate the processes
directly and indirectly influencing the intrinsic HS fluorescence.

211.2
Experimental Details

In this study the fulvic acid (FA) fractions and humic acid (HA) fractions of a
brown water (HOx, x = 10, 13, 14), of a soil seepage water (BS1), of a ground
water (FG1), of a waste water effluent (ABVx, x = 2, 3), and of a production efflu-
ent from brown coal industry (SV1) were investigated. The isolation procedure and
basic characterization data for these samples are described in detail elsewhere
(Frimmel and Abbt-Braun 1999, and Chapter 1.1). FA and HA stock solutions
were diluted to a final concentration of 10 mg/L. For the determination of the
fluorescence efficiencies, the optical densities of the samples and of the salicylic
acid reference were adjusted to 0.1 to achieve equal absorption conditions and to
minimize inner filter effects (IFE). The pH value of the samples was adjusted to
seven using a standard phosphate buffer. The ionic strength of the samples was
approx. 0.02 M.

The fluorescence experiments were carried out using a FL/FS900CDT combined
fluorescence lifetime spectrometer (Edinburgh Analytical Instruments, UK). The
instrument was equipped with a 450-W Xenon arc lamp (steady-state operation),
a pulsed nitrogen flash lamp (time-resolved mode), and red-sensitive photomulti-
plier tubes which were operated in the single photon counting mode. The instru-
ment is described in detail elsewhere (Kumke et al. 1998a, b). Because of the
extremely heterogeneous character of the HS samples an absolute determination
of fluorescence quantum yields could not be done in a straightforward manner.
Therefore, the quantum efficiencies relative to the fluorescence of salicylic acid
were determined and are further referred to as relative fluorescence quantum effi-
ciencies (RFQE). For the determination of the quantum efficiencies, the fluores-
cence spectra of the HS samples were recorded in the wavelength range of
300 nm < 4., < 600 nm using an excitation wavelength 4., = 295 nm. The spectra
were corrected for the spectral response of the detector.
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The total luminescence was determined in the wavelength range of
275 nm < 4, < 401 nm (A1 = 3 nm) and 281 nm < A, < 545 nm (Al = 1 nm).
The spectra were recorded using a spectral band-pass of 1.8 nm both for the excita-
tion and the emission monochromators. All fluorescence spectra were corrected for
instrumental response functions (e.g. quantum efficiency of the photomultiplier
tube) using a calibration function provided by Edinburgh Instruments. For the de-
termination of the relative fluorescence quantum efficiencies (RFQE) spectral
band-passes of 1 nm were used in the excitation and emission path. The dwell
time of the measurements was set to 0.5 s.

2113
Results and Discussion

2.11.3.
Steady-state Fluorescence of Humic Substances

In general, the fluorescence of HS is measured as a featureless, broad-banded spec-
trum with emission maxima approx. between 420 nm < Ay . < 480 nm. Unlike
the absorption spectra, which show a continuous increase from low absorbance in
the NIR to high absorption in the UV, the fluorescence excitation spectra exhibit a

Tab. 2.11-1.  Comparison of the fluorescence maxima and width of emission bands for different

FA and HA.

HS* RFQET (%) Emission Width of emission
maximum? (cm™') band? {cm™)

I ABV2 FA | 4.7 l 22800 I 7801 I
ABV2 HA 2.8 22889 9104
ABV3 HA 5.1 22225 8407
SV1 FA 1.8 22760 7409
SV1 HA 2.8 23880 7576
FG1 FA 94 21948 © 6918
FG1 HA 6.4 20942 7499
BS1 FA 3.0 21920 6609
BS1 HA 2.1 22177 7429
HO10 FA 3.0 21513 6929
HO10 HA 1.6 21275 7900
HO13 FA 3 21981 6748
HO14 FA 19 21879 6902

* The fluorescence measurements were performed with an excitation wavelength Ao, = 295 nm and
an optical density at A, of 0.1.

* Relative fluorescence quantum efficiency (RFQE) determined relative to the fluorescence of
salicylic acid which was set to 100%

* Determined by a Gaussian fit of the emission spectrum
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maximum between 315 nm < A, < 370 nm. However, it has to be emphasized
that the fluorescence intensity and the shape of the fluorescence spectrum of
humic substances are strongly dependent on experimental parameters. Due to
the presence of a continuous absorption spectrum with gradually increasing absor-
bance to the UV region the induced inner filter effects are wavelength-dependent.
This applies both to the excitation and the emission wavelengths used. Further-
more, the fluorescence efficiency and the shape of the fluorescence spectrum are
strongly dependent on the excitation wavelength, and also on characteristics of
the solution of those. The pH is probably the most important one to be considered.

In Tab. 2.11-1 the results for the fluorescence maxima and the width of the emis-
sion band are compared. After converting the spectra from the wavelength scale to
the wavenumber scale, it was found that all spectra were almost perfectly Gaussian
shaped. A data analysis using a mono modal Gaussian distribution function
yielded fits with correlation coefficients * > 0.98. The band width of the emission
spectra of HA fractions was broader than that of the related FA fraction. Although
HA are considered of larger size and a higher content of aromatic structures the
location of the emission maxima for HA and FA are similar in the steady-state
spectra.

While the location of Vep sy Of the FA exhibited small differences, the vep, may of
HA showed larger variations (Tab. 2.11-1). To reduce the number of factors that
influence the fluorescence spectrum, the total luminescence (TL) spectra were re-
corded.

In Fig. 2.11-1 the TL spectrum of a brown water FA (HO14 FA) is shown. In the
upper part of the figure the 3D representation is shown and in the bottom part a
2D projection in the form of a contour plot of the same spectrum is given. The in-
crease in the color intensity corresponds to the increase of the fluorescence inten-
sity. In the TL spectrum, the influence of the excitation wavelength on the observed
fluorescence can be seen. This can be used as an additional selection parameter
{Mobed et al. 1996). Since the excitation wavelength was changed during the ex-
periment and the absorption specira of the HS samples were different, the adjust-
ment to a constant pre-selected optical density was not applicable. Instead, the con-
centration of dissolved organic carbon (DOC) was adjusted to 10 mg/L for all sam-
ples and the pH was set to 7. From the obtained TL spectra excitation/emission
pairs were obtained for maximum fluorescence intensity. For all samples investi-
gated the e max/Aem max data pairs determined are shown in Fig. 2.11-2.

Similar to the data already discussed with the 2D spectra, in the TL measure-
ments of the HA fractions a relatively large variation in the position of the wave-
length pair corresponding to the maximum fluorescence intensity was observed,
while on the other hand, only a very small variation was found for the FA fractions.
For all the FA investigated the Aemax/Aemmax data pairs were located in a small
wavelength range of Al ~ 15 nm and A, ~ 15 nm (the gray area in Fig. 2.11-2).

The fluorescence quantum yield is also a useful parameter for the identification
of substances and for the characterization of interactions with its molecular envi-
ronment. For HS in general a determination of a quantum yield is ill-defined
due to the heterogeneous character of the material. However, a relative quantum
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efficiency under well-defined experimental conditions can be obtained and used for
the comparison of different HS. The determination of a relative fluorescence quan-
tum efficiency (RFQE) has the advantage that it is independent of the instrument
used and therefore, data acquired in different laboratories could be easily com-
pared. To circumvent the tedious calibration with fluorescence standards a simple
relative measurement with salicylic acid used as a reference compound was per-
formed. The optical density of all samples was adjusted to 0.1 at 4 = 295 nm
and the quantum efficiency was determined relative to salicylic acid which was
set as 100 %. In Tab. 2.11-1 the RFQE of the HA and FA investigated are compared.
Compared to that of salicylic acid, the fluorescence quantum efficiencies of all HS
samples were quite low with an average value of approx. 3 %. Significantly higher
values were found for the ground water samples FG1 FA and FG1 HA. As a gen-
eral trend, it was found that the FA had a slightly higher RFQE compared to the
related HA. ‘

According to Korshin et al. (1997) the absorption at 203 nm and at 254 nm can
be ascribed to the benzenocid (Bz) and electron transfer (ET) bands of aromatic
compounds. It was proposed that due to the presence of polar functional groups
{e. g. carbonyl, carboxyl, and ester groups) attached to the aromatic units the inten-
sity of the ET band can be affected to a large extent while the intensity of the Bz
band is much less sensitive. On the other hand, non-polar groups were not
presumed to affect the ET band. In HS the vast majority of groups active in fluor-
escence can be considered of benzenoid character (Senesi et al. 1991). The fluores-
cence of benzene is weak, but it can be enhanced in the presence of attached func-
tional groups, like hydroxyl or carboxyl groups. Hence, a correlation of the fluores-
cence change and the degree of substitution with functional groups obtained from
absorption experiments was investigated. In Fig. 2.11-3 a correlation of the ob-
served location of the fluorescence maximum {1, = 295 nm) with the ratio of
the Bz and ET bands is shown.

For the majority of HS investigated a reasonable correlation between the fluores-
cence maximum and ratio of Bz/ET bands is found, this holds especially for the FA
fractions. The correlation with the RFQE was less successful when all data points
are considered (Fig. 2.11-4). However, the FG1 sample had originally a high iron
content which made the sample very unstable and caused precipitation over
time. Therefore, it is possible that the fraction of the HS which remained in solu-
tion had a relative higher fluorescence capability causing an overestimation of the
REQE. This could explain the observed large RFQE compared to the other FA and
HA investigated.

2.11.3.2
Time-resolved Fluorescence of Humic Substances

In addition to the steady-state fluorescence measurements time-resolved experi-
ments were performed and the fluorescence decay of different HS was measured.
These results are described in detail elsewhere and will be only summarized here
(Kumke and Frimmel 1996; Frimmel and Kumke 1998; Kumke et al. 1998a, b; Kor-
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shin et al. 1999). In general, for all samples a highly complex decay kinetic was
found. Hence, sophisticated data analysis was absolutely required for an adequate
data processing. The applicability of simplified approaches in which only a single
decay time was used for the characterization of HS is very limited and a part of the
information contained in the fluorescence decay data of HS is lost (Zimmermann
et al. 1997; Illenseer 1999). Therefore, two different approaches were pursued in
the decay data analysis. In the discrete component approach (DCA) a pre-set num-
ber of exponential decay terms was used. However, due to the heterogeneous char-
acter of HS the correct estimation of the pre-set number of decay components is
crucial. Therefore, an alternative data analysis approach was used, in which no pre-
sumed number of decay components was introduced. In this case, the fiuorescence
decays were evaluated with decay time distributions using the exponential series
method (ESM) and the maximum entropy method (MEM).

In Fig. 2.11-5 a typical fluorescence decay of HS investigated is shown. Two fea-
tures are immediately obvious from Fig. 2.11-5. First, the fluorescence decay is of
higher order and second, the decay processes involved occur on a nanosecond
time-scale (approx. < 50 ns). .

In general, two main reasons have to be considered to explain the observed com-
plexity of the fluorescence decay of HS:

(1) HS are a complex, heterogeneous mixture of compounds; and
(2) various excited-state processes including conformational re-orientation as well
as intra- and intermolecular proton transfer reactions.
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Fig. 2.11-5. Fluorescence decay of soil seepage water BS1 FA (i, = 314 nm, 4,,, = 450 nm).
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The complexity of the fluorescence of HS is further reflected in the strong de-
pendence of the fluorescence decay on A, and A.,. For the relative contribution
of the mean decay time 7, = 4.3 ns values between 40 % and 75 % were determined
in the wavelength range of 400 nm < A, < 520 nm for SV1 FA (Kumke et al.
1998b). On the other hand, HO10 FA showed for 7, = 4.1 ns in the same emission
wavelength range a much smaller variation.

Individual compounds (e.g. salicylic acid), measured and analyzed under the
same conditions, showed in distribution analyses sharp and mono modal distribu-
tions (Fig. 2.11-6). Using simple compounds as reference compounds, which are
also assumed to be similar to precursors or building blocks for HS (e. g. aromatic
carboxylic acids containing additional hydroxyl groups), a strong overlap with the
second peak (around 4 ns) of the decay time distribution of HS was found
(Fig. 2.11-6) (Frimmel and Kumke 1998).

21133
Fluorescence of Chemically Altered Humic Substances

Different HS altered by ozone, combined UV/H,0,, or by chlorination have also
been investigated with spectroscopic methods (Korshin et al. 1998; Win et al.
2000). Under mild oxidation conditions (e.g. low ozone dose) an enhancement
of the fluorescence intensity as well as a hypsochromic shift of the fluorescence
maximum were observed. Furthermore, an overall shift from shorter to longer
fluorescence decay times was observed in the distribution analysis of time-resolved
fluorescence data. In combination with size-exclusion chromatography the results
were discussed in terms of an apparent breakdown of larger HS molecules into
smaller fragments (Korshin et al. 1998).

In Fig. 2.11-7 the ratio of the TL spectra before and after chlorination of a brown
water FA (HO10 FA) is shown. In the wavelength range marked by the light gray
area (with a maximum around /., = 300 nm and 4., = 410 nm) a strong increase
of the fluorescence intensity was observed since decreasing color corresponds to an
increase in fluorescence enhancement. With an initial concentration of 5 mg/L
DOC the fluorescence intensity was increased by more than a factor of two. It is
interesting to note that the wavelength range, in which the increase of the fluores-
cence intensity was observed, was almost independent of the oxidation process
applied. Similar results were found in treatments of HS with low ozone doses
(Win et al. 2000). In Fig. 2.11-7 the spectral location of the TL spectrum of a simple
aromatic acid (salicylic acid) is shown as well (black lines). The emission maxi-
mum of salicylic acid falls well within the spectral range of the fluorescence in-
crease caused by the oxidation treatment. For HS isolated from natural waters
(e. g. bog water or soil seepage water) the observed fluorescence increase upon oxi-
dation was strong while for HS isolated from a waste water effluent only a minor
increase was observed. Very similar results were obtained for HS hydrolyzed under
controlled experimental conditions. In case of HS, which was closely related to
plant material precursors in the first place (e.g. brown water), a well pronounced
fluorescence increase was observed in the same spectral regions of the TL spec-
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Fig. 2.11-7. Ratio of the total luminescence spectra of HO10 FA before and after chlorination

(at a molar ratio of 5:10 {DOC/Cl)). Compared is the TL spectrum of salicylic acid (black contour
lines). Because of the chlorination a fluorescence increase was observed (light area).
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Fig. 2.11-8. UV-visible absorbance spectra of brown water HO14 FA before and after hydrolysis
(6 M NaOH at 100°C; 5 mg/L DOC; pH of the solution was adjusted to pH 7 using an ion
exchange resin).
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trum. HS samples isolated from a waste water showed almost no change in the
fluorescence properties upon hydrolysis. For those HS samples the UV.visible
spectrum stayed unchanged as well (Kumke et al. 2001).

On the other hand, for samples with a possible strong contribution of plant
material precursors (e. g. HS of brown water or soil seepage water), the unresolved
absorbance spectrum was noticeably altered and a distinct peak appeared. In
Fig. 2.11-8 the absorbance spectra of a brown water FA before and after hydrolysis
are shown together with the ratio of both spectra. Due to the hydrolysis new spec-
tral features evolve from the unstructured background. The new absorption band at
A = 265 nm and a shoulder at 4 = 315 nm appear to be correlated with the
observed increase in fluorescence intensity. This is indicated by the comparison
of fluorescence excitation spectra with a detection wavelength around 410 nm,
which corresponds to the maximum of the observed fluorescence increase
(Kumke et al. 2000D).

2114
Conclusions

The simplest fluorescence approach used in HS studies is the measurement of
standard 2D emission and excitation spectra. However, simple fluorescence inten-
sity measurements of HS suffer from several limitations associated with the issues
of comparability among different experimental conditions (concentration, pH, and
chosen 4,,) and the proper consideration of inner filter effects (Mobed et al. 1996;
Illenseer et al. 1999). The latter limitation can be overcome without complex cor-
rection methods by using diluted solutions of HS. With the introduction of an
external standard the dependence on experimental parameters can be minimized
and the determination of a relative quantum efficiency becomes feasible. The
usage of simple aromatic acids and their derivatives (e.g. salicylic acid, benzoic
acid) appears justified because the substances can be considered as precursors in
the generation processes or, alternatively, as degradation products in the break-
down of HS. It is therefore reasonable to assume these entities in HS as significant
contributors in HS fluorescence and the use as reference fluorophores seems to be
clearly justified. Compared to salicylic acid, the fluorescence quantum efficiencies
of the aquatic HS were found to be small (between 1% and 5 % for the majority of
HS investigated). Only for the FA and HA isolated from a ground water (FG1)
higher values were obtained. There may be two main reasons for the low fluores-
cence intensities of HS:

1. Only a small number of chromophores, which are present in a reasonable high
percentage since the color of HS is intense, are actively participating in fluores-
cence, or

2. the fluorescence is reduced due to effective radiationless deactivation processes.

The fluorescence spectra were strongly dependent on the excitation wavelength.
This supports the assumption that more than one type of fluorophore contributes
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to the emission. Depending on the excitation wavelength, at least two groups of
fluorophores have to be considered. One group is excited in the UV region
(group I: 225 nm < A, < 300 nm) and the second group of fluorophores is excited
at longer wavelengths (group II). At excitation wavelengths 1 < 300 nm both,
group I and group II were excited. For group I, a relative weak fluorescence emis-
sion in the wavelength range 300 nm < 4., < 370 nm was observed. Of course,
within each group further heterogeneity due to slightly different chemical environ-
ments is present and this leads also to a spectral broadening. In the TL measure-
ments the complete steady-state fluorescence characteristics of HS (of group II
fluorophores in the first place) was obtained. It was found that although the HS
were isolated from different aquatic sources with quite different histories, the loca-
tion of the emission and excitation maxima of the fluorescence spectra were very
similar. This is especially valid for the FA fractions of the HS investigated which
indicates that similar fluorophores are involved (at least for group II). The width
of the emission band should be indicative for the chemical (or environmental in
terms of different functional groups) heterogeneity of the fluorescing sites. It is in-
teresting to note that for the FA fractions very similar band widths were found
while the HA fractions showed a larger variation in this parameter. It is tempting
to attribute those effects to differences in molecular size and to a narrower distri-
bution of fluorescing sites in smaller molecules. The observed Stokes shift between
excitation maximum and emission maximum was huge. For all HS investigated, a
Stokes shift >100 nm was found (see Fig. 2.11-2). Again, for the FA fractions only
a small variation was observed for this parameter. The large Stokes shift is a further
indication that the fluorescence of HS is influenced (or determined) by the pres-
ence of intra- and intermolecular reactions in the excited state. An interpretation
of the observed fluorescence of HS as only a sum of fluorophores is therefore de-
finitely an oversimplification.

The strong involvement of intra- and intermolecular reactions in the fluores-
cence properties of HS is further supported by the results of the time-resolved
fluorescence measurements. The experiments showed a highly complex fluores-
cence decay. The results obtained under variation of experimental conditions and
after chemical modification of the HS support the interpretation in terms of
intra- and intermolecular processes (e. g. proton transfer, conformational reorienta-
tion) (Frimmel and Kumke 1998; Kumke et al. 1998 b; Illenseer et al. 1999).

The fluorescence intensity was significantly increased upon chemical reactions
(e.g. oxidation, hydrolysis). In combination with size-exclusion experiments
(SEC) it was shown that due to the chemical treatment the apparent molecular
size was decreased. It is tempting to connect the observed increase in fluorescence
intensity with a decrease in the structural disorder due to the reduction in molec-
ular size. There are two aspects of structural disorder that have to be considered:
disorder due to heterogeneity of compounds and disorder due to the flexibility of
each HS molecule. Upon degradation into smaller fragments, the overall flexibility
of the fluorophores is reduced and because of the presence of less vibrational and
rotational degrees of freedom the fluorescence is increased. Furthermore, the intro-
duction of hydroxyl and carboxyl groups in the aromatic fluorophores could lead to
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an increase as well. Recently, the absorption spectra of HS were discussed in terms
of the Urbach theory (Mullins et al. 1992; Mullins and Zhu 1992; Illenseer et al.
1999). The results reported here add further evidence that HS have to be consid-
ered as highly structure-disordered systems.
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2.2  Wechselwirkungen von Huminstoffen mit poly-
zyklischen aromatischen Kohlenwasserstoffen

(PAK)

Organische Xenobiotika, wie z.B. Pestizide, stellen aufgrund der Persistenz vieler
dieser Verbindungen eine wachsende Gefahrdung der Umwelt dar. Deshalb sind Un-
tersuchungen zur Mobilitat und Bioverfiigharkeit dieser Verbindungen von groffem
Interesse, um Gefahrdungspotentiale einzuordnen, Renaturierungen von kontami-
nierten Standorten zu iiberwachen und um leistungsstarke Modelle fiir deren Ver-
halten in der Umwelt zu entwickeln. In natiirlichen Gewéssern und im Boden stellen
HS einen Hauptreaktionspartner fiir hydrophobe Xenobiotika dar. Durch Sorption
an HS werden Mobilitdt und Bioverfiigharkeit dieser mafigeblich verdndert. PAK
gehoren zur Gruppe der hydrophoben Xenobiotika und besitzen aufgrund ihrer mu-
tagenen und krebserregenden Wirkung ein groftes Gefihrdungspotential. Sie werden
bei unvollstédndigen Verbrennungsprozessen (z.B. Hausbrand oder KFZ-Betrieb) ge-
bildet und sind inzwischen ubiquitdr. Andererseits besitzen PAK ausgezeichnete
Fluoreszenzeigenschaften, die sie als molekuare Fluoreszenzsonde zur Untersuchung
der Wechselwirkungen zwischen HS und hydrophoben Xenobiotika wertvoll machen.
In den eigenen Arbeiten wurden durch die Anwendung von stationédren und zeitauf-
gelosten Fluoreszenzmethoden einerseits und der Mikrofestphasenextraktion ande-
rerseits die Wechselwirkungen zwischen hydrophoben Xenobiotika und HS charak-
terisiert. Es zeigte sich, dass

e cine Unterscheidung von konzentrationsbezogenen und aktivitdtsbezogenen
Effekten bei der Bindung von hydrophoben Xenobiotika an HS gemacht wer-
den sollte,

e neben den im wesentlichen durch hydrophob / hydrophil bestimmten Wechsel-
wirkungen auch zusétzlich noch spezifische in Betracht gezogen werden miis-
sen, sofern die Xenobiotika funktionelle Gruppen enthalten,

e durch die Kombination von Fluoreszenzmethoden und Mikrofestphasenextrak-
tion zwei in ihrer Stérke verschiedene Wechselwirkungen unterschieden werden
kénnen,

e fiir den Fall der schwachen Wechselwirkung die molekulare Umgebung der
Xenobiotika in ihrer Polaritdt der von niederen Alkoholen entspricht.

Die folgenden Verdffentlichungen beschreiben Untersuchungen der Wechselwirkun-
gen zwischen HS und hydrophoben Xenobiotika und sind in 2.2.1 bis 2.2.4 dargestellt:

8. K. Mackenzie, A. Georgi, M.U. Kumke, F.-D. Kopinke
Environ. Sci. Technol., 2002, 36, 4403 - 4409.
Sorption of pyrene to dissolved humic substances and related model polymers. 2. SPME and
FQT as analytical methods.
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9. G. Ohlenbusch, M.U. Kumke, F.H. Frimmel
Sci. Tot. Environ., 2000, 253, 63 - 74.
Sorption of phenols to dissolved organic matter investigated by solid phase microextraction.

10. M.U. Kumke, F.H. Frimmel, F. Ariese, C. Gooijer
Environ. Sci. Technol., 2000, 34, 3818 - 3823.
Fluorescence of humic acids (HA) and pyrene-HA complexes at ultralow temperature.

11. T.E. Doll, F.H. Frimmel, M.U. Kumke, G. Ohlenbusch
Fres. J. Anal. Chem., 1999, 364, 313 - 319.
Interaction between natural organic matter (NOM) and polycyclic aromatic compounds
(PAC) - comparison of fluorescence quenching and solid phase micro extraction (SPME).

Bezug zur aktuellen Literatur Die wirksamen Mechanismen und Modelle zur
Beschreibung sind in den vergangenen Jahren kontinuierlich weiterentwickelt wor-
den. So konnte durch direkte Messung der laser-induzierten Fluoreszenz von Pyren
gezeigt werden, dass Pyren im fettreichen Gewebe von Nematoden akkumuliert wird.
Durch die Anwesenheit von HS wird die Bioakkumulation reduziert [61]. Mittels
quantitativen Struktur-Wirkungsbeziehungen (quantitative structure activity rela-
tionship, QSAR) wurden verschiedene Eigenschaften von HS mit ihrer Wirksamkeit
in Bezug auf eine verringerte Bioakkumulation untersucht [62] (s. 2.2.2). Vor allem
zwischen dem aromatischen Charakter der HS und der Bioverfiigbarkeit von PAK
ergaben sich bemerkenswert gute Korrelationen. So konnte die Abnahme der To-
xizitat verschiedener PAK gegeniiber Daphnia Magna durch die Anwesenheit von
HS mit dem aromatischen Charakter der HS korreliert werden [63|. Eine verringerte
Bioverfiigbarkeit von hydrophoben Xenobiotika resultiert zusétzlich durch die starke
Sorption an an Oberflaichen gebundenen HS. Die Sorption von hydrophoben Xeno-
biotika an adsorbierte HS war im Vergleich zu gelosten HS erhéht. So wurde durch
die Adorption von HS an Kaolinit die Sorption von Pyren deutlich vergréftert und
entsprechend die Mobilitdt der hydrophoben Xenobiotika verringert [64].

Neben dem aromatischen Charakter, der fiir die hydrophoben Wechselwirkungen mit
PAK dominierend zu sein scheint, miissen fiir den Fall, dass die Xenobiotika funktio-
nelle Gruppe enthalten, spezifische Wechselwirkungen in Betracht gezogen werden
(s. 2.2.2). Fiir 1-Naphthol wurden gute Ubereinstimmung zwischen Resultaten aus
Fluoreszenzloschexperimenten und Dialyse-Methoden fiir die Sorption an HS gefun-
den [65]. Fiir Chinolin und Naphthalin ergaben beide Methoden allerdings etwas
unterschiedliche Ergebnisse, besonders wenn der Einfluss von Solventsbedingungen,
wie z.B. pH-Wert oder lonenstérke, betrachtet wurde [66,67]. Griinde fiir die be-
obachtete Abhangigkeit von Solventsparametern konnen Konformationsdnderungen
der HS, Aggregation der HS und Aussalzen des Analyten sein [67]. Die Beitrage von
spezifischen Wechselwirkungen sind mogliche Griinde fiir die teilweise beobachtete
Nichtlinearitat der Adsorptionsisothermen von hydrophoben Xenobiotika an HS [68].
Die Anwendung der Fluoreszenzloschung zur Bestimmung von Wechselwirkungskon-
stanten wird weiterhin kontrovers diskutiert (s. 2.2.1). Die Einfliisse von Innerfilter-
effekten (erster und zweiter Ordnung), die Kombination von statischen und dyna-
mischen Loschprozessen sowie die vollstdndige Fluoreszenzldschung im Falle einer
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Grundzustandskomplexbildung zwischen HS und Fluorophor (statischer Loschme-
chanismus, Bildung eines dark complex) miissen weiter aufgekldrt werden (s. 2.2.3)
[69-71]. Die Bestimmung der Wechselwirkungskonstanten zwischen PAK und HS aus
Fluoreszenzloschexperimenten hat den Vorteil, dass keine Auftrennung der Reakti-
onspartner notwendig ist und somit auch keine Storung des Sorptionsgleichgewich-
tes induziert wird. Die Fluoreszenzloschmethode ist experimentell schnell und direkt
anwendbar und dariiber hinaus ist die Sensitivitéit fiir Untersuchungen im Ultraspu-
renbereich bestens geeignet [72,73|. Dies ist besonders fiir Vor-Ort-Untersuchungen
wichtig.

Auch fiir mechanistische Untersuchungen sind analytische Methoden zu bevorzugen,
die die zu untersuchenden Gleichgewichte moglichst wenig verédndern. Spektrosko-
pische Methoden, aber auch einige Extraktionsmethoden wie z.B. die Mikrofestpha-
senextraktion (Solid Phase Microextraction, SPME) sind geeignete Untersuchungs-
methoden. Die PAK sind eine Verbindungsklasse, die sowohl reprasentativ fiir hy-
drophobe Xenobiotika ist und gleichzeitig hervorragende Fluoreszenzeigenschaften
besitzt, womit sie bevorzugt als Fluoreszenzsonden in mechanistischen Untersuchun-
gen der Wechselwirkungen zwischen hydrophoben Xenobiotika und HS eingesetzt
werden konnen (s. 2.2.1 bis 2.2.4) [69,74,75].
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2.2.1 Sorption of pyrene to dissolved humic substances and
related model polymers. 2. SPME and FQT as analyti-
cal methods

K. Mackenzie, A. Georgi, M.U. Kumke, F.-D. Kopinke
Environ. Sci. Technol., 2002, 36, 4403 - 4409.

Die Sorption von Pyren als Modellsubstanz fiir unpolare Xenobiotika an HS und
an Polyacrylsdureester wurde qualitativ und quantitativ mittels Mikrofestphasenex-
traktion (SPME) und Fluoreszenzloschung (FQT) charakterisiert. In den Fluores-
zenzexperimenten wurde die intrinsische Fluoreszenz des Pyrens als Sonde zur Be-
schreibung der wirksamen Wechselwirkungen eingesetzt. Fiir den Fall der Sorption
von Pyren an Polyacrylsdureester konnte durch die Verdnderung der Intensitatsver-
teilung im Pyrenfluoreszenzspektrum auf die Polaritit der molekularen Umgebung
des Pyrens geschlossen werden.

Der Vergleich von SPME und FQT verdeutlichte, dass die mit verschiedenen Metho-
den erhaltenen Sorptionskoeffizienten nicht einfach verglichen werden konnen. So ist
es bei dem Vergleich von SPME und FQT wichtig zu beachten, dass mit der SPME
erhaltenen Resultate proportional zur Aktivitdt eines Analyten, die mit der FQT
gewonnenen aber proportional zur Konzentration des Analyten sind.
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@ i
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> 40000
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nach:

F.-D. Kopinke, A. Georgi, K. Mackenzie, M.U. Kumke

in: Refactory Organic Substances in the Environment; F.H. Frimmel, G. Abbt-Braun (eds), Wiley 2002.
Sorption and chemical reactions of PAHs with dissolved humic substances and related model polymers
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Sorption of Pyrene to Dissolved
Humic Substances and Related
Model Polymers. 2. Solid-Phase
Microextraction (SPME) and
Fluorescence Quenching Technique
(FQT) as Analytical Methods

KATRIN MACKENZIE,' ANETT GEORGI,'
MICHAEL KUMKE,* AND

FRANK-DIETER KOPINKE*.'

Department of Remediation Research, UFZ-Center for
Environmental Research Leipzig-Halle, Permoserstrasse 15,
D-04318 Leipzig, Germany, and Department of Physical and
Theoretical Chemistry, Potsdam University,
Karl-Liebknecht-Strasse 24—25, D-14476 Golm, Germany

Sorption coefficients for pyrene on dissolved humic
substances and on poly(acrylic acid) esters as well-
defined model polymers were determined using solid-
phase microextraction (SPME) and the fluorescence
quenching technique (FQT). The results of both analytical
methods were compared and theoretically evaluated,
which led to the conclusion that the sorption coefficients
measured by SPME and FQT are inevitably different:
SPME measures activity-based and FQT concentration-
based sorption coefficients. The environmental relevance
of the two types of sorption coefficients is discussed.
FQT is inappropriate to measure sorption coefficients for
pyrene with the synthetic sorbents. Inspection of the
vibrational structure of the fluorescence spectra of those
solutions indicates a highly hydrophobic microenvironment
of pyrene. This can be explained by anintra- or intermolecular
agglomeration of hydrophobic moieties forming a favorable
host for hydrophobic solutes.

Introduction

Retardation and mobilization of hydrophobic organic com-
pounds (HOCs), caused by sorption or complexation to
particulate and dissolved organic matter respectively, de-
termine the fate of many pollutants in the environment.
Therefore, sorption processes have been the subject of
numerous scientific studies (1, 2). When sorption of HOCs
from the aqueous phase to particulate sorbents is measured,
simple phase-separation techniques (such as centrifugation)
have proved to be sufficient. For dissolved sorbents, such a
phase separation is more complicated and may affect the
sorption equilibrium. Therefore, when one is measuring
interactions of solutes with dissolved sorbents, it is necessary
to evaluate carefully the experimental methods to be applied.
The predominant customary techniques are the fluorescence
quenching technique (FQT) (3, 4), the fast solid-phase
extraction (SPE) or reversed phase (RP) method (5, 6),

* Corresponding author phone: ++49 (0)341 235 3264; fax: ++49
(0)341 235 2492; e-mail: kopinke@san.ufz.de.

T UFZ-Center for Environmental Research Leipzig-Halle,

* Potsdam University.

10.1021/es010310x CCC: $22.00 © 2002 American Chemical Society
Published on Web 09/07/2002

flocculation (7, 8), solubility enhancement (9—12), dialysis
(13,14), and the gas-purging or headspace-partitioning
method (15, 16).

FQT is the most frequently used method for studying
sorption phenomena. FQT is a true in-situ method, based
on the quenching of the fluorescence of a fluorophore [e.g.,
polycyclic aromatic hydrocarbons (PAHs)] interacting with
dissolved polymers. The fluorescence intensity is considered
to be a measure of the concentration of the freely dissolved
fluorophore. Problems may result from the absorption of
excitation and fluorescence light by the polymer (the inner
filter effect), which has to be corrected for. Furthermore, the
applicability of the method is limited to fluorescence-active
compounds, it is a single-component method (i.e., mixtures
of analytes in a sample cannot be measured), and the
assumption of the formation of a “dark complex” between
fluorophore and dissolved humic substances (DHS) is not
undisputed (17). On the other hand, the method is very
sensitive and can be used for time-resolved measurements,
which may be useful for studying sorption kinetics.

Laorand Rebhun (7, 8) proposed asimple complexation—
flocculation method to determine binding coefficients of
organic compounds to DHS. The method is based on the
precipitation of the humic substances by adding a coagulant,
for example, aluminum sulfate. After the flocculation is
complete, the fraction of the analyte remaining in the clarified
supernatant can be determined by conventional methods.
The authors claim that the DHS—HOC complexes are
sufficiently stable to survive the flocculation procedure.
Nevertheless, it may strongly affect the DHS conformation
and charge. It is well-known from many previous studies
that changing the pH value or the ionic strength in the
aqueous solution may result in significant changes of the
binding coefficients (4, 18). Therefore, it must be taken into
account that flocculation may disturb the original complex-
ation equilibrium.

The fast SPE technique uses the selective adsorption of
freely dissolved HOCs on areversed-phase column, whereas
the more hydrophilic DHS—HOC complex passes through
the column. Again, the separation step is a significant
interference with the sorption equilibrium. The removal of
the freely dissolved analyte fraction causes an equilibrium
shift toward desorption. If the desorption kinetics is in the
time scale of the column passage (some minutes), then it
gives rise to an underestimation of the sorption coefficients.

Most of the techniques available have various shortcom-
ings, and none of the methods listed is able to meet all of
the demands simultaneously. We decided to use solid-phase
microextraction (SPME), arelatively new technique, primarily
for the reason that it does not interfere with the original
sorption equilibrium. The application of SPME for measuring
sorption coefficients on DHS was first described in 1995 by
Kopinke et al. (19) and further developed by the same working
group (20—23).

The monograph edited by Pawliszyn (23) presents an up-
to-date overview of various SPME applications. The two
possible sampling modes, headspace sampling and the direct
solution sampling, produced identical results in our studies.
Headspace sampling is the mode of choice for solutions
containing dissolved organic matter (DOM), such as humic
substances or other dissolved polymers, because it avoids
any direct contact between the fiber coating and the sample
(22) and, therefore, any fouling of the SPME fiber.

When we chose the method to determine the sorption
coefficients for dissolved sorbents, we attached great im-
portance to avoiding interference with the sorption equi-
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librium and therefore decided to use SPME and FQT and
compare the results obtained with these two methods. It is
known from the literature that sorption coefficients measured
by different analytical methods can differ markedly (24, 25).
This paper is meant as a continuation of part 1 already
published in this journal (26), which dealt with the structure—
property correlation of humic substances and soluble model
polymers. In this continuation we concentrate on the
comparison of the analytical methods, their theoretical
evaluation, and their applicability in studying sorption
processes in the presence of DOM.

Materials and Methods

Solvents, poly(acrylic acid) (PAA) samples (2, 8, 250, and 450
kDa), and pyrene (99+%) were purchased from Aldrich
Chemicals. PAA esters —(CH,CH[COOH]) ,(CH,.CH[COOR])—
bearing 5—15% aliphatic or aromatic ester substituents (R)
were prepared by acidic esterification of the dry PAA sample
using the corresponding alcohol or phenol. The preparation
and workup procedures are described in detail in ref 26. The
humic substances investigated were a commercially available,
coal-derived humic acid (HA) from Roth Ltd. (Germany)
(Com-HA) and an aquatic HA (BW-HA) from the brown-
water lake Hohlohsee in Germany (26).

SPME. For sorption experiments, the analyte was spiked
as an ethanolic solution into the various aqueous solutions
containing dissolved organic matter (in our case humic acids
or PAA esters) (cpom = 50—1000 mg L~'; pH 2—7; 0.004 M
NaNg; IS = 0.01 M NaNj + NaCl). The final pyrene concen-
tration in SPME experiments was 15 ug L™! in reference
solutions and 30 ug L™! in solutions containing DOM. DOM
solutions containing pyrene were prepared by dissolving the
solid polymer in diluted NaOH, followed by further dilution
with deionized water, pH adjustment, and NaN; addition.
When PAA esters with aromatic substituents (phenyl, naph-
thyl) were dissolved, hydrolysis was observed starting at pH
>9; hydrolysis of aliphatic PAA esters was negligible. There-
fore, the aromatic PAA esters were dissolved under conditions
where they were not subjected to hydrolysis reactions:
minimum dissolution time at pH <9. After purging with N,
the solutions were spiked with the ethanolic solution of the
analyte (final ethanol concentration <0.2 vol %). The SPME
was performed either in the direct solution extraction mode
or in the headspace mode (22, 23). For the direct mode, the
fiber was equilibrated with the DOM/pyrene solution for 6
h; for the headspace mode, the fiber was placed above the
solution (sampling time = 18 h). Conditions were chosen
where the depletion of the analytes from the sample and
their gaseous fractions was insignificant: a 7 um PDMS fiber
from Supelco and 80—100 mL sample volume. After equili-
bration, the loaded fiber was transferred for pyrene desorp-
tion into a gas chromatographic (GC) injector (splitless
injection at 290 °C for 3 min). For quantitative analyses, either
a DANI 8610.10HT gas chromatograph with an FID or a
Shimadzu QP5000 GC/MS was used.

FQT. The standard steady-state fluorescence experiments
were carried out using a Perkin-Elmer LS 5B fluorescence
spectrometer. The scan rate was set to 60 nm/min with an
excitation wavelength Ae, = 333 nim, excitation spectral band-
pass set to 10 nm, and the emission spectral band-pass set
to 2.5 nm. In addition, high-resolution fluorescence spectra
were recorded on an FS900CDT fluorescence spectrometer
(Edinburgh Analytical Instruments) using a spectral band-
pass of 0.9 nm for the slits in the excitation and the emission
channel and an excitation wavelength of 330 nm. The
emission was recorded in the range of 350 nm < Aem < 500
nm. In control experiments, the emission was monitored up
to 600 nm. No indications for the presence of excimer
emission were observed. In addition to the steady-state
fluorescence investigations, time-resolved fluorescence ex-
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periments were carried out. For measuring the fluorescence
lifetime, an FLY00CDT spectrometer (also from Edinburgh
Analytical Instruments) was set up in a T-geometry and the
fluorescence decay of pyrene was monitored at Aem = 373
nm and Aem = 393 nm simultaneously, applying an excitation
wavelength of Aex = 314 nm. The instrument was operated
in the single-photon counting mode.

For the sample preparation, an O-free stock solution of
pyrene in water was prepared with a final pyrene concentra-
tion of 100 ug L™'. This stock solution was further diluted by
mixing with the Oz-free sorbent stock solution prepared in
a phosphate buffer (pH 7). The final pyrene concentration
was in the range of 20—50 ppb. PAA ester concentrations
between 10 and 1000 mg L~! and HA concentrations between
10 and 50 mg L~ for Com-HA and between 10 and 100 mg
L-! for BW-HA were chosen. In general, the samples were
measured after being equilibrated overnight. All solutions
were carefully purged for 2 min with Nz (10 mL mL™") prior
to fluorescence measurements. To minimize losses due to
the sorption of pyrene to the glass walls, the cuvettes used
were first equilibrated three times with the solution under
investigation; the solutions were then removed and substi-
tuted by a fresh volume of the same sample solution. The
measured fluorescence intensities were corrected for the
inner filter effect according to the method of Lakowicz (27)

10g (Floorrecrea’ 'L @QexLex t demle) /2 (1)

imeasured) =

where Fl are fluorescence intensities, aspectral absorptions,
and L path lengths in the fluorescence cuvette, each for the
excitation and the emission light. All sorption experiments
were performed at ambient temperature (23 + 2 °C).

Results and Discussion

Recently, Doll et al. (24) compared sorption coefficients
obtained with SPME and with the FQT. Both techniques were
applied to the same set of solutes (PAHs) and DOM samples.
The binding constants calculated from FQT measurements
(Kstern—volmer) Were up to an order of magnitude higher than
those from SPME (Kspue). Burkhard's statistical comparison
of literature data (25) also revealed higher Kpoc values for
Aldrich HA and natural humic and fulvic acids when
measured with FQT compared to SPME-derived Kpoc values.
Doll et al. (24) interpret the method-dependent deviations
in the sorption coefficients in terms of different types of
interactions: they postulate an “outer sphere” and an “inner
sphere” of DOM, which are responsible for weak and strong
binding of solutes, respectively. FQT detects both types of
interactions, because they both give rise to fluorescence
quenching, whereas SPME possibly does not acknowledge
the weak binding to the DOM outer sphere. If the number
of high-affinity sorption sites is small compared to the sorbate
loading, nonlinear sorption isotherms would result over
extended concentration ranges. However, we have shown
that the sorption isotherm of pyrene on a commercial HA,
measured by means of SPME, is completely linear in the
concentration range of 52000 mgpoc L™! (26). The same
holds true for various noncommercial DHS, which were
measured in a narrower concentration range (50—250 mgpoc
L") (22). Furthermore, we also compared SPME and FQT
data for the interaction of pyrene exemplarily with two HAs
under identical solution conditions. Interfering effects of
dissolved oxygen were carefully excluded in our FQT experi-
ments; the results are presented in Table 1.

The difference between the corresponding Kpoc values is
afactor of 4. The same tendency is observed for phenanthrene
[log Kpoc = 4.29 with SPME versus 4.73 with FQT using Com-
HA (22)]. Thus, the principal findings of Doll et al. (24) are
confirmed by our data.
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TABLE 1. log Kpoc Values? Determined by SPME and FQT

humic acid SPME Far
commercial HA (Roth) 4930 5.54 (373 nm)?¢
4.96¢ 5.53 (393 nm)
BW-HA 4.21¢ 4.93 (373 nm)

4.87 (393 nm)

2RSD = + 0.05, cya = 10-100 mg L™, Cpyrene = 35 ug L%, pH 7,
IS =0.02 M NaCl. ® This study. ¢ Reference 21. ¢ Emission wavelength
used for calculation of Kpoc.

Concentration-Based versus Activity-Based Sorption
Coeflicients. At this point it is necessary to discuss the
definition and the environmental importance of sorption
coefficients. Usually, the carbon-normalized sorption coef-
ficient Kpoc is defined in terms of concentration ratios
according to

Gsorbed _ Tsorbed « 1

Kpo [mL-gpoc ]

@

‘where Gored and Cireely dissolvea are the concentrations of the
sorbed and the freely dissolved solute fractions [g of sorbed
solute per g of DOC (dissolved organic carbon) and g of freely
dissolved solute per mL of water, respectively], cpoc is the
concentration of the dissolved sorbent (g of DOC per mL of
water), and Iyorbed and Mieely dissalved are the amounts of the
corresponding solute fractions in arbitrary units. Equation
2 does not define the type or strength of interaction which
classifies a solute as being “sorbed” or “freely dissolved”.
Alternatively, instead of concentration ratios, the activities
a of the solute can be considered. This is a more rigorous
treatment from the thermodynamic point of view. Generally,
SPME gives signals (GC peak areas) that are proportional to
the activities of analytes in solution, but not a priori to their
concentrations. For example, the addition of a cosolvent or
a salt to an aqueous solution may change the activity of a
hydrophobic solute (and consequently its SPME signal),
without significantly changing its concentration. If one
compares two solutions, which differ only in their DOM
content, SPME measures the change in the solute activity
caused by its interaction with DOM:

=
Cireely dissolved ~ Ilfreely dissolved ~ CDOC

SPME-signal oy pom _ @solute without DOM _
SPME-signal ;1 pom

Asolute with DOM
SPME
1+ Kpoc cpoc (3)

One can show that under certain circumstances (Cieely dissolved
< Cowt), the SPME-derived sorption coefficient K?)lg‘é}z is
equal to the activity-based sorption coefficient Kj)oc and is
correlated with the concentration-based sorption coefficient
Kpoc simply through division by the activity coefficient y; of
the freely dissolved solute iin the DOM-containing aqueous
phase (23):

PME . jo Csorbed _ Kpoc 4
poc ~ fpoc = = @
Afreely dissolved Vi

The convention for the activity coefficient is y; = 1 for an
infinitely diluted solution (lim Xyaer — 1, Henry's law
convention). Provided that these conditions are complied
with, one would expect to measure identical sorption
coefficients with activity-based and concentration-based
methods. It is worthy of mention that a has different
definitions in eqs 3 and 4: in eq 3, a stands for the activity
of the total amount of solutes, whereas in eq 4 it stands for
the activity of the freely dissolved fraction. The different
meanings are indicated by the appropriate indices.

The following example illustrates the importance of y;in
eq 4. We assume two DOM-containing samples: sample A
with a high salinity and sample B with a low salinity. Both
are spiked with a hydrophobic organic compound (HOC) in
order to measure the DOM sorption coefficients. First, let us
consider the scenario that the DOM properties (charge,
conformation, degree of aggregation, etc.) are not affected
by the ionic strength of the solution. In this case, we can
expect Kpocsample A > Kpoc sample 8, because the activity of the
HOC is higher in sample A and will, therefore, cause a higher
degree of sorption (cuocsorbed). However, KBOCVSMPIEA =
Kpoc sample B Pecause the higher degree of sorption in sample
A is compensated for by the higher activity coefficient
YHOC sample A 1N €q 4. The situation can be illustrated for SPME
as follows: a change in the thermodynamic activity of the
analyte caused by a change in the solution chemistry (e.g.,
ionic strength) affects both processes—the extraction by the
SPME fiber and the sorption on DOM—to the same extent.
Each affects the size of the SPME signal in the opposite
direction, and they totally compensate for each other in the
special case of DOM-containing solutions:

SPME-signal, ;i pom ~ @solute with DM = Cireely dissalvedYi =

Gorbed?i _ Grorbed ©)
Koom?i  Kbom

According to eq 5, the SPME signal (GC peak area) does not
depend on the activity coefficient of the freely dissolved
solute; that is, it does not reflect changes in the solution
chemistry. The entire measurement can be attributed to the
change in the DOM properties. The sorption coefficient
determined in this manner is therefore a true DOM param-
eter. Strictly interpreted, this holds only for high degrees of
SOIPLionN (Cireely dissolved << Ciotal, 1-€-, Csorbed ~ Grota))- The reference
solutions for samples A and B are pure water with neither
DOM nor salts. In this scenario, Kpoc represents the overall
sorption, determined by the DOM affinity and the salinity
of the solution, whereas KBOC reflects only the first term. In
other words, KBoc is a “DOM property”, whereas Kpoc is
“sample property”.

In a more realistic scenario, the sorption properties of
any kind of DOM will also be affected by the ionic strength
of the solution. Thus, KBOC,;amplc AT KBOC,smpch‘ The dif-
ference between the two activity-based sorption coefficients
reflects exclusively the salt effect on the sorption affinity of
the DOM. This may be a more definitive piece of information
than the superposition of various effects in terms of Kpoc.
The same conclusion can be drawn for other features of
solution chemistry, such as pH value, cosolvents, and “matrix
effects” of real environmental samples (28).

Equation 3 can be developed further to eq 6, which clearly
defines what is considered to bea “sorbed” solute: the sorbed
fraction Xsermed is equal to the amount of solute that corre-
sponds to the decrease in its thermodynamic activity.

Ksorbed ~

Hsorped _ Gsolute without DOM — Fsolute with DOM __

Thoral Bsolute without DOM
PME
K3oc cooc ®)
SPME
1+ Kpoc Cooc

In other words, all effects that contribute to this decrease are
classified as “sorption” or “sorptive interaction”, regardless
of the interaction mechanism, strength, or lifetime of binding
between sorbent and sorbate (eq 6).

In contrast to SPME, it may be of interest to determine
which type of sorption coefficient is measured by FQT. FQT
measures a concentration-based Kpoc value, because the
freely dissolved fraction of the solute is detected by a
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concentration-proportional signal—the fluorescence inten-
sity. Moreover, FQT also includes in the sorbed fraction all
solute molecules which are sufficiently close to the sorbent
that their fluorescence signal is quenched. Clearly, this is
significantly different from the SPME-derived definition
above.

For dissolved humic substances, a static rather than a
dynamic quenching mechanism is usually assumed (18, 29—
31). Considering Ksiern—vomer ~ 4 X KSDPONCIE for pyrene (Table
1), the majority of interacting pyrene molecules can be
expected to be located in the outer sphere of the dissolved
colloid. In this outer sphere, pyrene interactions with DOM
are such that on the one hand fluorescence quenching occurs,
but on the other hand the interactions are sufficiently loose
that the pyrene molecules retain a significant proportion of
their thermodynamic activity. These two features of interac-
tions can be expressed by the equations

Arotal = Crotal (Vﬁeely dissolvedXfrecly dissolved T
Yloosely boundXioosely bound T ¥strongly bound*strongly bound) (7)

Fligtal ™ Ptreely dissolvedXireely dissolved T
Proosely boundXloosely bound T~ Pstrongly bound¥strongly bound (8)

where Yioosely bound & Vireely dissolved fOT the activity coefficients
of the analyte fractions, but ¢iosely bound < Pireely dissolved fOr the
corresponding fluorescence quantum yields.

Compared to the lifetime of the excited state (1077 s), the
exchange of pyrene molecules between the outer sphere and
the water bulk phase is slow. Otherwise, FQT would detect
a dynamic rather than a static quenching. However, time-
resolved and stationary fluorescence measurements showed
unambiguously that in the presence of DHS static quenching
strongly dominates in the quenching of pyrene fluorescence
(4) (th,0°/7pus = 1, with the fluorescence lifetimes 74,0°, Tpus
of pyrene in absence and presence of DHS).

There is a lot of debate in the literature about the validity
of FQT for determining sorption coefficients (e.g., refs 32
and 33). Nevertheless, FQT is still the most frequently used
experimental method for this purpose (18). To the best of
our knowledge, there are very few papers that compare
different methods under identical conditions. Other activity-
based methods, such as the solubility enhancement method,
gas purging, or the dialysis method, should also produce
sorption coefficients that are different in an analogous way
from the concentration-based FQT data. Methods based on
the same physical value should ideally produce identical
sorption coefficients. Laor and Rebhun (7) compared FQT
with a complexation—flocculation method, where they
measured the same samples using the two methods in turn.
Flocculation is based on phase separation of the contami-
nant—OM complex and the water phase by adding a
coagulant (e.g., Fe*" or A" ions). The data show that FQT
yields somewhat higher sorption coefficients than floccula-
tion. However, the differences vary considerably, depending
on the solute and the source of the DOM. For pyrene and
Aldrich-HA, the Kpoc values are almost identical (1.19 x 10°
mL g! with FQT and 1.05 x 10° mL g~! with flocculation).
In a recent paper, significant differences between sorption
coefficients determined with FQT and the complexation—
flocculation method were observed by the same authors (8),
for example, a factor of 3.5 for phenanthrene and Aldrich-
HA. Kukkonen and Pellinen (34) found similar sorption
coefficients (log Knoc = 5.90) for benzo[a] pyrene on dissolved
chlorolignin (My, > 12 kDa) with FQT and the equilibrium
dialysis method. Danielsen et al. (32) compared FQT with
the solubility enhancement method for binding of pyrene to
Suwannee River FA and HA. They found Kpoc values higher
by factors of 2.7 and 1.6, respectively, with the FQT method
and ascribed the differences to the interference of dissolved
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oxygen during fluorescence measurements. The differences
in the Kom values that Peuravuori (12) found for a variety of
humic substances using FQT and the solubility enhancement
method were even more pronounced. FQT produced 1.7—
8.3 times higher Kom values under anoxic conditions. The
author pointed out that the Stern—Volmer plot already
showed a significant curvature even with low concentrations
of HS, whereas the corresponding isotherms obtained with
the solubility enhancement method were linear. Equilibrium
dialysis and solubility enhancement are both activity-based
methods. Therefore, differences similar to those for the
comparison between SPME and FQT are to be expected.

Haitzer et al. (35) compared the reduction in the bio-
availability of [**C]pyrene for nematodes in the presence of
dissolved HS with FQT-based sorption coefficients. The
results of these two different experimental methods agreed
well, indicating that the fraction of pyrene determined as
freely dissolved by FQT is comparable to the bioavailable
fraction. However, if one takes into account that the pH value
in FQT experiments was significantly higher than in the
biological experiments (10 versus ~8, respectively), a ten-
dency Keqr > Kbioavailabiliy S€€ms to be more realistic. In
summary, these results make it difficult to present a consistent
picture of the various experimental methods, but it seems
that FQT-based sorption coefficients for DOM always show
higher values than sorption coefficients measured with other
methods.

Nevertheless, there are two practical conclusions of these
methodical and theoretical considerations: First, we must
distinguish between concentration-based and activity-based
sorption coefficients. This enables us to separate different
effects on the degree of interaction. Second, we have to answer
the question, which definition of “sorbed state” is more
relevant for prediction of the environmental behavior of
chemicals? Some physical and chemical properties, such as
water solubility and vapor pressure, are clearly correlated
with the activity of the solute. In such cases, the activity-
based sorption coefficient Kj is the appropriate param-
eter. On the other hand, the rate of chemical reactions is
determined by the concentrations of the reaction partners.
The concentration-based Kpoc should be applicable in this
context. For other properties, such as bioavailability or
colloid-supported transport, the answer is not that straight-
forward. More work is necessary in order to understand the
nature of solute—DOM interactions as well as the conse-
quences of these interactions for the environmental behavior
of xenobiotics.

In part 1 of this series, a set of water-soluble aliphatic and
aromatic PAA esters was used to correlate individual struc-
tural parameters such as molecular weight and aromaticity
of the sorbent with its sorption potential toward hydrophobic
substances (26). Using these model polymers, the validity of
the SPME method to determine bound analyte fractions in
the presence of dissolved polymers was examined by
comparison with two other independent methods: FQT and
a phase separation after flocculation of the ester, similar to
the procedure described by Laor and Rebhun (7). A solution
of 35 ug L™! pyrene and 1 g L' PAA 2-phenylethyl ester
(esterification degree = 5%) was analyzed with the SPME
method in the usual manner, that is, by comparing the pyrene
peak area with that from an aqueous solution free of DOM.
We obtained a sorption coefficient of log Kpoc = 3.65 [which
corresponds to a sorption coefficient of log Kpocwry = 4.6
normalized to the carbon fraction in the hydrophobic ester
substituent (Cg) according to Kpocr = Kpoc(Cowl/ Cr)]. After
the SPME measurement, the PAA ester was flocculated by
adding 0.5 g L~! Fe(NOj); and removed by centrifugation.
The DOM-free centrifugate was then analyzed once again by
SPME. The pyrene activity in the centrifugate was almost
identical with that in the presence of the dissolved PAA ester.

89



90

KAPITEL 2. EIGENE ARBEITEN - VON 1995 BIS 2000

50000 - Pyrene in water and
i Pyrene + PAA

40000 -

30000 -

_— Pyrene + PAA octyl ester

Rel. Fluorescence Intensity in a. u.
1

20000 -
w00 4
R o — — —
375 400 425 450 475 500
e In M

FIGURE 1. Fluorescence spectra of pyrene in pure water, with
PAA, and with PAA n-octyl ester (M, = 8 kDa, 5.5% degree of
esterification, ex = 330 nm, slits = 0.9 nm, Cpyene = 50 1g L,
Cpan = Cester = 500 mg L™, spectra normalized to peak intensity at
383 nm).

This proves that the decrease in the SPME signal can be
attributed to a pyrene fraction, which is closely bound to the
DOM. Apparently, the flocculation step did not significantly
affect the sorption potential of the PAA ester.

Pyrene as a Fluorescence Probe for the Microenviron-
ment of Sorbates. The fluorescence measurements revealed
that the vibrational structure of the fluorescence spectrum
of pyrene analyzed under standard conditions (ex = 333
nm, Aem = 373 and 393 nm) was altered in the presence of
several PAA esters and that the fluorescence intensity varied
in an irregular manner. In some cases we even found
fluorescence amplification instead of the expected attenu-
ation. Therefore, a data evaluation according to the Stern—
Volmer relation was not applied (the assumption of the
formation of a dark complex is not true for the PAA ester
systems investigated). This behavior was pronounced with
aliphatically substituted PAA esters. Figure 1 shows exem-
plarily the difference in the fluorescence spectra of pyrene
in pure water, in the presence of PAA, and the octyl ester.
In contrast, the addition of the PAA phenyl ester did not lead
to any pronounced change in the vibrational structure of the
pyrene spectrum.

Although the SPME method detects a significant decrease
of the pyrene activity, its fluorescence is not—or is only
partly—quenched in the presence of (mainly aliphatic) PAA
esters. This observation does not necessarily indicate fun-
damentally different types of interaction between pyrene
and the PAA esters compared with dissolved humic sub-
stances. It is plausible that sorbents with large aromatic
moieties, such as humic substances, might quench the
fluorescence more effectively than macromolecules with less
electronic interactions. Therefore, this difference does not
necessarily reflect the nonspecific “hydrophobic” interac-
tions, which probably control the thermodynamic activity of
the solute. On the other hand, there are indications that the
complete fluorescence quenching to a dark complex is not
the only interaction mechanism between organic matter and
pyrene (36).

The observable changes in the fluorescence spectrum of
pyrene offer an interesting tool for characterization of the
molecular environment of sorbates. It is well-known from
the literature that the fluorescence spectrum of pyrene is
strongly affected by the polarity of its environment (37—40).
This can be explained in terms of specific interactions
between the excited singlet state of pyrene with solvent
molecules or other surrounding components. The fluores-
cence spectrum of monomeric pyrene has five vibronic bands
at 373, 379, 383, 389, and 393 nm. The intensity of the
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FIGURE 2. Dependence of the ratio of peak intensities Flzznm/Fl3g3nm
in the fluorescence spectrum of pyrene on the relative polarity of
the solvent (Aex = 333 nm, spectral band-passes = 2 nm, Gyyrene =
50 ug L~); solvent composition was from 100% n-hexane through
ethanol up to 100% water in 25% steps by volume.
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ratio Flyzznm/Fl3gsm in the fluorescence spectrum of pyrene on the

concentration of PAA r-octyl ester (Aex = 330 nm, slits = 0.9 nm,
Cpyrene = 50 p2g L™, extrapolation with log Kpoc = 4.15).

forbidden vibronic bands (e.g., the 0—0 band, peak 1) is
enhanced with increasing polarity of the environment (41).
Pyrene has therefore been used as a polarity probe in studies
of solvents, micellar systems, membranes, proteins, and
various polymers (37, 42—44).

We measured the fluorescence spectrum of pyrene in
binary solvent mixtures of increasing polarity, starting with
pure n-hexane (e, = 1.9) through ethanol (e, = 25.3) up to
pure water (e, = 74.6). The most sensitive peak ratio with
respect to solvent polarity is Fl373nm/Fl3ganm, which varies by
afactor of 2.4 between the two extremes, n-hexane and water.
Figure 2 shows the dependence of the peak ratio Flszznm/
Fl3g3nm on the polarity of the solvent mixture.

The intensities of the vibronic bands of the pyrene
fluorescence spectrum in the presence of PAA are identical
to those in pure water (Figure 1). This is in accordance with
the SPME results, which indicate no significant interactions
of pyrene with PAA. Comparing the pyrene spectra of all
esters under study, the strongest effects with respect to the
intensity and the vibronic structure of the spectra were
observed with the PAA n-octyl ester (Figure 2); the depen-
dence of the peak ratio on the ester concentration is plotted
in Figure 3.

The peak ratios changed continuously over the whole
range of the ester concentrations studied (12.5—1000 mgL™!).
There is no indication of a critical micelle concentration as
astep in the curve, as is frequently observed for surfactants.

The most significant alterations in the vibrational inten-
sities of the pyrene fluorescence spectrum are compiled in
Table 2. The interaction of pyrene with the naphthyl esters
could not be observed in the fluorescence spectra, because
of their high self-fluorescence. Other aromatic esters (phenyl,
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TABLE 2. Peak Ratios of Pyrene Fluorescence Spectra in the
Presence of PAR Esters”

sorbents, PAA esters
with substituents R in

—(CHZCH[COOH],—

(CH,CHICOOR])— Flssm/Fliggnm®  Flazsom/Flagsnm  Xsorbed®
none (pure water) 1.23 1.53 0
H (PAA) 1.22 1.54 <0.07
n-butyl (5.4%)9 1.16 1.43 0.47
2-phenylethyl (5.0%) 1.05 1.42 nd
n-octyl (5.5%) 0.94 1.11 0.41

“pH 7, Myesier = 8 kDa, dex = 330 NM, Gegter = 500 mg L7, Cpyrene =
50 g L~". ® Data are corrected for polymer fluorescence and inner filter
effect. ¢ According to Kpoc from SPME (23). 9 Degree of esterification
in parentheses.

cyanophenyl, methoxyphenyl, and 2-phenylethyl) and the
PAA ethyl ester show only minor effects. This is consistent
with the hypothesis that longer hydrocarbon substituents,
such as n-octyl, n-butyl, and ethoxyphenyl, tend to create
hydrophobic domains in aqueous solution. It is remarkable,
however, that the aromatic PAA esters behave similarly with
respect to incomplete fluorescence quenching or even
fluorescence enhancement at high ester concentrations.
Apparently, an isolated benzene ring is not sufficient for an
effective fluorescence quenching, irrespective of electron-
pushing or -withdrawing substituents.

The observed peak ratios in Table 2 and Figure 3 are the
result of a superposition of the fluorescence spectra of freely
dissolved and ester-associated pyrene molecules after a
sorption equilibrium has been reached. An extrapolation of
the fluorescence spectrum of pyrene “completely associated”
with the PAA octyl ester led to a peak ratio of Flazsnm/Flsgsnm
~ 1.0. A reasonable fit between observed and calculated
fluorescence spectra was achieved with log Kpoc =4.15, which
is higher by a factor of 5 than the sorption coefficient
determined with the SPME method (cf. Table 1, log Kpoc =
3.45). This is in agreement with our conclusions drawn from
results with dissolved humic substances: sorption coef-
ficients derived from fluorescence measurements are always
higher than those derived from activity measurements.

Comparing the extrapolated peak ratio with the qualitative
solvent polarity scale in Figure 2, the chemical environment
of associated pyrene can be characterized as being similar
to a hexane—ethanol mixture rich in ethanol. This indicates
a rather hydrophobic microenvironment of the associated
pyrene, which can only be explained by an intra- or
intermolecular aggregation of the hydrophobic ester sub-
stituent.

It is worthy of mention that no significant shift in the
pyrene fluorescence spectrum was observed in the presence
of dissolved HAs (cua = 25—100 mg L™}, 50—90% fluorescence
quenching). This is in agreement with the prevailing view
that HA-associated fluorophores are quenched completely
(18, 29, and references cited therein), which makes pyrene
(and probably also other fluorescence probes) inappropriate
for characterizing the microenvironment of dissolved HS
sorbates. However, approaches based on an incomplete
fluorescence quenching of fluorophores in association with
humic substances can also be found in the literature (17, 45).

To summarize, the interaction of pyrene with mainly
aliphatic PAA esters caused no or only minor fluorescence
quenching, even though the SPME measurements showed
that the thermodynamic activity of pyrene in the solution
phase was significantly decreased. With DHS, on the other
hand, FQT reports a higher fraction of sorbed pyrene than
SPME. Obviously, the two methods differ markedly in their
definition of the sorbed state. Generally, it must be distin-
guished between concentration-based and activity-based
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sorption coefficients, depending on the method used for their
determination. For activity-based methods such as SPME,
solubility enhancement, gas purging, or the dialysis method,
all effects caused by DOM that contribute to a decrease in
thermodynamic activity of the solute are considered as
sorption, regardless of the mechanism, strength, or lifetime
of the binding between sorbent and sorbate. For FQT, which
in principle is a concentration-based method, the sorbed
state appears to be rather method-defined. Other concen-
tration-based methods, including the SPE or RP method and
the flocculation method, can also show method-dependent
artifacts. Further research is necessary to compare the various
methods and to evaluate which definition of the sorbed state
is more relevant with regard to the various effects of sorption
on DOM for the environmental behavior of xenobiotics.
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2.2.2 Sorption of phenols to dissolved organic matter investi-
gated by solid phase microextraction

G. Ohlenbusch, M.U. Kumke, F.H. Frimmel
Sci. Tot. Environ., 2000, 253, 63 - 74.

Phenole und Chlorphenole werden aus verschiedensten Quellen in die Umwelt einge-
tragen. Sie entstehen als Nebenprodukte in der Papierherstellung, werden als Pesti-
zide eingesetzt und dienen als Konservierungsmittel fiir Bekleidung. Thr Vorkommen
in der Umwelt ist duferst bedenklich. Deshalb miissen Transportmechanismen und
Verbleib dieser Verbindungsklasse griindlich untersucht werden.

Auch fiir die Untersuchung der Wechselwirkungen zwischen polaren Xenobiotika
wie den Phenolen und HS erwies sich die SPME als leistungsstarke Methode. Die
Wechselwirkungen verschiedener Phenole mit HS unterschiedlicher Ursprungsorte
wurden durch Sorptionskonstanten quantitativ charakterisiert. Es zeigte sich, dass
in Abhéngigkeit vom Ursprungsort der HS erhebliche Unterschiede in den Sorpti-
onskonstanten bestehen. Im Unterschied zu hydrophoben Xenobiotika, bei denen
sich die Solvenskonditionen (wie z.B. der pH-Wert der Losung) in erster Linie durch
Verdnderungen in den HS bemerkbar machen (z.B. Verdnderung der Assoziation
bzw. Konformation der HS), ist bei polaren Xenobiotika speziell der Einfluss von
funktionellen Gruppen auf die Speziation der Xenobiotika zu beriicksichtigen. Die
daraus resultierenden spezifischen Wechselwirkungen, im Fall von Phenolen z.B. mit
basischen Funktionalitdten der HS, konnen dann fiir die Stérke der effektiven Wech-
selwirkungen entscheidend sein .

R=0.977
logK, ... =0992xlog K +0.041
e

45 5.0 55
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2.2.3 Fluorescence of humic acids (HA) and pyrene-HA com-
plexes at ultralow temperature

M.U. Kumke, F.H. Frimmel, F. Ariese, C. Gooijer
Environ. Sci. Technol., 2000, 34, 3818 - 3823.

Die Verwendung von Fluoreszenzsonden zur Untersuchung von Wechselwirkungsme-
chanismen und molekularen Umgebungsparametern ist in biologischen und bioche-
mischen Systemen, aber auch zur Untersuchung von heterogenen Systemen Hand-
werkszeug geworden. Oft eingesetzte Fluoreszenzsonden sind PAK und deren Deri-
vate. Pyren zeichnet sich unter anderem durch eine Hypersensitivitat gegeniiber der
Umgebungspolaritiat aus, d.h. die Schwingungsstruktur des Fluoreszenzspektrums
dndert sich als Funktion der Polaritdt (s. 2.2.1 und Anhang D, Nr. 32). Die Verwen-
dung von Pyren als Fluoreszenzsonde zur Untersuchung der Wechselwirkungen von
hydrophoben Xenobiotika und HS war bislang nicht erfolgreich, da die Fluoreszenz
des Pyrens durch HS geloscht wird. In Untersuchungen bei Raumtemperatur konnten
daher keine Verinderungen im Fluoreszenzspektrum des Pyrens gemessen werden
(s. auch 2.2.1). In Tieftemperaturexperimenten bei 10 K konnten Variationen in der
Schwingungsstruktur des Pyrenfluoreszenzspektrums beobachtet werden, da mittels
fluorescence line narrowing extrem kleine spektrale Verdnderungen noch auflosbar
sind. Es konnte gezeigt werden, dass sich ein Teil des mit HS wechselwirkenden
Pyrens in einer Umgebung befindet, die in ihrer Polaritit vergleichbar mit einem
kurzkettigen Alkohol wie Butanol ist. Weiterhin wurden auch die intrinsische Fluo-
reszenz von HS verschiedener Ursprungsorte bei 10 K mit Hilfe der fluorescence line
narrowing Technik untersucht. Es konnte kein entsprechender Tieftemperatureffekt
beobachtet werden, was ein Beleg fiir die Beteiligung von Energietransfer- und Pro-
tonentransferprozessen sowie konformativen Anderungen im elektronisch-angeregten
Zustand ist (s. auch 2.1).
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Fluorescence of Humic Acids (HA)
and Pyrene-HA Complexes at
Ultralow Temperature

M. U. KUMKE* AND F. H. FRIMMEL

Division of Water Chemistry, Engler-Bunte-Institut, TH
Karlsruhe, Engler-Bunte-Ring 1, 76131 Karlsruhe, Germany

F. ARIESE AND C. GOOIJER

Department of Analytical Chemistry and Applied
Spectroscopy, Vrije Universiteit, De Boelelaan 1083,
1081 HV Amsterdam, The Netherlands

The interaction of pyrene with humic acids of different
origins was investigated using fluorescence line narrowing
(FLN) spectroscopy at 10 K. FLN spectroscopy can be
used to obtain vibrationally resolved fluorescence spectra
from samples that under ordinary conditions suffer from
extensive spectral broadening. Due to the presence of humic
acid the site distribution and the relative intensities of
the ground-state vibrations in the fluorescence spectrum
(Ham-effect) of pyrene were changed. Both effects were
related to the altered microenvironment of pyrene in the
presence of humic acid. On the other hand, for humic
acids no fluorescence line narrowing effect was observed
indicating the occurrence of intra- and intermolecular
processes.

Introduction

The interaction of hydrophobic organic compounds with
humic substances is a subject of great importance for the
evaluation of the transport and distribution of contaminants
in the environment. The class of polycyclic aromatic com-
pounds (PAC) is one of the most prominent. Because of their
carcinogenic potential, PAC represent a potential risk to
human health, and, therefore, their fate and transport is of
high interest (I—6). In the past, different analytical ap-
proaches were used in order to characterize quantitatively
and qualitatively the interactions between humic substances
and contaminants (7—14). Here, two main types of analytical
techniques can be distinguished: on the one side techniques
using a separation step, like high-performance liquid chro-
matography (HPLC), prior to detection, and on the other
side spectroscopic techniques that analyze the sample directly
without a separation.

The fluorescence quenching approach is frequently used
for the determination of the sorption of PAC by humic
substances. Besides its high sensitivity, especially at low
concentrations of humic substances, the noninvasive char-
acter makes the method highly attractive for the investigation
of interactions between PAC and humic substances (15— 20).
Moreover, the multidimensional character of the fluorescence
approach is especially beneficial for the characterization of
the interaction processes. However, fluorescence techniques
are prone to experimental limitations, and a careful con-
sideration of inner filter effects and fluorescence quenching

* Corresponding author phone: ++49 721 608 6381; fax: ++49
721 608 7051; e-mail: Michael. Kumke@ciw.uni-Karlsruhe.de.
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effects other than those induced by the humic substances is
highly important for a correct interpretation of the observed
effects (17—19). While the fluorescence data can readily be
corrected for experimental artifacts, knowledge of the
interaction mechanism is indispensable for the interpretation
of the experimental results.

The combination of time-resolved fluorescence and
steady-state fluorescence experiments was used to distinguish
between static and dynamic interactions (17, 2I). It was
shown that for the investigated samples mainly a static
interaction mechanism was dominant (17, 21, 22). To get a
deeper insight into the interaction mechanismn, e.g., whether
the sorption is due to inclusion in micelle-like structures or
sorption to hydrophobic subunits of the humic substances,
further fluorescence techniques including fluorescence an-
isotropy were applied (21, 23, 24). In these experiments some
indications for a micellar binding mechanism were observed.
One of the basic assumptions often made in the interpretation
of the steady-state fluorescence experiments is the complete
quenching of the PAC fluorescence due to the interaction
with humic substances. However, for some humic substances
investigated, indications were found that not a total quench-
ing of the fluorescence of the PAC was induced by the
interaction, or the data evaluation revealed that the as-
sumption of a purely static interaction might be an over-
simplification (16, 21, 22, 25). Recently, the interactions of
PAC and humic substances of different origins were inves-
tigated using fluorescence spectroscopy as well as solid-phase
micro extraction (SPME) combined with gas chromatogra-
phy/mass spectrometry (GC/MS) analysis (20). In both
approaches a strong dependence of the observed interaction
on the origin of the humic substances and on the water
solubility of the PAC was observed. However, using the
fluorescence approach a stronger interaction was found when
compared to the SPME-GC/MS technique.

The objective of the present work was to further investigate
the interaction mechanism between PAC and humic sub-
stances on a molecular level. Fluorescence line narrowing
(FLN) spectroscopy is a technique that—to the best of our
knowledge—has never been applied to study PAC-humic
substance interactions. FLN spectroscopy can be used to
obtain vibrationally resolved fluorescence spectra from
samples that under ordinary conditions suffer from extensive
spectral broadening. One of the major underlying causes for
spectral broadening in solutions is solvent inhomogeneity.
Chemically identical molecules are surrounded by different
solvent environments or adopt different conformations,
resulting in a Gaussian distribution of energy transitions.
Under normal room-temperature conditions the corre-
sponding fluorescence bands show a peak width of 300 cm™!
or more; thus blurring all underlying vibrational information.
Whenlowering the temperature of such disordered solutions,
one usually observes only a limited improvement in resolu-
tion. However, when a narrow-banded light source such as
a laser is used for excitation only a selection of molecules,
i.e., those molecules whose individual energy levels happen
to match the photon energy of the laser, will be excited. In
frozen solutions at temperatures of 4—20 K this selection is
maintained during the lifetime of the excited state, and only
this selection of energetically equivalent molecules (“iso-
chromat”) will fluoresce, resulting in a highly resolved
emission spectrum. For a more detailed review on various
applications of FLN spectroscopy for chemical analysis see
Jankowiak and Small (26, 27). In this study, the environmental
sensitivity of the pyrene fluorescence combined with the
high spectral resolution of fluorescence line narrowing

10.1021/es9910457 CCC: $19.00 © 2000 American Chemical Society
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spectroscopy was applied to probe the molecular environ-
ment of PAC in the presence of humic substances.

Experimental Section

The samples were filled in an in-lab built sample holder and
mounted to a Cryodyne closed-cycle helium refrigerator (CTI
Cryogenics, Waltham, MA, Model 21). For the FLN experi-
ments, four samples at a time were cooled to 10 K.
Fluorescence was collected in a front-face geometry and the
sample thickness was only 0.5 mm. Therefore, inner filter
effects, which are influencing standard room-temperature
fluorescence measurements to a great extent, were insig-
nificant in the FLN experiments.

Two different freezing procedures were tested. In the first
one the sample was frozen within seconds by dipping the
probe head together with the sample in liquid nitrogen. In
the second approach the sample was cooled within 40 min
with the close-cycle helium refrigerator starting at room
temperature. Both cooling procedures yielded indistinguish-
able FLN spectra. The FLN experiments were carried out in
triplicate.

The excitation wavelength was varied between 360 nm <
Aex < 368 nm using a XeCl excimer laser (Lambda Physik LPX
110i, Gottingen Germany) pumping a dye laser (Lambda
Physik LPD 3002). Fiber optics were used to transport the
excitation light to the quartz window of the cryostat, the
average output power at the end of the fiber optics used was
12 mW. The laser system was operated at 10 Hz; the pulse
width was ca. 10 ns. The fluorescence was collected with a
9 cm F/1 quartz lens and focused on the entrance slit of a
Spex 1877 triple monochromator (Edison, NJ). The spectral
resolution was 0.1 nm. For the detection a Princeton
Instrument (Trenton, N]) intensified linear diode array type
IRY 1024 BRG covering a spectral range of 36 nm was used.

In the FLN measurements the concentration of pyrene
was < 1076 M. The pyrene was first dissolved in ethanol
yielding a concentration in the stock solution of 1075 M. One
milliliter of the stock solution was transferred into a glass
vial and the organic solvent was evaporated. Ten milliliters
of water or water/humic acid (HA) were added to the vial.
The solution was equilibrated for at least 24 h. Pure water
samples gave relatively poor FLN spectra, probably caused
by solubility problems during the cooling procedure. To
improve the quality of the FLN spectra a small amount of
glycerol was added to the samples. Glycerol was chosen in
order to avoid alterations of the solvent properties (e.g.
polarity) and to keep the pyrene in solution during the cooling
procedure. The polarity of the aqueous solution is only slightly
altered by the addition of glycerol, but the viscosity of the
solution is increased, improving the intensities of the FLN
spectra. To minimize the effects of the added glycerol on the
pyrene-HA equilibrium, glycerol was added right before the
samples were transferred into the FLN sample holder. The
glycerol concentration was varied between 1% and 10% in
order to monitor the influence on the observed FLN spectra.

To measure selectively the pyrene fluorescence signal in
the FLN experiments the detector was gated with a delay of
ca. 30 ns, and the data were collected in a time window of
2.5 us and integrated for 28 s. After 30 ns no emission of the
HA was left, and the pyrene fluorescence was detected
exclusively.

The HA samples were taken from different aquatic origins
and were isolated using a XAD-8 resin according to a modified
method of Mantoura and Riley (28, 29). The basic properties
of the samples are well characterized (30). HO13 HA was
isolated from a brown water lake (Lake Hohloh, Black Forest,
Germany), FG1 HA froma groundwater (Fuhrberg, Hannover,
Germany), and SV1 HA from a production effluent of brown
coal industry (Halle/Leipzig, Germany). The pH of the HA
solutions was adjusted to 4.3 since it is known from previous
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FIGURE 1. i i spectra of

pyrene, SV1 HA and mixtures oirbo!h in water, for an excitation
wavelength Aex = 330 nm.

studies investigating the binding of hydrophobic organic
compounds to humic substances that at low pH the observed
interaction is maximized.

Results and Discussion

The dependence of the vibronic features of the pyrene
fluorescence emission spectra on the polarity of the solvent
(the so-called Ham effect) has frequently been used in
investigations probing the molecular environment of the
pyrene (31). Moreover, pyrene was often used in experiments
dealing with the interactions of PAC and humic substances.
However, atroom temperature, beside the “real” fluorescence
quenching, the observed steady-state fluorescence spectra
are also altered due to inner filter effects and the intrinsic
fluorescence of the humic substances. Both drawbacks make
it very difficult to use the environmental sensitivity of the
pyrene fluorescence for investigations of the interaction with
humic substances. In Figure 1 the drawbacks described are
shown for pyrene and SV1 HA, as an example of the relevant
optical properties of humic substances. Here, the room-
temperature fluorescence spectra were normalized to visual-
ize the influence of SV1 HA on the pyrene fluorescence due
to inner filter effects and intrinsic fluorescence of SV1 HA.

Based on the room temperature fluorescence spectra it
is not feasible to distinguish between different forms of pyrene
in the presence of humic substances, e.g., free pyrene and
pyrene trapped in a micellar-like environment inside the
humic matrix (close proximity). This is especially the case
when the trapped pyrene contributes only with an extremely
low fluorescence quantum yield to the total observed
fluorescence. Furthermore, due to the broadness of the
fluorescence bands, subtle shift of a few tenths of a nanometer
cannot be observed.

To circumvent these problems, the fluorescence of pyrene
was investigated at ultralow temperatures using a fluores-
cence line narrowing approach. Fluorescence line narrowing
(FLN) spectra are vibronically high-resolved fluorescence
spectra that are sensitive to changes in the molecular
environment of the probe (26, 27, 32). A similar approach
was used by Suh et al. (33) to study subtle conformational
changes of benzo|a|pyrene-DNA adducts as a function of
base sequence. Due to the experimental set up, the influence
of inner filter effects and intrinsic fluorescence of the humic
substances were reduced to a minimum. Furthermore, the
use of a pulsed laser and time-resolved detection allowed us
to selectively monitor the pyrene fluorescence, without any
interference from HA emission (the fluorescence lifetime of
pyrene is several hundred nanoseconds, much longer than
that of all humic acids tested).
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presence of 50 mg/L SV1 HA (ie,= 362 nm; middle). The room-

p fl T of pyrene in water is shown
ontop. The given in the multiplet 0—0 band rep!
vibrational energies of the first electronically excited state (Vex —
Vo-a)-

Influence of Glycerol on the FLN Spectra of Pyrene. In
preliminary FLN experiments with pyrene in pure water it
'was found that the signal intensity was dramatically decreased
due tolosses of dissolved pyrene during the freezing process.
To keep the pyrene in solution and prevent it from crystal-
lizing during the freezing procedure a small amount of
glycerol was added. FLN measurements were taken at glycerol
contents between 10% and 1%. Due to the addition of glycerol
the overall signal intensity was significantly improved, and,
more important, it was found that for this concentration
range the glycerol showed no detectable effect on the vibronic
features of the FLN spectra of pyrene. For further FLN
experiments investigating the interaction of pyrene with
humic acids (HA) the concentration of glycerol was adjusted
to 3%. The glycerol was added immediately before the freezing
procedure in order to minimize its influence on the interac-
tion between HA and pyrene. Allowing the system to
reequilibrate in the 3% glycerol environment would increase
the risks of inadvertently altering the HA-pyrene binding
modes.

FLN Spectra of Pyrene in the Presence of Humic Acids
(HA). (a) General Aspects: Effect of .. Figure 2 shows typical
FLN spectra obtained for pyrene in water with 3% glycerol
in absence and presence of SV1 HA. For comparison, also
the room temperature fluorescence spectrum of pyrene in
water is shown, illustrating the typical improvement in
spectral resolution that can be obtained with the FLN
approach. In general, the observed fluorescence intensity of
pyrene in the presence of HA was quenched, which agrees
with results previously reported for fluorescence quenching
experiments performed at room temperature (e.g., ref 17).
The laser was tuned to different regions of the S, — Sy
absorption, each probing a different set of S vibrations. For
Aex = 362 nim two isochromates (sites) were excited, corre-
sponding to two excited-state vibrations at va = 728 cm™!
and vg = 785 cm ! and resulting in the doublet structure of
the FLN spectrum. In the presence of HA, the vibrational
frequencies in the FLN spectra of pyrene were not altered,
but the intensity of the 785 cm™ band increased significantly
relative to the 728 cm™' band. These phenomena will be
explained in more detail below.

While for Zex = 362 nm two different isochromates were
excited and a doublet spectrum obtained (see Figure 2), for
Jex = 364 nm only one isochromate (with an exited state
vibration at 576 cm™!) was excited (see Figure 3). Here, the
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FIGURE 3. FLN spectrum of pyrene in water (top) and in the presence
of different concentrations of FG1 HA (iex= 364 nm).
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FIGURE 4. FLN spectrum of pyrene in water (bottom) and in the

presence of different concentrations of FG1 HA (Aex= 362 nm). All

were in ion with 3% gly

laser wavelength matches only a single, predominant vibronic
transition.

Interestingly, Figures 2—4 also present a clear illustration
of the Ham-effect, i.e., the phenomenon that weakly allowed
transitions show an intensity enhancement in polar solvents
as a result of symmetry reduction (34). In the case of pyrene,
the origin band is only weakly allowed; without strong
interactions with the solvent the origin is often weak or of
similar intensity as the vibronic transitions. In polar solvents,
however, the relative intensity of the origin transition
increases, and this effect has been used to probe the
microenvironment of pyrene in different solvents and inside
micelles (31).

As shown in Figures 2—4 the relative intensity of the origin
band decreases in the presence of humic acids SV1 HA or
FG1HA, indicating that the micro-environment surrounding
pyrene in these samples is of a less polar character than
water. This can best be seen for 1.x = 364 nm (Figure 3). At
room temperature this change was also observed when the
polarity of the solvent was changed (31) and is attributed to
the so-called Ham effect. In Figure 3 it is especially obvious
for the peaks at 372 and 383 nm, but it can also be seen in
the other FLN spectra shown (Figures 2, 4, and 5). The ratio
of the peak intensities at 383 and 372 nm in Figure 3 changes
from 0.35 for pyrene in water to about 0.65 for pyrene in the
presence of FG1 HA. This ratio was found to be independent
from the concentrations of FG1 HA investigated, which could
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FIGURE 5. FLN spectrum of pyrene in water (top) and inthe presence
of different concentrations of H013 HA (Jex= 362 nm).

mean that at the lowest concentration of HA the reaction
with pyrene is already complete in terms of changing the
molecular environment of the PAC. On the other hand, in
the case of HO13 HA (see Figure 5), the FLN spectra show
ared-shift similar to those of Figures 2—4, but the Ham effect
is absent or very weak. Apparently, the microenvironment
surrounding pyrene in this particular humic acid sample is
of arelatively polar character, that is, not very different from
water. It is interesting to note that the change in the intensity
ratio points in the same direction found for pyrene at room
temperature when going from water to less polar solvents.
Kalyanasundaram and Thomas reported a change from 0.63
to 1.07 in the intensity ratio I,/I3 when changing the solvent
from water to pentanol (31). Of course, these ratio changes
refer to poorly resolved RT fluorescence spectra and can only
be compared to the FLN spectra in a qualitative way.

(b) Influence of HA Concentration. The FLN experiments
were performed at different concentrations of HA. Because
of the small sample thickness, artifacts related to inner filter

energy

a) in H,O

FIGURE 6. 1lI ion of the vil
explanation see text.

Site B
(minor)
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effects were negligible. In the experiments, HA concentrations
of 50mg/L, 100 mg/L, and 200 mg/L dissolved organic carbon
(DOC) were used, and the obtained FLN spectra are
compared. With increasing DOC concentration, the ratio of
V728 cm/ V785 em decreased (see Figures 4 and 5). Similar effects
were found for other ground-state vibrational intensity ratios,
as is also shown in Figures 4 and 5. Interestingly, the v7zg
«m/ V185 em iNtensity ratios continued to change with increasing
HA concentrations, while the maximum Ham-effect was
already observed at the lowest HA concentrations.

(¢) Influence of HA Origin. The magnitude of the vibrational
intensity shifts in the FLN spectrum of pyrene was dependent
on the origin of the HA used. In Figure 5 the observed FLN
spectra in the presence of a brown water HA (HO13 HA) are
shown at different concentrations. Again, the ratio of
vibrational intensities (e.g., for site A at 728 cm™ compared
to site B at 785 cm™!) was decreasing with increasing HA
concentration. However, these changes were much less
pronounced when compared with the FLN spectra measured
in the presence of FG1 HA (see Figure 4) at similar HA
concentrations.

In summary, two effects were observed in the FLN
experiments with pyrene in the presence of HA: (a) a change
in the site distribution when HA was added and (b) a change
in the relative intensities of the ground-state vibrations (Ham-
effect).

The former effect, i.e., the change in the site distributions
upon the addition of HA, can be explained by means of an
energy diagram as shown in Figure 6. Due to solvent
inhomogeneity, the electronic transitions are broadened,
indicated by Gaussian profiles. When irradiating the sample
with 362.00 nm laser light, pyrene is excited into the vibronic
region of the first electronically excited state, S. In this case,
pyrene is excited through two major S, vibrations, va ~ 728
cm™'and v~ 785 cm™. In water (Figure 6a), the laser energy
corresponds to the center of the v distribution and overlaps
only slightly with the low-energy edge of the vg distribution.
Few pyrene molecules will therefore be excited through the
vg vibronic transition, and as aresult the corresponding origin
band (marked site B in the insert) is relatively weak. In the

st

i =T2eam

SaeB

. itensty

+ 2 svt e

Sy
b) in F,0 + HA

shift of the 0—0 origin multiplet as a result of a decreasing S;—S; energy gap. For
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presence of HA (Figure 6b), the interactions cause a small
shift of the S, level (and its corresponding vibrational levels)
tolower energy. The excitation energy of the laser now shows
comparable overlap with both the v4 and the vg distributions,
and as a result the corresponding origin bands are of
approximately equal intensity. In other words, the FLN
technique allows us to observe slight shifts in the average
0—0 transition energy that would go unnoticed under
broadbanded, room-temperature conditions.

In a previous study differences between the apparent
binding constant found in SPME and in fluorescence
quenching were reported when the interaction of phenan-
threne and amino-phenanthrene with humic acid was
investigated (20). Under the simple assumption of a 1:1
reaction between HA and phenanthrene (or amino-phenan-
threne), similar binding constants should have been observed
with both methods. It was suggested that the observed
differences were due to the fact that the fluorescence of the
probe molecules is quenched already even in weakly bound
states (equal to close proximity), while the SPME detects
only the strongly bound fraction. The results of the present
FLN experiments further support the suggested presence of
probe molecules bound to humic acids at different binding
stages. In the FLN experiments, using pyrene as a fluorescence
probe, the overall fluorescence intensity was decreased when
HA were present, which can be attributed to the strongly
bound fraction of pyrene for which a complete quenching
isassumed. Dynamic quenching can be excluded in the frozen
matrices used in these experiments.

The fluorescence quantum yield and the fractional
contribution of the weakly interacting pyrene molecules have
not yet been determined and are subject to future work.
Based on the results found at room temperature and at low
temperature, it can be expected that the fluorescence
quantum yield is rather small.

FLN Experiments with HA. Most humic substances show
native fluorescence, and this emission (without addition of
pyrene) was studied as well. In Figure 7a the room-
temperature fluorescence emission and excitation spectra
of SV1 HA are shown. In the FLN experiments an excitation
range between 360 and 370 nm was probed. Based on the
steady-state spectra this should have been a reasonable range
for exciting fluorophores of humic acid molecules into a
vibronic level of a corresponding S, state. However, under
the experimental conditions applied no significant FLN effect
was found for the investigated humic acids. A typical
fluorescence emission found for humic acids at 10K is shown
in Figure 7b.

Since lignin and further plant material is considered as
precursors of humic acids, it is reasonable to attribute the
observed fluorescence to moieties such as quinones and
aromatic hydroxy carboxylic acids (35— 38). It is well-known
that for this class of compounds often a large Stokes’ shift
is found in their steady-state emission spectra caused by a
large change in dipole moment or by a proton exchange
process. Moreover, humic acids are considered as fairly large
polyelectrolytes, and, therefore, intramolecular motions due
to electronic excitation are likely to occur as well. Strong
indications that the processes described above occur and
contribute to the observed fluorescence emission were also
found in time-resolved fluorescence experiments with humic
substances and their metal complexes (39, 40). The results
reported here further support the previously presented data.
Excited-state reactions, e.g., intramolecular proton transfer
and/or charge transfer reactions, are likely to occur even at
very low temperatures which could be an explanation
(together with the heterogeneity of the HA) for the nonob-
servation of a clear FLN effect for the humic acids investigated.
Differences in the interactions due to the origin of the HA
call for a detailed investigation of the correlation with other
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FIGURE 7. (a) FLN spectrum of SV1 HA in water (at 10 K). (b)
F itation and emission spectra of HO13 HA in water

(pH 7). Shown also is the excitation wavelength range used in the
FLN experiments.

characteristics such as functional groups and building blocks
of the humics.
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2.2.4 Interaction between natural organic matter (NOM) and
polycyclic aromatic compounds (PAC) - comparison of

fluorescence quenching and solid phase micro extracti-
on (SPME)

T.E. Doll, F.H. Frimmel, M.U. Kumke, G. Ohlenbusch
Fres. J. Anal. Chem., 1999, 364, 313 - 319.

Die Wechselwirkungen von Phenanthren und 9-Aminophenanthren mit HS verschie-
dener Ursprungsorte wurden mittels SPME und Fluoreszenzspektroskopie unter-
sucht. Die beim Vergleich der Ergebnisse beobachteten Differenzen wurden im Zu-
sammenhang mit Unterschieden in der Art der durch die Methode detektierten
Wechselwirkungen interpretiert. Es wurden zwei unterschiedliche Arten von Wech-
selwirkungen postuliert. In Fluoreszenzloschexperimenten wird die Summe beider
beobachtet und kann nicht differenziert werden, wahrend in SPME-Experimenten
nur einer der beiden Mechanismen zu beobachten ist. Damit wird der gefundene
Unterschied in den durch die beiden Methoden gemessenen Sorptionskonstanten
erklarbar. Wéhrend mit der SPME Aktivitdten der Analyten bestimmt werden,
ist die Messung der Fluoreszenz konzentrationsbezogen (s. auch 2.2.1). Aus den
SPME-Experimenten konnten desweiteren auch Hinweise zum Aggregationsverhal-
ten von HS abgeleitet werden. Die Sorptionskonstanten Ky und Kpoys fiir ¢(PAK)
= const. bzw. ¢(HS) = const. waren verschieden, da die Anzahl der qualitativ unter-
schiedlichen Bindungspléatze im Verhéltnis zur Anzahl der PAK-Molekiile in beiden
Ansétzen unterschiedlich variiert.

water bulk phase

H detected by FQT
fast

outer sphere of
interaction

detected by
FQT and SPME

nach:

F.-D. Kopinke, A. Georgi, K. Mackenzie, M.U. Kumke

in: Refactory Organic Substances in the Environment; F.H. Frimmel, G. Abbt-Braun (eds), Wiley 2002.
Sorption and chemical reactions of PAHs with dissolved humic substances and related model polymers
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Interaction between natural organic matter (NOM)
and polycyclic aromatic compounds (PAC) -
comparison of fluorescence quenching

and solid phase micro extraction {SPME)
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Abstract The interaction of phenanthrene and 9-amino-
phenanthrene with natural organic matter (NOM) of dif-
ferent origin was investigated using the fluorescence
quenching approach and the solid phase micro extraction
method. The results of both methods are compared in
terms of the influence of the concentration of the poly-
cyclic aromatic compounds (PAC) as well as the concen-
tration of the NOM on the observed binding constant. Due
to the combination of steady-state and time-resolved fluo-
rescence techniques it could be concluded that the ob-
served fluorescence quenching was caused by a static in-
teraction like a complex formation. While for phenan-
threne both analytical methods showed no long term ef-
fects and the reaction equilibrium between NOM and
phenanthrene was established within the first hour, for
9-aminophenanthrene a slow reaction kinetics (within
days) was found indicating specific interactions between
NOM and the amino group.

Introduction

Natural organic matter (NOM) is present in surface, pore
and ground waters [1-3]. It is well established that NOM
determines the fate and transport of hydrophobic organic
substances |3-8]. However, the interaction mechanism is
still a matter of discussion. Often the interaction has been
described as a non-specific sorption mechanism of the
hydrophobic organic compound (HOC) to hydrophobic
structures of NOM. The driving force for this reaction is
considered to be an increase in the entropy of the system
due to a release of water molecules of the hydrate shell of
the HOC. Recently, specific binding sites were taken into

T. E. Doll - F. H. Frimmel (&2)- M. U. Kumke - G. Ohlenbusch
Division of Water Chemistry. Engler-Bunte-Institute,
University of Karlsruhe, Engler-Bunte-Ring 1,

D-76131 Karlsruhe. Germany

e-mail: fritz.frimmel@ciw.uni-karlsruhe.de

account and in some cases micelle-like structures were as-
sumed for the binding of HOC [9, 10].

The measurement of binding constants between organic
contaminants and NOM is still crucial. Especially analyt-
ical methods using a separation approach like solid phase
extraction or solvent extraction will influence the sorption
equilibrium between NOM and contaminant [11-13].
Other experimental techniques less prone to this interfer-
ence are limited in their application to fluorescing com-
pounds (e.g., fluorescence quenching approach) or time
consuming like the dialysis approach [12, 14-17]. The
solid phase micro extraction (SPME) offers a promising
solution for the determination of binding constants. It is
not limited to fluorescing compounds and has the advan-
tages of few experimental requirements and negligible
disruption of the sorption equilibrium [18-20].

While the interaction of NOM and HOC was investi-
gated extensively, little work has been presented on the in-
teraction of slightly polar compounds like substituted
polycyclic aromatic compounds (PAC). Due to the func-
tional groups (e.g., hydroxy or amino) more specific bind-
ing via dipol-dipol interactions or even covalent binding
could become important. Recently it was proposed that
aromatic amines lead in a slow reaction pathway with
quinone substructures of soil organic matter to covalently
bound products [11, 21].

The objective of the work was to further elucidate the
interaction between NOM and PAC. For the investigation
of the interaction mechanism a non-invasive technique
(fluorescence quenching method) and an invasive tech-
nique (solid phase micro extraction) were applied. The
obtained binding constants Ky (fluorescence quenching),
Ky (SPME, variation of PAC concentration), and Kpoym
(SPME, variation of NOM concentration) are in particular
discussed with respect to the influence of the concentra-
tion of the PAC and of the effect of functional groups
which were used in order to probe specific and non-spe-
cific binding sites of NOM.
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Experimental

The polycyclic aromatic compounds (PAC) were purchased from
Aldrich and used as received. For the preparation of the aqueous
stock solutions phenanthrene (Phen) and 9-aminophenanthrene
(9-NH,-Phen) were dissolved in acetone. 400 pl of the acetone
stock solutions were transferred into a volumetric flask and the sol-
vent was evaporated applying vacuum. The residue was dissolved
in water by sonification for 30 min and shaking over night. Finally,
the aqueous solutions were filtered using a .2 pym polycarbonate
filter. The final concentrations of 9-NH,-Phen and Phen were
1.4 mg/L and 0.7 mg/L, respectively. The solutions were kept in
the dark.

In the experiments natural organic matter (NOM) samples of a
brown water lake (HO13, Lake Hohloh, Black Forest. Germany)
and a commercially available humic material (Al-HS. Aldrich)
were used. The concentration of dissolved organic carbon (DOC)
of the stock solutions was 210 mg/L (HO13) and 1732 mg/L

(AI-HS). In order to obtain a high concentrated stock solution of

HOI3 the original water (DOC approx. 20 mg/L) was caretully
pre-concentrated by evaporation (13 mbar, 30°C). The samples
were 0.45 pum filtered and kept refrigerated in the dark. For the ex-
periments the pH of the solution was adjusted to 7.3 using & phos-
phate bufter solution.

The interaction between the PAC and NOM samples was in-
vestigated using the solid phase micro extraction (SPME) and the
fluorescence quenching technique.

Fluorescence experiments

In the fluorescence experiments concentrations of DOC up to
30 mg/L were used, while in the SPME experiments concentra-
tions up to 300 mg/L DOC were applied. The sorption experiments
as well as the fluorescence quenching experiments were performed
at 20°C.

The steady-state fluorescence measurements were performed
on a LS 5B luminescence spectrometer (Perkin Elmer). In the ex-
periments a spectral bandpass of 5 nm in excitation and em
was used. The measurements were carried out at an excitation
wavelength A, = 314 nm and A, = 275 nm for 9-aminophenan-
threne (9-NH,-Phen) and ph h (Phen). respectively. The
spectra were recorded in the emission wavelength range between
300 nm and 600 nm. The fluorescence measurements of the natural
organic matter samples were performed under identical experi-
mental conditions. In the fluorescence quenching experiments the
inner filter effect of the NOM itself had to be considered. There-
fore, the UV/Vis absorption of the sample solutions was deter-
mined at the excitation and emission wavelengths used. The data
were corrected for the primary and secondary inner filter effect
with an overall correction factor < 3 for the range of NOM con-
centrations investigated [14. 22]. For the determination of the
binding constants Kgy the experimental data were analyzed ac-
cording to Stern-Volmer [14, 22, 23]

The time-resolved fluorescence experiments were performed
using a FL9OOCDT lifetime spectrometer (Edinburgh Analytical
Instruments) operated in the time-correlated \ingle counting mode
(TCSPC). The experimental setup is described in detail elsewhere
{24, 25]. In the time-resolved fluorescence experiments an excita-
tion wavelength A, = 314 nm was used for both PAC investigated.
The fluorescence decay was detected at A, = 365 nm and 375 nm
for Phen and at A,,, = 430 nm and 500 nm for 9-NH,-Phen. The
spectral bandpass in the detection channels was 9 nm. The fluores-
cence decay was recorded in a time window set to 200 ns.

Solid phase micro extraction (SPME)

In the SPME experiments a fused-silica fiber (Supelco) coated
with polydimethylsiloxane (thickness 7 ptm) was used. Prior to the
first application the fiber was once conditioned for 3 h at 300°C in
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a hetium stream and after that at the beginning of the experiments
the fiber was heated for 5 min at 250°C in order to avoid contam-
ination. The sample solutions were agitated for 24 h in the dark at
room temperature to assure that equilibrium was established. For
the sorption experiments the SPME fiber was introduced through a
septum into 30 mL of sample solution. For the analysis the SPME
fiber was directly injected into the anecllon port of a GC and the
PACwere thermally desorbed for 5 min at 250°C (Finnigan MAT,
GCQ: GC capillary column DB-5.MS. J&W). The tcmperature
program in the GC analysis started with an initial temperature of
40°C for 5 min. The temperature was raised with 20°C/min up to
250°C and held constant for 4.5 min. Finally. the temperature was
increased to 280°C with a rate of 10°C/min and kept at 280°C for
7 min.

The determined retention times for Phen and 9-NH>-Phen were
12:58 min and 15:04 min. respectively. For quantiticati
gle ion monitoring mode was used and the muas
I7X/I 52 for Phen and at 193/165 for 9- NH,»Phu\ were LV-lludlt.d
For the SPME typical 1 deviations of §.3%
and 6.5% were found for Phen and 9-NH,-Phen. respectively. In
kinetic experiments the sorption on the SPME fiber was monitored
for 50 min. Equilibrium between fiber and aqueous PAC solution
was reached after approx. 20 min. The amount of PAC extracted
by the SPME fiber at that point was smaller than 1% of the total
PAC in the aqueous sample.

For Al-HS and HO13 the investigated concentration range was
< 300 mg/L DOC. The concentration of Phen was < 0.07 mg/L.
and the concentration of 9-NH,-Phen was < 0.6 mg/L.

Results and discussion
Fluorescence quenching experiments

Steady state fluorescence spectra of the PAC were
recorded at different NOM concentrations and the fluores-
cence intensities were evaluated according to the Stern-
Volmer equation (1):

b

1 1k p00OC) o
1e

Here, I, represents the corrected fluorescence intensity
in the absence (0) and presence of NOM (in mg/L DOC)
and Kgy the binding constant (in L/mg). For all PAC in-
vestigated the observed fluorescence intensity decreased
in the presence of HO13 and AI-HS. Because of the in-
ner filter effect due to absorption of emission and excita-
tion light by the NOM, the observed decrease in the flu-
orescence intensity was corrected to obtain the real fluo-
rescence quenching effect. The corrections are limited to
correction factors < 3 according to Parker [26], therefore
the concentration range of NOM investigated in the flu-
orescence quenching experiments was kept smaller than
30 mg/L DOC. For this concentration range a linear rela-
tionship between the fluorescence quenching and the
concentration of DOC was found. for higher concentra-
tions in DOC (> 30 mg/L) the data showed a positive de-
viation (upward curvature). Two possible reasons have to
be considered: 1. the limited applicability of the correc-
tion of the inner filter effects and 2. the combination of
static and dynamic quenching processes. The combina-
tion of a static quenching (e.g., complex formation) and
dynamic quenching (e.g., coilisional encounter) can be
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cence decays of Phen, Al-HS, 10 :‘.
and Phen + AI-HS in water .
(pl;l 7 Ay =3ldnm, Ay, = % Ay =314 nm
365 nm. time calibration:
0.19 ns/channel, T = 20°C. . - lem= 365 nm
band pass of detection = .t
9 nm). The time profile of the -
lamp excitation pulse is shown .
as well
E 10% .
=]
c
..
10° — T T T — T v T v T
0 200 400 600 800 1000
channel
4~ calculated in the analysis of the corresponding fluores-
W 9-NH,-Phen cence decay data. These small alterations could be attrib-
® Phen uted to a small contribution of NOM fluorescence in the
overall fluorescence decay of the samples (PAC + NOM).
3- This was a confirmation of recently reported results that
the interaction between PAC and NOM is of static nature
= &~ [9, 22] and indicated further that a static interaction (e.g.
s complex formation, sorption) applies for PAC with func-
2- - tional groups as well. Therefore, the observed upward
curvature in the Stern-Volmer data evaluation of the
steady state experiments was most likely caused by the in-
sufficient correction of the inner filter effects (primary
. and secondary) at high concentration of NOM (B(DOC)
> 30 mg/L).
[} 5 10 15 20 In Fig. 2 a Stern-Volmer data evaluation (Eq. 1) of the
8(DOC) in mg/L fluorescence quenching of Phen and 9-NH,-Phen by Al-

Fig.2 Results of the Stern-Volmer analysis of fluorescence quench-
ing experiments of Phen (circles) and 9-NH,-Phen (squares) with
Al-HS. The calculated binding constants Kgy for Phen and 9-NH,-
Phen were 0.13 £ 0.007 L/mg and 0.08 + 0.003 L/mg, respectively

evaluated performing time-resolved fluorescence experi-
ments.

In Fig. 1 the fluorescence decays of Phen, Al-HS, and
Phen in the presence of Al-HS are shown. The fluores-
cence decays contained a fast component that was attrib-
uted to Raman scattering of the excitation light.

In the data analysis fluorescence decay times of 33.5
0.2 ns and 13.5 £ 0.1 ns were found for Phen and 9-NH,-
Phen in water, respectively. In the presence of NOM the
fluorescence lifetimes of the PAC were almost un-
changed. Changes of a few hundred picoseconds were

HS is shown.

In Fig. 3 and Table 1 the results of the fluorescence
quenching experiments for Phen and 9-NH,-Phen with
Al-HS and HO13 are summarized. In the fluorescence
quenching approach the binding constants Kgy were de-
termined for different PAC concentrations and at different
reaction times. For Phen the observed binding constant
with Al-HS was twofold the binding constant found with
HOI13. The calculated Kgy of Al-HS was 0.13 * 0.01
L/mg and agrees well with recently reported Kgy for the
binding of Phen [22]. It is widely accepted that the influ-
ence of the origin of the NOM on the binding constant is
connected to the content of hydrophobic (and aromatic)
structures of the NOM. HO13 was of aquatic origin and
had less hydrophobic structures compared to AIl-HS
which was isolated from soil. Hence, the observed ten-
dency supported the proposed relationship between con-
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Table 1 Binding constants for
the interaction of PAC
(phenanthrene, 9-amino-

Ksv/[L/mg]; Bpac/[mg/L]:

reaction time

Ky/[L/mg); Booc/Img/LY:

reaction time 24 h

0.0097 + 0.0009; 43

0.0015 + 0.0005; 70

0.014 +0.005; 43

0.006 +0.001; 68

Kpowm/[L/mg); Bpac/[mg/l.];

reaction time 24

0.0104 £ 0.0007; 0.02

0.012 + 0.002;

0.015 £ 0.001;

0.012 + 0.002;

phenanthrene) and NOM . .
{Aldrich-HS, brown water HS Shcn 8]; i040|.7- g:‘ ::
HO13). Compared are the cal- 5} ng -129 £0.007; 0.4,
culated binding constants of 0.146 £ 0.008; 0.08; 4 h
the fluorescence quenching ex- 0.12 £0.01; 0.02;4h
periments (Ksy, according to o
Eq. 1) and of the SPME exper-  Phen 0.058 £0.002; 0.4; 4h
iments (Ky and Kpom, accord-  * 3
ing 10 Egs. 2 and 3) HOI3
9-NH,-Phen  0.089 +0.005; 0.7, 4h
+ 0.131 £0.008;0.7; 17d
Al-HS 0.082 £0.003;0.1; 4h
9-NH,-Phen  0.033 £0.001; 0.8; 4h
+
HOI13

Phen + Al-HS
EZ8 Phen + HO13
9-NH_-Phen + Al-HS
E=J 9-NH,-Phen + HO13

Kgin[L/mg]

Fig.3 Comparison of the binding constants Kgy for the interaction
of the investigated NOM and PAC. Presented are the influence of
PAC concentration (B, = 0.4, 0.08, and 0.02 mg/L for Phen and B, =
0.7 and 0.1 mg/L for 9-NH,-Phen) as well as the influence of the
reaction time

tent of hydrophobic structures of the NOM and binding
behavior for hydrophobic organic compounds. A similar
tendency was observed for 9-NH,-Phen. However, the
binding constants Kgy with the investigated NOM were
found to be generally smaller which can be attributed to
the increased water solubility of the PAC due to the NH,-
group.

In Fig. 3 the long-term time dependence of the ob-
served binding constants Ksy are presented as well. For
Phen no influence of the reaction time (up to 5 days) on
the observed binding constant Kgy could be detected. It is
interesting to note that 9-NH,-Phen showed an increased
fluorescence quenching when the sample solutions were
aged for approx. two weeks. This indicates that in addi-
tion to a fast binding within the first few minutes (or sec-
onds) of contact 9-NH,-Phen reacted further on a much
slower time-scale with AI-HS. It is attractive to assume
that this slower interaction process is connected to the
NH,-group and its interactions with functional groups of
the NOM. Due the slow reaction process the binding con-
stant was increased by approx. 40%.

In order to further investigate the interaction mecha-
nism, the influence of the PAC concentration on the ob-
served binding constant Ky was evaluated. The concen-
trations were 0.4, 0.08, 0.02 mg/L, and 0.8 and 0.1 mg/L
for Phen and 9-NH,-Phen. For the monitored concentra-
tion range no influence on the observed binding constant
Kgy was detected. The obtained constants were identical
within the error of determination (see Fig. 3).

Solid phase micro extraction (SPME) experiments

For the determination of the sorption constants two sets of
isotherms were recorded varying the PAC concentration
with data evaluation according to Henry’s law (Eq. 2) and
according to the mass action expression by variation of
the concentration of the NOM (Eq. 3). Equation 2 con-
nects the loading q of PAC on the NOM (in pg/kg) and the
equilibrium concentration B (in mg/L) of the free PAC in
the solution phase.

q =K, - B(PAC) 2)

In Eq. 3 the ratio of the signals F (e.g., areas of the chro-
matographic peaks) in the absence and presence of NOM
are evaluated depending on the concentration 8 of dis-
solved organic carbon (in mg/L).

2~ 1+ Koo -BDOC) ®

Figures 4 and 5 show typical results obtained in the two
experimental approaches for the interaction of Phen with
Al-HS. Both data evaluation methods yielded linear
isotherms in the investigated concentration ranges of PAC
and NOM, respectively. It can be shown that theoretically
Ky = Kpom (see appendix).

Figure 6 summarizes the results of the SPME experi-
ments and compares the obtained K;; and Kpgy values of
the investigated PAC and NOM.

The binding of the PAC was found to be stronger with
Al-HS. This is in good agreement with the fluorescence
quenching results. However, for 9-NH,-Phen the calcu-
lated binding constants were larger compared to the bind-
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Fig.6 Comparison of the in SPME experiments for the determi-
nation of binding constants Ky and Kpoy of Phen and 9-NH,-Phen
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linear correlation coefficients of the Stern-Volmer analy-
sis were better than 0.98. Even considering that the cor-
rection of the inner filter effects was insufficient, it would
hardly explain the large differences between SPME and
fluorescence quenching approach. The aging of the fiber
was checked in a separate set of experiments (data not
shown). Here, no influence on the sorption capabilities of
the fiber was found. However, the sorption kinetics of the
PAC was changed in the presence of NOM. Due to the
NOM the sorption was slower. In a set of experiments the
extraction time was increased to 2 h. It was found that the
binding constants for Phen to AI-HS was nearly doubled
to Kpom = 0.02 L/mg. In control experiments the binding
of Phen to BSA (bovine serum albumin) was determined
for 30 min and 2 h. Here, no influence on the calculated
Kpom was found, indicating that for NOM a very slow
sorption kinetic was present.

Results for the binding between Phen and Al-HS re-
ported in the literature showed differences of more than
one order of magnitude. In particular, binding constants
obtained with different analytical methods were highly
different. In general the fluorescence quenching approach
yielded higher binding constants (reported as Ko which
is normalized to the organic carbon content of the NOM,
in mL/g) compared to other analytical methods. Laor et al.
(17] and Kumke et al. [22] calculated a log Ko of 5.11
and 5.04 using the fluorescence quenching approach.
Backhus and Gschwend [15] and Landrum et al. [27] used
a reversed phase approach for the same system and deter-
mined a log Koe of 3.99 and 3.92, respectively. It is inter-
esting to note that Backhus and Gschwend found a Koc of
4.78 when they investigated the interaction using fluores-
cence spectroscopy. While the reported Koc values deter-
mined by different groups with the same analytical
method did agree quite well, the comparison of different
methods is obviously crucial. This underlines the opera-
tionally defined character of the values.

In summary, both analytical methods yielded similar
tendencies: a) in comparison to the Al-HS, NOM of
aquatic origin bound less PAC; b) due to the NH,-group a
second slow reaction was revealed indicating specific in-
teractions with NOM, and c) there was no influence of the
concentration of the PAC on the observed fast binding and
therefore, no limitation of binding sites for the fast inter-
action in the investigated PAC concentration range. How-
ever, the quantitative data on the interactions revealed by
fluorescence quenching were clearly different from those
obtained by SPME.

Conclusions

In theory the binding constants Kgy, Ky, and Kpoy de-
scribe the same equilibrium reaction and, therefore, should
be the same for a single type of interaction. The differ-
ences in the binding constants obtained by different ana-
lytical approaches suggest the presence of several interac-
tion processes, resulting in non-linear sorption isotherms
of the PAC to the NOM. In the non-invasive fluorescence
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quenching approach all PAC molecules, even the ones
weakly attached to the outer sphere of NOM, were
quenched and hence detected as ‘bound’. On the other
hand, in SPME and the reversed phase approach the dis-
tribution of the PAC between NOM, analytical phase
(fiber or chromatography column), and the aqueous phase
are probed. PAC molecules loosely attached to the outer
sphere of NOM could readily exchange with the aqueous
phase imposing a higher PAC concentration in the aque-
ous phase and thus causing an underestimation of binding
to NOM.

The assumption of a distribution of binding (sorption)
sites for PAC in NOM would also explain the differences
between Ky and Kpoy determined in the SPME experi-
ments (see Fig. 6, especially for HO13). Due to the in-
crease of the PAC concentration more and more weak
binding sites (outer sphere) will be involved in the inter-
action process causing a shift of the experimentally deter-
mined apparent binding constant to lower values. In con-
trary, when the NOM concentration is increased the num-
ber of stronger binding sites is increased relative to the
PAC concentration which remains constant. A higher
value for the apparent PAC binding constant is deter-
mined. Moreover, the experimental data make it tempting
to assume that with increasing NOM concentration aggre-
gation phenomena became important for the sorption
processes. This was indicated by a small negative devia-
tion from linearity (Fig. 5). In case no aggregation would
be present, the number of strong and weak binding sites
(inner and outer spheres) would increase and enough
strong binding sites would be available for the PAC. Here,
a perfect linear relationship in the Kpoy-determination ac-
cording to Eq. 3 would be obtained. As a matter of fact, in
our experiments a slight deviation from linearity was ob-
served. Assuming an aggregation of NOM this could be
attributed to the decrease of the number of readily acces-
sible strong binding sites. In this case more PAC mole-
cules are forced to interact with the weaker binding sites
in the NOM, causing the apparent overall decrease in
bound PAC observed with the SPME approach.

These differences in binding strength may not be de-
tected in the fluorescence quenching experiments if all
PAK molecules bound to the NOM (inner and outer
sphere) are assumed to be non-fluorescent. The differ-
ences between K;; and Kpoy were more pronounced for
HO13. Because of its aquatic origin the number of strong
binding sites (proportional to its hydrophobicity) were
smaller.

The increase of the determined binding constant in the
SPME experiments with increased sorption time could
also be understood in terms of a limited number of readily
accessible strong binding sites and slow reorganization
processes of the NOM (e.g., its aggregates).

Due to results of the combination of fluorescence
quenching and SPME it is attractive to assume for the
sorption of PAC to NOM binding sites of different strength.
Because of these differences in the overall probed binding
sites, comparison of binding constants obtained with dif-
ferent analytical techniques has to be done with care. Fu-
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ture research will investigate the observed ditferences be-
tween the calculated binding constants Ky, Kpoy. and
Ksv to further distinguish binding sites.

Variations in the affinity of the SPME fiber with differ-
ent PAC will prove the conclusions drawn and will help to
further distinguish between different binding sites of NOM.
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Appendix

4=Ky -BLPAK),, (AlD)
- B(PAK), -B(PAK),,
B(DOM)
_ BPAK ), ‘B(PAK)fq
" BOOM)-B(PAK),,
B(PAK), -B(PAK),, = B(PAK --- DOM) (A4)
The index 0 and egq. refer to the initial concentration and
the concentration in equilibrium, respectively.
Substitution of Eq. (A4) into Eq. (A3) yields:
__PBPAK---DOM)
" B(DOM)-B(PAK),,

B(PAK ), ~B(PAK),,

Boow) K BPAK, (A2)
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2.3  Wechselwirkung von Huminstoffen (HS) mit Me-
tallionen

Die Loschung der intrinsischen HS-Fluoreszenz durch Me™" wurde systematisch mit
stationdren und zeitaufgelosten Fluoreszenztechniken untersucht. Es wurde vor al-
lem der Mechanismus der Loschung hinterfragt. Dabei wurde gefunden, dass

e neben der Loschung durch die Komplexierung bestimmter Metallionen (z.B.
AT und Ga®") die HS-Fluoreszenz auch verstiarkt werden kann,

e bestimmte Metallionen (z.B. Eu") einen Einfluss auf die Fluoreszenzabkling-
kinetik der HS haben,

e durch die Komplexierung von Me™* die HS einen Teil der konformativen Frei-
heiten verlieren,

e cs in den Metall-HS-Komplexen durch Photoanregung zu Ligand-zu-Metall-
Ladungstransfer-Prozessen kommt.

Qualitativ laft sich die Loschung der intrinsischen Fluoreszenz durch Komplexier-
ung von Metallionen als die Kombination aus duferem Schweratomeffekt, Verdnder-
ung der konformativen Freiheit der HS und Ladungstransfer-Reaktionen verstehen.
Besonders die Bedeutung von konformativen Verdnderungen, wie sie etwa fiir eine
Reihe von organischen Fluorophoren als TICT-Zustédnde (twisted intramolecular
charge transfer) beschrieben sind, war bisher unterbewertet worden.

In den folgenden Verdffentlichungen wurden Effekte der Metallkomplexierung auf
die Fluoreszenzeigenschaften - vor allem auf das Fluoreszenzabklingverhalten - von
HS untersucht:

12. M.U. Kumke, C. Tiseanu, G. Abbt-Braun, F.H. Frimmel
J. Fluorescence, 1998, 8, 309 - 318.
Fluorescence decay of natural organic matter (NOM) - Influence of fractionation, oxidation,
and metal ion complexation.

13. C. Tiseanu, M.U. Kumke, F.H. Frimmel, R. Klenze, J.I. Kim
J. Photochem. Photobiol. A, 1998., 117(3), 175 - 184.
Time-resolved fluorescence spectroscopy of fulvic acid and fulvic acid complexed with Eu3*
- A comparative study.

14. J.-M. Monsalier, F. Scherbaum, G. Buckau, J.I. Kim, M.U. Kumke, C.H. Specht,
F.H. Frimmel
J. Photochem. Photobiol. A, 2001, 138, 55 - 63.
Influence of photochemical reactions on the complexation of humic acid with europium(III).

Bezug zur aktuellen Literatur Auf die Literatur speziell im Zusammenhang
mit der Komplexierung von Ln?*-Ionen durch HS wird in Kapitel 3 eingegangen.

Die Speziation von Metallionen in natiirlichen Systemen wird durch die Anwesen-
heit von Huminstoffen in diesen bestimmt. Fiir eine erfolgreiche Modellierung des
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Transportverhaltens verschiedener Metallionen in der Umwelt ist daher das Ver-
stdndnis der Metall-HS-Wechselwirkungen von entscheidender Bedeutung [76]. Erst
dann konnen verlassliche Modelle erarbeitet werden, die eine qualitative und quanti-
tative Beschreibung der relevanten Prozesse in der Umwelt erlauben. Diese sind z.B.
fiir Langzeitsicherheitsanalysen bei der Planung von End- und Zwischenlagerstét-
ten fiir radioaktive Abfélle oder andere schwermetallhaltige Abfille bedeutsam, um
Transport- und Mobilisierungsverhalten entsprechend den geogenen Bedingungen zu
erfassen [76-80]. Zur Beschreibung der HS-Me"" -Wechselwirkungen sind verschie-
dene Modelle entwickelt (bzw. weiterentwickelt) worden, von denen das bekannteste
wohl das NICA-Donnan Modell ist, daneben sind weitere Modelle vorgestellt wor-
den, die fiir spezielle Fragestellungen entsprechend den Anforderungen verfeinert
sind [80-90.

Neben elektrochemischen Methoden sind spektroskopische Verfahren weit verbrei-
tet zur Quantifizierung von verschiedensten Me3*-Spezies. Atomabsorptionsspek-
troskopie (AAS) und Massenspektrometrie (MS) gekoppelt mit verschiedenen chro-
matographischen Verfahren sind géngige analytische Methoden, die zur Quantifi-
zierung von Metallen verwendet werden und mehr oder weniger gut zur Speziation
der Metallionen in Gegenwart von HS geeignet sind [91,92]. Der Nachweis iiber
die intrinsische HS-Fluoreszenz und/oder die intrinsische Ln**-Lumineszenz (bzw.
Ac*t-Lumineszenz) hat den Vorteil, dass eine direkte Untersuchung ohne eine vor-
hergehende chromatographische Trennung erfolgen kann, das System HS-Me"* wird
also nahezu ungestort untersucht. Es wurden einfache Emissionsspektren, synchrone
Emissionsspektren und Totale Lumineszenzspektren (excitation-emission matrices,
EEM) aufgenommen [93].

In den synchronen Fluoreszenzspektren der HS wurden bei Zugabe von Me™t unter-
schiedliche Veranderungen in den verschiedenen Fluoreszenzpeaks beobachtet, wor-
aus Riickschliisse auf die Anzahl der beteiligten, unterschiedlichen Bindungsplétze
fiir Me™* in HS gezogen wurden [89,94-97]. Ahnlich wurde in der Auswertung der
EEM vorgegangen [98]. Die Auswertung und Bestimmung der Wechselwirkungskon-
stanten wurde oft mittels einer Stern-Volmer-Analyse gemacht oder nach modifi-
zierten anderen Modellen, wie z.B. von Ryan und Weber [88,94,96,99]. Aus diesen
Messungen wurden haufig zwei bis drei verschiedene Bindungspldtze in den HS ab-
geleitet.

Neben der intrinsischen HS-Fluoreszenz wird die intrinsische Lumineszenz verschie-
dener Lanthanide und Actinide als Sonde genutzt, um die Wechselwirkung von Me"*
mit HS zur charakterisieren. Dabei werden zeitaufgeloste Fluoreszenzspektren (time-
resolved laser fluorescence spectroscopy, TRLFS) gemessen, in denen Beitriage durch
Hintergrundfluoreszenz ausgeblendet werden und so das reine Signal der Lanthani-
de bzw. Actinide detektiert werden kann. Da die Hintergrundfluoreszenz meist auf
der Nanosekundenzeitskala, die Lumineszenz von Lanthaniden und Actiniden aber
auf der Mikrosekundenzeitskala erfolgt, kann dies mit hoher Effizienz experimen-
tell leicht durchgefiihrt werden. Die Hypersensitivitit verschiedener Ubergéinge der
Ln?**- und Ac™*-Ionen spielt hier bei der Speziation der Komplexe eine ganz wichtige
Rolle (s. auch Kapitel 3). Bei den Lanthaniden wurde das Eu*" hiufig als Lumi-
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neszenzsonde eingesetzt, bei den Actiniden waren es fiir die +III-Oxidationsstufe
das Cm*" und das Am** [100-103]. Neben den Wechselwirkungen mit HS wurden
zunehmend auch ternére Systeme betrachtet, in denen Kolloide bzw. feste Ober-
flache in die Betrachtungen miteinbezogen wurden [102-105]. Auferdem wurde die
Rolle von mikrobiologischen Prozessen auf die Mobilitdt von Metallen verstarkt un-
tersucht [106]. Durch Hypersensitivitit einzelner f-f-Ubergéinge konnten Komplexe
mit Huminstoffen, OH~ sowie CO3 unterschieden und die konditionellen Wech-
selwirkungskonstanten bestimmt werden [100]. Das Verhalten von Uran-Spezies in
verschiedenen Umweltkompartimenten, insbesondere die Wechselwirkung mit HS,
wurde mit verschiedenen Fluoreszenzmethoden charakterisiert, z.B. indem die Fluo-
reszenzloschung im Zusammenhang mit verschiedenen HS-Fraktionen, die durch Gel-
permeation erhalten wurden, quantifiziert wurde [107]. Weiterhin wurde die Spezia-
tion von U(VI) (meist das UO3") intensiv mittels TRLFS verfolgt [88,108]. Parallel
zu Untersuchungen von HS/UO3"-Komplexen wurden auch Komplexe mit einfachen
Modellliganden, wie z.B. Malonsdure und anderen aromatischen Carbonsauren, qua-
litativ und quantitative mittels TRLFS charakterisiert [109-111].
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2.3.1 Fluorescence decay of natural organic matter (NOM)
- Influence of fractionation, oxidation, and metal ion
complexation

M.U. Kumke, C. Tiseanu, G. Abbt-Braun, F.H. Frimmel
J. Fluorescence, 1998, 8, 309 - 318.

Die Bestimmung der Komplexierungskonstanten von HS fiir verschiedene Metallio-
nen wird héufig tiber eine Stern-Volmer-Auswertung der Loschung der intrinsischen
Huminstofffluoreszenz durchgefiihrt. Das Problem hierbei ist, dass der Zusammen-
hang zwischen Metallbindungsplédtzen der HS und den Fluorophoren unklar ist und
dass der wirksame Loschmechanismus weitgehend ungeklart ist. Durch detailier-
te Untersuchungen, vor allem in zeitaufgelosten Fluoreszenzexperimenten, wurden
die wirksamen Loschmechanismen hinterfragt. Die Fluoreszenzabklingkinetiken von
HS verschiedener Ursprungsorte wurden in An- und Abwesenheit von Cu?*, Fe?*,
AIP*, und Eu®t gemessen und mittels Verteilungsfunktionen bzw. globaler Analyse
ausgewertet. Zusétzlich wurden die HS gezielt durch Fraktionieren oder Oxidieren
modifiziert. Es zeigten sich je nach betrachtetem Metallion unterschiedliche Einfliis-
se auf die Fluoreszenzabklingkinetiken. Fiir Kupfer wurde kein Einfluss beobachtet,
wahrend die tibrigen Metallionen deutliche Verdnderungen in den Fluoreszenzab-
klingkinetiken verursachten. Als mdégliche Griinde hierfiir sind die verdnderte Kon-
formation der HS durch die Einbindung von Metallionen zu nennen, die sich beson-
ders bei Ionen mit groRer Ladungsdichte (also z.B. A13T) bemerkbar macht oder der
mogliche Energietransfer vom Liganden (hier: HS) auf das Metallion. Dies ist fiir
die Lanthanide (besonders Eu®" und Th3*") zu beriicksichtigen.
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Fluorescence Decay of Natural Organic Matter (NOM)—
Influence of Fractionation, Oxidation, and Metal Ion
Complexation

M. U. Kumke,' C. Tiseanu,' G. Abbt-Braun,' and F. H. Frimmel!:
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Time-resolved fluorescence measurements of aquatic natural organic matter (NOM) derived from
different origins were performed using the time-correlated single-photon counting technique. The
obtained experimental data were analyzed with nonlincar least-squares (NLLS) algorithms. The
results of a global analysis with three exponential decay terms were compared with the results
obtained in a distribution analysis (exponential series method; ESM). Fulvic acid fractions from a
bog lake water, from a brown coal production effluent, and from a soil seepage water as well as
NOM from a municipal waste water were investigated. The influence of the emission wavelength
on the NOM fluorescence decay was monitored. Furthermore, the influence of fractionation using
size exclusion chromatography, of ozonation, and of metal ion complexation on the fluorescence
decay of the NOM samples was investigated.

KEY WORDS: Natural organic matter; humic sut tim Ived fluc distribution analysis.

INTRODUCTION scopic techniques are powerful tools for the investigation
of molecular processes and structures. During the last
decades steady-state fluorescence techniques have been
applied successfully in NOM research [8-12]. Espe-
cially, the synchronous fluorescence spectroscopy has
proven to yield valuable results in the characterization
of NOM [10,12-14]. Recently, the application of time-
resolved fluorescence techniques was introduced into
NOM research [15-20]. For all NOM samples investi-
gated in time-resolved fluorescence measurements, a
highly complex fluorescence decay has been reported
[17-21]. Different approaches to data analysis have been
applied: (a) a robust approach that selects the point of
time the initial fluorescence intensity has decayed to 1/e
(or 1/3¢) to characterize the fluorescence decay [22,23],
(b) the use of a small number of exponential decay func-
tions assuming a low number of fluorescence compo-
nents (discrete component approach; DCA) [17,20,21],
) . . . L and (c) the assumption of a large number of decay func-
! Water Chen?lslry D{yls1<3n, Engler-Bunte-institute, University of tions (/ ~ 100) resulting in a distribution of decay times
Karlsruhe, Richard-Willstétter-Allee 5, 76131 Karlsruhe, Germany. . .
2 To whom correspondence should be addressed. [19,21]. The robust approach will not add substantial
309

In the aquatic environment the transport and trans-
formation of organic and inorganic contaminants are
closely related to the presence of natural organic matter
(NOM). Therefore, the characterization of NOM and of
its interaction processes with xenobiotics is indispensa-
ble.

Recently, efforts were concentrated in investigating
NOM using time-independent techniques and neglecting
the influence of molecular motions of NOM molecules.
These steady-state methods yielded information on mo-
lecular weight distributions [1,2] and the content of
structural components such as phenolic and carboxylic
groups [3-6], and even some basic structures inside the
NOM matrix responsible for light absorption and fluo-
rescence were concluded [3,4,7]. Fluorescence spectro-

1053-0509/98/1200-0309815.00/0 © 1998 Plenum Publishing Comporation
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information in the understanding of the NOM fluores-
cence decay, although it offers a simple way to obtain
an additional characterization parameter for NOM
[22,23]. Using the DCA at least three exponential decay
terms were necessary for a satisfying data representation
of the NOM fluorescence decay (judged on the x? value
and the randomness of the residuals) [17,20,21]. How-
ever, the interpretation of the parameters found is crucial
because they were operationally defined and should not
be mistaken for real fluorophores without further struc-
tural information of NOM. In the application of decay
time distributions no preassumed number of fluorescence
decay components is introduced. McGown et al. used
the maximum entropy method (MEM) and found a tri-
modal distribution of decay times for different NOM
samples [19]. Kumke e al. applied the exponential se-
ries method (ESM) in the analysis of NOM samples of
different aquatic origin and found multimodal decay
time distributions [21].

The high complexity of the NOM fluorescence de-
cay could be caused by several intra- and intermolecular
processes and structural features of the NOM matrix
such as a large number of different fluorophores or a
small number of fluorophores in many molecular envi-
ronments. Possible intra- and intermolecular interactions
are energy transfer between fluorophores and reorienta-
tion processes (e.g., proton transfer reactions).

The objective of the presented work was to inves-
tigate the fluorescence decay of natural organic matter
(NOM) of different origins. By monitoring the influence
of oxidation, of fractionation, and of metal ion com-
plexation on the time-resolved fluorescence of NOM, the
relationship between observed fluorescence and structure
was further probed.

EXPERIMENTAL

Time-Resolved Fluorescence Measurements

Time-resolved fluorescence measurements were
performed using a FL900CDT fluorescence spectrometer
(Edinburgh Analytical Instruments, Research Park, Ric-
carton, Currie, Edinburgh UK) in the time-correlated
single-photon counting mode. The instrument was set up
in a T-geometry format with two analyzing detection
channels. The focal length of the monochromators in the
excitation and emission channels was 300 mm, with an
aperture of /4.2 (optical configuration: symmetrical
Czerny-Turner). The grating of the excitation monoch-
romator was blazed at 250 nm and the gratings of the
emission monochromators were blazed at 500 nm for
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optimal performance. The linear dispersion of the mon-
ochromators was 1.8 nm/mm, which, together with the
slit width, determines the spectral bandpass of the fluo-
rescence measurements. For the detection a photomul-
tiplier tube (PMT) R1527 (Hamamatsu) with a rise time
of 2.2 ns was used. A nF900 nanosecond flash lamp
(Edinburgh Analytical Instruments) filled with nitrogen
gas (1 bar, 6.6 kV, 0.3-mm electrode separation, oper-
ated at 40 kHz) was used for the excitation of the sam-
ples. A multichannel analyzer (MCA) Norland 5000
(Viking Instruments Inc., 128 Owen Road, Madison,
WI) was operated in the pulse height analysis mode. The
memory of the MCA Norland 5000 consists of 4096
channels. In the typical T-geometry format experiment
1024 channels of the MCA were attributed to each de-
tection channel.

For data analysis the commercial software of Ed-
inburgh Instruments was used. In addition to the stan-
dard software features (multiexponential data fitting),
level 2 software was chosen for the decay time distri-
bution analysis and the global analysis.

In order to get reliable results in an acceptable pe-
riod of time the experiments were performed at a count
level of 5 X 10% cpm. The measurement time was usu-
ally below 4 h and the stability of the time profile of the
excitation pulse was controlled by monitoring the fluo-
rescence decay of the NOM samples and the excitation
pulse in cycles of 5000 cpm per cycle.

The excitation wavelength in the time-resolved flu-
orescence experiments was 314 nm. The experiments
were typically run at a time base of 100 ns, with 5 ns
delay of the stop PMT. The NOM fluorescence was in-
vestigated between A, = 390 nm and A, = 590 nm.
In the time-resolved fluorescence experiments the emis-
sion bandpass was 9 nm in both detection channels.

In general, the counting rate was less than 1% for
the NOM samples under investigation, and therefore,
pile-up problems in the decay time data analysis were
not likely to occur. The experimental data were analyzed
with nonlinear least-squares (NLLS) algorithms based
on the method of Marquardt. The results of the data-
fitting procedures were judged by the x? value and the
randomness of the weighted residuals. In the data fitting,
only the fluorescence decay was taken into account.
Therefore, it was not necessary to introduce a shift term
into the data analysis.

Samples and Sample Treatment

In the fluorescence experiments a dissolved organic
carbon (DOC) concentration of 5...10 mg/L was used.
Unless noted otherwise the samples were dissolved in
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Table L. Basic Parameters of the Aquatic NOM Samples
[Q = (@254 /P36 )], Where a Is the Specific Absorption
Coefficient at Wavelength X

HC 0 NC SC Q@EH7)

Bog lake water FA 0.83 0.57 0.01 0.005 12.6

Municipal wastewater L.19 049 005 0.02 1.8
effluent

Effluent from brown 1.04 050 0.03 0.07 9.8
coal production (FA)

Soil seepage water FA  0.82  0.59 001  0.002 13

deionized water (MilliQ water purification system) at a
pH value of 6...7.

The NOM samples were of different aquatic origin,
with the exception of the soil seepage water. Table |
summarizes the samples investigated. The isolation pro-
cedure was based on the XAD method of Mantoura and
Riley using XAD-8 resins and was described by Abbt-
Braun ef al. [24].

Fractionation

The FA isolated of a bog lake water and of a soil
seepage water were further fractionated by size exclu-
sion gel chromatography (TSK HW40S, Merck). The
process was operationally defined by collecting fractions
of the eluting NOM sample at preset times. The soil
seepage water FA was divided into four and the bog lake
water FA into three fractions, respectively. To obtain a
sufficient amount of each fraction the procedure was re-
peated several times. The fluorescence results shown
represent the average of the runs of fractionation. In the
time-resolved fluorescence measurements an excitation
wavelength A, = 314 nm and an emission wavelength
Aem = 450 nm were used.

Ozonation

The ozonation of the NOM sample was performed
in a vessel (height, 0.35 m; diameter, 0.065 m) stirred
by a magnetic stirrer. For the dispersion of the ozone
the reactor was equipped with a porous glass frit. The
ozone concentration in the gaseous phase was measured
before and after passing the reactor using two UV de-
tectors at a detection wavelength of 254 nm [25]. The
bog lake water (DOC = 15 mg/L) was filtered (0.45 um)
and ozonated for a maximum of 20 min. During this
ozonation samples were taken at preset times.

2.3. WECHSELWIRKUNG HS MIT METALLIONEN

DATA EVALUATION

Data Analysis Using a Small Set of Exponential
Functions with Linked Decay Times (Global
Analysis)

The experimental data were evaluated with a sum
of three exponential terms [eq. (1)]:

)= X B e~ M
i=1 T;

Here, (1) is the fluorescence intensity of the sample de-
pendent on time ¢ after the excitation pulse, T, is the
fluorescence decay time, and B; is the related fractional
intensity. The relative fractional intensity 4, of each
component of the total fluorescence decay is given by
Eq. 2):
B, . .

4; B * B, © By with i=123 (2
In the global analysis the three decay times were linked
during the fitting process of a set of experimental data
(e.g., for different emission wavelengths or different
times of ozonation) to find the set of fluorescence decay
times optimized for all decay data sets introduced, and
only the fractional intensities were fitted independently
for each decay data set.

Exponential Series Method (ESM)

In the ESM approach no initial model for the flu-
orescence decay was introduced into the data analysis.
Using the exponential series method (ESM) no assump-
tion was initially made about the number of fluorophores
responsible for the fluorescence decay rather than start-
ing with a flat distribution of exponential decays evenly
spaced on a logarithmic scale [26-29]. The number of
exponential terms could be up to 100 distributed over
several decades of nanoseconds. The fractional intensi-
ties 4; of each decay time were varied during the fitting
procedure. To avoid bias and to vary the decay times,
the fitting was performed with different numbers of de-
cay time and different time intervals in terms of lower
and upper limits of the flat starting distribution of fluo-
rescence decay times. For artificial decay time compo-
nents introduced due to noise in the experimental data,
it is expected that these components are influenced by
the different start conditions for the fit. Real decay time
components should be independent of the start param-
eters.
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4.09 ns 126ns 53.85
T, 1227 ns 164 ns 16.41
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Fig. 1. ESM analysis of NOM derived of a municipal waste water. The experimental data, the fitted curve,
and the corresponding residuals are shown at the left. Right: The obtained distribution of fluorescence decay
times and the calculated mean decay times and related fractional intensities. For the fit 100 decay terms in
a time range between 0.1 and 50 ns were used (A, = 314 nm, X, = 420 nm, DOC = 10 mg/L, pH 6.5).

In general, for the data evaluation a number of 100
fluorescence decay times was chosen, with the lower
limit at 0.1 ns and the upper limit at 50 ns.

RESULTS AND DISCUSSION

For all NOM samples investigated the observed flu-
orescence decay was highly complex. The experimental
NOM fluorescence data were fitted in terms of a mathe-
matical description by a sum of three exponential decay
terms (DCA) and by a distribution of a large number of
exponential decay terms (ESM). The fluorescence decay
distribution analysis worked without a preassumed number
of fluorescing components; only the time range was preset
in the data analysis and should therefore be less biased.

In the data analysis a parameter set of fluorescence
decay times T, and related fractional intensities 4, was
obtained. These parameter sets were operationally de-
fined. 1t should be stressed that their interpretation in
terms of real physical fluorophores (or groups of fluo-
raophores in case of the distribution analysis) has to be
done very carefully.

Fluorescence Decay of NOM Samples of Different
Aquatic Origins—Infl of the E
Wavelength

In order to overcome the lack of reliable literature
data on time-resolved fluorescence, measurements of

NOM of different aquatic origin were performed. The
obtained data were evaluated with three exponential de-
cay terms (DCA; global analysis) as well as with a dis-
tribution of fluorescence decay times (ESM). The
clemental composition and the spectral absorption of the
NOM samples investigated are summarized in Table 1.

Figure 1 shows data on the fluorescence decay of
a municipal waste water and results of the distribution
analysis. For all NOM samples investigated the distri-
bution analysis yielded a trimodal distribution. The re-
sults presented are in good agreement with previously
reported data [17,19,20]. McGown er al. applied a dif-
ferent distribution analysis (maximum entropy method;
MEM) and found a trimodal distribution for the inves-
tigated humic substance as well.

The fluorescence decays of the NOM samples (a
municipal wastewater effluent, a bog lake water FA, and
a brown coal production effluent FA) were monitored in
the emission wavelength range between )\, = 390 nm
and N, = 550 nm. For all fluorescence emission wave-
lengths the ESM analysis recovered a trimodal distri-
bution and variations of the calculated mean fluores-
cence decay times of each peak were smaller than 10%
for each NOM sample. It is interesting to note that the
mean fluorescence decay times of the three NOM sam-
ples were quite similar (see Table II).

The mean fluorescence decay times reported by
McGown et al. were found to be in the same time range
(1, < 1 ns, 7, ~ 3 ns, 73 ~ 10 ns) using MEM analysis
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Table II. Average Mean Fluorescence Decay Times of the Three NOM Samples Investigated in the Emission

Wavelength Range Between A, = 390 and )\,

= 530 nm

Global analysis (ns)

Distribution analysis (ns)

Sample T T, T T L T
Bog lake water FA 1.1 +01 4103 11809 1 x01 43«03 146 =* 1.2
Municipal wastewater effiuent I £02 4404 1261 I +02 41x£02 128=x09
Efftuent from brown coal pro-

duction (FA) 12 +01 43x02 12411 L1 *£02 41x05 148 =27

[19]. Langford and Cook investigated NOM samples de-
rived from soil organic matter. They applied a DCA with
three-exponential decay functions in the data analysis.
They reported decay times shorter compared to the de-
cay times presented here and found by McGown et «l.,
probably due to the fact that the samples were of soil
origin [20].

In contrast to the fluorescence decay times, the rel-
ative fractional intensities were found to be strongly de-
pendent on the fluorescence emission wavelength for
each of the NOM samples investigated in this study.
Figure 2 shows the relative fractional intensities calcu-
lated in the distribution analysis for the three mean
fluorescence decay times. These results are in good
agreement with previously reported measurements of FA
of different aquatic origins [21].

For further discussion the shortest decay time com-
ponent is referred to as 7, and the related rejative frac-
tional intensity as 4,(T,, 4, and 75, A4, respectively). For
T, = 1.1 ns the relative fractional intensity decreased for
all investigated NOM samples with increasing emission
wavelength; for the FA of a brown coal production ef-
fluent it started to rise again for emission wavelengths
above 440 nm. Overall, for this NOM sample the rela-
tive fractional intensity of =, decreased from 47% at 390
nm to about 23% at 510 nm. At the same time its decay
time T, = 4.1 ns increased in its fractional intensity from
40% at 390 nm to almost 67% at 510 nm. The relative
fractional intensity of the third fluorescence decay time
(7; = 14.8 ns) was almost unchanged over the whole
investigated emission wavelength range. The bog lake
water FA showed a comparable trend in the first fluo-
rescence decay time, 7, = 1 ns. Its fractional intensity
A, decreased but to a lesser extent. The fractional inten-
sities of 7, as well as 7, changed with the fluorescence
emission wavelength. Finally, the NOM of a municipal
wastewater effluent showed a steady decrease in the
fractional intensity of 7,, no change for the fractional
intensity of T,, and a steady increase for the fractional
intensity of the third fluorescence decay time. Because
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Fig. 2. Calculated relative fractional intensities of the three mean flu-
orescence decay times in the emission wavelength range investigated.
The results for a bog lake water FA (triangle). a brown coal production
effluent FA (squares), and a municipal wastewater effluent (circles)
(A = 314 nm, DOC = 10 mg/L, pH 6.5) are shown.

the municipal waste water is relatively young in terms
of genesis, its content of fulvic acid-like matter is high
and therefore determined the observed fluorescence.

The experimental data were also evaluated using
three exponential decay functions with the three fluores-
cence decay times linked in the fitting process (global
analysis). For all three NOM samples investigated a
global x? value better than 1.2 was obtained in the data
analysis. It is interesting to note that the results of the
global analysis yielded the same trends in the emission
wavelength dependence of the fractional intensities that
were found in the distribution analysis. In Table II the
calculated fluorescence decay times are compared with
the results obtained in the distribution analysis. It can be
seen that both data evaluation methods yielded the sim-
ilar fluorescence decay times.

The elemental composition of the three samples
was highly different regarding the content of heteroa-
toms (especially of sulfur and nitrogen; see Table I). The
three investigated NOM samples had a relative content
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Fig. 3. Size exclusion chromatogram (SEC) of a bog lake water FA
used in the fractionation experiments (TSK gel, DOC detection).
Shown schematically are the operationally defined cutoff times for the
fractionation.

of sulfur in the order of brown coal production effluent
FA > municipal wastewater effluent > bog lake water
FA. But in the case of the relative nitrogen content the
order has to be changed to municipal wastewater effluent
> brown coal production effluent FA > bog lake water
FA. It is interesting to compare the observed differences
in the fractional contributions 4,, 4,, and 4, for the three
NOM samples with their different heteroatom contents.
For all NOM samples the trend of 4, was quite similar,
but the FA of the effluent of brown coal industry (high-
est sulfur content) showed the strongest dependence on
the emission wavelength for 4,, and for the municipal
wastewater effluent (highest nitrogen content) the most
pronounced influence on 4; was observed (refer to Table
I and Fig. 2, respectively).

Fractionation of NOM

Figure 3 shows a size exclusion chromatogram of
the bog lake water FA. Schematically shown are the cut-
off times in the fractionation of the NOM sample. The
time-resolved fluorescence measurements of the frac-
tions revealed only a small difference in the fluorescence
decay. The calculated fluorescence decay time pattern in
the distribution analysis as well as the global analysis of
the experimental data showed minor differences between
each fraction. For the bog lake water FA the data anal-
ysis of the three fractions 1, II, and IIT and the original
FA yiclded, within the error of the measurements, iden-
tical decay times and fractional intensities. The decay
time distribution pattern showed a small change in the
decay time regime between 2 and 15 ns, with an increase
going from fraction I, with a higher mean nominal molar
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mass, to fraction III, with a lower mean nominal molar
mass. These results were in agreement with data ob-
tained for other properties of the NOM fractions I. . .1II
of the bog lake water (e.g., UV/vis, proton capacities),
where only very small differences were detectable be-
tween the fractions.

For the soil seepage water FA and its fractions
I...IV (see Table III), the differences were more pro-
nounced. With increasing mean nominal molar mass, the
contribution of the longer fluorescence decay times rel-
ative to the l-ns peak was amplified (see Table III and
Fig. 4). Judged by the fluorescence decay time distri-
bution, fractions III and IV were most closely related to
the original soil seepage water FA.

The two fractions with a nominal molar mass
smaller than the original FA seemed to determine the
fluorescence decay. For these two fractions the calcu-
lated fluorescence decay time pattern in the distribution
analysis as well as the results of a global analysis was
similar to the original FA. Fractions I and II showed a
clear decrease in the contribution of longer decay times
(see Fig. 4). Considering the relative contributions of
each fraction to the total dissolved organic carbon of the
original sample, fractions III and IV represent approx.
80% which has to be taken into account in the interpre-
tation of the data (see Table III).

Ozonation of Bog Lake Water

In a previous paper the results of ozonation of
NOM samples of different origins were reported [21]. In
the distribution analysis it was found that due to the
ozonation, the relative contributions of fluorescence de-
cay times in the time range below 1.5 ns (‘‘fast-decaying
components’”) and above 1.5 ns (*‘slow-decaying com-
ponents’’) were changed. The contribution of decay
times shorter than 1.5 ns appeared to be increased rela-
tive to the longer fluorescence decay times. This was
interpreted in terms of a decrease in the molar mass sup-
ported by the results of gel chromatography.

For further investigation we performed experiments
with bog lake water under different times of exposure
to O,. The measurement of the dissolved organic carbon
(DOC) concentration revealed no significant change dur-
ing the ozonation (=15 mg/L). In stcady-statc fluores-
cence experiments the fluorescence intensity was
increased within the first 5 min of ozonation and de-
creased with further ozonation, with only a slight spec-
tral change. The initial increase in fluorescence intensity
could be due to a decrease in the color of the sample
solution, which would have resulted in a reduction of
the “‘inner-filter’” effect. The absorption of the bog lake
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Table IIL Fractionation of a Soil Scepage Water FA Using SEC (TSK Gel)*
Mean nominal mo-  Relative portion of A, (%) A, (%) Ay (%)
Sample lar mass (g/mol) DOC (%) {(r, =1 = 0.1 ns) (1, =39 = 04ns) (r, =106 = 0.7 ns)
Soil seepage water FA 857 100 22.8 46.4 30.8
Fraction I 969 6 39.8 42.1 18.04
Fraction I 850 1 333 42 24.7
Fraction 111 716 45 233 48.5 282
Fraction IV 654 35 20.6 50.7 28.7

2 The mean nominal molar mass was determined relative to a standard (polyethylenglycol oxide; PEO). In the time-resolved fluorescence
an excitati length A,, = 314 nm was used in combination with a detection wavelength of 450 nm. In the measurements

the spectral bandpass was set to 9 nm.

original FA

fraction I

intensity

fraction 11

fraction 111

-~
N

i ' fraction IV

Aa

decay time

Fig. 4. Distribution analysis of a soil seepage water FA and its frac-
tions I, II, III, and IV, with mean nominal motar masses of 857, 969,
850, 716, and 654 g/mol, respectively (., = 314 nm, A, = 450 nm,
DOC = 10 mg/L, pH 5; PEO standard for the determination of the
nominal masses in the SEC).

water decreased from 0.06 before ozonation down to
0.02 after 20 min of ozone treatment. The absorbed
ozone concentration of the reaction solution was ap-
proximately 10 mg/L at + = 20 min.

Time-resolved fluorescence measurements were
performed at two emission wavelengths (420 and 500
nm). In the distribution analysis the recently described
trend of a relative decrease in the longer fluorescence
decay times in favor of the shorter time domain was
confirmed [21]. During the time course of the ozonation
this tendency became more pronounced. Furthermore, a
dependence of the observed trend on the detection wave-
length in the time-resolved fluorescence measurements
was found. In Fig. 5a the results for the global analysis
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Fig. 5a. Ozonation of a bog lake water (DOC = 15 mg/L, pH 6, X\,
= 314 nm) monitored at two emission wavelengths (A, = 420 nm
and A, = 500 nm). The fractional intensities calculated in the global
analysis approach with three linked fluorescence decay times (v, =
08 + 0.1 ns, 7, =34 £ 03 ns,and 7, = 9.7 + 0.7 ns) at different
times of ozone treatment are shown.

approach with three linked fluorescence decay times are
presented. Shown are the fractional intensities of the
three fluorescence decay times (1, = 0.8 * 0.1 ns, 7,
=34 % 03 ns, and 7, = 9.7 = 0.7 ns, respectively)
in the course of the ozonation process.

In the distribution analysis the obtained fluores-
cence decay time pattern was changed due to the ozon-
ation and the quite resolved three main fluorescence
decay time maxima were lost, which went along with
the observed changes of the gel chromatographic sepa-
ration, in which the higher molar mass fraction was re-
duced and the contribution of organic compounds with
a low molar mass (see Fig. 5b; ‘‘salt boundary’’) was
increased. The observed changes in the fluorescence de-
cay due to ozonation were dependent on the emission
wavelength. The fractional intensities 4,, 4,, and 4,
showed a different influence of the ozonation process.
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Fig. 5b. SEC of a bog lake water before and after ozonation (5- and 20-min ozone treatment).

A comparison on a relative base of the emission wave-
length dependence for the influence of the ozonation
process was made. In Fig. 5a the emission wavelength
dependence of the ozonation for the calculated fractional
intensities in the global analysis is summarized. Consid-
ering that different fluorescent structures were attacked
to a different extent by the ozone, the observed depend-
ence of the change in the fluorescence decay at the two
emission wavelengths can be understood.

Effects of Metal Ion Complexation on the Observed
Fluorescence Decay of NOM

For the fluorescence intensity of NOM, quenching
was observed upon metal ion binding. The degree of
fluorescence quenching was dependent on the metal ion.
For copper and iron high fluorescence quenching effi-
ciencies were reported, whereas manganese, lead, and
cadmium werc rather weak fluorescence quenchers
[30,31]. Often the observed quenching of the NOM flu-
orescence intensity is used to determine binding con-
stants for the metal ions. The mechanism of the
fluorescence quenching process is only poorly under-
stood. Neither has the reason for the different quenching
efficiencies of different metal ions been fully investi-
gated, nor is the connection between NOM binding sites
and fluorophores clear. The application of time-resolved
fluorescence methods is suitable to investigate the dy-

namic interaction processes between metal ions and
NOM. Bidoglio ef al. investigated the luminescence de-
cay of terbium and europium in the presence of NOM,
but because of the NOM fluorescence, no conclusions
were made about an interaction mechanism [32].

Our preliminary results revealed no effects of cop-
per on the fluorescence decay of a bog lake water FA,
although the fluorescence intensity was strongly
quenched. Experiments were performed for different
emission wavelengths in the range between 400 and 550
nm as well as for two different excitation wavelengths
(314 and 357 nm, respectively) at pH 5 with a DOC
concentration of 10 mg/L. In the experiments no bulk
precipitation was apparent. The formation of small par-
ticulates (c.g., colloids) could not be totally ruled out but
was assumed to be very small as indicated by the only
minor increase in the light scatter peak. The copper con-
centration was varied between 1075 and 1077 M without
a detectable influence on the observed NOM fluores-
cence decay.

The first results of experiments with alumina and
iron indicated that both metal ions influenced the NOM
fluorescence decay. In the presence of iron(Il) at pH 3
the fluorescence decay time distribution was shifted to-
ward shorter decay times. The ratio of the three mean
fluorescence decay times found in the distribution anal-
ysis without and with iron(Il) present was the same (,
/T8 ~ 1.2, x = 1,2,3). The dynamic quenching of the
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iron(II) was dependent on the emission wavelength and
was increased at shorter emission wavelengths. The fact
that iron(If) equally influenced all fluorescence decay
times made an interpretation in terms of a nonspecific
dynamic interaction process tempting.

AlP* also etfected the fluorescence decay of the bog
lake water FA investigated. However, the observed dy-
namic quenching was smaller compared to iron(l1), the
three mean fluorescence decay times were altered to an
different extent, and moreover, the obtained pattern in
the decay time distribution seemed to change upon the
complexation of AP*.

In further experiments the lanthanide ions europium
and terbium were introduced. Here, the influence on the
NOM fluorescence decay was monitored as well as the
luminescence of the lanthanide ions themselves, indicat-
ing energy transfer from the NOM ligands to the lan-
thanide ions. In the time-resolved fluorescence measure-
ments it was found that the observed change in the NOM
fluorescence decay was dependent on the detection
wavelength. For fluorescence emission wavelengths
greater than 400 nm a quenching of the NOM fluores-
cence decay was found, whereas for shorter wavelengths
the opposite effect was monitored. These results are de-
scribe in more detail in a separate paper [36]. Investi-
gations of the interaction between metal ions and NOM
are a subject of current research projects.

CONCLUSIONS

The application of global analysis with three ex-
ponential decay terms and the distribution analysis re-
vealed similar tendencies for the fluorescence decay
times and the related fractional intensitics. Within the
experimental uncertainty identical fluorescence decay
times could indicate that similar fluorescence structures
are present in the investigated NOM samples. Based on
the results reported for the fluorescence decay of NOM,
it is tempting to attribute a key position to the presence
of heteroatoms. However, this conclusion has been
based on a small number of NOM samples, and further
investigations are needed. It is well proven that a great
part of the nitrogen content of NOM can be attributed
to bound amino acids [33]. Work is in progress to in-
vestigate the influence of enzymatic hydrolysis of the
bound amino acids on the fluorescence of the municipal
wastewater effluent and on the observed emission wave-
length dependence of fractional intensities A,.

Another parameter that should be related to the ob-
served fluorescence of the investigated NOM sample is
the metal ion content, especially that of paramagnetic
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metal ions. Paramagnetic metal ions show the strongest
fluorescence intensity quenching. In our experiments
with metal ions different effects on the fluorescence de-
cay were indicated. Measurements to determine the con-
tent of metal ions in the used NOM samples are in
progress. Preliminary results show that, especially, the
iron content is considerablely high for all NOM samples
investigated (several hundred micrograms per gram of
DOC) [34]. The important role of the iron(IIl)/iron(Il)
balance in photochemical reactions in the presence of
NOM in surface waters is well known [35], but its role
for NOM fluorescence has to be elucidated. The appli-
cation of lanthanide ions, especially europium and ter-
bium, is promising because the metal ion luminescence
offers an additional detection parameter. The fact that
some of the energy level in the europium complexes is
located below 400 nm might explain the observed wave-
length dependence on the fluorescence decay. Experi-
ments with other lanthanide ions with different energy
levels are planed in order to investigate this influence to
a deeper extent.

Based on these results of fractionation using size
exclusion chromatography, it is tempting to assume a
quite homogencous distribution of fluorescence subunits
inside the investigated FA, probably produced in the
XAD isolation procedure or caused by the similarities in
the educts from which the NOM samples were de-
scended.

The suggested connection between nominal molar
mass and observed fluorescence is supported by the in-
vestigations of the influence of the ozone on the NOM
fluorescence decay. Experiments with NOM samples
fractionated based on, e.g., hydrophobicity will further
clucidate the effect of the molar mass on NOM fluores-
cence decay.
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2.3.2 Time-resolved fluorescence spectroscopy of fulvic acid
and fulvic acid complexed with Eu?" - A comparative
study

C. Tiseanu, M.U. Kumke, F.H. Frimmel, R. Klenze, J.I. Kim
J. Photochem. Photobiol. A, 1998., 117(3), 175 - 184.

In zeitaufgelosten Fluoreszenzuntersuchungen wurden neben den Fluoreszenzab-
klingkinetiken bei verschiedenen Emissionswellenldngen die zeitaufgelosten Fluores-
zenzspektren von aus Grundwasser isolierten HS gemessen und der Einfluss der
Komplexierung von Eu®* untersucht. Durch die Metallkomplexierung dnderten sich
die operational-definierten Fluoreszenzabklingzeiten nur wenig, allerdings dnderten
sich die relativen Anteile dieser deutlich. Es zeigte sich eine Abhéngigkeit der Pa-
rameter von Anregungs- und Emissionswellenldnge. Die mittlere, gewichtete Fluo-
reszenzabklingzeit nahm mit zunehmender Emissionswellenlénge zu. In Gegenwart
von Eu?t war dieser Effekt reduziert. Noch deutlicher konnte der Effekt der Kom-
plexierung von Eu®t in den zeitaufgelosten Fluoreszenzspektren der untersuchten
HS gezeigt werden. So wurde beispielsweise der Schwerpunkt im Fluoreszenzspek-
trum in Abhéngigkeit von der Zeit nach Anregung betrachtet. In Abwesenheit von
Eu?* verschob sich der Schwerpunkt deutlich bathochrom, wihrend diese durch die
Komplexierung von Eu®T-Tonen fast vollstindig aufgehoben wurde. Als Griinde fiir
die beobachten Verdanderungen in der Fluoreszenzabklingkinetik kénnen eine verén-
derte Konformation (oder Konformationsdynamik) und Energietransferprozesse in
Betracht gezogen werden.
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Abstract

In this work a systematic characterization of the fluorescence kinetics of fulvic acid by means of a single-photon time correlation
technique is reported. The data were extracted from both single decay curves and time-resolved emission spectra and analyzed by the
exponential series method. The results strongly suggest the existence of a tri-modal decay time distribution with peak decay time values
centred around 0.7, 3 and 10 ns. The relative amplitudes of the decay time distributions were shown to depend on the emission wavelength,
indicating a three-species mixture with slightly different emission maxima and widths. As sustained by time-resolved emission spectra the
same species of fluorophores are responsible for the fluorescence kinetics behaviour of fulvic acid at all excitation wavelengths used in the
experiments. For the first time these techniques and methods were applied in investigating the effects of the Eu®>* complexation upon
fluorescence kinetics of the fulvic acid. Single decay analysis indicates that the peak decay time values are not affected by Eu** addition at
all emission and excitation wavelengths used in the experiments. On the contrary, the dependency of relative amplitudes on emission
wavelength was greatly reduced in comparison with the uncomplexed fulvic acid. This effect is further evidenced by analysing the
barycenter transients of time-resolved emission spectra. Finally, it is also indicated that within the temporal resolution of the experimental
set up used the singlet states play no role as donor states in intramolecular energy transfer from the organic fulvic acid ligands to the Eu**

energy levels. © 1998 Elsevier Science S.A. All rights reserved.

Keywords: Time-resolved fluorescence; Fulvic acid; Europium ion

1. Introduction

Humic substances (HS) — humic acids (HA) and fulvic
acids (FA) — are macromolecular compounds with a very
complex and heterogeneous structure that show polyfunc-
tional, polyelectrolytic and conformationally related proper-
ties [1-4]. Consequently, the fluorescence of dissolved
HS depends strongly on their origin, molecular weight,
concentration, pH, ionic strength, temperature, redox poten-
tial of the medium and finally on the interactions with
organic xenobiotics and anorganic constituents, e.g. metal
ions [5,6].

During the last decade fluorescence spectroscopy has
been successfully applied in extracting useful information
on quantitative and qualitative aspects of HS. However, only
little reliable data on the dynamic fluorescence behaviour
of HS (e.g. fluorescence decay times, time-resolved

*Corresponding author. E-mail: fritz.frimmel @ciw.uni-karlsrunhe.de
'Present address: Institute of Atomic Physics, Solid State Quantum
Electronics Laboratory, POB MG-36, R-76900 Bucharest, Romania.

fluorescence emission spectra (TRES)) have been reported
in the literature.

Recently, the maximum entropy method (MEM) was used
for the data analysis of FA fluorescence decays indicating a
tri-modal fluorescence decay times distribution for the
investigated FA [7]. The peak decay time values reported
were around 1, 3 and 10 ns. In a more detailed study [8], HS
from different aquatic origins were investigated by means of
a different deconvolution algorithm (exponential series
method, ESM), and again a tri-modal distribution with
similar peak decay time values was found for the investi-
gated HS as well. The study proved the applicability of time-
resolved fluorescence measurements for the investigation of
the molecular dynamics of humic substances. A suggestion
to relate certain parts of the calculated fluorescence decay
time distribution with structural subunits of the investigated
humic substances was made.

The acidic functional groups of HS are an abundant
source of metal binding sites in the natural environment.
Studies of metal binding to HS are of great environmental
interest because of the biological and physicochemical

1010-6030/98/$ — see front matter © 1998 Elsevier Science S.A. All rights reserved.
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properties of metals which are often dramatically changed as
a result of complexation by HS [9,10].

In order to understand how these heterogeneous organic
macromolecules bind metals within a large range of binding
energies, TRES has been used to study changes in the
luminescence spectra of lanthanide metal ion when binding
to HS. The study of sensitised fluorescence by energy
transfer from the excited chromophores to the f-element
ion may yield, among others, information about binding
distance between the organic ligand and the metal ion. One
of the metals most extensively studied is the Eu®" ion. As
reported by other authors, Eu binding to humic substances
resulted in sensitised Eu®" luminescence following the
intramolecular energy transfer (IMET) from HS ligands
to Eu excited levels [11-16]. The ‘traditional’ picture of
IMET is based on the donor character of the triplet state of
the organic ligands which transfers the excitation energy
through a dipole—dipole interaction mechanism to the
excited Eu®" levels. For a recent review on IMET, see,
for example, reference [17].

This assumption, however, lacks two important experi-
mental evidences: (a) the impossibility of observing the
phosphorescence of the donor (e.g. the triplet state of HS)
at room temperature and in solution due to strong quenching
processes. In other words, no experimental observations of
the dynamic effect of energy transfer manifested as a fast
initial drop in the luminescence kinetics of the HS donor
could be extracted; (b) no effects of the energy transfer
may be inferred from the acceptor (Eu®") luminescence as
well, within the usual temporal resolution reported in such
studies.

Our preliminary results obtained in a different series of
TRES experiments (details will be published elsewhere)
indicate that the rate of the energy transfer from FA to
Eu®" is faster than the temporal resolution of the instru-
mental set up (approx. 10ns) e.g., larger than 1077
1078 5!, In this case, quantitative estimations of the energy
transfer from the acceptor (Eu’”) luminescence kinetics
were not possible, as no rise time in Eu’"-sensitised lumi-
nescence was detected.

Moreover, the mechanism of IMET from the donor triplet
state to most of the excited state levels of the lanthanide ions
is a (super)exchange one as imposed by the Wigner—Pauli
rule [17,18]. In this case, information on distances between
ligand and metal ion commonly obtained within the
Foerster—Dexter formalism is not straightforward to obtain
[19]. However, this rule may be relaxed in case of the mixing
of the triplet states with energetically closely situated singlet
states.

To the difficulties one usually encounters in TRES studies
concerning interactions between HS and Eu’* ions (as well
as other lanthanides and actinide ions), we must add the lack
of reliable data concerning the effects induced by lanthanide
ions on the fluorescence kinetics of humic substances.

There are three issues we investigate in this paper: (1) the
kinetics of the FA fluorescence and its dependence on

excitation wavelength, emission wavelength and FA con-
centration, (2) the effects induced by Eu** binding on the FA
fluorescence kinetics, and (3) the possible role of FA singlet
states as a donor state for an energy transfer from FA ligands
to Eu®". The latter issue was imposed by (a) the dense
scheme of excited energy levels presented by Eu** in the
region of FA fluorescence (e.g. between 390 and 550 nm)
[20] and (b) some earlier observations according to which in
some of the lanthanide complexes, the IMET process seems
to occur through a direct resonance energy transfer between
a ligand singlet level and a lanthanide ion level [21]

2. Experimental details

The time-resolved fluorescence measurements were per-
formed using a FLOOOCDT fluorescence decay time spectro-
meter (Edinburgh Analytical Instruments, UK) in the time-
correlated single photon counting mode. The instrument was
set up in a T-geometry format with two analyzing detection
channels. The grating of the excitation monochromator was
blazed at 250 nm and the grating of the emission mono-
chromators was blazed at 500 nm for optimal performance.
The linear dispersion of the monochromators was 1.8 nm/
mm which determined together with the slit width the
spectral bandpass of the fluorescence measurements. For
the detection photomultiplier tubes (PMT) R1527 (Hama-
matsu) with a typical rise time of 2.2 ns were used. A nF900
ns flash lamp (Edinburgh Analytical Instruments) filled with
nitrogen gas was used for the excitation of the samples. The
multichannel analyser (MCA) Norland 5000 (Viking Instru-
ments, USA) was operated in the pulse height analysis
mode. The memory of the MCA Norland 5000 consists
of 4096 channels. In the typical T-geometry format experi-
ment 1024 channels of the MCA were attributed to each
detection channel.

For data analysis the commercial software package of
Edinburgh Instruments was applied based on the ESM
approach and on the discrete components approach
(DCA). For a reliable data evaluation of complex fluores-
cence kinetics the acquisition rate (reported as the count rate
at peak maximum) is a crucial parameter. Experiments
at different levels of counts (10°~10° counts at the peak
maximum) were performed and the influence on fitting
results was monitored.

The measurement time was usually below 4 h, and the
stability of the time profile of the excitation pulse was
controlled by monitoring the fluorescence decay of the
NOM samples and the excitation pulse in cycles of 5000
counts per cycle. In general, the counting rate was less than
1% for the natural organic matter samples under investiga-
tion and therefore pile-up problems in decay time analysis
were not likely to occur.

The excitation wavelengths in the time-resolved fluores-
cence experiments were 314, 357 and 379 nm. The experi-
ments were typically run at a time base of 100 ns with
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5ns delay of the stop PMT. Fluorescence emission was
detected between 380 and 580 nm with a spectral bandwidth
of 9 nm.

Steady-state fluorescence measurements were performed
with a Perkin—Elmer LS 5B spectrofluorometer. In the
standard steady-state experiments a spectral bandwidth of
10 nm in excitation and emission was used. Excitation
wavelengths of 314 nm were applied and the spectra were
recorded in the range between 350 and 600 nm. The spectra
were background corrected and for comparison purposes
normalized to the dissolved organic carbon concentration
(DOC, in mg/1). The Raman signal of pure water was used as
internal standard for the correction of day-to-day fluctua-
tions of excitation intensity. The fluorescence intensities
were not corrected for the inner filter effects nor for the
spectral difference of the PMT response because the spectra
were evaluated on a relative base and no change in the shape
of fulvic acid fluorescence was observed under experimental
conditions.

The fulvic acid fraction under investigation was extracted
from one of the deep ground waters in Gorleben area in
northern Germany. Details of the extraction and purification
as well as basic data can be found elsewhere [22]. Stock
solutions of Eu*" were prepared by dissolving Eu,0; in
0.1 M HCIOy4 and dilution with 0.1 M NaClO,. The pH for
pure and complexed FA samples was adjusted to approx. 6,
and the concentration of Eu®* was kept in all time-resolved
fluorescence experiments at 10~% M.

Fluorescence was monitored for a DOC in the range
between 5 and 30 mg/l in steps of 5 mg/l. In general, the
influence of Eu*" on FA fluorescence decay was monitored
for a DOC of 10 mg/l. All fluorescence measurements were
performed at room temperature.

3. Results

The time dependence of the fluorescence intensity /(r) was
measured and the data were analyzed using three discrete
exponential terms (DCA) and with a distributional analysis
based on the ESM, [23,24].

o0

I(t) = /A('r)exp(—t/r)dr [¢))

0

In this approach up to 100 decay times ranging from 0.1 to
50 ns equally spaced in the logarithmic time scale were used.
The amplitude distribution A(7) recovered by the ESM
represents the maximum probability of amplitudes among
the decay time components. The quality of the exponential
fit was determined from the randomness of the weighted
residuals distribution at x* close to unity. The parameters of
fluorescence decay obtained by the ESM are defined as
follows: (a) the distribution A(7) is divided in as many peaks
(or decay components) as can be clearly separated by two
successive well-defined minima; (b) the peak decay time

values, 7;, represent the average position of the peak i in ns,
calculated as:

T= AT/ D 4 @
J J

calculated over all decay times j included in the peak i; the
relative amplitude A, is the ratio of the peak surface ) A;
over the entire surface of the distribution. The ESM analysis
also provides the distribution width parameters reflecting
both the degree of inhomogeneity experienced by fluores-
cing species and noise effects. The experimental data consist
of a convolved decay curve, and thus the ESM recovery
curve, I(t), is obtained by iterative re-convolution with the
instrumental response function.

To obtain accurate fluorescence decay parameters, the
following steps were used: the visual inspection of the
experimental decay curves to establish the best fitting range;
DCA fit and ESM analysis together with choosing between
the optimum of the xz values and the best images of the
residuals.

3.1. Single decay curves analysis

3.1.1. Dependence of the fluorescence decay of FA and FA
complexed with Eu’" on the excitation wavelength

FA: The FA fluorescence was excited at three excitation
wavelengths A\x=314, 357 and 379 nm, the first two wave-
lengths were chosen around the maximum of the fluores-
cence excitation spectrum of the FA and the third
wavelength was selected at the red edge of the fluorescence
excitation spectrum (see Fig. 1).

Within the experimental spectral resolution, the shape
of FA excitation spectra were minimally changed upon
complexation with Eu®': there were only second-order

80 300 320

340 360 380 400 420
A/ nm

Fig. 1. Excitation spectrum of the FA at room temperature (emission
wavelength is 450 nm). The excitation and the emission slit widths were
10 nm. The dotted line represents the background fluorescence spectrum
of water.
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Fig. 2. The fluorescence lifetimes distribution of the FA recovered by
ESM. Excitation wavelength: 314 nm (bandwidth 10 nm). Temperature
18°C. Above: Aen=390 nm; 4x10* counts in the peak channel. The
corresponding )(3 value was 1.037. Below: Aeyn=530 nm; 4x 10* counts in
the peak channel. The corresponding x? value was 1.098. Fluorescence
decay parameters values are listed in Table 1.

changes observed in the difference spectrum (figure not
shown). These changes may involve increased intensities
of certain modes but no changes in the eigenvalues of the FA
states.

In most cases, the decay time distributions obtained with
the ESM analysis had a three modes pattern with the
corresponding peak decay times centred around the follow-
ing values: 0.7-1; 3-3.6 and 8-10ns with A,=314 nm
(Fig. 2) and three to four peak decay times centred around
0.7-0.9, 2.2-2.7, 5-6ns and 15ns with A=357 nm,
respectively. At an excitation wavelength of 357 nm a fourth
decay time component appeared that could not be neglected,
as its relative amplitude was around 10% for emission
wavelengths larger than 450 nm. At an excitation wave-
length of 379 nm the decay parameters for the emission
wavelengths Ae;,=390 nm and \.;,=420 nm were compar-
able with those obtained with A\,,=314 nm.

Table 1 summarises the fluorescence decay parameters
found for the FA under different excitation wavelengths. The
results for peak decay time values, the relative amplitudes
and the mean decay times recovered by the ESM analysis are
also shown. Within certain limits, these results witness the
absence of a significant excitation wavelength dependence
of the fluorescence decay time distribution. The ESM results
are in satisfactory agreement with the results recovered by
DCA (three-exponential fitting).

FA complexed with Eu’": In the time-resolved fluores-
cence experiments the concentration was 10~* M. At this
Eu’" concentration all metal binding sites were saturated.

Similar with the case of FA, the ESM results concerning
the fluorescence kinetics of FA complexed with Eu** did not
reveal significant changes with the excitation wavelength. At
each excitation wavelength a three-modes decay times dis-
tribution was calculated, the peak decay-times values being
unchanged in comparison with the values obtained without
Eu**. For illustration, in Table 2 the decay parameters
obtained at \.,=314 nm are listed. The ESM results are
also in satisfactory agreement with the results recovered by
DCA (three-exponential fitting).

3.1.2. Dependence of the fluorescence decay of FA and FA
complexed with Ew’" on the emission wavelength

FA: All the measured fluorescence decays were highly
non-exponential and showed a large variation as the emis-
sion wavelength A, was varied in the range between 390
and 550 nm. The mean decay times at Aex=314 and 357 nm
increased up to 50% and 200%, respectively (see Table 1).
At A\ex=379 nm the fluorescence decay was measured at two
emission wavelengths 390 and 420 nm. Therefore no trend
of the mean decay time over the emission range could be
inferred. Below, we resume the results obtained with
Aex=314 nm, with the emphasis that these results could also
be regarded representative for A=357 nm, and for
Aex=379 nm: (a) all peak decay time values showed a slight
shift in the same direction (towards larger values) with
increasing emission wavelengths. However, due to experi-
mental and method calculation errors this trend has to be
judged very carefully. (b) there was a continuous redistribu-
tion of the relative amplitudes between the shortest and the
longest decay time values, in a sense that the latter is
favoured at longer emission wavelengths. The second decay
constant represented the majority of the fluorescence decay
components and it showed only a slight variation of its
relative amplitude (about 45-55%) over the measured emis-
sion wavelength range. Therefore, variation of the FA
fluorescence mean decay time across the emission spectrum
could be related to changes in the relative amplitudes of the
first and the third component of fluorescence decay. At
Aex=357 nm and for emission wavelengths larger than
450 nm, the middle decay time components, centred around
2 and 6 ns, redistributed their relative amplitudes in the
sense that the 6 ns decay time became favoured at longer
emission wavelengths. (c) There was a significant contribu-
tion to the decay time distribution at short decay times (up to
35-40%) at the blue edge of the emission spectrum at
Aex=314 nm and up to 30% at A,=357 nm. This feature
is typical of FA from different origins [8] and, as resulted
from our data, this parameter did not vary with the con-
centration of the FA. (d) For the longest decay component
obtained at \.x=314 nm there was a larger dispersion of its
values between 6 and 10 ns, most probably due to the noise
effects which imposed different final fitting range values in
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Table 1

Dependence of the fluorescence decay parameters of FA on the emission wavelength recovered by ESM (excitation wavelengths A.x=314, 357 and 379 nm,

temperature 18°C)

Aex (nm) Aem (nm) Peak decay times, 7; (ns) and relative A; (%) Tmean' (NS) X"

314 390 0.740.3 3.1+0.9 9%£1.1 52 1.037
36 51 13

357 390 0.7+0.4 2241 6.1+£1.2 4.1 1.065
31 46 21

314 420 0.8+0.5 33%1.1 10£1.5 6.2 1.074
27 56 17

357 420 0.740.3 2.34+0.9 6+0.6 16+1.2 6.9 0.985
21 46 28 5

379 420 1+0.6 3.2+1.1 8.5+1.4 5 1.121
39 47 14.5

314 450 0.84+0.5 3+0.9 8+0.9 5.7 1.034
25 49 26

357 450 0.940.6 2.5£1.2 5.5+1 15425 73 1.155
23 35 34 8

379 450 1£0.5 3.240.6 8+0.8 54 1.023
27 48 22

314 490 0.94+0.6 33%1.2 9£1.5 6.4 1.046
22 51 27

357 490 0.7+0.4 2.240.8 5.1+£0.9 15 8.5 1.080
13 34 39 10

314 530 1£0.6 32409 9+£1.1 6.7 1.098
18 52 30

357 530 0.8+0.6 2.7+0.8 6.5+0.9 15+2.4 85 1.043
13 40 35 12

314 550 1£0.5 3.6+£0.6 10£1.2 75 1.025
16 51 33

357 550 0.8+0.7 22412 5.7+14 1642.6 8.8 1.117
14 32 43 10

*Tmean is calculated according to equation: Tmean = ZA,T,Z/ > A;7;, which emphasises the long time component of the decay function.

each of the cases. (e) All values of relative amplitudes were
positive over the whole emission range studied, i.e. no
tendency to negative values for the third amplitude was
observed, even for emission wavelengths longer than
500 nm. (f) The decay parameters were invariant with FA
concentration in the range between 5 and 15 mg/I dissolved
organic carbon (DOC).

FA complexed with Eu’*: In contrast to the slight depen-
dency of the decay parameters of FA complexed with Eu®*
on the excitation wavelength, the variation of the emission

Table 2

Fluorescence decay parameters of FA complexed with Eu®* at different
emission wavel hs (excitation wavelength A,=314 nm, temperature
18°C, ((Ew*")=10"* M)

Aem(nm)  Peak decay times, 7; (ns) and relative A; (%)Tmean (0S) XZ

390 0.7£0.5 3.240.7 11+0.8 6.9 1.037
29 54 17

420 0.7£0.6 3.1£09 11£1.1 72 1.074
26 55 19

450 0.75£0.5 3.24+0.8 10£1.1 7.7 1.034
26 50 24

530 0.8+0.5 3.241.1 11+1.4 7.1 1.098
27 49 24

Tmean 18 calculated as shown in Table 1.

wavelength gave strong differences relative to the FA fluor-
escence mainly at the blue and the red edges of the emission
spectra. To illustrate these changes, in Fig. 3 the decay
curves of FA and FA complexed with Eu®" are presented,
measured at the spectral edges of the emission spectra at
Aex=314 nm

As shown in Fig. 3, the effects of Eu®* complexation on
FA fluorescence kinetics can be resumed as follows: (1) at
the blue edge (390 nm), the kinetics of FA in the presence of
Eu’" was slowed down in the first approx. 20 ns while for
times longer than approx. 40 ns the kinetics was accelerated;
(2) at the red edge of the emission spectra (530 nm), the
opposite effect was observed and (3) the effect of Eu** on
FA fluorescence kinetics was stronger with decreasing emis-
sion wavelengths (Tables 1 and 2, Fig. 3).

Upon the addition of Eu**, we found that the differences
in FA fluorescence decay times between the extremes of the
emission range investigated were strongly reduced; a sur-
prising result if one takes into account the strong variation of
FA fluorescence kinetics with emission wavelength. For
comparison, in Fig. 4 the experimental decay curves of
FA and FA complexed with Eu** are shown measured at
Aem=390 nm and 530 nm with A.,=314 nm.

As expected, the decay parameters for FA complexed with
Eu*" showed a only slight dependence on the emission
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Fig. 3. The fluorescence kinetics of the FA and FA complexed with Eu**
excited at 314 nm and measured at 390 nm. The insert shows the
fluorescence kinetics of the FA and FA complexed with Eu® measured at
530 nm. ((Eu**)=10"*M). All curves represent the fits of the experi-
mental fluorescence decays to a three-exponential function.

wavelength for the decay time distribution with the peak
decay time values centred at 0.7, 3.1 and 11 ns, and the
relative amplitudes of 27-29%, 49-54% and 17-24%,
respectively (Table 2). Also, the mean decay times varied
only slightly with emission wavelength: 10% in comparison
with a 50% increase in the mean decay time of the FA over
the same emission spectral range is measured at
Aex=314 nm (Table 2).

3.2. Time-resolved emission spectra
TRES were reconstructed from 20-21 individual decays

as a function of emission wavelength in the range between
390 and 580 nm (bandwidth 9 nm) with a 10 nm spectral

10° g T e — .
10°
>, N
% 10" @
§ 10°
sz P 3
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e
£ L TN oy, 530N
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Fig. 4. The fluorescence kinetics of FA excited at 314 nm and measured at
390 and 530 nm emission wavelengths. Insert shows the fluorescence
kinetics of FA complexed with Eu*" measured at the same excitation and
emission wavelengths. All curves represent the experimental fluorescence
decays.

step. Fluorescence was excited at 314, 357 and 379 nm and
the decays were accumulated up to approx. 3x 10* counts in
the peak channel. Each decay curve was fitted with a three-
exponential function by using an iterative reconvolution
scheme to partially remove the effects of instrumental
broadening.

To describe quantitatively the evolution in time of the
emission spectra, the experimental spectra were fitted at any
time to a log-normal line shape [25]. Two parameters were
used: (a) the barycenter in frequency, B(f) was computed
from the raw spectra and (b) emission maxima vy, were
determined from the log-normal line shape fitted spectra.

In contrast to the single-curve decay analysis, the con-
struction of time-resolved emission spectra has the advan-
tage that the full contour of the emission spectrum obtained
from an analytical procedure may lead to a better visualisa-
tion of processes occurring in the excited state. This is
especially important for the extraction of qualitative and
to a less extent quantitative effects on FA fluorescence
induced by Eu®* complexation. The analysis of the TRES
performed involved at least two steps of non-linear regres-
sion which were the fitting of the decay curves at each
emission wavelength to a multi-exponential form (to a
three-exponential function in our case) and a fitting of the
emission spectra at each moment 7 to a log-normal gaussian
line shape function. In more sophisticated approaches
of dynamical relaxation, the transient of the spectral shift
is also fitted to a multi-exponential form [26]. An error
source imposed by our experimental set-up was the normal-
ization of emission spectra [27] because the steady-state
emission spectra and TRES were measured on different
instruments.

In order to overcome these limitations, all TRES results
were discussed only on a comparative basis: TRES were
compared either at different excitation wavelengths for the
FA, or at the same excitation wavelength for FA and FA
complexed with Eu®*.

The expression for the log-normal gaussian line shape
used in TRES fitting is:

T 1+ pBAv

with Av=v,,x—v and v=1/) in units of cm™". There are
four parameters in the fit: the amplitude at the peak I, the
width and skewness parameters, « and /3, and the frequency
at the peak, V. (emission maxima). The log-normal dis-
tribution is a skewed gaussian distribution (it tends to a
gaussian one as (Av—0). Its area, a and full width at half
height, w are given by:

a=1Iy=[r/(af)"?
w = [exp(6) — exp(—6)]/[Bexp(20) ] @
& = (2a)7% + (In2)/a

L(v) exp[—aln®(1 + BAV)] 3)

Due to spectral resolution, no variation in time of the full
width at half height, w, could be measured at each of the
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Fig. 5. Three-dimensional representation of a TRES experiment. The
smooth curves shown in the graph are the fits of the FA experimental
spectra (21 emission wavelengths) to a log-normal line shape function.
Aex=314 nm and Ar=2ns.

three excitation wavelengths. As a consequence, we limited
our investigations to one parameter, e.g. the emission max-
ima, V. provided by means of a non-linear least squares
routine.

Time dependence of the barycenter and of the emission
maximum of the emission spectra: The variation of the
fluorescence composition with the emission decay rate gave
rise to time-evolving spectra shown in Fig. 5.

The curves in Fig. 5 are log-normal fits to the 21-point
experimental data at times between O and 40ns, at
Aex=314 nm, using a temporal step of 2 ns. As can be seen,
the fluorescence spectra shifted in time without any notice-
able narrowing or changes in shape. A detailed analysis of
the spectra, applying a deconvolution with three gaussians,
revealed slight variations of line shape and width, nicely
illustrated in Fig. 6. No similar behaviour was observed with
FA complexed with Eu**, the emission spectra remaining
constant in line shape, width and, within spectral resolution,
in the position of the maximum intensity (results not shown
in the graph).

Thus, the instantaneous emission spectrum was attributed
as the envelope of three gaussians with different centres of
gravity (vg;) and widths (o;):

[vi — 1/0/]2
Xexp| ——=5—

3
: 1
I(v,t) = E Io; —t/70) X —(—
(U, ) 2 UtexP( /7—01) o, 20_[2

%)

‘We must stress that the analysis based on multi-gaussian
deconvolution needs to be proven with both a higher spectral
and temporal resolution and it is the subject of current work.

FA: The evolution in time of the barycenters of the
emission spectra at each excitation wavelength is shown
in Fig. 7.

Several features of these curves deserve comments: (a) the
emission spectra moved in the same sense, e.g., towards
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Fig. 6. Time-resolved emisson spectra measured at times of 0, 8 and 20 ns.
The smooth curves shown in the graph are the fits of the FA experimental
spectra to a three-gaussian line shape function. A.x=357 nm.

longer emission wavelengths; (b) the barycenter shifts were
quite similar, and they were about 15-20 nm (approx. 600—
1000 cm ™). Accuracy in determining the emission maxima
shifts could be regarded as satisfactory, as these shifts were
larger than the spectral resolution (limited to 9 nm); (c) the
time dependencies of the barycenters were rather similar for
all excitation wavelengths used. There were still some
differences: at A.x=314 nm, most part of the barycenter
shift (more than 60%) was accomplished in the first 3-5 ns,
while for the other two excitation wavelengths the same
range shifted towards longer times (about 10 ns); (d) The
plots of emission maxima and barycenter transients look
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Fig. 7. Evolution with time of the FA emission spectra barycenters at 314,
357 and 379 nm (star curves). For comparison, the evolution with time of
the maxima of emission spectra at 314 nm excitation wavelength (see text)
is also represented (line curve).

qualitatively similar, suggesting that within our experimen-
tal resolution, the spectra did not change noticeably in time
in their width and shape, independent of the excitation
wavelength. For comparison, in Fig. 7 also the emission
maxima transient obtained at A\x=314 nm is plotted.

FA complexed with Eu’>": With the addition of Eu®" the
temporal behaviour of the maximum and of the barycenter of
emission spectra changed significantly. Within our experi-
mental resolution these changes are consistent with the
single decay curve analysis, e.g., showing an almost constant
value with time for these two parameters. However, judged
on a comparative basis, the trends are clearly different for
the TRES of FA and FA complexed with Eu**.

In Fig. 8 the evolution in time of the barycenters of
emission spectra of FA and Eu®*-bound FA in the first
40 ns after excitation are shown. For comparison purposes
only, the B and v,,,x measured for FA and Eu’*-bound FA at
time 0 were normalized.
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Fig. 8. Evolution with time of the barycenter of emission spectra at
357 nm excitation wavelength: (a) FA complexed with Eu’* and (b) FA.

amplitudes of the decay components while the values of
peak decay time may be regarded as constant within experi-
mental and method calculation errors (Table 1). In contrast
with emission wavelength dependency, fluorescence
kinetics changed only slightly with excitation wavelength
(Table 1).

The study of the emission wavelength dependency of the
decay curves indicated that a great part of fluorescence
decay complexity was due to the inhomogeneous emission
decay kinetics determined by ground state heterogeneity
effects. Ground state heterogeneity can be expected due to
complex mixture of different fluorophores which compose
the FA structure on which are superimposed different dis-
tributions of environments experienced by each of the
fluorophore species. The results indicate that the emission
spectrum of FA may be regarded as the superposition of (at
least) three broad spectral envelopes, with slightly different
emission maxima and widths. It is tempting to attribute the
shortest decay time component (approx. 0.7 ns) to the blue
edge of the spectral range, where its amplitude was most
pronounced. This feature may be regarded as typical for FA
of different origins [8].

However, if ground state heterogeneity would be the only
factor responsible for the trends in the TRES, one may
expect that the amplitude of the short decay time component
has a maximum value either at the blue or the red region,
depending on the details of the FA structure. Also, fluores-
cence kinetics would depend more strongly on the excitation
wavelength as this dependency is an indication of inhomo-
genous decay kinetics due to the static effects in the dis-
tribution of the excited state species within the initial
ensemble of fluorophores. The expected effect would man-
ifest in the enhancement of one of the relative amplitudes of
the decay components to the detriment of the other. As
shown in Table 1, this is not actually the case, as the value of
the relative ratio A;/A,/A3 is almost invariant with the
excitation wavelength at least in the blue region of the
emission range (390460 nm). As a consequence of the
above considerations, one could expect that other processes
contribute to the temporal inhomogeneity of FA fluores-
cence decay as well. These processes may manifest during
the excited states decay time of the FA, such as intramole-
cular and intermolecular rearrangements of the fluorophores
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together with a reorganization of fluorophore-solvent hydro-
gen bonds.

The TRES are very sensitive to both changes of 7; and A;
in the course of the relaxation processes [27]. Together with
single decay analysis a deeper insight into FA fluorescence
decay kinetics was achieved. The time shift of the TRES
may be observed even in the case when negative amplitudes
are absent (no excited state reactions) or in the absence of the
dynamic relaxation process. As discussed in Section 3.1.2,
no tendency towards negative values of the relative ampli-
tudes (related to the longest peak decay time) was detected
when measuring the kinetics at the red spectral edge. Also,
the relaxation process takes place on a time scale much
faster than our experimental resolution as the time of the
reorientation of the water dipoles is the order of picoseconds,
much too fast to be detected with the instrumental set-up
used [26].

The TRES data sustain two important conclusions: (a) the
fluorescence kinetics of FA depended rather weakly on the
excitation wavelength and (b) there were the same fluoro-
phores which contributed to the evolution in time of the
emission spectra, whatever excitation wavelength was used.
The last conclusion is based on the similar trends with time
presented by the barycenters of the emission spectra of FA,
at each of the excitation wavelengths (Fig. 7).

Fluorescence spectra shifted in time with slight narrowing
and changes in shape (Fig. 6). These aspects of the dynamics
may be not intuitive, especially when the ratio of the shortest
and longest decay time components has a good contrast
value, which is approx. 15 (see Table 1). Thus, one might
expect instead that the heterogeneity effects would lead to a
narrowing of the spectrum due to the preferential depletion
of the short decay time component (situated more or less by
coincidence, at the blue spectral edge). That this did not
happen in the present case may be due to the fact that we
have a superposition (at least) of three broad emission
spectra, with closely spaced maxima and similar widths.

Eu’* complexation effects upon FA fluorescence kinetics:
In the presence of the Eu>*, the dependency of the relative
amplitudes of the fluorescence decay of the fulvic acid on
the emission wavelength was greatly reduced (in compar-
ison with the uncomplexed FA). (Tables 1 and 2 and also the
insert in Fig. 4). As expected, for the FA in the presence of
Eu®* the mean decay time varied within only 10%, from 7 ns
at A\en=390 nm to 7.7 ns at A, =550 nm, whereas in the
case of FA the mean decay time varied with almost 50%
from5.2t07.5 nsoverthe same spectralrange (Tables 1and?2).

These results are contrary with what was expected from a
dynamic quenching effect, e.g. reduction of the peak decay
time values of FA fluorescence in the presence of Eu®". The
invariance of the decay time values of the FA fluorescence
with Eu*" addition indicates that the effects of Eu*" com-
plexation upon FA fluorescence were not related to energy
or/and electron transfer between FA singlet states and the
Eu’* ion. Quenching of FA fluorescence induced by Eu®"
appeared only static in origin and may have as much to do

with its paramagnetic properties as with its spectral proper-
ties. Quenching involving the so-called external heavy atom
effect reflects efficient singlet—triplet intersystem crossing in
FA brought up by an increase in spin-orbit coupling [28]. In
our preliminary steady-state experiments the extent of static
quenching, n = 1 — I/, with I and I, being the fluorescence
intensities of Eu®'-bound FA and FA, respectively, was
around 20% at A.x=314 nm.

TRES data confirmed the Eu®* effect upon the relative
amplitudes redistribution of FA decay time components. As
illustrated in Fig. 8, the barycenter varied almost insignif-
icantly in time, in comparison with the same evolution of
FA. This small variation in time of the barycenter may be
easily explained if one takes into account the constancy of
the peak decay time values and the small variation with the
emission wavelength of the corresponding relative ampli-
tudes (Table 2).

In conclusion, single fluorescence decay curve analysis
combined with the analysis of the time-resolved emission
spectra has been proven to be a powerful method for the
investigation of the complex temporal behaviour of FA
fluorescence. Results indicated the presence of at least three
species of FA fluorophores, each species experiencing its
own distribution of chemical environments. The addition of
Eu*" induced besides static quenching of the FA fluores-
cence an invariance of the relative amplitudes of the decay
components with the emission wavelength. The peak decay
time values of the FA fluorescence in the presence of Eu®"
were almost unchanged at all emission and excitation wave-
lengths investigated. Thus, at this stage it seems to be
reasonable to conclude that within the temporal resolution
of the experimental set-up used the singlet levels of FA
played no role as donor state in intramolecular energy
transfer from FA ligands to the upper excited levels of
Eu’". Future experiments which will include other quencher
ions like Gd>* Tb*>* and Sm>* as well as a better correlation
between the steady-state and time-resolved emission experi-
ments will attempt to elucidate the specific role of spectro-
scopic properties of different lanthanide ions in quenching
FA fluorescence.

Even though the results have been obtained on the FA
fraction of only one NOM sample the spectroscopic
approach proved that time-resolved fluorescence experi-
ments can yield valuable information on the molecular
dynamics of metal ion complexation by NOM. In future
experiments with NOM of different origins and their FA
fractions this approach will be further examined.
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2.3.3 Influence of photochemical reactions on the complexa-
tion of humic acid with europium (III)

J.-M. Monsalier, F. Scherbaum, G. Buckau, J.I. Kim, M.U. Kumke, C.H. Specht,
F.H. Frimmel
J. Photochem. Photobiol. A, 2001, 138, 55 - 63.

Bei der Untersuchung der Komplexierung von Actiniden durch HS hat sich be-
sonders die zeitaufgeloste Laserfluoreszenzspektroskopie (time-resolved laser fluor-
escence spectroscopy, TRLFS) als empfindliche Methode etabliert, da sie grofe Vor-
teile beim Umgang mit radioaktiven Materialien mit sich bringt - besonders hervor-
zuheben sind die hohe Empfindlichkeit, die grofse Selektivitat und der nicht-invasive
Charakter der Methode. In der Vergangenheit wurde aber der Einfluss auf HS von
durch den Anregungslaser induzierten Photoreaktionen auf das Ergebnis der Spezia-
tionsuntersuchungen wenig untersucht. In dieser Studie wurde der photoinduzierte
Abbau von HS und dessen Konsequenzen fiir die Bestimmung von Komplexbildungs-
konstanten mit TRLFS bestimmt. Dabei wurden zur Charakterisierung der Effekte
eine Reihe verschiedener spektroskopischer und chromatographischer Methoden ein-
gesetzt. Durch die Bestrahlung wurde bei groflen eingetragenen Energien ein Abbau
der HS induziert, der sich u.a. in einer Abnahme der mittleren molekularen Grofse
auferte. Dadurch verdnderte sich auch die Komplexbildungskonstante und nahm
mit zunehmendem Abbau der HS ebenfalls ab. Der photoinduzierte Abbau der HS
wurde durch die Gegenwart von Eu®* verlangsamt. Die Ergebnisse machen deutlich,
dass bei der Verwendung von TRLFS zur Bestimmung von Komplexbildungskon-
stanten die experimentellen Bedingungen, wie z.B. die eingetragene Laserenergie,
unbedingt beriicksichtigt werden miissen. Auferdem wurde fiir Europium festge-
stellt, dass nach Lichtabsorption bedingt durch HS eine Reduktion stattfindet und
somit ein Wechsel der Oxidationsstufe von +III nach +II induziert wird, wodurch
wiederum verénderte Komplexbildungskonstanten zu erwarten sind.
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Abstract

Photochemical reactions in the Eu(IlI)-humic acid system are investigated by fluorescence spectroscopy. For comparison, humic acid
without europium is also studied. Irradiation is performed by high energy laser beam and a low pressure mercury lamp. The impact
of photodegradation on spectroscopic properties, size and decomposition of humic acid is monitored by steady state and time-resolved
fluorescence spectroscopy, UV-Vis spectroscopy, gel permeation chromatography (GPC), dissolved organic carbon (DOC) analysis and
ultrafiltration. The different indicators for photodegradation show different sensitivity. The decrease in DOC content with increasing
irradiation dose is lower than the decrease in UV/Vis absorption. The highest impact is found for the fluorescence intensity. At 3 kJ/mg
humic acid absorbed energy and in absence of europium, fluorescence diminishes by more than 90%. In the presence of Eu(III), however,
fluorescent groups are partly stabilized in this range of absorbed energy. Results from GPC show changes in the chemical structure, especially
generation of smaller entities. The photodegradation of the humic acid leads to a decrease of the europium-humate complexation constant.
Furthermore, europium is reduced to the divalent state. The present study shows that for metal ion humic acid complexation studies by
laser fluorescence spectroscopy, great care is needed to avoid significant experimental artifacts, such as photodegradation and metal ion

redox reactions. © 2001 Published by Elsevier Science B.V.

Keywords: Humic acid; Europium; Complexation; Photodegradation; Laser spectroscopy

1. Introduction

All natural waters contain dissolved organic substances in
concentrations ranging from approximately 0.1 up to more
than 100 mg dissolved organic carbon (DOC) per liter [1,2]
depending on the geochemical surrounding. Between 50 and
90% of DOC consist of humic substances [2] which are
macromolecules with a complex and heterogeneous struc-
ture [3,4]. These acids have a high density of proton ex-
changing groups varying between 1.5 and 11.2 meq/g [5].
The high functional group content gives them their strong
affinity for metal cations, leading to complexation with metal
cations, especially of higher charge [6].

Numerous investigations have been performed on the
complexation behavior of humic acid with actinide ions.
Different methods have been used such as gel permeation
chromatography (GPC) [7], solvent extraction [8,9], UV
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spectroscopy [10-16], ion exchange [17-19], laser induced
photoacoustic spectroscopy (LPAS) [11], time-resolved
laser fluorescence spectroscopy (TRLFS) [12,20-22], ul-
trafiltration [11,23,24] and dialysis [19,25]. Depending on
the method, the results vary considerably. TRLFS has the
advantage of direct speciation and allows measurements
at the very low metal ion concentrations required for the
low solubility of multivalent metal cations. Thereby, spec-
tral information is obtained from excitation, emission and
the lifetime of emission. When TRLES is used to evaluate
the metal ion complexation, it is generally assumed that
no photodegradation accompanies the excitation of these
multi-functional macromolecules. Such photodegradation,
however, has been reported for excitation of the Eu— and
Tb-humate at 308 and 394 nm using an excimer laser [21].
The objective of the present work is to evaluate photochem-
ical reactions induced by UV and laser irradiation and their
influence on complexation studies of the Eu(IlI)-humic
acid system by fluorescence spectroscopy.

In this work, humic acid solution is irradiated with differ-
ent light sources. For comparison between different sources
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and wavelengths, the irradiation is expressed in energy ab-
sorbed per unit weight humic acid (kJ/mgHA). The resulting
photodegradation is measured at different absorbed energy
by steady state and time-resolved fluorescence spectroscopy,
UV-Vis absorption spectroscopy, DOC concentration and
GPC. Furthermore, the influence of photodegradation of hu-
mic acid on the Eu(IlI)-humate complexation is determined
by measuring the emission spectra of Eu with photode-
graded humic acid. The complexation constant of Eu(III)
with non-photodegraded and photodegraded humic acid is
determined by means of ultrafiltration.

2. Experimental
2.1. Reagents

The humic acid investigated is Gohy-573(HA), which
originates from a groundwater at 139 m depth of the Gor-
leben aquifer system located in Northern Germany. The
purification and characterization of Gohy-573(HA) can be
found elsewhere [26]. Its proton exchange capacity (PEC)
determined by pH titration under Ar atmosphere is 5.38 £
0.20 meq/g [26]. Stock solutions are prepared by dissolving
a known amount of humic acid in 0.1 M NaOH rapidly fol-
lowed by dilution with 0.1 M NaClO4. The pH is adjusted
to 6.0 by addition of HCIO,. With few exceptions, 10~ M
MES buffer (2-mospholine—ethane sulfonic acid) is used for
stabilization of pH. The molar humic acid concentration is
obtained by multiplying a given weight concentration (g/l)
by the PEC (meq/1) divided by the charge of the metal ion
under investigation (z). Thus, for europium(III), the humic
acid concentration is expressed as [HA(II)] [27].

2.2. Hg/UV irradiation

In the Hg/UV irradiation experiment, a 14 W low pres-
sure mercury lamp (Katadyn GmbH, Germany) is used
at an irradiation wavelength of A = 254nm. The photon
flux is determined to 9.91 pEinstein/s by actinometry (with
K3Fe(C204)3) at a radiation power of 4.7 £ 0.5 W.

2.3. Laser induced fluorescence spectroscopy

The laser system used for irradiation of humic acid solu-
tion and for laser fluorescence spectroscopy of complexed
and non-complexed europium is an excimer pumped dye
laser system (Lambda Physics, Compex 205 and Scanmate
II). Dye-laser pulse at 394nm (dye: Qui), 1 mJ pulse en-
ergy and a pulse duration of 25ns at FWHM is used for
irradiation of the sample solution. The sample cell is a
rectangular silica cell (HELLMA). The fluorescence emis-
sion light is monitored perpendicular to the laser pulse,
spectrally resolved by a polychromator (Acton Research,
Spectra Pro 275; entrance slit width: 0.5 mm; grating: 300

lines/mm) and detected by an intensified time gated diode
array detector (Princeton Instruments, OSMA IRY 700 GR,
1024 linear arranged Si photo diodes). The experimental
equipment operates in a spectral window of 210 nm width
with a wavelength resolution of about 1.1 nm. Using a beam
splitter, a small fraction of the laser pulse is reflected onto a
pyroelectric detector connected to a powermeter (Newport
1835C) to monitor the pulse energy. Reading out and dig-
itizing the data from the diode array detector is controlled
by an SI180 camera controller (Spectroscopy Instruments).
The system components are synchronized by a digital de-
lay/pulse generator (Stanford Research Systems: DG535)
as a master trigger unit. With the software POSMA (Spec-
troscopy Instruments), a PC is used to control the system
and analyze the data. Final emission spectra obtained are
the results of 10-25 averaged single spectra. The result-
ing emission spectra are normalized to the average pulse
energy.

2.4. Flashlamp induced fluorescence lifetime determination

Time-resolved humic acid fluorescence measurement is
performed using an FL90OCDT fluorescence lifetime spec-
trometer (Edinburgh Analytical Instruments, UK) in the
time-correlated single photon counting mode. The instru-
mental set up is described in detail elsewhere [28]. An FO00
nitrogen-filled (1 bar, 6.6kV, 0.3 mm electrode separation)
nanosecond flash lamp (Edinburgh Analytical Instruments)
operated at 40kHz is used as excitation light source. The
excitation wavelength in the time-resolved fluorescence ex-
periments is Aex = 314 nm. The experiment is typically run
at a time base of 100 ns with a 5ns delay of the photomulti-
plier tube. The time calibration is 0.095 ns per channel. The
emitted light is monitored at A, = 400 and 500 nm using
a spectral bandwidth of 9 nm. To prevent counting artifacts
caused by excessively high photon loads, the counting rate
is typically <1%. The fluorescence decay is evaluated with
a commercial software package of Edinburgh Analytical
Instrument based on the Marquardt algorithm which is
described elsewhere [29]. The same spectrometer is used
for the steady state fluorescence experiments. The instru-
ment is set up in a T-format with two detection channels
and operated in the single photon counting mode. A 450
W Xenon arc lamp is used for the excitation of samples.
The slit width is 1 wm in the excitation and emission path
with a spectral resolution of 1.8 nm. The emission spectra
are recorded for excitation wavelength range from 275 to
401 nm (AA = 3nm) in the emission range from 281 to
545nm (Ai = 1nm).

2.5. Ultrafiltration

Ultrafiltration is used to investigate the Eu complexation
with photodegraded and non-photodegraded humic acid.
This method allows the separation of the non-complexed
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Eu ion from its humate complex by size fractionation
[30]. The filtration system uses a membrane of nominal
cut-off 1000Da (Filtron, Microsep™ Microconcentra-
tors). Europium concentrations in filtrates are quantified by
ICP-MS. A correction is used for the partial retention of the
non-complexed Eu ion, and possibly sorption on the mem-
brane (at pH 6.0, 0.1 M NaClOy, 75% of the non-complexed
Eu?t ion is found in the filtrate). The Eu species distri-
bution is calculated by the total Eu concentration and the
concentration in filtrate, applying the correction factor.
Published results [30] show the validity of the method for
non-photodegraded humic acid. Alteration of humic acid
by photodegradation, including changes in size distribu-
tion, could introduce experimental artifacts. As shown in
this work, however, this method can be applied also for
photodegraded humic acid.

2.6. Gel permeation chromatography

The GPC is performed with on-line detection of fluo-
rescence (Aex = 300nm, Aem = 400nm), UV absorption
at Ayps = 254nm and DOC detection [31]. The column,
packed with TSK HW 50 S (Toyopearl), has a length of
25cm and an inner diameter of 2 cm. The exclusion volume
is 19 ml, (determined with dextran blue) and the total volume
is 46 ml. Phosphate buffer with c(KyHPO4-2H,0)=1.25 g/1
and ¢(NaH,PO4-2H,0)=2.5g/l, pH = 6.8, is used as
eluent at a flow rate of 1 ml/min. Samples are diluted
with phosphate buffer (c(K;HPO4-2H,0)=2.5g/1 and
¢(NaH,PO4-2H,0)=5 g/l) the ratio of 1:1 to adjust the
phosphate concentration of the sample and eluent. The
system is integrated in an assembly for column experi-
ments with additional detectors for electrical conductivity
(LDM/S, WTW) and pH-value (Ingold).

The detection limit of the DOC detector (determined with
potassium hydrogen phthalate according to DIN 32645 (cal-
ibration curve method)) is 0.2 mg C/1. The eluent passes an
UV reactor before use in order to decrease the background
concentration of DOC. The irradiation time is approxi-
mately 8.5h. The samples are injected by an autosampler
(Gilson Abimed, Model 231 BIO with Dilutor 401), whose
injection volume can be set within the range from 0 to
2000 pl. In this work, 2 ml of sample is injected. To remove
bicarbonate from the sample stream after passing through
the column and before the DOC measurement, a continuous
stream of diluted H3POy4 together with K>S,0g is added to
lower the pH value to 1.5. Subsequently CO; is stripped
with N». The sample is then pumped through a capillary UV
reactor, where the organic substances react with K>S>Og
and UV light to form CO,. The retention time within the
reactor is about 14s. The CO; is stripped by a Ny stream.
The gas stream is passed through a cooling module to re-
move water vapor in order to improve the signal-to-noise
ratio in the IR absorption detector (Ultramat 3, Siemens).
The data collected from all detectors are recorded
on a PC.

3. Results and discussion

Humic acid has a broad UV/Vis absorption, increasing
strongly towards shorter wavelength without distinct fea-
tures. It has broad excitation and emission bands and a com-
plex fluorescence decay time dependency. Part of the com-
plexity in fluorescence properties has been attributed to ex-
cited state processes (e.g., intramolecular energy transfer)
[28,32]. Due to irradiation, a number of different photochem-
ical processes can be induced, including breaking of bonds,
change in functional groups and structures that may also
change intramolecular interactions. Through examination of
UV/Vis absorption and fluorescence, including comparison
of fluorescence decay between irradiated and non-irradiated
humic acid, information is obtained on structural changes
induced by photodegradation. Additional information is ob-
tained by GPC with different detection methods.

3.1. Humic acid solution without europium

Humic acid solution is irradiated at wavelengths of 254,
308 and 394 nm. Continuous irradiation at 254 nm is done
by a mercury lamp light source. Discontinuous irradiation at
308 and 394 nm is made by the pulsed laser system; 308 nm
is chosen because at this wavelength the highest dose rate is
achieved and 394 nm is chosen because of its relevance for
Eu-humate interaction studies. For comparison, an absorbed
energy of 3.0kJ/mg HA reflects the typical situation for
measurement of the Eu fluorescence lifetime for speciation
purposes under these conditions.

3.1.1. Influence on UV/Vis absorption
In Fig. 1, UV/Vis absorption spectra are shown for humic
acid after irradiation at 308 nm with absorbed energy up
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Fig. 1. UV/Vis absorption spectra of humic acid for different absorbed
energy from pulsed laser irradiation at 308 nm.
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Fig. 2. UV/Vis absorption and DOC concentration relative to non-
irradiated samples of humic acid for different absorbed energy from pulsed
laser irradiation at 308 nm. Samples a and b are without MES buffer and
28.1 and 66.8 kJ/mg humic acid absorbed irradiation energy, respectively.
Sample ¢ is with 1073 mol/l MES buffer and 64.0kJ/mg humic acid
absorbed irradiation energy.

to 418 kJ/mg humic acid. The UV/Vis absorption decreases
over the entire wavelength range and for the highest dose
the absorption decreases with almost 80%.

In Fig. 2, the absorption relative to non-irradiated sam-
ples is shown for irradiation doses of 28.1 and 66.8 kJ/mg
humic acid, with and without presence of MES buffer. The
decrease in absorption is higher around the irradiation wave-
length than at shorter and longer wavelengths. Nevertheless
the decrease in absorption is relatively uniform and also
takes place at shorter wavelengths than that of irradiation.
In the presence of MES buffer, the decrease in UV/Vis ab-
sorption is lowered compared to samples without the bufter.
This indicates that the organic buffer acts as a scavenger for
photochemically generated reactive species.

A key question is to which extent UV/Vis absorption
can be used as an indicator for decomposition of humic
substances. As seen in Fig. 2, the decrease in DOC con-
centration with increased absorbed irradiation dose is lower
than the decrease in UV/Vis absorption. This shows that
the decrease in UV/Vis absorption is the result of a variety
of photochemical reactions including modification of the
electronic structure and bond-breakage. As seen below, this
includes the generation of smaller entities.

3.1.2. Influence on fluorescence spectrum

The decrease in fluorescence intensity with irradiation is
much stronger than the decrease in UV/Vis absorption. In
Fig. 3, the fluorescence spectra of humic acid are shown for
irradiation at 394 nm. In Fig. 4, the fluorescence emission
intensity at 500 nm is shown as a function of the absorbed
energy. The fluorescence intensity decreases with increasing
absorbed energy. At an absorbed energy of approximately
3.0kJ/mg HA, the fluorescence intensity is decreased by
approximately 95%, compared to an only marginal decrease
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Fig. 3. Influence of irradiation by laser at 394 nm on the fluorescence of
humic acid. Fluorescence spectra from excitation at 394nm are shown
for different absorbed irradiation energy.

in the UV/Vis absorption for the same irradiation dose (cf.
Fig. 1).

3.1.3. Influence on fluorescence decay time

The fluorescence decay can be evaluated by different ap-
proaches. On the one extreme, the decay can be seen as a
continuum with certain features. On the other hand, one may
also represent the fluorescence decay by a limited number
of operational components. The latter approach is guided
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Fig. 4. Influence of irradiation by laser at 394 nm on the fluorescence of
humic acid. Fluorescence at 500 nm from excitation at 394 nm is shown
as a function of the absorbed irradiation energy.
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Table 1

Selected results for fluorescence lifetime of humic acid, described by three individual components (excitation wavelength 314 nm)

Humic acid Emission wavelength (nm) Fluorescence lifetime (ns) of operational decay components
1 2 3
Non-photodegraded 400 1.7 5.0 8
500 1.6 4.8 12
Photodegraded 500 1.6 4.8 10

2 The contribution of this component to the total fluorescence is approximately 15%. Due to the low contribution and low intensity at long delay

time, the error of this component is larger than that of the other ones.

by the perception that different distinguishable fluorescent
entities are present. It furthermore allows better visualiza-
tion of the fluorescence decay process. Results show that
the humic acid fluorescence decay can be well represented
by three operationally defined individual decay components
([32], Table 1).

For the first two operationally defined fluorescence decay
components, no significant difference is found for different
degrees of photodegradation. The third component with the
longest decay time represents only approximately 15% of
the total fluorescence. Due to the delay and low intensity,
the error in evaluation of this component is larger than for
the other two. Also for this component, however, no major
impact of photodegradation is seen.

3.1.4. Gel permeation chromatography of UV-irradiated
HA

GPC in aquatic media separates substances according to
their hydrodynamic size, charge and gel surface sorption
properties. In Fig. 5, GPC chromatograms of humic acid are
shown before and after irradiation at 254 nm with the low
pressure mercury lamp. One main peak is observed by UV
and fluorescence detection. Chromatograms from absorption
detection at 254 nm fall mainly within the working range
of the column (between dotted vertical lines), however,
tailing beyond the total volume is also observed. For the
fluorescence detection (excitation at 300 nm and emission
at 400 nm), this tailing is more pronounced. With increasing
irradiation dose the peak maximum is shifted to larger elu-
tion volume, indicative for a change in charge/surface sorp-
tion properties, but especially smaller size. The main part of
non-irradiated humic acid is eluted between 22 and 38 ml.
With increasing irradiation dose, the amount eluted in this
region is decreased. Integration of the chromatograms, how-
ever, reveals that at 8.05kJ/mg humic acid absorbed dose,
the total area of the absorption chromatogram decreases only
by 10%. This shows that the main effect at this dose is not
oxidation to CO», but rather fragmentation of humic acid.

The gel permeation chromatograms with DOC detection
(Fig. 5) are strongly influenced by the signal from the MES
buffer. In addition to the large signal from the buffer, three
peaks can be seen, at around 35, 70 and 80 ml elution vol-
ume. With increasing irradiation, the first peak decreases
where this decrease is less pronounced for entities of larger
apparent size. The peaks at 70 and 80 ml elution volume, i.e.

beyond the total volume, are hardly visible in the original
humic acid, but become more intense with increasing irra-
diation dose. These entities show no significant absorption
or fluorescence signals.

In summary, the results from GPC verify findings dis-
cussed above (cf. Fig. 2). Photodegradation results in
changes in the humic acid with emphasis on generation
of smaller molecular size and small fragments with no
measurable absorption and fluorescence.

3.2. Irradiation of a humic acid solution containing Eu

3.2.1. Influence on the emission spectrum of Eu and humic
acid

When exciting a non-complexed Eu* ion solution at
394 nm, two main bands (°Do—’F, and Dy—"F», at 592 and

Total volume:

Exclusion volume
(19 mL) _ asmL)

Absorption at 254 nm

Fluorescence detection
(Excitation at 300 nm
Emission at 400 nm)

8.05 kd/mg HA

Relative units

Original HA

0.67 kJ/mg HA

Elution volume (mL)

Fig. 5. GPC of original and photodegraded humic acid (HA) applying
different detection methods, namely absorption at 254 nm, fluorescence
(excitation at 300 nm, emission at 400 nm) and DOC.
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617 nm, respectively) are observed. Another weak band can
also be seen (°Dg—'F4 at 697 nm), whereas the other tran-
sitions (*Dg—F3, Do—"Fs and Do—'Fg) are very weak.
For the non-complexed Eu’* ion, the band at 592nm is
the most intense. Upon complexation, the peak positions do
not change, but the relative intensity of the different bands
change and for Eu(Ill)-humate, the D~"F, (617 nm) band
becomes the most intense.

Humic acid is complexed with europium at pH 6.0
(buffered with 103 mol/l MES) in 0.1 mol/l NaClOy. The
europium concentration equivalent to 20, 40 and 65% of the
fraction of humic acid functional groups that can be com-
plexed under these conditions (the loading capacity) [27].
This ensures that the concentrations of non-complexed eu-
ropium are negligible in the starting solutions. The solutions
are equilibrated for 48 hours prior to irradiation experiments.
Fig. 6 shows the europium and humic acid fluorescence as a
function of the absorbed energy at 40% europium loading.
The irradiation energy is delivered by the laser source used
for the fluorescence measurements (394 nm). The fluores-
cence intensities of both europium bands and that of humic
acid decrease with increasing irradiation dose.

The ratio between the two bands at 592 and 617 nm for
different absorbed energies is shown in Table 2. Irrespective
of the absorbed energy, this ratio remains basically constant
(2.36 £ 0.17). This observation suggests that during pho-

Absorbed Energy ’_lEu(III)
(kd/mg humic acid) n
(from top to bottom)
0.012 A
0.10
0.45
0.56
2
@ 113
s= 1.71
£E 228
g
§ % 4.23
A
o c
s
=
L% i
o
2W
%
[}
[id

Humic Acid

400 500 600
Wavelength (nm)

Fig. 6. Fluorescence of europium complexed with humic acid and that
of humic acid (500nm) as a function of absorbed irradiation energy by
laser at 394 nm. The europium concentration is equivalent to occupation
of 40% of the fraction of humate sites that can be complexed (loading
capacity) under these conditions (pH 6.0, /= 0.1 (NaClOy)).

Table 2
Europium fluorescence intensity ratio of bands at 617-592 nm as a function
of absorbed energy by laser irradiation at 394 nm*

Absorbed energy (kJ/mg HA) Ratio FI 617 nm/ FI 592 nm

0.012 2.39
0.10 232
0.45 2.38
0.56 233
113 225
171 2.10
2.28 2.40
4.23 2.69
236 + 0.17°

2The europium concentration is equivalent to 40% of the loading
capacity of humic acid; FI: fluorescence intensity.
 Mean value.

todegradation, the ratio of free Eu/complexed Eu is not af-
fected. However, the fluorescence intensity of free Eu being
much smaller than that of Eu—humic acid complex, a small
change in the free Eu concentration is difficult to observe
by the Eu emission spectrum (cf. Fig. 9). Furthermore, to
which extent the mode of complexation between humic acid
and Eu(IIl) is affected by degradation of humic acid cannot
be determined.

In Fig. 7, the relative fluorescence intensities of humic
acid with and without europium as well as the two europium
emission bands are shown. As shown in Table 2, the relative
fluorescence intensity ratio of the two europium emission
bands remains virtually constant with increasing irradiation
dose. In absence of europium, the humic acid fluorescence
diminishes rapidly and, as discussed above, decreases by ap-
proximately 95% at an absorbed irradiation dose of 3 kJ/mg
humic acid (cf. Fig. 4). In the presence of europium, the hu-
mic acid fluorescence becomes stabilized for absorbed doses

Fig. 7. Decrease in europium fluorescence bands (592 and 617 nm))
and humic acid fluorescence at 500 nm with and without europium as a
function of absorbed irradiation dose (cf. Figs. 4 and 6).
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' i Eu(illy
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Absorbed Energy: (500 - Fy)
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Eu(ll)

Fluorescence intensity (arb. units)
(Excitation at 394 nm)

L L L |
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Fig. 8. Photolytic generation of Eu’* in humic acid solution irradiated by
laser at 394nm (4kJ/mg HA). The europium concentration is equivalent
to 65% of the loading capacity of the humic acid.

above approximately 1 kJ/mg humic acid. The reason for the
stabilization of humic acid fluorescence by europium in this
range of absorbed energy is not yet clear.

3.2.2. Photolytic generation of Eu(Il)

Irradiation with laser light at 394 nm not only leads to
changes in the absorption, fluorescence, size distribution and
functional group content of humic acid but also leads to
the generation of divalent europium. In Fig. 8, the SDy—F;
transition (592 nm) of Eu(Ill) is shown for photodegraded
humic acid in the presence of europium. This spectrum is

Table 3
Europium-humate complexation results at pH 6.0 (I = 0.1 M (NaClO4)*

recorded for the highest europium concentration, i.e. 65% of
the humic acid europium loading capacity and photodegra-
dation by an absorbed energy of 4 kJ/mg humic acid. Around
460 nm a band corresponding to Eu(Il) is observed.

3.2.3. Influence on the Eu—humate complexation

Stability constants of europium with non-photodegraded
and photodegraded humic acid are determined by the ul-
trafiltration method at pH 6.0 and / = 0.1 M (NaClOy).
Degradation of humic acid is done by laser irradiation at
308 nm with an absorbed energy of 80kJ/mg HA. After
laser irradiation, europium is added in concentrations equiv-
alent to 20 and 65% of the humic acid europium(III) loading
capacity. The stability constants are evaluated by the charge
neutralization model [27]. The results are shown in Table 3.
For the investigation on the non-photodegraded humic acid,
as expected, no influence of the loading is found. The over-
all average of the europium-humate stability constant is
found to be 6.37 £ 0.10, which is in good agreement with
values determined for different trivalent f-elements by ultra-
filtration and spectroscopic methods (log # = 6.24 & 0.28
[27]). For the photodegraded humic acid results are differ-
ent. Again, no significant influence of the loading of humic
with europium is found, however, the overall average of the
stability constant is much lower, namely 5.19 £ 0.12.

The lower values for the stability constants found for
photodegraded humic acid, could be the result of ultra-
filtration artifacts. If humic acid entities decrease in size
with photodegradation, the filter membrane could be partly

Total [Eu] (pmol/l)

Non-complexed Humate complex

[HA(IID]free (pmol/l)

log B (1/mol) log B (average)

Non-photodegraded humic acid (20% europium loading)

153

2.32 0.10 222 9.38 6.37

2.32 0.13 2.19 9.41 6.25 6.31 +0.06
Photodegraded humic acid (20% europium loading)

2.32 0.81 1.51 10.09 527

232 0.90 1.42 10.18 5.19

2.32 1.18 1.14 10.46 4.97

232 1.04 1.28 10.32 5.08 5.1340.11°
Non-photodegraded humic acid (65% europium loading)

7.54 0.55 6.99 4.61 6.44

7.54 0.44 7.10 4.50 6.55

7.54 0.72 6.82 4.78 6.30

7.54 0.69 6.85 4.75 6.32 6.40 £0.10
Photodegraded humic acid (65% europium loading)

7.54 3.24 4.30 7.30 5.26

7.54 2.85 4.69 6.91 5.38

7.54 3.53 4.01 7.59 5.18

7.54 345 4.09 7.51 5.20 5.26 £ 0.08"

 The effective humic acid concentration equals 11.6 wmol/l, taking into account the loading capacity under these experimental conditions. Concentrations
of the non-complexed europium ion and europium-humate are determined via species separation by ultrafiltration, taking into account partial retention of
the non-complexed europium ion at this pore-size (1000 Da). Non-photodegraded and photodegraded humic acid is investigated for europium concentrations
equivalent to 20 and 65% of the effective humic acid concentration.

Y No correction is made for the impact of photodegradation on the functional group content.
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Fig. 9. Emission spectra of the Eu(III) ion in the non-complexed form
as well as complexed with photodegraded and non-photodegraded humic
acid (HA).

permeable for the europium complex. The composition of
the filtrate was measured by taking an emission spectrum of
this filtrate and comparing to the emission spectra of free Eu
and complexed Eu. The SDy~"F; transition for Eu (617 nm)
is sensitive to the complexation by humic acid and would
increase drastically if smaller size europium humic acid en-
tities would pass through the filter. In a good approximation,
it is possible to estimate the amount of complexed Eu going
through the filter by normalizing the intensity of the SDy—F;
(592 nm) transition for the different solutions and compar-
ing directly the intensity of the Do—'F; transition (Fig. 9).
By this method, less than 8% of Eu in the filtrate is found
to be complexed. Taking this correction value into account,
the stability constant of photodegraded humic acid does not
change significantly (log 8 becomes 5.33 £ 0.08 instead of
5.26+0.08 at 65% Eu loading of the humate ligand). Thus,
the lowering of the stability constant by photodegradation is
not a consequence of ultrafiltration artifacts.
Photodegradation leads to changes both in the functional
group content of humic acid and decrease in molecular
size. Investigations on different size fractions of humic acid
show that with decreasing size the complexation strength
decreases [33]. Comparison of the metal ion complexation
with humic and with fulvic acid also shows lower com-
plexation strength for the smaller fulvic acid [12]. Simul-
taneously, photodegradation results in modification of the
functional group content. Delineation of the impacts from
decrease in the molecular size and change in the functional
group content, cannot be performed by the present data.

4. S y and concl

The sensitivity of different properties of humic acid to-
wards photodegradation varies strongly. Photodegradation
leads to generation of smaller entities. The decrease in
DOC is lower that the decrease in UV/Vis absorption. The

decrease in fluorescence intensity, however, is much more
pronounced that the former two decomposition indicators.
Addition of europium leads to stabilization of humic acid
towards photodegradation.

Application of laser induced fluorescence spectroscopy
for studying the europium-humate interaction may be
subject to considerable experimental artifacts through pho-
tochemically induced reactions. These artifacts are due
to changes in functional group content and lowering in
molecular size of humic acid. Simultaneously, photolytic
reduction of europium from the trivalent to the divalent
state takes place. Due to the relatively low fluorescence
efficiency of europium, significant photolytic impact can
occur. This is especially true for high absorbed irradiation
doses, for example where europium lifetime measurements
are conducted. Therefore, great care is needed to ensure
that significant experimental artifacts are avoided where the
europium humic acid system is studied.
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Kapitel 3
Aktuelle Arbeiten

Die Komplexierung von Metallionen durch HS ist von zentraler Bedeutung fiir deren
Transport und Immobilisierung. In sensiblen Bereichen, wie z.B. bei der Erschlie-
fsung und dem Betrieb von End- und Zwischenlagern fiir radioaktive Abfélle, ist fiir
Sicherheitsanalysen und fiir die verlédssliche Modellierung der Dynamik der Actini-
dionen! (An*") in den verschiedenen Umweltkompartimenten eine Aufklarung der
Bindungsmechanismen an HS sowie die Bestimmung der thermodynamischen und
kinetischen Kenngréfien unbedingt erforderlich.

In den z.7Z. laufenden Forschungsvorhaben werden vor allem die Lanthanidionen
(Ln3*) von Europium (Eu) und Terbium (Tb) und deren Komplexierungsverhalten
mit HS untersucht, wobei die Ln3*-Ionen stellvertretend fiir die An®**-Ionen un-
tersucht werden, die bedingt durch ihre Radioaktivitat wesentlich problematischer
im Umgang sind. Aufgrund der vergleichbaren Komplexbildungseigenschaften wer-
den die Ln®**-Ionen als Ersatz verwendet. Ferner ermoglichen die spektroskopischen
Eigenschaften der Lanthanide, dass die Ln3*-Ionen selbst als Lumineszenzsonden
eingesetzt werden und so die HS-Metallkomplexierung untersucht werden kann.

In den aktuellen Forschungsvorhaben werden folgende Ziele verfolgt:

e die Untersuchung von Konformations- und Assoziationseffekten in HS, initiiert
durch die Komplexierung von Metallionen,

e die Charakterisierung von Bindungsstellen in HS, speziell deren Abstandsver-
teilungen,

e die Bestimmung von differenzierten thermodynamischen und kinetischen Pa-
rametern zur Beschreibung der HS-Metall-Komplexierung,

e die Weiterentwicklung von Modellen fiir den Transport und den Verbleib von
Metallen in der Umwelt.

Als Untersuchungsmethoden werden stationére und zeitaufgeloste Fluoreszenztech-
niken eingesetzt. Die Proben sind nach den Standardvorschriften isolierte FA- und

lauch Actinoidionen
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HA-Fraktionen von HS verschiedener Ursprungsorte, synthetische HS und einfache
Modellverbindungen, die als Bausteine von HS betrachtet werden konnen. Es wird
sowohl die intrinsische Fluoreszenz der HS und der Modellverbindungen wie auch
die Lumineszenz der Ln3*-Ionen selbst untersucht. Besonders der Energietransfer
zwischen gebundenen Ln®*T-Tonen (z.B. Th?*" (Donor) und Nd** (Akzeptor)) wird
genutzt, um Abstandsverteilungen von Bindungsstellen in HS zu bestimmen und
das Assoziationsverhalten von HS zu untersuchen.

Die verwendeten HS und Modell-HS sind im Anhang C in Tabelle C.1 zusammenge-
stellt. Bei den untersuchten HS handelt es sich einerseits um Standard- und Referenz-
HS der IHSS sowie nach Standardverfahren isolierte HS verschiedener Ursprungsorte.
Ergénzend werden Untersuchungen an verschiedenen Hydroxybenzoesduren durch-
gefiihrt.

Im Folgenden sind ausgewihlte Ergebnisse der laufenden Arbeiten dargestellt. Da
der Lumineszenz der Ln3*-Ionen als Sonden eine besondere Bedeutung in den Un-
tersuchungen zu kommt, sind die grundlegenden photophysikalischen Eigenschaften
der Ln®*"-Tonen zu Beginn des Kapitels kurz zusammengefasst.

Die in diesem Kapitel dargestellten Ergebnisse sind z.T. in folgenden Verdffentlich-
ungen publiziert bzw. als Tagungsbeitrage prasentiert worden:

15. 1. Billard, E. Ansoborlo, K. Apperson, S. Arpigny, M.E. Azehna, D. Birch, P. Bros, H.D.
Burrows, G. Choppin, L. Couston, V. Dubois, T. Fanghanel, G. Geipel, S. Hubert, J.I. Kim,
T. Kimura, R. Klenze, A. Kronenberg, M. Kumke, G. Lagarde, G. Lamarque, S. Lis, C. Ma-
dic, G. Meinrath, C. Moulin, R. Nagaisi, D. Parker, G. Plancque, F. Scherbaum, E. Simoni,
S. Sinkov, C. Viallesoubranne
Appl. Spectros., 2002, 57, 1027-1038.
Aqueous solutions of U(VI) as studied by time-resolved laser-induced fluorescence spectros-
copy (TRLFS) : A Round-robin test.

16. C. Tiseanu, R.K. Mehra, R. Kho, M.U. Kumke
Chem.Phys.Lett. 2003, 377, 131-136.
Optical properties of terbium-doped thiosalicylic-capped CdS nanocrystals.
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J. Phys. Chem. B, 2003, 107, 12153-12160.
Comparative study of time-resolved photoluminescence properties of terbium-doped thio-
salicylic-capped CdS and ZnS nanocrystals.
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Time-resolved photoluminescence analysis of distribution and migration of terbium ions in
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Fluorescence and energy transfer processes of humic substances and related model com-
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* M.U. Kumke, H.-G. Lohmannsrében
6th International Conference on the Biogeochemistry of Trace Elements (ICOBTE), 29. July
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Binding of metals by natural ligands - What can we learn from fluorescence spectroscopy.

* M.U. Kumke, H.-G. Lohmannsrében, S. Eidner, G. Korshin
11th Meeting of the International Humic Substances Society, 21. -26. July 2002 in Boston,
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Inter-Lanthanide luminescence resonance energy transfer in humic substances.
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3.1 Lanthanide - Grundlagen

Die Lanthanide? (Seltenen Erdmetalle, Ln) umfassen die vierzehn auf das Lanthan
folgenden Elemente [112-115]. Da allerdings die Chemie des Lanthans der der Lan-
thanide sehr dhnlich ist, wird diese Element oftmals auch zu den Lanthaniden ge-
zahlt. Beginnend mit dem Cer wird die 4 f-Schale nacheinander mit Elektronen auf-
gefiillt und da die 4 f-Elektronen kaum an der Bindungsbildung teilnehmen, ist das
chemische Verhalten der Lanthanide sehr dhnlich. Die vorherrschende Oxidations-
stufe der Lanthanide ist +III [112]. Ein Grund dafiir ist das hohere Ionisierungspo-
tential der f-Elektronen im Vergleich zu den s- und d-Elektronen der Valenzschale.
Unterschiede im chemischen Verhalten sind meistens auf die unterschiedlichen Ionen-
radien, bedingt durch die sogenannte Lanthanidenkontraktion, zuriickzufithren. Die-
se kommt durch die unvollstindige Abschirmung der 4 f-Elektronen untereinander
zustande, so dass die effektiv wirkende Kernladung mit zunehmender Ordnungszahl
wachst. Ausnahmen zur Oxidationsstufe +III bilden Cer, das in der Oxidationsstufe
+IV vorkommt, sowie Samarium, Europium und Ytterbium, die in einigen Feststof-
fen und wissrigen Losungen die Oxidationsstufe +II bilden koénnen [112,114, 116].
Als Koordinationszahlen werden fiir die Oxidationsstufe +I1II am haufigsten 7, 8 und
9 gefunden. Da die f-Orbitale relativ gut abgeschirmt sind, stehen diese nicht fiir
die Bildung von Hybridorbitalen zur Verfiigung. Die stabilsten Komplexe werden
mit Liganden, die Sauerstoffatome enthalten, eingegangen [112|. Die Aqua-Ionen
(Ln[H,0]3") hydrolysieren in Wasser, wobei die Tendenz mit steigender Ordnungs-
zahl zunimmt. Desweiteren bilden die Ln3*-Ionen mit weiteren anorganischen Li-
ganden wie z.B. Carbonat-Ionen Komplexe. Diese Reaktion ist stark vom pH-Wert
abhéngig und wird in der Regel fiir pH-Werte > 7 beobachtet [117]. Aus diesen
Griinden sind die Untersuchungen zum Komplexierungsverhalten durch Huminstof-
fe vorwiegend fiir einen pH-Wertbereich < 6 durchgefiihrt worden.

Die Anwendungen von Lanthanid-Ionen bzw. ihren Komplexen sind vielféltig [118—
120]. Besonders in Bereich der Entwicklung neuer Lasermaterialien und optischer

2auch Lanthanoide
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Sensoren werden mit Lanthanid-Ionen dotierte Materialien in zunehmendem Ma-
fe eingesetzt [121-127]. Lanthanid-Ionen und ihre Komplexe werden als Sonden
fiir biologische Systeme genutzt [120,128-134]. Ln3*-Tonen kénnen Ca®" in Pro-
teinen isomorph ersetzen. Dadurch kénnen z.B. Tb3t und Eu®t als Lumineszenz-
sonden in Untersuchungen von Proteinen bzw. Proteinstrukturen eingesetzt wer-
den [128,135-138|. Besonders hervorzuheben sind Anwendungen zur Untersuchung
von Konformationsénderungen (wie z.B. bei der Muskelkontraktion oder von Pro-
teinen, die die Durchléssigkeit von Ionenkanélen steuern) [139-142|. Lanthanid-
Komplexe werden als Donor-Systeme in homogenen Fluoreszenzimmunoassays und
in homogenen DNA-Hybridisierungsassays eingesetzt [120, 133,143, 144|. Diese kon-
kurrieren inzwischen in der Empfindlichkeit mit Radioimmunoassays.

3.1.1 Absorptions- und Lumineszenzeigenschaften von Ln3*"

Die Elektronenkonfiguration der Ln3*-Ionen ist in Tabelle B.2 zusammengefasst.
Durch elektrostatische Wechselwirkung der f-Elektronen erfolgt eine Aufspaltung
der 4 f"-Elektronenkonfiguration in Terme mit unterschiedlichen Gesamtbahndreh-
impuls L. Zusétzlich fiihrt die Austauschwechselwirkung der Elektronen zu unter-
schiedlichen Gesamtspinquantenzahlen (bei gleicher Gesamtbahndrehimpulsquan-
tenzahl). Durch Spin-Bahn-Wechselwirkung werden die elektronisch entarteten Ter-
me weiter in spektroskopische Terme aufgespalten. Die spektroskopischen Terme
werden zur Beschreibung der elektronischen Zustdnde von Lanthanidionen verwen-
det - im Gegensatz zu der Nomenklatur zur Beschreibung der elektronischen Zustéan-
de von organischen Molekiilen, bei denen einzig die Spinmultiplizitdt zur Unterschei-
dung herangezogen wird. Liganden konnen dann zu einer weiteren Feinaufspaltung in
unterschiedliche Niveaus fiihren (s. Tabelle B.2). Je nach Anzahl der f-Elektronen
wichst die Zahl der méglichen Niveaus sehr schnell an und ist fiir das Gd*T am
grofsten. Da die 4 f-Orbitale durch die dufseren d- bzw. s-Orbitale weitestgehend
von Umgebungseinfliissen abgeschirmt sind, ist die beobachtete Ligandenfeldaufspal-
tung im Gegensatz zu den d-Blockmetallen klein. Wahrend fiir die d-Blockmetalle
Ligandenfeldaufspaltungen im Bereich von 10000 cm™! bis 30000 cm™! gefunden
werden, beobachtet man bei Lanthanidkomplexen gew6hnlich Aufspaltungen < 500
cm ™! [120,145,146]. In den spektroskopischen Termen erfolgt die Charakterisierung
der elektronischen Zustédnde durch die Quantenzahl L des Gesamtbahndrehimpulses,
die Multiplizitit M?°, sowie die Quantenzahl J des Gesamtdrehimpulses: *L;. Bei
den elektronischen Ubergingen handelt es sich um f- f-Ubergéinge, d.h. also zwischen
Zustinden gleicher Paritdt. Damit sind die f-f-Ubergéinge Laport-verboten (Pari-
tatsverbot) und als eine Konsequenz daraus sind die Extinktionskoeffizienten e sehr
klein. Das Paritatsverbot wird gelockert durch das Mischen mit Schwingungen von
Liganden bzw. elektronischen Ubergéingen entgegengesetzter Paritét [145,147,148).
Gewohnlich liegen die Extinktionskoeffizienten in der Gréfenordnung von e < 102
M~ em™!. Da bei der elektronischen Anregung nur f-Elektronen involviert sind,
die nicht an chemischen Bindungen beteiligt sind, ist die Gleichgewichtsgeometrie
des elektronischen Grundzustands und des elektronisch-angeregten Zustands nahe-
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Abbildung 3.1: Energieniveauschema von Tb3™.

zu identisch, so dass Absorptions- und Emissionsbanden der Ln®*-Ionen sehr scharf
sind [112,145,148,149]. Selbst bei Raumtemperatur konnen Linienspektren gemes-
sen werden, die eine Halbwertsbreite von nur wenigen cm ™! haben [128].

Von den Ln*-Tonen zeigen nur das Samarium (Sm), das Europium (Eu), das Ter-
bium (Tb) und das Dysprosium (Dy) bei Raumtemperatur in Losung nennenswerte
Lumineszenz. In Abbildung 3.1 sind das Termschema, die spektroskopischen Terme
sowie das Lumineszenzspektrum fiir Th3* (aq) gezeigt. Fiir Th*" wird in Losung die
Lumineszenz gewohnlich aus dem °D4-Zustand beobachtet, Eu®* besitzt im Prinzip
zwei lumineszierende Zusténde (°Dy und 5D;) wobei der erste der dominierende ist
(siehe auch Abbildung 3.4). Die Lumineszenz des Eu** erfolgt in das Multiplet des
elektronischen Grundzustandes (“F;, mit J = 0 — 6) [150-152]. Basierend auf den
Auswahlregeln fiir elektronische Dipol-Ubergiinge sind die Ubergiinge > Dy — "Fy 46
erlaubt, ebenso wie der magnetische Dipol-Ubergang °Dy — 7F;. Die Uberginge
®Dy — "Fy35 sollten stark verboten sein. Dass diese dennoch teilweise in Spektren
beobachtet werden konnen, héngt mit der Symmetrie der Komplexe bzw. der Fr-
niedrigung dieser durch Schwingungen zusammen [145, 146].

Obwohl Verdnderungen in der Koordinationssphére der Ln®-Ionen nur kleine An-
derungen in der spektralen Lage der Absorptions- und Emissionsbanden bzw. den
relativen Intensitéiten bewirkt, sind diese Anderungen sehr spezifisch und kénnen
zur Identifikation von Komplexgeometrien oder deren Anderung verwendet wer-
den [145,146,148,151,152]. So sind z.B. fiir Eu** der " Fy- und der ® Dy-Zustand nicht
weiter durch das Ligandenfeld aufgespalten, so dass aus der Anzahl der energetisch-
verschiedenen °Dy — 7Fy-Uberginge auf die Anzahl der unterschiedlichen Kom-
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plexe in einer Probe geschlossen werden kann. Die Fluoreszenzquantenausbeuten
von Ln3T-Aquaionen sind gewohnlich sehr gering, was darauf hindeutet, dass die
Desaktivierung der elektronisch-angeregten Zustande iiberwiegend strahlungslos er-
folgt (sieh auch 3.1.2) [129,145,151-154].
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Abbildung 3.2: Lumineszenzanregungs- und Lumineszenzspektren von Tb3* (oben) und
Eu®t (unten) in Wasser (cp,3+ = 1072 M; A pps+ = 350 nm und A, gus+ = 395 nm;
Aemps+ = 545 nm und A, gus+ = 593 nm; Fluoromax 3, Yobin Yvonne).

Qualitative und quantitative Untersuchungen von Ln3*-Komplexen in Losung kon-
nen mittels Lumineszenz- und Lumineszenzanregungsspektroskopie sehr empfindlich
durchgefiihrt werden (Konzentrationsbereich < 1072 M) [155]. Zur Veranschau-
lichung sind in Abbildung 3.2 die Lumineszenz- und Lumineszenzanregungsspek-
tren von Th*"(aq) und Eu®*(aq) gezeigt. Da es sich bei der beobachteten Emis-
sion von Ln3*-Tonen wie oben beschrieben um elektronische Uberginge zwischen
Zustdnden mit unterschiedlicher Spinmultiplizitat handelt, wird der Begriff Lumi-
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neszenz verwendet®. Die spektral hochaufgelosten Lumineszenz- und Lumineszenz-
anregungsspektren von Ln*T-Komplexen werden zur qualitativen und quantitativen
Charakterisierung eingesetzt [128,153,156-158]. So wurden z.B. durch Messen der
Lumineszenz- und Lumineszenzanregungsspektren von Eut bei 614 nm (°D, —
"F,-Ubergang) und Anregung im Bereich von 578 nm < A, < 581 nm ("Fy — ®Dy-
Ubergang)) thermodynamische Komplexbildungskonstanten fiir verschiedene orga-
nische Liganden bestimmt. Dabei wurde eine konkurrierende Komplexierung mit
einem Liganden mit bekannter Stabilitdtskonstante durchgefiihrt [159,160].
Besonders fiir die Speziation von Actiniden ist die zeitaufgeloste laser-induzierte
Fluoreszenzspektroskopie (time-resolved laser-induced fluorescence spectroscopy,
TRLFS) etabliert. Fiir Eu?T, Th3", Am*" und Cm?3* wurden Komplexbildungskon-
stanten verschiedener Huminstoft-, Carbonat- und Hydroxokomplexe mittels TRLFS
bestimmt [100,117,161-164]. Besonders Eu** wurde vielfach zur Untersuchung der
Metallkomplexierung durch HS eingesetzt [80,82,83,117,165-167].

Eine weitere Konsequenz des Paritétsverbots der elektronischen f-f-Uberginge ist
die auRergewohnlich lange Lumineszenzlebensdauer 7 der Ln®T-Ionen und ihrer
Komplexe [129,151-154|. In Abbildung 3.3 sind die Lumineszenzabklingkurven von
Th*3(aq) und Eu*3(aq) dargestellt. Die Angaben in der Literatur fiir die Lumines-
zenzlebenszeit 7 der Aquaionen schwanken: 75,3+ = 100 4+ 10 us und 7+ = 400 +
10 s (s. auch Tabelle B.1) [151,152,154]. Fiir die Strahlungslebensdauer 7y von Th*?
in HyO und in DyO wird ein Wert von 7y pps+ = 4800 ps bis 8300 ps genannt, die
fiir Eu*t (79 gus+ = 9500 us) sind sehr dhnlich [150,168,169]. Die grofen Unterschie-
de zwischen 7 und 7y sind ein weiterer Hinweis dafiir, dass in den Aquokomplexen
der Ln3*-Tonen sehr effektive strahlungslose Desaktivierungsprozesse stattfinden. In
Ln?**-Komplexen, die eine gute Abschirmung des Ln®**-Ions gegen dufiere Einfliisse
gewahrleisten, werden wesentlich langere Lumineszenzlebensdauern gefunden (eben-
so werden erhdhte Lumineszenzquantenausbeuten bestimmt) [156, 170].

Hypersensitive elektronische Uberginge in Lanthanid-Komplexen Die
Intensitéit der elektronischen Uberginge in Lanthanid-Komplexen wird durch ih-
re erste und zweite Koordinationsspahre beeinflusst. Wird durch Substitution von
Liganden die Symmetrie verdndert, so kann sich dies besonders auf die beobachte-
te Intensitétsverteilung im Absorptions- und Lumineszenzspektrum auswirken. Bei
einigen Lanthaniden wird fiir bestimmte elektronische Ubergéinge eine wesentlich
stirkere Beeinflussung gefunden als fiir andere Ubergéinge. Die Intensitét der elek-
tronischen Ubergiinge ist direkt proportional der Oszillatorstirke des betrachteten
elektronischen Ubergangs. Die beobachtete verstirkte Sensitivitit der Oszillator-
stirke bestimmter Ubergéinge relativ zu anderen auf Verinderungen in der Koor-
dinationsspihre des Lanthanidions wird als Hypersensitivitédt bezeichnet [171,172].
Der prominenteste Vertreter ist das Europium, bei dem der hypersensitive Uber-
gang in Absorption einem "F, — °D,-Ubergang ( bei 464 nm) und in Emission

3Genau genommen sollte Phosphoreszenz verwendet werden. Diese Nomenklatur ist in der Li-
teratur allerdings fiir die Emission der Lanthanide selten zu finden.
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Abbildung 3.3: Lumineszenzabklingkurven von Tb3* und Eu®" in Wasser (cp,3+ = 1073
M; Aez ns+ = 337.1 nm; Aoy, s+ = 545 nmund A, g3+ = 593 nm; FL920, us-Modus,
Edinburgh Instruments).

einem °Dy — TFy-Ubergang (bei 614 nm) entspricht. Dieser Ubergang ist ein ma-
gnetischer Dipol-Ubergang. Durch Verdnderungen der Komplexsymmetrie werden
die Ubergangswahrscheinlichkeiten der Uberginge mit elektrischem Dipolcharakter
des Eu®" verindert, wihrend die magnetischen Dipoliiberginge unbeeinflusst blei-
ben [150,171,173|. Neben Europium werden auch noch fiir Praseodym (Pr), Neodym
(Nd), Samarium (Sm), Dysprosium (Dy), Holmium (Ho), Erbium (Er) und Thuli-
um (Tm) hypersensitive elektronische Ubergiinge beschrieben [171]. Die beobachtete
Hypersensitivitdt in den Absorptions- aber vor allem in den Lumineszenzspektren
dieser Lanthanide hat dazu gefiihrt, dass diese als molekulare Sonden eingesetzt
werden, um z.B. Verdnderungen in der Komplexierung von Metallionen zu untersu-
chen. Choppin et al. haben so z.B. eine gute Korrelation zwischen der Basizitéit der
Liganden und der Intensitét der hpersensitiven Ubergéinge in Lanthanid-Komplexen
beschrieben, die sowohl in fester Phase wie auch in Lésungen bestétigt wurde [171].
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3.1.2 Strahlungslose Desaktivierungsprozesse

Die Lumineszenzquantenausbeute ® und die Lumineszenzlebensdauer 7 von Lan-
thanidionen in Losung werden hauptséachlich durch die erste Koordinationsphére
des Ions bestimmt. Einflufs auf die Parameter ® und 7 nehmen neben der Art der
Liganden (koordinierten Molekiile) in gemischten Komplexen die Anzahl der Ligan-
den sowie deren Anordnung im Komplex [150, 174].

Die wirkungsvollste strahlungslose Desaktivierung der elektronisch-angeregten Lan-
thanidionen geschieht durch die Kopplung an OH- bzw. CH-Schwingungen von Li-
ganden in der ersten Koordinationssphére [145,150]. Es konnte gezeigt werden, dass
die beobachtete Geschwindigkeitskonstante proportional zur Anzahl der OH- (bzw.
CH-) Bindungen im Komplex ist [128,150,175]. Kropp und Windsor haben fiir Th3*-
und Eu®*-Tonen die Lumineszenzintensitit und die Lumineszenzlebensdauer 7 in rei-
nem H,O, D>0O und in verschiedenen Mischungsverhéltnissen, sowie in verschiedenen
deuterierten Losungsmitteln untersucht [150,175,176]. Es wird ein ausgeprégter Iso-
topeneffekt beobachtet (s. Tabelle B.1).

Fiir die Lumineszenz wurde in allen Féllen eine Kinetik erster Ordnung gefunden,
was u.a. darauf hindeutet, dass der Austausch zwischen den freien Lésungsmittelmo-
lekiilen und Losungsmittelmolekiilen aus der Koordinationssphére sehr schnell ist im
Vergleich zu 7. Als Richtgrofe wird fiir Lanthanidionen fiir den Austausch von Lo6-
sungsmittelmolekiilen aus der Koordnationssphére eine Geschwindigkeitskonstante
K gustausen von ca. 2:107 s~1 angegeben. Daher wird bei Messungen der Lumineszenz-
lebenszeit gewohnlich eine mittlere Koordinationssphére beobachtet [150].

In wéssrigen Losungen erfolgt die Desaktivierung der angeregten Zustinde die-
ser Ionen sehr effektiv durch einen strahlungslosen Energietransfer auf die OH-
Schwingungen des Wassers. Im Prinzip kann dabei die Energie auf eine einzelne
Schwingungsmode, auf verschiedene Schwingungsmoden eines einzelnen Molekiils
oder auf verschiedene Schwingungsmoden verschiedener Molekiile {ibertragen wer-
den. Fiir die Desaktivierung der Europium- und Terbiumionen in Wasser wird der
Energietransfer auf einzelne OH-Schwingungsmoden bzw. deren hoher angeregte Zu-
stdnde als der vorherrschende Mechanismus angesehen [135,145,175,177|. Der Ener-
gieabstand zwischen dem Energieniveau, aus dem die Lumineszenz erfolgt und dem
héchsten Schwingungsenergieniveau des Grundzustands betréigt fiir Europium ca.
12200 cm™! und fiir Terbium ca. 14800 cm™! [152]. Wird fiir die Energie der funda-
mentalen OH-Schwingungsmode 3600 cm ! angesetzt, so werden zur Desaktivierung
des Europiums An = 4 und fiir Terbium ein An = 5 bendétigt, wobei n die Anzahl der
Schwingungsquanten ist, die vom Lanthanidion auf die OH-Schwingung zu Desakti-
vierung iibertragen werden. Dieser Desaktivierungskanal ist in DO sehr viel weniger
effizient aufgrund der niedrigeren Frequenz der OD-Schwingungen. Mit zunehmender
Energieliicke zwischen Grund- und emittierendem Zustand in den Ln3*-Ionen nimmt
die Effektivitdt der Loschung durch OH- bzw. CH-Schwingungen ab [128,168, 175].
Kann die elektronische Anregungsenergie nicht mehr auf eine einzelne Schwingungs-
mode iibertragen werden (bei zu grokem Energieabstand zwischen emittierendem
Zustand und Grundzustand ist das der Fall), ist ein Isotopeneffekt nicht mehr ef-
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fektiv wirksam (energy gap law) [168]. Wird die Energieliicke andererseits zu klein,
konnen andere Desaktivierungskanile wirksam werden, wie z.B. {iber Schwingungen
des gesamten Komplexes, auch dann wird kein (oder ein nur sehr kleiner) Isotopen-
effekt beobachtet [168].

Aus Messungen der Lumineszenzlebensdauer von Ln®*T-Komplexen in H,O und D,O
kann die Anzahl der koordinativ-gebundenen Wassermolekiile ermittelt werden [128,
135,150, 175,178]. Fiir verschiedene Komplexe von Terbium und Europium mit ver-
schiedenen Liganden (z.B. Acetat, EDTA, Sulfat, Chlorid, Oxalat usw.) konnte so
die mittlere Anzahl von Wassermolekiilen in der ersten Koordinationssphére be-
stimmt werden [128,178]. Es wurde dabei davon ausgegangen, dass die beobachtete
Lumineszenzlebensdauer zusammengesetzt ist aus der strahlungslosen und strahlen-
den Desaktivierung sowie einem Anteil, der nur von der Anzahl ¢ der OH-Gruppen
in der ersten Koordinationsspahre abhéngt:

-1 _ -1 —1 —1
Toeob. = Tnat. + Trr + Tod (31)

q=Apps+ - (7'13210 - 7'5210)

Der Parameter Ay,s+ ist eine empirische Konstante, die fiir jedes Ln3*-Ion separat
ermittelt werden muss. Ag,s+ wird mit 1.05 und Apys+ mit 4.2 angegeben fiir den
Fall, dass 7,0 und 7p,o in ms eingesetzt werden [128,172,179]. Daneben gibt es
noch eine Reihe weiterer einfacher empirischer Beziehungen, die einen Zusammen-
hang zwischen der Anzahl an Wassermolekiilen in der ersten Hydratationssphére der
Ln3*-Komplexe und der Lumineszenzlebensdauer herstellen [172]. Allerdings werden
diese seltener benutzt.

Im Gegensatz zu organischen Molekiilen und einer Reihe von d-Elementkomplexen
wird die Lumineszenz der Ln3T-Tonen durch Sauerstoff in Losung nicht geloscht
[150, 175, 180].

3.1.3 Antenneneffekt und Energietransferprozesse

In wassrigen Losungen wird durch die Komplexierung mit organischen Liganden
in der iiberwiegenden Zahl von Fillen eine deutliche Zunahme der Lumineszenzin-
tensitit der Ln®*T-Tonen beobachtet. Diese wird einmal durch die Verdringung von
Wassermolekiilen aus der ersten Hydratationssphéire und einer damit verbundenen
effektiveren Abschirmung gegen die Desaktivierung durch OH-Schwingungen (s.o.)
verursacht. Der zweite Grund liegt im sogenannten Antenneneffekt [156, 170]. In
den Komplexen wird die Lichtenergie durch die Liganden absorbiert und in ei-
nem Energietransferschritt® auf das Ln3*-Ton iibertragen. Da die Extinktionsko-
effizienten der organischen Liganden oft um den Faktor 10® bis 10* gréfer sind
als die der Ln®T-Tonen selbst, kann so auch bei wenig effizienten Energietransfer-
prozessen zwischen Ligand (D) und Ln®*T (A) eine insgesamt deutliche Zunahme

4Die theoretischen Hintergriinde zu den grundlegenden intra- und intermolekularen Energie-
transferprozessen sind im Anhang A zusammengestellt.



3.1. LANTHANIDE - GRUNDLAGEN 167

30000 -1
] | ISC 5D
25000 VI3 3
] T
D, .- S - 5D
20000 4 5D, T ET ET 4
;r 5D0
N} 1 F
5 :
o 5000 - Fy 2
~ \ hv 3
Ll 5 ‘
] 4 4
2 -
500 ‘ . B 1
J ! 2
o d 7 7F; -l _\_7|:6

Eu3* (aq) Ligand Th3* (aq)

Abbildung 3.4: Energieniveauschema von Eu®™ und Tb*" in Wasser (aq). Die Pfeile
symbolisieren die als Lumineszenz bei Raumtemperatur sichtbaren Uberginge, wobei
die Strichstirke die Intensitit des jeweiligen Ubergangs reprisentiert (Daten aus [152]).
Weiterhin gezeigt sind die Energieniveaus eines hypothetischen Liganden sowie die mog-

lichen Energietransferschritte (ET) vom Liganden auf das Ln3*-lon bzw. zuriick zum
Liganden (nach [170]).

der Ln?*-Lumineszenzintensitéit beobachtet werden. Diese Lumineszenzverstirkung
ist fiir eine sehr grofte Zahl der verschiedensten Typen von Liganden beschrie-
ben [148, 156, 170, 181-183]. Die Lumineszenz von verschiedenen Europium- und
Terbiumkomplexen kann z.B. sehr effektiv durch Carbonylverbindungen sensibili-
siert werden [184-187]. In einigen seltenen Fillen wurde auch ein zusétzlicher in-
termolekularer Energietransferschritt beobachtet, bei dem die Energie von freien
Ligandmolekiilen auf den Komplex iibertragen werden kann. Dieser Schritt ist dif-
fusionskontrolliert und wird dementsprechend durch experimentelle Parameter wie
Temperatur und Viskositat der Losung stark beeinflusst [173,186]. Fiir einige Kom-
binationen von Ligand / Ln®" werden Verstirkungsfaktoren von bis zu 1100 berich-
tet [170,184,187,188]. Auch wenn die Ln*"-Ionen in Proteinen, wie z.B. Parvalbu-
min und Cadmodulin, gebunden werden (und dort Ca®" isomorph ersetzen) wird
ein Energietransfer von Tryptophan auf Eu?t und Th3* beobachtet [189,190].

Fiir einen effektiven Energietransfer zwischen Ligand und Ln®*-Ion ist die relative
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energetische Lage des Triplett-Zustands des Liganden und der relevanten Zusténde
der Ln3*-Tonen (fiir Th** das 5Dy-Niveau und fiir Eu®T die ®D;- bzw. ® Dy-Niveaus)
entscheidend [148,173, 186, 187,191-193]. Dies ist in Abbildung 3.4 zusammenfas-
send dargestellt [170]. Neben der Energieiibertragung auf das Ln?T-Ton sind fiir
Eu*t und Th3" weiter Prozesse beschrieben, die gesteuert durch die relative ener-
getische Lage von Ligand-Triplett-Zustand und lumineszierendem Niveau des Ln37-
Ions zu einer strahlungslosen Desaktivierung fiihren konnen. Zum einen kann es
zu einem effizienten Riicktransfer der Energie kommen, wenn die energetische Lage
von Triplett-Zustand des Liganden und lumineszierenden Zustand des Ln®*-Ions zu
klein wird [148,170]. Fiir Th3* konnte gezeigt werden, dass eine Energiedifferenz von
mehr als 1850 cm™! zwischen beiden Zustinden notwendig ist, um einen effizienten
Energieriicktransfer zu verhindern [180, 188]. Daneben kann es in Eu**-Komplexen
auch zu Ligand-zu-Metall-Ladungsiibertragungsreaktionen (ligand-to-metal charge
transfer, LMCT) kommen, in denen der Europiumkomplex im angeregten Zustand
in einer f’-Konfiguration vorliegt [138,170]. Dies entspricht fiir Europium formal
einer Oxidationsstufe von +II.

Die bereits angesprochene Unempfindlichkeit der Ln3*-Lumineszenz gegeniiber O,
gilt nur fiir die Aquokomplexe oder Komplexe mit anorganischen Liganden. Ln3*-
Komplexe mit organischen Liganden zeigen eine Léschung der Lumineszenz durch
O,. Dabei handelt es sich um eine dynamische Loschung der Triplett-Zustédnde der
Liganden, wie in zeitaufgelosten Messungen gezeigt werden konnte [180].

Interlanthanid-Energietransfer Neben den intramolekularen Energietransfer-
prozessen zwischen Liganden und Ln3*-Ionen wurde in Glidsern und Kristallen, die
mit verschiedenen Ln3*-Ionen dotiert waren, auch ein Interlanthanid-Energietransfer
beobachtet. Hiufig wurden Eu*t und Th?* als Donatoren und verschiedene andere
Ln**-Tonen (z.B. Nd*") als Akzeptoren eingesetzt. Als Mechanismus wird ein re-
sonanter Energietransfer durch Quadrupol-Dipol-Wechselwirkung (s. auch Anhang
A.2.2) vorgeschlagen® [147,197-199|. Fiir kleine Abstéinde zwischen Donor- und
Akzeptor-Lanthanidionen wird von Tanaka und Ishibashi allerdings der Austausch-
Mechanismus favorisiert [199,200]. Die bestimmten Geschwindigkeitskonstanten fiir
den Energietransfer in zweikernigen Lanthanidkomplexen waren ca. ein bis zwei
Grofsenordnungen zu hoch, um durch den Coulomb Mechanismus erklart werden zu
kénnen. Der Abstand der Lanthanidionen in den untersuchten Komplexen betrug ca.
4 A. Neben Festkérpern wurde auch in mehrkernigen Komplexen bzw. in Makromo-
lekiilen, die mehr als ein Ln*-Ion binden konnen, ein Interlanthanid-Energietransfer
beobachtet. Fiir Komplexe mit Picolin- und Nicotinsdure, verschiedenen Carbonséau-
ren und Aminosduren wurde in wassrigen Losungen ein effektiver intermolekularer
Energietransfer zwischen Eut und Tb?* gefunden. Dieser hingt sehr stark vom
pH-Wert der Losung ab. Je nach verwendetem Liganden kénnen mehrere Disso-

SHiufig wird diese Art des Energietransfers auch als Resonanzenergietransfer (RET), Forster
Resonanzenergietransfer, Fluoreszenz-Resonanzenergietransfer (FRET) bzw. im Falle von Lantha-
niden Lumineszenz-Resonanzenergietransfer (LRET) bezeichnet [141,194-196]. Zu den theoreti-
schen Grundlagen von Energietransferprozessen s. Anhang A.
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ziationsstufen des Liganden vorliegen, wodurch die Ausbildung von polynuklearen
Komplexen begiinstigt wird. In diesen ist der Interlanthanid-Energietransfer dann
fiir den Fall, dass gemischte polynukleare Komplexe vorliegen, moglich [201-205]. In
mehrkernigen Komplexen, die Cer und Terbium (oder Europium) enthielten, wurde
eine Energietibertragung vom angeregten Cer zum Terbium (Europium) beobach-
tet [203]. Neben einem reinen Interlanthanid-Energietransfer wurden weitere Me-
tallkationen als Akzeptoren in entsprechenden Komplexen verwendet. So wurde in
verschiedenen Proteinen ein Energietransfer zwischen Eu?t und Co?*, beide an Pro-
tein gebunden, gefunden. Ebenso wurde Fe3*t als Energieakzeptor in Proteinen mit
Eu?t als Donor eingesetzt [128]. In diesen Féllen wird das Vorliegen eines Energie-
transfers nach dem Coulomb Mechanismus angenommen (LRET; s. auch Anhang
A.2.2).

Durch die Untersuchung der Effizienz des Energietransfers zwischen Donor und Ak-
zeptor lafst sich der Abstand der beiden auf molekularer Ebene bestimmen und
durch Variation des Donor-Akzeptor-Paares kann eine Art molekulares Lineal er-
halten werden, mit dem Absténde in der Gréfenordnung von einigen A bis hin zu
ca. 10 nm gemessen werden konnen [195,196]. Zwischen der beobachteten Effizienz
E des Resonanzenergietransfers und dem mittleren Abstand r zwischen Donor und
Akzeptor besteht folgender Zusammenhang (s. auch Anhang A.2):

E=1--2-1--2 (3.3)

r\%|

E- [1+<RO>] (3.4)
Ip und 7p sind die Lumineszenzintensitéit bzw. die Lumineszenzlebensdauer des Do-
nors, wobei der Index 0 die Grofsen in Abwesenheit eines Energieakzeptors bezeich-
net. Ry ist der sogenannte Forsterradius, bei dem eine 50 %ige Wahrscheinlichkeit
fiir einen Energietransfer besteht. Die fiir ein Donor-Akzeptor-Paar charakteristische
Groke Ry wird durch die spektroskopischen Eigenschaften des Paares bestimmt (s.
Anhang A.2.2). Im Falle des Interlanthanid-Energietransfers liegen die Werte fiir R,
im Bereich 5 A bis 27 A (s. Tabelle B.3).
Ein Beispiel fiir die Anwendung des Interlanthanid-Energietransfers zur Untersu-
chung von molekularen Strukturen sind Ca?"-bindende Proteine. Durch isomorphe
Substitution von Ca?* in den Proteinen durch Eu®* bzw. Th3* konnten die Abstéin-
de und die Struktur der Proteine in Losung untersucht werden. Ein Untersuchung
der funktionsfdhigen Proteine mittels anderer Methoden (z.B. mikroskopischer) ist
mit vergleichbarer Auflésung nicht moglich, da entweder die Auflésung von optischen
Mikroskopen zu gering ist oder im Falle von Rastersonden-basierten Verfahren, die
Proben aufwendig prépariert werden miissen und die Proteine dabei ihre Funkti-
onstiichtigkeit einbiifsen. Die aus den LRET-Untersuchungen ermittelten mittleren
Abstinde r der gebundenen Ln®*T-Tonen (z.B. an Thermolysin, Parvalbumin und

Calmodulin) stimmen sehr gut mit aus Réntgenkristalluntersuchungen ermittelten
Abstanden der Metallbindungsplétze iiberein [128,136,137,206].
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3.1.4 Komplexierung von Ln*"-Ionen durch HS

Polymaleinsédure-Derivate wurden als Modellpolymere zur Untersuchung der Kom-
plexbildung mit Eu?* verwendet. Aus zeitaufgelosten Lumineszenzmessungen wurde
die Anzahl der koordinierten Wassermolekiile und die Komplexstéchiometrie abge-
leitet. Es zeigten sich Parallelen zur Komplexierung durch HS [207-209]. Ausserdem
wurden verschiedene Carbonsaure-Derivate als Modellsysteme zur Untersuchung der
HS-Ln®*"-Komplexierung eingesetzt [164,166,210).

Fiir Actinide wie Cm?®* und Lanthanide wie Tbh3" ist eine Steigerung der Lumi-
neszenzintensitat in HS-Komplexen um ein bis zwei Groflenordnungen beschrieben
[164,211|. Der Energietransfer von HS auf komplexiertes Curium wird zur Speziation
von Cm*T-HS-Komplexen in natiirlichen Wéssern eingesetzt [161-163,212,213].
Durch die Wechselwirkung mit HS wird die relative Intensitdt der hypersensiti-
ven Lumineszenzbande des Eu®* bei 615 nm verdndert, was ein direktes Indiz fiir
die Komplexierung ist. Aus der Konzentrationsabhéngigkeit des Verhéltnisses der
Lumineszenzintensitaten bei A.,, = 593 nm zu A.,, = 615 nm wurde die Kom-
plexbildungskonstante fiir verschiedene HS mit Eu®™ bestimmt [82,83,165|. Eine
Unterscheidung verschiedener Bindungsplétze in HS wurde basierend auf dem nicht-
entarteten "y — °Dy-Ubergang des Eu®t gemacht [78,166]. Durch Peakentfaltung
wurden zwei verschiedene Eu’t-HS-Komplexbindungsplitze identifiziert, mit den
Maxima bei 17271.1 cm™! und 17265.4 cm™!. Aus der Verschiebung der hyper-
sensitiven Eu**-Lumineszenzbande und aus zeitaufgeldsten Lumineszenzmessungen
wurden von Thomason et al. auf mindestens vier verschiedene Bindungsplitze ge-
schlossen - alle mit Carboxylgruppen als Liganden [167].

Die zeitaufgelosten Fluoreszenzspektren von Eu*-HS Komplexen zeigen eine deut-
liche Verdnderung im Peakverhaltnis Is93nm/l6150m, Was auf eine Verdnderung der
molekularen Umgebung im Eu®T-HS-Komplex schlieRen lisst. Allerdings werden von
Planque et al. keine Verdanderungen in der Lumineszenzlebensdauer des durch HS
komplexierten Eu®* gefunden. Mit 110 us entspricht die Lebenszeit der des Aquo-
ions, woraus sich in der ersten Koordinationssphéire neun Wassermolekiile ableiten
lassen und somit das Europium in HS als outer-sphere Komplex vorliegen wiir-
de [117]. Ebenso wird fiir Cm®*" und Dy?" nur ein geringer Einfluss auf die Lumines-
zenzlebenszeiten durch HS-Komplexierung beschrieben [214]. In diesen Untersuchun-
gen wurde eine 1:1-Komplexbildung zwischen HS und Ln3* angenommen. Im Gegen-
satz dazu werden von Choppin et al. und Kim et al. nicht mono-exponentielle Lumi-
neszenzabklingverhalten fiir Cm?*- und Eu®*-HS-Komplexen beschrieben [78,213].
Die Heterogenitét oder die Anwesenheit von Spuren weitere Metallionen in HS wer-
den als mogliche Erklarungen fiir die beobachtete komplexe Abklingkinetik ange-
fiihrt. Aus den Lumineszenzabklingkinetiken wurde die Anzahl der im HS-Eu?*-
Komplex an das Ln3* gebundenen Wassermolekiile abgeschiitzt. Unter Verwendung
der Gl1.(3.2) wurden abgeschétzt, dass durch die Komplexierung mit HS vier Was-
sermolekiile aus der ersten Koordinationssphére des Eu®" freigesetzt werden [167].
Allerdings wurde bei der Berechnung nur eine der aus einer bi-exponentiellen An-
passung erhaltenen Lumineszenzabklingzeiten berticksichtigt.



3.2. LOSCHUNG DER INTRINSISCHEN FLUORESZENZ 171

3.2 Loschung der intrinsischen Fluoreszenz durch
Ln?"-Ionen

In den folgenden Abschnitten 3.2.1 bis 3.2.3 werden eigene Arbeiten zur Charakte-
risierung der intrinsischen Fluoreszenz von Benzoesdure-Derivaten, Modell-HS und
HS verschiedener Ursprungsorte sowie deren Loschung durch Ln3* diskutiert. Bei
den Benzoesdure-Derivaten handelt es sich um Hydroxy- und Methoxy-Derivate der
Benzoeséure. Diese wurden als Modelle fiir einfache Strukturbausteine von HS un-
tersucht und sind vor allem aus bekannten Abbauprodukten z.B. des Lignins abge-
leitet [1,2,79,215,216]. Lignin selbst stellt einen, wenn nicht sogar den groften, Pool
an Substanzen dar, aus dem HS durch biotische und abiotische Reaktionen gebil-
det werden. Gestiitzt werden diese Annahmen durch die aus neuen hochauflésenden
massenspektrometrischen Untersuchungen abgeleiteten Strukturen von HS [15, 18].

3.2.1 Loschung der intrinsischen Fluoreszenz von Benzoesaure-
Derivaten durch Ln?"-Ionen

Die intrinsische Fluoreszenz von verschiedenen Benzoesidure-Derivaten ist in Ab-
bildung 3.5 vergleichend dargestellt. Im Prinzip iiberstreicht die Fluoreszenz die-
ser Verbindungsklasse den gesamten Spektralbereich zwischen 300 nm < A.,,< 600
nm. Zum Vergleich ist in Abbildung 3.5 das Fluoreszenzspektrum einer Braunwas-
ser FA gezeigt. Die spektrale Uberlappung und die Ubereinstimmung in der Form
der Spektren sind grofs. Die Quantenausbeuten und die Sensitivitat gegeniiber pH-
Werténderungen dieser Verbindungsklasse sind sehr unterschiedlich. Besonders fiir
die hydroxysubstituierten Derivate wird eine starke Abhéangigkeit der Fluoreszenz
vom pH-Wert beobachtet. Dies ist in der Hydroxygruppe begriindet, die als so ge-
nannte Photosdure agieren kann, d.h. die Sdurekonstante der OH-Gruppe ist im
elektronischen Grundzustand und im elektronisch-angeregten Zustand mitunter um
einige Grofsenordnungen unterschiedlich. Qualitativ 1aft sich dieses Phanomen durch
den nach Th. Forster benannten Forster-Zyklus beschreiben. Fiir aromatische Hy-
droxyverbindungen wird in der Regel eine Verschiebung zu kleineren pK,-Werten
erwartet. In der Praxis hangt das aber vom Verhéltnis der Geschwindigkeitskonstan-
ten der Desaktivierung des S;-Zustands iiber intramolekulare Prozesse (Fluoreszenz
und innere Konversion) zu der der Abspaltung des Protons aus der OH-Gruppe ab.
Wie erste stationdre und zeitaufgeloste Fluoreszenzuntersuchungen gezeigt haben,
sind beide Fallgruppen bei den hydroxysubstituierten Benzoesiuren vorhanden®. Die
Fluoreszenzabklingzeiten der Benzoesdure-Derivate iiberstreichen einen weiten Be-
reich, von wenigen ps bis zu einigen ns, wobei der pH-Wert einen groffen Einfluss
hat [217]. Wie in Abbildung 3.6 am Beispiel der Fluoreszenzabklingkurven der 3-
Methoxybenzoesaure gezeigt ist, sind die beobachteten Fluoreszenzkinetiken nur bei

5Diplomarbeit von Sascha Eidner, Photodynamik substituierter Benzoesiduren, Universitit
Potsdam, November 2004
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Abbildung 3.5: Fluoreszenzspektren verschiedener Benzoesiuren (¢ = 107* M, pH 6,
Aez= 266 nm; Fluoromax, Yobin Yvon).

sehr kleinen pH-Werten bzw. sehr hohen pH-Werten mono-exponentiell, ansonsten
werden komplexe Kinetiken hoherer Ordnung gefunden, sehr dhnlich zu denen von
HS (s. dazu z.B. Abschnitt 2.1.6). Die komplexen Abklingkinetiken werden durch das
Vorliegen verschiedener Spezies, die durch Protonierung bzw. Deprotonierung der
funktionellen Gruppen entstehen, verursacht. Hierbei sind sowohl Grundzustands-
reaktionen wie auch Reaktionen im angeregten Zustand zu beriicksichtigen.

Bei der Zugabe von Ln3*-Ionen zu wissrigen Losungen der Benzoesdure-Derivate
wird keine (oder eine nur minimale) Fluoreszenzloschung beobachtet. In Abbil-
dung 3.7 sind die Fluoreszenzspektren von Gallussdure in Gegenwart verschiedener
Th3*-Konzentrationen gezeigt. Es wird keine Abnahme der Fluoreszenzintensitéit
beobachtet. Zu einem dhnlichen Ergebnis fithrt die Analyse der Salicylsdurefluores-
zenz bei steigender Th3*-Konzentration (s. Abbildung 3.12) [183,218]. Eine Fluo-
reszenzloschung durch Th3* aufgrund eines Schweratomeffektes wiirde eine effekti-
ve Spin-Bahn-Kopplung zwischen den f-Elektronen des Ln®* und den Elektronen
des Liganden voraussetzen. Dies scheint nicht sonderlich ausgepréigt zu sein, mog-
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Abbildung 3.6: Fluoreszenzabklingkinetiken von 3-Methoxybenzoesaure (3-MBS) (c(3-
MBS)= 10~* M, \.,= 282 nm; Streak-Kamera, Hamamatsu). Die Fluoreszenzabkling-
zeiten sind durch eine globale Anpassung iiber den gesamten spektralen Bereich (340 nm
< Aem< 420 nm) der 3-MBS Fluoreszenz erhalten worden (Das Streak-Kamera Messsy-
stem wurde mit verschiedenen Fluoreszenzlebenszeitstandards kalibriert - s. dazu Anhang

C.3).

licherweise weil die f-Orbitale durch die dufieren s, p und d-Orbitale weitestgehend
abgeschirmt sind. Ein dhnliches Ergebnis wird fiir den Einfluss von Th3* auf die
Fluoreszenz von Anthracen (c(Anthracen) = 1 uM in Methanol) gefunden. Fiir eine
Th3+-Konzentration bis 10~* M wurde keine Fluoreszenzléschung beobachtet.

3.2.2 Loschung der intrinsischen Fluoreszenz von Modell-HS
durch Ln?"-Ionen

Die Beeinflussung der intrinsischen Fluoreszenz ist vollkommen verschieden von der
bei den Benzoesauren und auch bei den natiirlichen HS beobachteten (s.u.). Mit stei-
gender Th*"-Konzentration wird eine Verschiebung des Fluoreszenzmaximums und
eine Fluoreszenzverstarkung beobachtet - dhnlich wie dies fiir die Komplexierung
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Abbildung 3.7: Léschung von Gallussiure durch Tb3* (c(Gallussdure)= 10~* M, A ,=
275 nm, pH 4; Fluoromax 3, Yobin Yvonne).

von Al¥Tdurch HS beschrieben wurde” [98]. Die spektrale Verschiebung ist beson-
ders stark fiir die Probe M42 ausgepragt (s. Abbildung 3.8). Im spektralen Bereich
Aem> 500 nm wird eine leichte Abnahme der M42-Fluoreszenz gefunden, wahrend
bei Wellenldngen A.,,< 475 nm eine Zunahme zu sehen ist. Insgesamt ist fiir die
Proben M1 und M42 die gefundene Fluoreszenzverstarkung im Spektralbereich 400
nm < A< 460 nm sehr dhnlich. Die beobachteten Tendenzen sind fiir Th3* und

Eu?t qualitativ gleich (s. Abbildung 3.9).

3.2.3 Loschung der intrinsischen HS-Fluoreszenz durch Ln3*-
Ionen

In Abbildung 3.10 ist der typische Verlauf der Loschung der intrinsischen HS-Fluor-
eszenz mit steigender Konzentration von Th3* dargestellt. Im Gegensatz zu den
untersuchten Benzoesduren und den Modell-HS wurde fiir alle bislang untersuchten

"M.U. Kumke, H.-G. Léhmannsrében, S. Eidner, G. Korshin; 11th Meeting of the Inernational
Humic Substances Society, 21. -26. July 2002 in Boston, USA. Inter-Lanthanide luminescence

resonance energy transfer in humic substances.
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Abbildung 3.8: Loschung der Fluoreszenz des Modellhuminstoffs M42 durch Tb3*
(c(M42)= 10 mg/L, A= 325 nm, pH 5, | = 1072 M; Fluoromax 3, Yobin Yvonne).

HS eine mehr oder weniger deutliche Loschung der intrinsischen HS-Fluoreszenz ge-
funden. In Abhéangigkeit vom Ursprungsort der HS bzw. welche Fraktion (FA, HA)
betrachtet wird, werden qualitative Unterschiede gefunden. So wird z.B. die Fluores-
zenz von Gohyb73 FA relativ stark geloscht, im Fluoreszenzspektrum werden aber
keine spektralen Verdnderungen analog zu den fiir die Modell-HS beobachteten ge-
funden (s. Abbildung 3.10). Im Gegensatz dazu wird fiir Gohy573 HA quantitativ
ebenfalls eine Fluoreszenzloschung beobachtet, zusatzlich kann eine spektrale Ver-
schiebung beobachtet werden (s. Abbildung 3.11). Die Loschung der intrinsischen
HS-Fluoreszenz durch Komplexierung von Th3" oder Eu3*t ist abhingig vom Ur-
sprungsort der HS. In Abbildung 3.12 ist die relative Abnahme der intrinsischen
Fluoreszenz von HS verschiedener Ursprungsorte gegeniibergestellt. Die eingezeich-
neten Trendlinien sind nach einem einfachen Modell von Ryan und Weber angepasst
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Abbildung 3.9: Einfluss von Tb3* auf die Fluoreszenz von M1 und M42. Ausgewertet
wurde die Fluoreszenz im Bereich 400 nm < A.,,< 460 nm (c(Modell-HS)= 10 mg/L,
Aez= 325 nm, pH 5, | = 1072 M; Fluoromax 3, Yobin Yvonne).

worden (s. Gl. 3.5) [99].

(Liim — I1)
(2-K-er)(K-cp+K-cpy+1)

I= V(K -cp+K-cpy+1)2—4-K2-cp-ep +1I (3.5)

In diesem wird von einer einfachen 1:1-Komplexierung zwischen HS-Molekiilen und
Metallionen ausgegangen®. Das einfache Modell gibt die experimentellen Daten er-
staunlich gut wieder. Allerdings ist die Annahme eines 1:1-Komplexes eine grobe Ver-
einfachung. Ein spezielles Problem bei der Verwendung von Fluoreszenzloschexpe-
rimenten zur Bestimmung von Komplexbildungskonstanten ist der unbekannte Zu-
sammenhang zwischen Metallbindungsplatzen und Fluorophoren der HS [219, 220].
Ein Vergleich der Loscheffizienz von Th3" und Eu?" zeigt Unterschiede zwischen den
beiden Ln**-Tonen (s. Abbildung 3.13). Die Differenz in der beobachteten Lischung

8] = HS-Fluoreszenzintentsitit; Ij;,, — durch weitere Zugabe von M(= Me™") nicht weiter
l6schbare HS-Restfluoreszenz; I;, = aus Normierung resultierender Faktor (1 oder 100%); K =
Gleichgewichtskonstante des 1:1 Komplexes; ¢y = Konzentration der Metallionen Me™"
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Abbildung 3.10: Ldéschung der Fluoreszenz einer HS (Gohy573 FA) durch Tb3*
(c(HS)=10 mg/L, A\;=325 nm, pH 5, | = 1072 M; Fluoromax 3, Yobin Yvonne).

durch verschiedene Ln?*-Ionen ist einerseits von den Ln3" selbst abhiingig, zusitzlich
sind die beobachteten Unterschiede aber noch durch die HS (Ursprungsort, Frakti-
on) bestimmt. So ist die Differenz zwischen Th*™ und Eu?* fiir die Probe Gohy573
FA besonders stark ausgeprigt. Fiir die entsprechende HA-Fraktion der Probe wird
eine deutlich kleinere Differenz gefunden. Die Griinde fiir die beobachteten Diffe-
renzen konnen in kleinen Unterschieden in den physiko-chemischen Eigenschaften
der Ln®*"-Tonen liegen. So ist z.B. die Differenz in den Ionenradien zwischen Eu?*
und Th* klein (92,3 pm fiir Th3* und 95 pm fiir Eu" [112]). Ebenso sind die
bekannnten Bindungslingen der Ln-O-Bindung fiir beide Ln®* sehr dhnlich [221].
Eut unterscheidet sich aber von allen anderen Ln®" in seiner Elektronegativitiit
(EN). Der Vergleich zwischen Th*" und Eu®" ergibt in der EN einen Unterschied
von AEN = 1.716 (bei einer fiir Lanthanide typischen Koordinationszahl von 10).
Im Gegensatz dazu zeigen Th*" und Nd** nur einen Unterschied von AEN = (.144.
Nd3* sollte somit in der beobachteten Loscheffizienz dem Th** dhnlich sein [221].
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Abbildung 3.11: Léschung der Fluoreszenz einer HS (Gohy573 HA) durch Tb3*"
(c(HS)=10 mg/L, A\;=325 nm, 0 < cpys+ < 54 uM, pH 5, | = 102 M; Fluoromax 3,
Yobin Yvonne).

Méglicherweise wird ein Teil des komplexierten Eu®* nach Photoanregung der HS
zu Eu?t reduziert und zeigt deshalb die grofere Loscheffizienz.

Die konditionellen Komplexbildungskonstanten K fiir Th3*, Eu?* und Nd** sind in
Tabelle 3.1 zusammengefasst. Aufgrund der geringen Unterschiede in ihrem chemi-
schen Verhalten sind diese fiir die verschiedenen Ln3*-Ionen sehr dhnlich. Weitere
Versuche mit anderen Ln®*-Ionen sind geplant, um die z.T. stark unterschiedlichen
Loscheffizienzen weiter zu untersuchen und die (erwarteten) geringen Unterschiede
in ( zu erhérten.

Der grofse Unterschied zwischen Benzoesdure-Derivaten und HS in Bezug auf die
Loschung der intrinsischen Fluoreszenz deutet im Fall der HS auf eine Beteiligung
von intramolekularen Prozessen, die der HS-Fluoreszenz vorgelagert sind, hin. Das
konnen z.B. Prozesse sein, in denen nach erfolgter Lichtabsorption eine Ladungs-
trennung (charge transfer, CT) oder ein Protonentransfer erfolgt, mit dem dann
eine Verdnderung der HS-Struktur einher geht. Eine Komplexierung verdndert in
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Abbildung 3.12: Ubersicht der Léschung der Fluoreszenz verschiedener HS durch Th3+.
Die Trendlinien sind nach dem Modell von Ryan und Weber angepasst worden (s. Glei-
chung 3.5) [99] (c(HS)=10 mg/L, A= 325 nm, A.,,= 425-475 nm, pH 5).

diesem Fall die Reaktionswege, wodurch als Nettoeffekt eine Verdnderung der HS-
Fluoreszenz beobachtet wird. Ein weiterer moglicher Mechanismus kénnte die ein-
schrankende Wirkung von Me"" auf die Beweglichkeit (z.B. die Rotationsfreiheit
von Bindungen) in einem HS-Molekiil sein [222,223]. Durch die Komplexierung von
Me"*-Ionen werden bestimmte Konformationen eingefroren, wodurch wieder eine
Abnahme der Fluoreszenz verursacht wird - z.B. wiirde die Formation von verdrill-
ten CT-Zustédnden (twisted intramolecular charge transfer, TICT) beeintrachtigt
werden. Der Einfluss von strukturbildenden Effekten der Me""-Tonen in HS wird
durch die beobachtete HS-Fluoreszenzverstirkung durch Al**-Komplexierung sowie
einiger anderer Me™*-Tonen unterstrichen [223,224]. AlI** zeigt keine Spin-Bahn-
Kopplung. In der Regel wird die HS-Fluoreszenz durch die Komplexierung von Al3*
verstarkt [98,225,226]. Eine dhnliche Fluoreszenzverstdarkung wird bei der Zugabe
von Borat oder Ga** beobachtet®. Daraus folgt, dass die Verwendung der intrinsi-

9Nicht verdffentliche Ergebnisse, vorgetragen auf der 44th International Conference on Analy-
tical Sciences and Spectroscopy, 9 - 12 August 1998 in Kingston, Canada.
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Abbildung 3.13: Vergleich der Léschung der Fluoreszenz einer HS (Gohy573 FA) durch
Tb3* und Eut (c(HS)= 10 mg/L, Aee= 325 nm, pH 5, | = 1072 M; Fluoromax 3,
Yobin Yvonne). Dargestellt sind je zwei Messreihen. Ausgewertet wurde die Intensitat
der intrinsischen HS Fluoreszenz im Wellenlangeninterval 400 nm < A.,,< 460 nm.

schen HS-Fluoreszenz zur Bestimmung von Komplexbildungskonstanten nur einge-
schrankt benutzt werden kann. So muss z.B. sichergestellt sein, dass keine spektralen
Verdnderungen im HS-Fluoreszenzspektrum durch die Komplexierung von Me™*-
Ionen induziert werden. Diese grofse Schwéche wird prinzipiell bei der Auswertung
der sensibilisierten Ln®*-Lumineszenz umgangen, weil nur der Anteil der gebundenen
Ln3*-Tonen detektiert wird (s.u.) und zwar iiber die gut definierten, charakteristi-
schen Lumineszenzbanden der Ln3*-Ionen. Allerdings ist einschréinkend zu beachten,
dass fiir die Sensibilisierung der Ln®*"-Lumineszenz geeignete Chromophore (genauer
gesagt Chromophore mit passenden Triplett-Zustdnden) der HS vorhanden sein miis-
sen. Aufserdem ist der mogliche Riicktransfer der Energie zu einem Triplett-Zustand
der HS zu beachten (s. Abbildung 3.4).
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log K (in M)

Ln3* Aldrich HS Gohy573 HA | Gohy573 FA
Th3+ 5.6 5.7 4.7
Eu’t 5.7 5.1 5.1
Nd3+ 5.7 5.6 5

Tabelle 3.1: Bestimmung der konditionellen Komplexbildungskonstanten K aus der Lo-
schung der intrinsischen Fluoreszenz von HS durch verschiedene Ln3*-lonen. Die Aus-
wertung erfolgte nach GI.(3.5). Bei den Ergebnissen fiir Gohy573 HA ist zu beach-
ten, dass in diesem Fall im Fluoreszenzspektrum eine spektrale Verschiebung durch die
Metallkomplexierung induziert wird, was die Aussagekraft der Daten einschrankt. Zur
Datenauswertung wurde die Protonenaustauschkapazitit der HS als Aquivalent fiir die
vorhandenen Metallbindungsplitze verwendet (c(HS) = 10 mg/L, pH 5, | = 1072 M,
Aez= 325 nm, 400 nm < A, < 460 nm).
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3.3 Antenneneffekte in den untersuchten Ln3"-Kom-
plexen

In den Abbildungen 3.7, 3.8 und 3.10 ist neben der Verédnderung der intrinsischen
Fluoreszenz der untersuchten Liganden die Lumineszenz des Th3* zu beobachten.
Diese steigt mit zunehmender Konzentration immer weiter an. Eine qualitativ ent-
sprechende Zunahme der Lumineszenz wurde auch in den Experimenten mit Eu?*
gefunden. Wichtig ist zu beachten, dass unter den gewihlten experimentellen Be-
dingungen in reinem Wasser, keine Lumineszenz der Ln3*-Ionen zu beobachten ist
(s. z.B. Abbildung 3.18). In den Fluoreszenzexperimenten wurde die Anregungswel-
lenlénge A= 325 nm bzw. 337 nm gewahlt, da bei diesen Wellenldngen nur eine
minimale direkte Anregung der untersuchten Ln®*T-Ionen erfolgt (s. dazu z.B. die
Anregungsspektren der Ln3*-Ionen in Abbildung 3.2) und somit die beobachtete
Lumineszenz in erster Linie sensibilisiert ist.

3.3.1 Sensibilisierung der Ln?**-Lumineszenz durch Hydroxy-
Benzoesauren

Obwohl die Fluoreszenz der untersuchten Benzoeséure-Derivate nicht (oder nur
sehr gering) geloscht wird, ist dennoch eine effektive Sensibilisierung der Th3*-
Lumineszenz zu beobachten. Dies ist ein indirekter Beleg fiir die Komplexierung
der Ln®*"-Tonen durch die Benzoesiure-Derivate. Die Sensibilisierung wird iiber einen
strahlungslosen Energietransfer aus dem Triplett-Zustand der Benzoeséure-Derivate
zum Ln3t induziert!?. Die Abfolge der Einzelschritte der Sensibilisierung sind in
Abbildung 3.4 gezeigt. Allerdings ist zu bedenken, dass ein LRET-Prozess auch fiir
den Fall von freien Liganden moglich ist [173,186]. Ein Unterscheidung kann iiber
Variation der Viskositdt der Losung gemacht werden, da diese Art des LRET dif-
fusionskontrolliert sein sollte. Entsprechende Experimente stehen noch aus. In Ab-
bildung 3.14 ist die Zunahme der Th**-Lumineszenz als Funktion des Verhiltnisses
zwischen Th3" und Salicylsiure gezeigt. Bei einem Molverhéltnis um eins, ist eine
verdnderte Steigung der Kurve zu erkennen. Dies kann als Hinweis auf einen Stéchio-
metriewechsel gedeutet werden, das also neben 1:1-Komplexen auch 1:2-Komplexe
zwischen Th3* und Salicylsiure gebildet werden. Andererseits konnte die fortschrei-
tende Sensibilisierung der Th3*-Lumineszenz - auch iiber das Verhéltnis von 1:1 hin-
aus - durch einen Energietransfer zwischen ungebundener Salicylsiure und Th3*(aq)
zustande kommen. Aus den Messungen der Lumineszenzabklingzeiten von Th** in
Gegenwart verschiedener Benzoesdure-Derivate ist zu sehen, dass abhéngig vom Li-
ganden inter- und intramolekulare Energietransferprozesse moglich sind. Wahrend
fiir Benzoesdure in den statischen Lumineszenzmessungen eine deutliche Sensibili-
sierung der Th3*-Lumineszenz gefunden wurden, verindert sich die Abklingzeit des
Th3* nicht (s. Abbildung 3.15). Es werden Lumineszenzabklingzeiten 7 von 390 us

Die grundsitzlichen Mechanismen des strahlungslosen Energietransfers sind im Anhang A.2
zusammengefasst.
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Abbildung 3.14: Verstarkung der Tbh3"-Lumineszenz durch Salicylsiure in Abhangigkeit
vom Molverhiltnis der beiden Partner (Die Signale sind auf den Intensitdtswert der
hochsten Salicylsdure-Konzentration normiert. Fluoromax 3, Yobin Yvon).

+ 10 ps gefunden, was den 7-Werten fiir Th3" in Wasser entspricht (77s+ (pH 6) =
390 us). Fiir andere Liganden werden in Abhéngigkeit vom Molverhéltnis verdander-
te Lumineszenzabklingzeiten 7 gefunden. Ab einem Molverhéltnis von ca. 1 werden
konstante Werte fiir 7743+ gemessen, die signifikant kiirzer sind als fiir Th3*(aq). Bei
zu kleiner werdenden Molverhiltnissen von Ligand : Th3* steigt die beobachtete
Lumineszenzabklingzeit an und nihert sich dem Wert fiir Th3*(aq). Dafiir gibt es
zwei mogliche Erklarungen: 1) es liegt immer mehr freies Th* vor und experimentell
wird ein Mix aus den Lebenszeiten von Th3*(aq) und Th3"-Ligand gefunden und
2) die Komplexe sind kinetisch sehr labil und es findet ein rascher Austausch der
Liganden statt. Im ersten Fall sollte eine bi-exponentielle Luminezenzabklingkinetik
gefunden werden. Dies war nicht der Fall. Das legt die Vermutung nahe, dass die
Komplexe kinetisch labil sind, was nicht ungewohnlich fiir Komplexe der Ln3*-Ionen
ist [120]. Kontrollexperimente, in denen die Viskositét der Losung und das Losungs-
mittel variiert werden, stehen noch aus und sollten Klarheit bringen. Die verkiirzten
Lumineszenzlebenszeiten in den Komplexen mit Benzoesdure-Derivaten deuten auf
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Abbildung 3.15: Abklingzeiten der Tb3*-Lumineszenz in Gegenwart verschiedener
Benzoesiure-Derivate in Abhidngigkeit vom Molverhaltnis der beiden Partner (FL920,
ps-Modus).

einen Energieriicktransfer zum Triplett-Zustand des Liganden hin. Die energetische
Lage der Triplett-Zustéiinde fiir viele Benzoeséure-Derivate liegt zwischen 20000 cm ~*
und 25000 cm™! [127,227,228| und somit in der Néhe des 5Dy-Zustandes von Th3*
(20300 cm™1).

3.3.2 Antenneneffekte in Komplexen zwischen Ln**-Ionen und
Modell-HS

Fiir die untersuchten Modell-HS M1 und M42 wird eine Zunahme des Th**-Signals
beobachtet (s. Abbildung 3.8). Fiir Eu*" wird zwar eine effektive Loschung der
intrinsischen Fluoreszenz gefunden, aber in den stationdren Spektren ist nur ei-
ne sehr schwache sensibilisierte Eu**-Lumineszenz zu beobachten. Eine Analyse
der aus stationiiren Spektren erhaltenen Daten analog zu Th*" wurde daher nicht
durchgefiihrt (s. dazu Abbildung 3.16). In zukiinftigen Messungen werden zeitauf-
geloste Lumineszenzspektren aufgenommen werden, die eine hintergrundfreie De-
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Abbildung 3.16: Fluoreszenzspektren von M1 in Gegenwart von Eu®" (c¢(M1) = 10 mg/L,
pH 5, Ac.= 325 nm; Fluoromax 3, Yobin Yvon). In den Insets sind die jeweiligen Bereiche
der Eu3"- und Th3*-Lumineszenz vergroBert dargestellt.

tektion der sensibilisierten Eu*-Lumineszenz gestatten (s. dazu als Beispiel Abb.
3.18). Griinde fiir die schwache Sensibilisierung der Eu®"-Lumineszenz kénnen die
Bildung von charge-transfer-Komplexen in den Europiumverbindungen und die im
Vergleich zum Tb?" niedrigere Energie des lumineszierenden Zustands sein, auf-
grund der ein effektiverer Energieriicktransfer moglich sein kénnte. Ein Vergleich
der Th?**-Lumineszenzsensibilisierung durch die Modell-HS M1 und M42 zeigt, dass
der Modell-HS M42 einen deutlich stirkeren Effekt zeigt (s. Abbildung 3.20).

Die Wechselwirkung zwischen Ln®*"-Ionen und Modell-HS wird desweiteren in den
zeitaufgelosten Lumineszenzmessungen charakterisiert. Fiir Th®* und Eut werden
in Gegenwart von Modell-HS komplexe Abklingkinetiken gefunden, die von ein-
fachen Kinetiken ersten Ordnung abweichen. Die beobachteten Abweichungen im
Zeitverhalten deuten auf das Vorhandensein von Energieriicktransferprozessen hin,
in denen Energie vom elektronisch-angeregten Ln®*"-Ion zuriick auf den Modell-HS
iibertragen wird. Dieses Verhalten unterscheidet die Modell-HS von den untersuch-
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ten Benzoesaure-Derivaten und entspricht dem bei HS beobachteten Verhalten!!

3.3.3 Antenneneffekte in Komplexen zwischen Ln?"-Ionen und
HS verschiedener Ursprungsorte

Direkte Energletransfer
Anregung

Energie- ]
transfer

Indirekte
Anregung

Abbildung 3.17: Energietransfer in HS-Ln3*-Komplexen. Dargestellt ist sowohl der Fall
der direkten Anregung, bei dem das Ln®"-lon zunichst direkt angeregt wird und dann
in einem Energietransferschritt Energie auf das Ln3"-lon iibertrigt sowie der Fall der
indirekten Anregung, in dem ein Chromophor im HS angeregt wird und dieser dann
Energie auf das Ln}"-lon iibertrigt. Die gezeigte HS-Struktur ist hypothetisch und dient
ausschlieRlich der lllustration.

In Abbildung 3.17 sind die moglichen Energietransferprozesse in HS-Ln3*-Komplex-
en vereinfacht dargestellt. Da die Extinktionskoeffizienten der HS mit Sicherheit
wesentlich grofer sind als die der Ln®**-Tonen und HS gewdhnlich ein #uRerst brei-
tes, wenig strukturiertes - beginnend im UV-Bereich bis in den NIR-Bereich auslau-
fendes - Aborptionsspektrum!? besitzen, kann es in HS-Ln3*-Komplexen immer zu

1 7ur Diskussion dieses Phéinomens s. Kapitel 3.3.3, zeitaufgeloste Messungen.

12Genau genommen sind die in der Literatur beschriebenen Spektren eine Kombination von ech-
ter Absorption und Lichtstreuung, d.h. es handelt sich um Extinktionsspektren. Zur Bestimmung
der echten Absorption miisste erst der Anteil der Lichtstreuung bestimmt werden [229].
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einer indirekten Anregung der Ln3*-Ionen via strahlungslosen Energietransfer kom-
men. Wie bereits in Kapitel 3.1.3 beschrieben ist dazu ein in seiner energetischen
Lage passender Triplett-Zustand der HS notwendig [156, 170, 181]. Experimentell
lisst sich der Energietransfer von HS auf Ln®*" in den verdinderten Lumineszenzan-
regungsspektren der Ln®", im Anstieg der Lumineszenzintensitit im Vergleich zu
Ln®**(aq) und im geéinderten Lumineszenzabklingverhalten nachweisen.

Der Vorteil der indirekten Anregung der Ln3*-Ionen ist, dass nur die komplexierten
Ionen zur Lumineszenz beitragen. Da die Lumineszenzabklingzeiten der Ln®*-Ionen
und ihrer Komplexe im Mikrosekundenbereich liegen, die Fluoreszenzabklingzeiten
der HS aber im Nanosekundenbereich, kann durch Schalten des Detektors die Mes-
sung frei von Beitragen durch HS-Fluoreszenz sehr empfindlich durchgefiihrt werden
(s. Abbildung 3.18) [164,167,230].

pH 4
A, = 337 nm A

0.8 2*10° M Eu** + GoHy573 FA (10 mg/L)

1.0 4

10* M Eu™

Intensitat

500 550 600 650 700

Abbildung 3.18: Zeitaufgeldstes Fluoreszenzspektrum (TRFLS) von Eu®' in An- und
Abwesenheit von HS (Verzdgerung nach Anregungspuls At = 1 ps; iCCD, LOT).

Stationdre Messungen In Abbildung 3.10 ist neben der Loschung der intrinsi-
schen HS-Fluoreszenz auch die Zunahme der Terbiumlumineszenz zu beobachten.
Gleiches Verhalten wird fiir die Zugabe von Eu®* zu HS-Loésungen gefunden. In
Abbildung 3.18 ist das zeitaufgeloste Lumineszenzspektrum von Eu®* in Ab- und
Anwesenheit von HS gezeigt. Selbst bei fiinffach groferer Konzentration ist unter den
gewihlten experimentellen Bedingungen keine Lumineszenz des Eu®*(aq) sichtbar.



188 KAPITEL 3. AKTUELLE ARBEITEN

Erst durch die Sensibilisierung via Energietransfer von HS auf das komplexierte Eu3*
wird eine Lumineszenz messbar. Dass es sich um eine Komplexierung und somit um
einen intramolekularen Energietransfer handelt, zeigt ein Vergleich des Verhéltnis-
ses der Lumineszenzintensititen Isgsum 2zu Igism, mit dem des Eut(aq) [152]. Das
Verhéltnis dandert sich fiir den Fall der HS-Komplexierung von 1.57 auf 0.46.
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Abbildung 3.19: Léschung der HS-Fluoreszenz und Sensibilisierung der Th3*-
Lumineszenz in D,O (c(HPOA)=10 mg/L, A\.,= 325 nm; Fluoromax 3, Yobin Yvonne).

Die beobachtete Sensibilisierung der Ln3*-Lumineszenz ist in D,O noch wesentlich
stiarker (s. Abbildung 3.19). Der beobachtet Isotopeneffekt ist ein Indiz dafiir, dass
selbst in Anwesenheit von HS noch Wassermolekiile in der ersten Hydratations-
sphiire des Ln?T-Tons gebunden sind, die effektiv zur Desaktivierung des Ln®*-Ions
beitragen. Aus Messungen der Lumineszenzabklingzeiten in DO und H,O wurde
nach GI.(3.2) die Anzahl der in der ersten Koordinationssphére gebundenen Wasser-
molekiile zu 8.5 £ 0.5 bestimmt (s. Abbildung 3.23). Danach handelt es sich bei den
Ln3T-HS-Komplexen hoéchst wahrscheinlich um fast reine outer-sphere-Komplexe,
moglicherweise sind ein oder zwei HoO-Molekiil aus der ersten Hydratationssphéare
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Abbildung 3.20: Ubersicht der Tb?*-Lumineszenzverstirkung durch Modell-HS, Gohy573
HS (FA, HA) und Aldrich HS (c(HS)=10 mg/L, A= 325 nm, pH 5, | = 1072 M).

entfernt, je nachdem welche Koordinationszahl zugrunde gelegt wird.

In den Abbildungen 3.20 und 3.21 ist die Verstirkung der Th3*-Lumineszenz durch
Komplexierung mit HS verschiedener Ursprungsorte gezeigt!®. Im Gegensatz zur Lo-
schung der intrinsischen HS-Fluoreszenz durch Th3*-Ionen, die fiir alle untersuchten
HS als deutlich ausgepriagt gefunden wurde (s. Abbildung 3.12), wird eine Verstér-
kung der Th3*-Lumineszenz in den stationiren Emissionsspektren nicht in gleichem
Mafse fiir die untersuchten HS verschiedener Ursprungsorte beobachtet. Fiir zwei
IHSS Standardreferenz HS (Soil HA und Peat HA) wurde nur eine sehr geringe
Sensibilisierung der Th*"-Lumineszenz gefunden, wihrend andere HS vergleichbare

13Die in Abbildung 3.20 und 3.21 gezeigten Daten fiir Aldrich HS sind in ihrem Verlauf leicht
unterschiedlich, da es sich einmal um eine gereinigte, d.h. im Metallgehalt abgereicherte Probe

handelt und im anderen Fall (s. Abbildung 3.21) um die nicht weiter aufgereinigte kommerzielle
Aldrich HS.
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Abbildung 3.21: Ubersicht der Tb3*-Lumineszenzverstirkung durch HS von IHSS
Referenz-HS (c(HS)=10 mg/L, A.,= 325 nm, pH 5). Die Daten sind normiert.

Ergebnisse zu den in Abbildungen 3.20 und 3.21 dargestellten lieferten (BS1 HA und
HO10 HA). Inwieweit fiir die IHSS Standardreferenz HS (Soil HA und Peat HA) eine
schwache sensibilisierte Lumineszenz in zeitaufgelosten Emissionsspektren gefunden
werden kann, wird zurzeit in den laufenden Experimenten untersucht. Die intensive
Hintergrundfluoreszenz der HS stellte in der Auswertung der stationdren Fluores-
zenzspektren ein Problem dar und eine Verdinderung der Th3*-Lumineszenz gegen-
iiber diesem starken Hintergrund der HS-Fluoreszenz war nicht verniinftig quantifi-
zierbar. Das sollte in zeitaufgelosten Lumineszenzmessungen wesentlich zuverlassiger
aufgelost werden. Auffillig ist weiter die aufergewohnlich ausgepriagte Sensibilisie-
rung der Th3T-Lumineszenz durch Gohy573 FA. In welchen HS-Eigenschaften dieses
Ausnahmestellung begriindet liegt, ist Gegenstand von zurzeit laufenden Arbeiten,
in denen weitere FA-Fraktionen verschiedener HS untersucht werden.

Ebenso wie bei den Modell-HS war die beobachtbare Sensibilisierung der Eu3*-
Lumineszenz durch Komplexierung mit HS schwach. Die mdéglichen Griinde dafiir
wurden bereits in 3.3.2 diskutiert. Auch hier ist die Messung zeitaufgeloster Emis-
sionsspektren geplant, die eine hintergrundfreie Aufnahme des Eu*-Signals erlau-
ben werden. Ein Beispiel dafiir ist bereits in Abbildung 3.18 gezeigt.
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Abbildung 3.22: Lumineszenzabklingkurven von Tb3* in An- und Abwesenheit von HS
(Aex= 337 nm, ¢(Tb3")=1-10"> M, pH 4; iCCD, LOT). Fiir die Lumineszenzabklingzeit
des Tb** (aq) wurden 401 us bestimmt.

Zeitaufgeloste Messungen Die Komplexitdat der Wechselwirkung zwischen HS
und Th3T ist auch im Zeitverhalten der Th**-Lumineszenz zu sehen. Wihrend das
Th3*-Ion in Wasser eine monoexponentielle Abklingkinetik der Lumineszenz zeigt,
wird das Lumineszenzzeitverhalten in Anwesenheit von HS komplexer. In Abbil-
dung 3.22 sind die Lumineszenzabklingkurven von Tbh®" in An- und Abwesenheit
von HS gezeigt. Gewohnlich wird eine deutliche Zunahme der Fluoreszenzabklingzei-
ten nach Komplexierung mit organischen Liganden beobachtet, da Wassermolekiile
aus der ersten Koordinationssphére verdréangt werden und so die Desaktivierung
tiber Kopplung an OH-Schwingungen verringert wird [156,170,188|. In den bislang
untersuchten Th3T-HS-Komplexen ist dies allerdings nicht zu beobachten. Es werden
durchweg Th3"-Lumineszenzabklingkurven gefunden, die deutlich vom monoexpo-
nentiellen Verhalten abweichen und insgesamt eine schnellere Lumineszenzabkling-
kinetik zeigen. Ein vergleichbares Verhalten ist fiir Eu™ zu beobachten. Ebenso wird
eine komplexe Lumineszenzabklingkinetik der Th3*-HS-Komplexe in D;O gefunden.
Zwar klingt die Lumineszenz auf einer deutlich langeren Zeitbasis ab, wie dies fiir
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t/ ms

Abbildung 3.23: Lumineszenzabklingverhalten von Tb3* in Gegenwart von HPOA in D,O
und HyO (c(HPOA)=10 mg/L, A.,= 337 nm, pH 5). Die experimentellen Daten wurden
nach Gleichung (3.7) mit nur einer Lumineszenzabklingzeit angepasst (7p,0 = 1.57 ms
und 7,0 = 0.373 ms; FL920, us-Modus).

den Austausch von OH- gegen OD-Schwingungskopplung erwartet wird, allerdings
bleibt das nicht-exponentielle Abklingverhalten bestehen. In Abbildung 3.23 sind
die Lumineszenzabklingkurven von Th*" in Gegenwart von HS (HPOA) fiir D,O
und HyO gegeniibergestellt. Das nicht-exponentielle Zeitverhalten bei kurzen Zeiten
legt die Vermutung nahe, dass im Ln3*-HS-Komplex intramolekulare Energietrans-
ferprozesse wirksam sind.

Fiir die Anpassung der kinetischen Daten konnen verschiedene Modelle herangezo-
gen werden. Eine einigermafsen befriedigende Anpassung der experimentellen Daten
kann durch eine biexponentielle Kinetik erhalten werden:

I#)=A+B,-¢ 7 +By-e = (3.6)

Fiir die Komplexierung von Cm?* durch HS ist ebenfalls eine vom monoexponenti-
ellen Verhalten abweichende Lumineszenzabklingkinetik gefunden worden. Es wurde
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angenommen, dass zwei verschiedene HS-Cm3*-Komplexe vorliegen, die fiir die bei-
den beobachteten kinetischen Komponenten mit den Lumineszenzabklingzeiten 7
und 7, verantwortlich sind [212]. Gestiitzt wurde diese Annahme durch die Beob-
achtung, dass die Amplitudenverhéaltnisse By, zu By mit dem Verhéltnis von HS
zu Cm3" variieren. Werden experimentellen Abklingkinetiken der sensibilisierten
Th3*-Lumineszenz analog zu G1.(3.6) ausgewertet und wird bei der Anpassung eine
globale Analyse durchgefiihrt, d.h. die Lumineszenzabklingzeiten 7 und 7 werden
unabhingig vom Verhiltnis Th3T zu HS angepasst und nur die relativen Amplitu-
den By und By werden je Datensatz individuell angepasst. Dann ergibt sich fiir die
beiden Amplituden in Abhingigkeit von der Th3T-Konzentration der fiir Sittigungs-
kurven typische Verlauf (s. Abb. 3.24).
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Abbildung 3.24: Amplitudenverhaltnis By zu B; aus der global bi-exponentiell ausgewer-
teten Lumineszenzabklingkinetik von Tbh3" komplexiert an HS (GoHy573 FA, 10 mg/L,
Aez= 337 nm, pH 4; FL920, Edinburgh Instruments). Als globale Lumineszenzabkling-
zeiten wurden 71 = 173 us und 75 = 26 pus) bestimmt.

Allerdings zeigt sich, dass besonders fiir kleine Th3*-Konzentrationen die Anpas-
sung mit GL.(3.6) nicht wirklich gut ist. In Abbildung 3.25 sind die experimentellen
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Gohy573 FA | M42

I} 0.406 0.099
D 284 s 204 ps

Tabelle 3.2: Ergebnisse der Auswertung der Tb*"-Lumineszenzabklingkurven nach

GL.(3.7).

Daten, sowie die durch globale Anpassung von Gl.(3.6) (gestrichelte Linien) erhal-
tenen Kurven fiir drei Th3T-Konzentrationen beispielhaft dargestellt. Markant sind
die Abweichungen zwischen experimentellen und angepassten Daten speziell bei lan-
gen Zeiten, dort wird der Kurvenverlauf durch eine biexponentielle Abklingkinetik
nicht passend wiedergegeben.

Der beobachtete zeitliche Verlauf der Lumineszenzintensitiat kann auch durch einen
Energieriicktransfer vom Th3" auf HS bedingt sein. Ein Phinomen, dass schon fiir
eine Reihe von anderen Th*"-Komplexen bekannt ist [156,170]. Unter der Annahme,
dass es sich um einen Dipol-Dipol-basierten Energietransfer-Mechanismus handelt,
wurden die Daten nach GI1.(3.7) ausgewertet.

B
I(t) = A+ By - exp (-t _p. (t) >+32-exp— <t> (3.7)
™D D D

Mit Hilfe dieser gedehnten Exponentialfunktion wurden bereits nicht-exponentielle
Lumineszenzabklingkinetiken in verschiedensten heterogenen Systemen analysiert
[231-237|. Dabei wurde die Heterogenitét der Probe einerseits in der ungleichméfi-
gen Verteilung von Fluorophoren (oder speziell von Donor und Akzeptor) verursacht
oder aber durch geometrische Einschrankungen des Systems, wie sie z.B. in Zeolithen
oder anderen porésen Materialien gefunden werden [238-245]. In letzteren sind durch
die eingeschréankte Geometrie der Matrix auf molekularer Ebene Wechselwirkungen
nicht kontinuierlich iiber alle Raumwinkel bzw. -entfernungen moglich. Ebenso wird
in lichtstreuenden Losungen oft eine Abweichung der experimentellen Daten von ein-
fachen monoexponentiellen Verhalten gefunden [246]. Formal entspricht Gleichung
(3.7) dem Zeitverlauf, der fiir den Fall einer diffusionskontrollierten Energieiibertra-
gung nach Forster fiir homogene Losungen gefunden wird, wobei dann 5 = 0.5 ist.
In Polymeren und Systemen (z.B. Zeolithe, Dendrimere), in denen nur eine einge-
schriankte relative Bewegung von Donor und Akzeptor moglich ist, kann 5 # 0.5
sein. Fiir diese Falle wird  der Charakter einer fraktalen Dimension zugeschrie-
ben (239, 240, 247|. Zuséatzlich wurde ein weiterer Exponentialterm angefiigt, um
einem Anteil von komplexiertem Th3* Rechnung zu tragen, der keinem Energieriick-
transfer zu HS unterliegt'4.

11Die Lumineszenzabklingzeit 7p und 7}, sind in diesem Fall gleich. Es ist auferdem verniinf-
tig anzunehmen, dass die Lumineszenzabklinzeit 7p einer mittleren Abklingzeit einer Verteilung
entspricht, da hochst wahrscheinlich mehr als zwei diskrete Bindungspldtze in HS vorhanden sind.
Der Parameter P skaliert mit dem Abstand zwischen Donor und Akzeptor
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Abbildung 3.25: Anpassung der Tb3*-Abklingkinetik in Anwesenheit von HS fiir verschie-
dene Tbh*"-Konzentrationen (GoHy573 FA, 10 mg/L, A= 337 nm, pH 5, | = 1072 M;
iCCD, LOT). Die experimentellen Daten wurden global bi-exponentiell und mit GI.(3.7)
ausgewertet.

In den Anpassungen der Lumineszenzabklingkinetiken der Th3*-HS-Komplexe wur-
de eine gute Ubereinstimmung zwischen experimentellen und durch das Model be-
schriebenen Daten erhalten (s. Abbildung 3.25). In neuesten Experimenten wur-
den Untersuchungen mit synthetischen HS, die als Reaktionsprodukte verschiede-
ner Aminoséduren und Zucker erhalten wurden, durchgefiihrt. In den zeitaufgelosten
Lumineszenzmessungen wurden auch fiir diese Systeme nicht-exponentiell abklin-
gendes Zeitverhalten gefunden und eine Auswertung nach Gl. (3.7) lieferte gute
Anpassungsergebnisse. Es ist interessant, dass der Wert fiir 3 fiir die beiden bisher
untersuchten HS sehr unterschiedlich war (s. Tabelle 3.2). Im laufenden BMWA-
Forschungsvorhaben Spektroskopische Bestimmung von thermodynamischen und ki-
netischen KenngroRen zur Beschreibung der Huminstoff-Metall-Komplexierung werden
diese Arbeiten in Zukunft fortgesetzt und weitere HS untersucht werden.
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3.4 Interlanthanid-Energietransfer in Ln**-HS-Kom-
plexen

Ein fundamentales Problem der Untersuchung von HS ist die Heterogenitéit der
Proben, u.a. ist daher die Angabe einer HS-Struktur aussichtslos. Das Assoziations-
verhalten, die Bildung von Kolloiden oder die Sorptionseigenschaften von HS sind
Eigenschaften, die fiir die Beurteilung von Mobilitdt und Verbleib von Xenobiotika
in der Umwelt dufserst relevant sind. Diese Parameter hingen direkt mit Strukturen
und Grofenverteilungen der HS zusammen.

Ergebnisse aus chromatographischen Methoden, die zur Bestimmung der Grofenver-
teilungen der HS bzw. des Einflusses von Solvensbedingungen auf diese eingesetzt
werden, sind mit grofser Vorsicht zu interpretieren, da die eingestellten Trennbe-
dingungen (Puffergemisch, Ionenstérke) und die gewéhlten Standards zur Kalibrie-
rung einen beachtlichen Einfluss auf die bestimmten Molekiilgréfsenverteilungen ha-
ben [248]. Andere Methoden, die auf massenspektrometrischen Verfahren basieren,
zerstoren haufig die Proben und sind anféallig fiir Artefaktbildungen. Andere Verfah-
ren brauchen sehr hohe, von Realbedingungen weit entfernte Konzentrationen (z.B.
NMR-Methoden) [1].

Durch das Einfiihren von Lumineszenzsonden kann dieses Problem reduziert wer-
den. Zur Untersuchung des Assoziationsverhaltens der HS und zur Bestimmung von
mittleren Abstédnden r der Metallbindungsplatze in HS kann der Interlanthanid-
Energietransfer zwischen an HS gebundene Th3*- und Nd3*-Ionen genutzt werden.
Dieser experimentelle Ansatz erlaubt eine Bestimmung von Abstéinden gebundener
Ln3*-Ionen z.B. unter verschiedenen Solvensbedingungen. Die Konzentrationen der
HS entsprechen Realbedingungen und eine vorgeschaltete Probenauftrennung ist
nicht notwendig, d.h. es ist ein nicht-invasives Verfahren mit minimaler Probenver-
anderung durch die Messung selbst.

Der Interlanthanid-Energietransfer zwischen Th3* (Donor) und Nd3* (Akzeptor) ist
gut beschrieben und wurde fiir die Untersuchung von Proteinstrukturen eingesetzt
(s. 3.1.3). Die physiko-chemischen Eigenschaften mit Hinblick auf Bindungsldngen
(speziell der Ln-O-Bindung) und EN sind fiir die beiden Ln?*"-Ionen sehr dhnlich,
so dass fiir das Komplexbildungsverhalten gegeniiber HS keine signifikanten Unter-
schiede zu erwarten sind (im Gegensatz zu Eu®", s. Tabelle 3.3).

Werden zu einer Losung, in der durch HS komplexierte Th3*-Ionen vorliegen, Nd3*-

La Nd Eu Tb
Ln-O-Bdg. (A) | 2591 | 2534 | 2490 | 2.460
EN 1.053 | 1.094 | 2.954 | 1.238

Tabelle 3.3: Vergleich der Bindungslangen und der Elektronegativitdtswerte (EN) fiir
verschiedene Ln®"-lonen (fiir den Fall der Koordinationszahl 10, nach [221]).
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Abbildung 3.26: Léschung der Th3*-Lumineszenz durch Nd** (Fluoromax 3, Yobin Yvon-
ne).

Tonen titriert, so wird zweierlei beobachtet: 1) die intrinsische HS-Fluoreszenz wird
weiter geloscht, was ein gutes Indiz dafiir ist, dass weitere Ln?"-Tonen (hier: Nd**)
gebunden werden und 2) die sensibilisierte Lumineszenz des Th3™ nimmt ab. In
Abbildung 3.26 ist die durch Nd** induzierte Loschung der Th3*-Lumineszenz fiir
den Terbiumlumineszenzpeak bei A.,, = 545 nm gezeigt. Weiterhin ist fiir den Spek-
tralbereich 520 nm < ., < 530 die fortschreitende L&schung der intrinsischen
HS-Fluoreszenz zu erkennen, anhand der die Komplexierung von Nd3™ durch HS
abgelesen werden kann. Dies ist wichtig, da ansonsten die beobachtete Abnahme
der Th3*-Lumineszenz durch eine Verdringung der Th**-Ionen aus HS durch Nd3*-
Ionen nicht unterschieden werden konnte. Fiir den Fall eines schlichten Austausches
von an HS gebundenen Th3*- durch Nd3*-Ionen kann erwartet werden, dass zwar
die Th3*-Lumineszenz auch abnimmt, da unter den gewihlten experimentellen Be-
dingungen in erster Linie sensibilisiert Th3*-Lumineszenz beobachtet wird, aber die
HS-Fluoreszenz sollte dann in erster Ndherung erstmal unverdndert bleiben.

Zur Uberpriifung wurden zusétzlich Experimente mit La®* durchgefiihrt. La®t ist
in seinen Eigenschaften (s. Tabelle 3.3) dem Nd3' sehr dhnlich und sollte in Bezug
auf die Komplexierung durch HS gleiche Eigenschaften besitzen, allerdings ist La3™
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nicht als Energieakzeptor fiir LRET-Experimente mit Th3* geeignet (s. auch Tabelle
B.3).

1.0 %
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Abbildung 3.27: Einfluss von Nd® und La®" auf die Th3"-Lumineszenzintensitit (\.,=
325 nm, A= 545 nm, ¢(Tb*") = 107> M, ¢(HPOA) = 10 mg/L, pH 5, | = 0.02 M;
Fluoromax 3, Yobin Yvonne). Fiir Nd** sind zwei separate Messreihen in H,O und eine
Messreihe in D;O gezeigt.

Wie in Abbildung 3.27 zu sehen ist, nimmt die Th3"-Lumineszenzintensitit auch
bei steigender Konzentration von La’" ab. Dies muss in der Verdringung der an
HS gebundenen Th3*-Ionen durch La®*-Ionen liegen. Allerdings ist deutlich zu er-
kennen, dass der Effekt im Vergleich zur Zugabe von Nd3* viel kleiner ist. D.h.
fir kleine Konzentrationen von Th?*" bzw. Nd3* spielt dieser Verdringungseffekt
eine untergeordnete Rolle und die beobachtete Abnahme der Th3*-Lumineszenz ist
durch LRET zwischen Th3t und Nd3* bedingt. Desweiteren ist in Abbildung 3.27
die beobachtete Lumineszenzléschung in HoO und DO verglichen. Es ist ein deut-
licher Isotopeneffekt sichtbar, der zeigt, dass die Ln3* in HS noch eine Reihe von
Wassermolekiilen in der ersten Koordinationssphére enthalten (s. auch Abbildung
3.19). Diese Annahme wird durch die zeitaufgelosten Lumineszenzmessungen von
an HS gebundenen Th3*-Ionen gestiitzt. In diesen werden im Allgemeinen Abkling-
kinetiken beobachtet, die im Vergleich zu Th3*(aq) schneller ablaufen (s.0.), was
einerseits durch einen effektiven Energieriicktransfer auf HS erkldrt werden kann
und andererseits die Vermutung nahe legt, dass es sich bei der Bindung der Ln3* an
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die HS um outer-sphere-Komplexe handelt, in denen die erste Koordinationssphére
der Ln3T-Tonen weiterhin durch H,O besetzt ist.

Der LRET zwischen an HS gebundenen Th** und Nd**-Ionen konnte durch zeitauf-
geloste Lumineszenzmessungen untermauert werden. Mit steigender Konzentration
an Nd3* wurde eine Abnahme der Lumineszenzlebensdauer des Th3*+ beobachtet fiir
den Fall das beide an HS gebunden vorlagen. In homogener wafriger Losung ohne
HS konnte fiir #hnliche Ln®**-Konzentrationen keine Abnahme in der Lumineszenz-
abklingzeit des Th3* beobachtet werden (s. Abbildung 3.28).
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Abbildung 3.28: Einfluss von Nd** auf die Lumineszenzabklingkurven von Th3* in An-
und Abwesenheit von HS (FL920 im ps-Modus, Edinburgh Instruments).

Ein Auswertung der Lumineszenzabklingzeiten des Th3* zur Bestimmung des mitt-
leren Abstandes zwischen gebundenen Th3+ und Nd?*-Ionen ist allerdings aufgrund
des komplexen Lumineszenzabklingverhaltens des an HS gebundenen Th** schwierig
und ein Gegenstand der laufenden Forschung. Daher wurde die Auswertung zunéchst
tiber die Lumineszenzintensitaten bei A, = 545 nm nach Gleichung (3.3) und (3.4)
durchgefiihrt und um den Anteil der Loschung, der durch einfache Verdrangung ver-
ursacht wird, korrigiert. Dieser wurde in separaten Messungen mit La3" ermittelt.

Die nach Gleichung (3.3) und (3.4) bestimmten mittleren Absténde r sind in Abbil-
dung 3.30 fiir HS verschiedener Ursprungsorte gegeniibergestellt. Erwartungsgeméfs
sinkt zunichst der mittlere Abstand r mit zunehmender Konzentration an Nd3*
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Abbildung 3.29: Einfluss von Nd* auf das Lumineszenzabklingverhalten von Tb3* (Go-
hy573 FA, c(HS) = 10 mg/L, c(Tb*") = 3.3 uM , A\.,= 337 nm, \.,,= 545 nm, pH 5;
iCCD, LOT).

und néhert sich scheinbar einem minimalen Grenzabstand r,,;, an, welcher fiir den
jeweiligen HS typisch zu sein scheint. Damit liegen die mittleren Abstdnde zwischen
den an HS gebundenen Ln®*-Ionen im Bereich von ca. 7 bis 10 Ionenradien (der
Tonenradius betrigt 99.5 pm fiir Nd*™ und 92.3 pm fiir Th3" | nach [112]).

Die mittleren Abstinde r von an HS gebundenen Ln3*-Ionen verindern sich in
Abhéngigkeit vom pH-Wert der Losung. In Abbildung 3.31 ist ein deutlicher Un-
terschied der mittleren Abstdnde zwischen den pH-Werten 3 und 6 zu erkennen.
Interessanter Weise nimmt der mittlere Abstand zwischen den gebundenen Ln3*-
Tonen mit sinkendem Abstand zu (fiir eine bestimmte Nd*T-Konzentration, z.B.
10 uM) - entgegen der géangigen Erwartung, dass sich HS bei sinkendem pH-Wert
der Losung verkndulen. Dies sollte z.B. durch die Ausbildung von intramolekularen
Wasserstoffbriickenbindungen und durch die abnehmende Ladungsdichte begiinstigt
werden. Allerdings stehen mit sinkendem pH-Wert immer mehr Protonen in Konkur-
renz zu den Ln®*"-Tonen, so dass insgesamt weniger Bindungsplitze zur Verfiigung
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Abbildung 3.30: Mittlere Abstinde r zwischen Tb3" und Nd** gebunden an HS ver-
schiedener Ursprungsorte (c(HS) = 10 mg/L, pH 5, | = 0.02 M).

stehen werden. Zuséatzlich konnte eine intermolekulare Aggregation zu einem ver-
grofserten mittleren Abstand r fiihren.
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Abbildung 3.31: Mittlere Abstiande r zwischen Tb3" und Nd** gebunden an HS fiir
verschiedene pH-Werte (c(HPOA) = 10 mg/L, | = 0.02 M).
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3.5 Ausblick

Spektroskopische Techniken, wie z.B. fluoreszenzbasierte Methoden, mit ihrer grofsen
Sensitivitat und Selektivitéit sind in Kombination mit den spezifischen Eigenschaf-
ten von molekularen Sonden, wie z.B. Lanthanide, die geeigneten Werkzeuge, auch
aukergewohnlich heterogene Systeme wie Huminstoffe (HS) direkt, ohne das System
moglicherweise storende Trennschritte zu untersuchen.

Die Anwendung von Lanthaniden als molekulare Sonden zur Untersuchung von HS
setzt ein grundlegendes Verstédndnis der Wechselwirkungsmechanismen voraus. Da-
fiir ist es notwendig, dass die intrinsischen Fluoreszenzprozesse von HS weiter auf-
geklart werden. Es ist ein Ziel, die Beteiligung von intra- und intermolekularen
Desaktivierungskanilen, die konformative Verdnderungen der HS beinhalten, in Zu-
kunft weiter zu charakterisieren. Als wichtigste Desaktivierungskénale ist geplant
die Beitrage von Konformationsanderungen iiber TICT-Zustédnde, photoinduzierten
Protonenabspaltungen und Energietransferprozessen charakterisiert werden. In zur-
zeit laufenden Untersuchungen wird die photoinduzierte Dissoziation von verschie-
denen substituierten Benzoesduren untersucht. Geplant sind dann weiterfithrende
Untersuchungen an Ligninen, Chitosanen und Chitinen, die als Ausgangsstoffe bei
der Entstehung von HS angesehen werden. Durch die schrittweise Annaherung von
einfachen zu komplexen Verbindungen werden die beteiligten Desaktvierungsprozes-
se in HS systematisch weiter differenziert und charakterisiert werden. Zusétzlich sind
stationére und zeitaufgeloste Fluoreszenzanisotropieuntersuchungen geplant. Prinzi-
piell kénnen aus Fluoreszenzanisotropieexperimenten Informationen {iber Molekiil-
oder Aggregatgrofen bzw. deren Verinderung bei chemischen Reaktionen abgelei-
tet werden. Dazu miissen allerdings die zugrundeliegenden Fluoreszenzmechanismen
bekannt sein (s.o.). Aus den Verdnderungen der Fluoreszenzanisotropie und den Ro-
tationskorrelationszeiten werden Riickschliisse auf das Aggregationsverhalten von
HS zugénglich, die nicht durch Artefakte, wie sie z.B. bei der SEC bedingt durch
Zusatz von Puffern (Acetat oder Borat) verursacht werden, verfilscht sind und eine
direkte Messung am heterogenen System gestatten.

Ein weiteres Ziel der zukiinftigen Arbeiten ist, den Einsatz von Lumineszenzson-
den zur Charakterisierung der HS-Metall-Wechselwirkungen weiter auszubauen. Ne-
ben den lumineszierenden Lanthaniden Samarium und Dysprosium werden dann
auch organische Molekiile als Fluoreszenzsonden in die Experimente eingeflochten.
Zur Zeit wird an einem kombinierten Auswerteformalismus fiir die intrinsische HS-
Fluoreszenzldschung und die sensibilisierte Ln®T-Lumineszenz gearbeitet, der in ein
iibergreifendes Modell zur Bestimmung von Komplexbildungskonstanten integriert
werden soll.

Im Rahmen eines von der Européischen Union geférderten Wissenschaftleraustau-
sches'® werden Tieftemperatur-Lumineszenzexperimente (T < 10 K; fluorescence
line narrowing, FLN) mit HS-Eu*-Komplexen bzw. Komplexen von Eu®* mit or-
ganischen Modellliganden durchgefiithrt werden. In den FLN-Experimenten ist das
Ziel, aus der Anzahl der beobachtbaren °D(-"Fy-Banden die Anzahl von unterschied-

15 Antrag ist bewilligt.
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lichen HS-Eu3*-Komplexen in HS zu bestimmten. Durch die Reduktion der spektra-
len Bandbreite bei tiefen Temperaturen wird eine erheblich verbesserte Auflésung
der Signale von unterschiedlichen Eu?T-Komplexen erreicht. Dabei sind Untersu-
chungen iiber einen groRen Konzentrationsbereich (fiir die Ln3*t < nM, fiir HS «
10 mg/L) moglich, wodurch die Experimente unter Realbedingungen durchgefiihrt
werden konnen. Aus den erhaltenen Ergebnissen ist es dann moglich, detailliertere
Aussagen zu den in HS vorliegenden Komplexstéchiometrien zu machen.
Besonders bei den gingigen Methoden zur Strukturuntersuchung muss meist mit
hohen Konzentrationen an HS gearbeitet werden. Methoden wie XPS oder EX-
AFS gestatten dann die Untersuchung der ersten und zweiten Koordinationssphére
der Ln3*-Tonen. Das Ziel ist aus Untersuchungen des Interlanthanid-Energietransfers
zwischen an HS-gebundenen Ln3*-Tonen, Informationen auch iiber gréfiere Abstéinde
in HS-Molekiilen bzw. -Aggregaten zu erhalten. Durch entsprechende Variation der
Donor-Akzeptor-Paare kénnten Distanzen von bis zu 10 nm bestimmbar werden. Auf
diese Weise konnen Konformationsanderungen, wie sie durch die Variation der Ionen-
stirke, des pH-Wertes oder der Anwesenheit von Metallionen in HS moglicherweise
induziert werden, direkt gemessen werden. Es konnen weiterhin Konformations- und
Aggregationsverhalten von HS als Konsequenz der Komplexierung iiber den Nah-
bereich der Metallbindung hinaus analysiert werden. Diese Untersuchungen sind
komplementar zu den schon erwédhnten Fluoreszenzanisotropiemessungen. Als ei-
ne weitere Anwendung ist geplant, den Interlanthanid-Energietransfer in stopped-
flow-Experimenten zu nutzen, um die Kinetik der Aggregation von Huminstoffen
und der durch Losungsmittelparameter bedingte Reorganisation der HS auf einer
Mikrosekunden-Zeitskala zu bestimmen. Fiir die Anwendung des Interlanthanid-
Energietransfers ist es allerdings notwendig, die fundamentalen Prozesse weiter zu
hinterfragen und zu verstehen. Bei der Verwendung der Lanthanid-Tonen Th3" und
Eu*t sind die komplexen Reaktionswege, in denen die elektronische Energie von
HS auf das Ln®-Ion iibertragen wird bzw. der Riicktransfer von HS zum Ln3*-Ion
weiter zu untersuchen.



Anhang A

Ausgewahlte Aspekte zu
theoretischen Grundlagen von
bimolekularen
Lumineszenzloschprozessen

A.1 Allgemeine Formulierungen zu Fluoreszenzlosch-
prozessen: Stern-Volmer-Formalismus

Nach der Wechselwirkung mit Licht geeigneter Energie befinden sich Molekiilen in ei-
nem elektronisch-angeregten Zustand! (s. Gleichung A.1). Die elektronisch-angeregt-
en Molekiile (D*) konnen durch Wechselwirkung mit anderen Molekiilen (A) des-
aktiviert werden, wobei die elektronische Energie auf das Molekiil A iibertragen
wird. Das Molekiil A kann sich dann seinerseits in einem elektronisch-angeregten
Zustand befinden. Es gibt dabei eine Reihe von moglichen intermolekularen Wech-
selwirkungen, die zu dieser sogenannten ,Loschung® (Quenching) der Fluoreszenz
fithren konnen. Als ein Beispiel sei hier der Resonanzenergietransfer genannt, der
spéter noch genauer betrachtet werden wird (s. Abschnitt A.2.2). Ganz allgemein
werden zwei grundlegende Arten von Loschung unterschieden: statische und dyna-
mische Loschung.

D+hy — D (A.1)
D'+ A — D4 A (A.2)

Statische Fluoreszenzloschung Bei der statischen Loschung kommt es zwischen
A und D bereits im elektronischen Grundzustand von D zu einer Wechselwirkung
(z.B. einer Komplexbildung), so dass D nicht mehr direkt angeregt werden kann.
Hierbei handelt es sich also eigentlich um eine Grundzustandsreaktion zwischen D

'Dies gilt fiir den Fall, dass die Resonanzbedingung erfiillt ist.
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und A, wobei das Produkt (AD) nicht fluoreszenzfihig ist, d.h. der unter Gleichung
A .6 beschriebene Reaktionsschritt lauft nicht ab.

D+A — (AD) (A.3)
(AD)+hyr — (AD)" (A4)
(AD)* — (AD)+A (A.5)
(AD)* — (AD) + hvp (A.6)

Durch das Messen der Fluoreszenzintensitat in An- und Abwesenheit der Loschers
A (Io bzw. I) kann die Loschkonstante K, bestimmt werden, die in diesem Fall
den Charakter einer Gleichgewichtskonstanten fiir die Bildung von (AD) hat (s.
Gleichung A.3). Die Fluoreszenzlebenszeit 7 von D bleibt auch in Anwesenheit von
A unveréndert.

7o

I
D14 K, [A] und 2=1 (A7)
I T

Dynamische Fluoreszenzl6schung In dynamische Fluoreszenzloschprozessen fin-
det die Wechselwirkung zwischen D und A nur im elektronisch angeregten Zustand
von D statt. Diese Prozesse sind gewohnlich diffusionskontrolliert. Im Gegensatz zur
statischen Fluoreszenzloschung werden sowohl die Fluoreszenzquantenausbeute als
auch die Fluoreszenzabklingzeit von D durch den Loschprozess verdndert. Es gilt:

I
F =14+ KA und =14k w4 (A8)
T
Im Fall der dynamischen Loschung entspricht die aus stationdren Messungen ermit-
telte Loschkonstante K; dem Produkt aus der Fluoreszenzlebenszeit 7y von D in
Abwesenheit des Loschers und der bimolekularen Loschkonstanten k.

A.2 Energietransfer-Prozesse

Die elektronische Anregungsenergie, die von einem Molekiile (Donor, D) durch Ab-
sorption eines Lichtquants passender Energie aufgenommen wurde, kann auf ein
zweites Molekiil (Akzeptor, A) iibertragen werden. Es kénnen dabei drei grundle-
gend verschiedene Mechanismen identifiziert werden.

Von den beiden interessanten Mechanismen (s. Abschnitt A.2.1 und A.2.2) muss
grundsatzlich der triviale Mechanismus der Energieiibertragung unterschieden wer-
den. Bei diesem handelt es sich um einen Zwei-Schritt-Prozefs:

D" — D+ hup (A.9)
hvp +A — A” (A.10)
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Nachdem das angeregte Donormolekiil D* ein Photon emittiert hat, wird dieses in ei-
nem zweiten Schritt vom Akzeptor re-absorbiert. Vorraussetzungen fiir diesen Prozefs
sind eine hohe Fluoreszenzquantenausbeute des Donors, ein intensiver Absorptions-
iibergang des Akzeptors im spektralen Bereich der Donorfluoreszenz und ein grofser
Uberlapp der Donorfluoreszenz mit der Akzeptoremission. Der Uberlapp wird als
Uberlappungsintegral J quantifiziert. Das Uberlappungsintegral J entspricht formal
dem integriertem Uberlapp zwischen dem experimentellen Absorptionsspektrum des
Akzeptors und dem Fluoreszenzspektrum des Donors.

JE/OO]D~€A'dD (A.11)
0

Hierbei entspricht Ip dem experimentellen Fluoreszenzspektrum des Donors und € 4
dem Absorptionsspektrum des Akzeptors. Beide sind auf einer Energieskala darge-
stellt, z.B. als Funktion der Wellenzahl v (in em™!) und sind normiert, so dass fiir
den maximalen Uberlapp J = 1 wird. Der triviale Mechanismus wird normalerweise
erst bei hohen Konzentrationen von Donor und / oder Akzeptor beobachtet.

In der allgemeinen Formulierung kann die Wahrscheinlichkeit P fiir den strahlungs-
losen Transfer elektronischer Energie von einem Donor D auf einen Akzeptor A nach
der Golden Regel von Fermi beschrieben werden (s. Gl. A.12) [199].

2
P(D*+A—>D+A*)~%~p.(xpi\H|\Iff)2 (A.12)

Hierbei sind ¥; und ¥ die Wellenfunktionen des Anfangs- und Endzustands und p
ein Mals fiir die Dichte der beteiligten Zusténde. Der Operator H beinhaltet die spe-
zifische Wechselwirkung, die Ausgangs- und Endzustand miteinander wechselwirken
lafst. Strahlungsloser Energietransfers kann einmal durch elektronische Wechselwir-
kungen (s. Abschnitt A.2.1) bewirkt werden und zum Zweiten durch elektrostatische
Wechselwirkungen (s. Abschnitt A.2.2) [74,194,199,249,250|. Bei der elektrostati-
schen Wechselwirkung ist kein echter Kontakt zwischen Donor und Akzeptor notwen-
dig, da die Wechselwirkung durch ein elektromagnetisches Feld erfolgt. Diese Wech-
selwirkung wird auch als Coulomb- oder Dipol-Dipol-Wechselwirkung bezeichnet.
Bildlich kann angenommen werden, dass die Bewegung der Elektronen im angereg-
ten Donor (= elektromagnetisches Feld) eine Stérung der Bewegung der Elektronen
im Akzeptor bewirkt und im Falle der Resonanz dann zu einer Energieiibertragung
fiihrt, dhnlich einem Sender-Empfanger-Paares. Hingegen ist bei der elekronischen
Wechselwirkung ein echter Kontakt zwischen Donor und Akzeptor notwendig, damit
die beteiligten Orbitale beider iiberlappen. Es kommt zu einem ,echten Austausch
von Elektronen zwischen Donor und Akzeptor. Der wesentliche Unterschied besteht
also darin, dass beim Coulomb-Mechanismus die Wechselwirkung durch den Raum
und beim Austausch-Mechanismus durch Kontakt zustande kommt.

A.2.1 Austausch Mechanismus (Dexter-Energietransfer)

Bimolekulare Wechselwirkung, z.B. durch Kollision, zwischen Molekiilen konnen im
einfachsten Bild als Zusammenstofe zwischen zwei Molekiilen gleicher oder unter-
schiedlicher Art sein. Im Verlauf der Kollision kommt es zu einer Uberlappung der
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Elektronenwolken. Oftmals sind fiir den Ablauf von echten chemischen Reaktio-
nen dabei stereochemische Gesichtspunkte ganz mafigeblich, damit eine chemische
Reaktion (z.B. ein Bindungsbruch oder -bildung) ablauft. Werden diese in erster
Niherung ersteinmal vernachlissigt, so nimmt die Uberlappung der Orbitale zwi-
schen den Molekiilen exponentiell mit dem Abstand zwischen ihnen ab. Im Falle
der Energietibertragung durch den Austausch-Mechanismus bedeutet das, dass die
Geschwindigkeitskonstante k., exponentiell mit dem Abstand Rp,4 zwischen Donor
und Akzeptor abnimmt. Nach Dexter gilt fiir k.,:

kew = K - J - exp <—2RDA)

! (A.13)

Die Konstante K beinhaltet die spezifischen Orbitalwechselwirkungen fiir das unter-
suchte Donor-Akzeptor Paar und J ist das spektrale Uberlappungsintegral. Anders
als fiir den Fall der Energielibertragung durch elektrostatische Wechselwirkungen
(s.u. Abschnitt A.2.2) ist hier das Absorptionsspektrum des Akzeptors auf eins nor-
miert, d.h. die Oszillatorstirke der Uberginge D = D* und A = A* ist unerheb-
lich. Wahrend also die Geschwindigkeitskonstante kpgrpr stark von der Starke dieser
Ubergiinge abhiingt (s. Abschnitt A.2.2), ist diese fiir k., ohne Einfluft. Das ist ein
wichtiger Unterschied zwischen beiden Mechanismen.

A.2.2 Coulomb Mechanismus (Resonanz-Energietransfer)

Der Transfer elektronischer Energie durch Dipol-Dipol-Wechselwirkung (Coulomb
Mechanismus?) zwischen einem elektronisch-angeregten Donor D* und einem Ak-
zeptor A erfolgt nach:

D"+ A2 Dy A (A.14)
Das Ausmafs der Dipol-Dipol-Wechselwirkung héngt von der Wechselwirkungsener-

gie E ab. Diese wiederum ist verkniipft mit den Dipolmomenten g von Donor und
Akzeptor und dem Abstand Rpa zwischen Donor und Akzeptor (s. Gl. A.15).

E(Dipol — Dipol) ~ MD?; e (A.15)
Rpa

Durch die Verkniipfung der Dipolmomente von Donor und Akzeptor mit den expe-
rimentell zugdnglichen spektroskopischen Parametern der Oszillatorstarke f fiir die
strahlenden Ubergéinge D = D* und A = A* gilt:

ph(D=D") ~ [ep(V)dv ~ kY (A.16)
(A= A ~ [ea(w)dv ~EY (A.17)

2Der Coulomb Mechanismus wird oft auch als Resonanzenergietransfer oder Forster-
Energietransfer bezeichnet.
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Da aufterdem noch das Quadrat der Wechselwirkungsenergie E proportional zur
Geschwindigkeitskonstante kpgrpr fir einen durch elektrostatische Wechselwirkun-
gen veranlafsten Energietransfer ist, kann ein Ausdruck fiir krprpr erhalten wer-
den [196,199, 251]:

.
krreT ~ 7 L. (A.18)
DA

J stellt dabei das sogenannte Uberlappungsintegral dar (s.u.). Der kritische Trans-
ferradius (Forsterradius) Ry wird zur Charakterisierung der Stérke der Coulomb-
Wechselwirkung verwendet. Er bezeichnet die Entfernung zwischen Donor und Ak-
zeptor, bei der die Effizienz des Energietransfers gerade 50% betriagt und somit die
gleiche Wahrscheinlichkeit besitzt wie die Summe der anderen Desaktivierungsme-
chanismen fiir den elektronisch-angeregten Donor.

1
kprer - [A] = kp + kic + kisc = py (A.19)

Nach der von Forster entwickelten Theorie zum Resonanzenergietransfer gilt fiir Ry:

s (9000 -In10) - 52 - @ 7FD(?J) cea(D)  ~
= ' d A2
Ry 128 - 75 -n*- N ) o v (A.20)

In Gleichung A.20 und A.18 bezeichnet x einen Faktor, der beriicksichtigt, dass fiir
die Stiarke der Wechselwirkung zwischen zwei oszillierenden Dipolen die Orientie-
rung der Ubergangsdipolmomente (hier: von Donor und Akzeptor) wichtig ist. Fiir
den Fall der vollsténdigen Rotationsfreiheit und schneller Rotation im Vergleich zur
Fluoreszenzlebenszeit von Donor und Akzeptor wird ein Wert von % fir x* ange-
nommen. Ganz allgemein kann 2 im Bereich 0 < k? < 4 variieren, wobei der Wert 0
bedeutet, dass Donor- und Akzeptor-Ubergangsdipolmoment senkrecht zueinander
stehen und der Wert 4 im Falle einer vollstdndig parallelen Orientierung erreicht
wird [196]. Werden Donor-Akzeptor-Systeme mit langen Fluoreszenzabklingzeiten
eingesetzt, wie z.B. im Falle von Lanthanidionen, so ist der Einflufs der Orientie-
rung der Ubergangsdipolmomente herausgemittelt [251]. ®p ist die Fluoreszenz-
quantenausbeute des Donors in Abwesenheit von A, n ist der Brechungsindex des
Losungsmittels und N ist die Avogadrozahl. Im als Uberlappungsintegral J bezeich-
neten integralen Ausdruch stehen die spektralen Verteilungen der Donoremission
und der Akzeptorabsorption in Form des molaren dekadischen Extinktionskoeffizi-
enten (beide als Funktion der Wellenzahl 7). Dieser Ausdruck gilt fiir den Fall, dass
der Donor fluoreszenzfahig ist. Ganz allgemein formuliert muss fiir Dipol-Dipol-
Wechselwirkung der equilibrierte S;-Zustand des Donors und ein Franck-Condon-
Zustand des Akzeptors gleiche Energie haben [199,252|. Je grofer die Zustandsdichte
an isoenergetisch-resonaten Energieniveaus von Donor und Akzeptor, desto grofser
ist J und damit auch die Geschwindigkeitskonstante krrgr.
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Nach Gleichung A.20 und A.18 héngt die Geschwindigkeit und damit auch die Ef-
fizienz der Dipol-Dipol-Wechselwirkung stark vom Abstand zwischen Donor und
Akzeptor ab und kann im Gegenzug fiir ein bekanntes, d.h. spektroskopisch gut
charakterisiertes, Donor-Akzeptor-Paar zur Abstandsbestimmung zwischen beiden
benutzt werden. Denn fiir einen beliebigen Abstand R zwischen A und D gilt:

1 (Rop\°
krreT = e (RO> (A.21)
D

Zusammenfassend kann festgehalten werden, dass der Austausch-Mechanismus nur
fiir relativ kleine Absténde zwischen Donor und Akzeptor wirksam werden kann,
wahrend der Coulomb Mechanismus eine wesentlich grofsere Reichweite hat. Dies ist
in Abbildung A.1 nochmal verdeutlicht.

10 4

Coulomb Mechanismus
. - - - Austausch Mechanismus

0o 10 20 30 40 50

Abbildung A.1: Vergleich der Abstandsabhidngigkeit des Coulomb und Austausch Me-
chanismus als Verhaltnis der Geschwindigkeitskonstanten des Energietransfers k zr und
der iibrigen Desaktivierungsprozesse k;
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Einfliisse auf das Fluoreszenzabklingverhalten von Donor und Akzeptor

t t

In(t) :[D(O)-exp{—+2-7- ()} (A.22)
D ™D

Gleichung (A.22) gilt fiir den 3-dimensionalen Fall und einer gegen Unendlich rei-

chenden Anzahl von Akzeptor-Molekiilen in der Umgebung des Donors. Die Grofe

v = %3 verkniipft die Akzeptorkonzentration ¢4 und den Forsterradius Ry (co =

3000-(2-7%3. N-R3)). In dieser Niherung wird angenommen, dass die Diffusionslin-
ge wahrend des Energietransferprozesses klein gegeniiber Ry ist, was fiir ausreichend
viskose Losungen erfiillt ist. Dann kann die Verteilung von Donor und Akzeptor als
stationdr angenommen werden. Stryer und Haugland konnten fiir Modellverbindun-
gen, in denen Donor (eine Naphthyl-Gruppe) und Akzeptor (eine Dansyl-Gruppe)
durch Prolin-Oligomere verschiedener Lénge getrennt waren fiir den intramolekula-
ren Fall, die von Forster geforderte R~%-Abstandsabhingigkeit experimentell besté-
tigen [195].

Ip(t) :ID(O)-exp{—;—i—Zy(t)-’y- <t>} (A.23)

D

Fiir den Fall von endlichen Diffusionsléingen wihrend des Energietransferprozesses
kann ein zeitabhéngiger Korrekturterm (y(¢) in Gleichung (A.23)) eingefiihrt wer-
den. Sind die Akzeptormolekiile nicht homogen um den Donor verteilt, treten durch
diese Inhomogenitat Abweichungen auf, die durch weitere Korrekturterme in Glei-
chung (A.22) berticksichtigt werden miissen [252].

Neben Dipol-Dipol-Wechselwirkungen gibt es auch noch Dipol-Quadropol und Quad-
ropol-Quadropol-Wechselwirkungen. Methoden, die auf der Bestimmung des Cou-
lomb Energietransfers beruhen, werden zur Bestimmung von Abstédnden zwischen
Donor-Akzeptor-Molekiilen bis zu 100 A in Polymer- und Biowissenschaften hiufig
eingesetzt. Unter dem Akronym FRET (Fluoreszenz Resonanz Energie Transfer)
wurde die Methode zur Untersuchung von Proteinen, Oligopeptiden, DNA, Myosin,
Enzymen und synthetischen Polymeren eingesetzt [196]. Hierbei werden nicht nur
statisch die Distanz zwischen zwei Punkten im Makromolekiil bestimmt, sondern es
kénnen auch dynamische Prozesse, wie z.B. Proteinfaltungen, untersucht werden.
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Anhang B

Tabellen

Ln3t T i) € (Aabs) Ref.
(ps) () (M~ -em'™)

Eu?t (H,0) 104 - 110 0.5-1.9 0.01 (580) [146,168,179]
Eu(NO3)3 (H0) 100 - - [175]
Eut (D20) 2630 - 4000 78 - [146,168,179]
Eu(NO3)3 (D20) 1900 - - [175]
EuClz (D20) 2270 - - [175]
Th3* (H20) 400 8.4 - [168]
TbCl3 (H0) 430 - 470 - - [175,176]
Th(NO3)3 (H50) 390 - 460 - - [175,176]
Th3* (D20) 3880 - - [168]
ThClz (D20) 1300 - 3300 - - [175,176]
Th(NO3)3 (D2O)  ca. 1200 - 3300 - - [175,176]

Tabelle B.1: Einige photophysikalische Daten von Tb3" und Eu®" in Lésung (7 = Lu-
mineszenzlebensdauer, ® = Lumineszenzquantenausbeute, ¢ = Extinktionskoeffizient).
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Ord.- Name Sym- Elektronenkonfig. Spektrosk. NV
zahl bol Ln Ln3* Grundterm
57 Lanthan La 5d'6s> [Xe] 1S,

58 Cer Ce 4f15d'6s2 4f1 2F5 /o 2
59 Praeseodym Pr 43652 42 3H, 13
60 Neodym Nd 44652 4f3 /s 41
61 Promethium Pm 415652 4f4 °1 107
62 Samarium Sm 416652 43 SHy /s 198
63 Europium Eu 417652 46 "I, 295
64 Gadolinium Gd 48652 4f7 857/2 327
65 Terbium Th 419652 48 Fs 295
66 Dysprosium Dy 4110652 4f° CHys)o 198
67 Holmium Ho 411652 410 o1g 107
68 Erbium Er 412652 411 4115/2 41
69 Thulium Tm 4113652 4f12 3Hg 13
70 Ytterbium Yb 414652 4f13 2F7/2 2
71 Lutetium Lu 4f145d' 652 414 1S,

Tabelle B.2: Elektronenkonfiguration von Lanthanidatomen und -ionen nach [112, 151]
(Y Anzahl der méglichen Niveaus).

Donor Akzeptor Ry in A Ref.
Th3+ Co?* 19.6 [128]
Th3+ Fe3+ 27.1 [128]
Th3+ La3* 0 [198]*
Th3+ Dy3+ 5 [198]*
Th3+ Eudt 7 [198]*
Th3+ Nd3* 12 [198]*
Eudt La%t 0 [198]*
Eut Dy3+ 7 [198]*
Eut Nd3+ 11 [198]*

Tabelle B.3: Forster Radien fiir den Energietransfer verschiedener Donor-Akzeptor-Paare
(“in Ca(P03)2—G|aS).



Anhang C

Gerate und Chemikalien

C.1 Verwendete Spektrometer

In den folgenden zwei Unterkapiteln sind die fiir die Durchfiithrung der Messungen
verwendeten Spektrometer tabellarisch zusammengestellt.

C.1.1 Messung von Fluoreszenz- und Lumineszenzabklingzei-

ten
FL 920 (Edinburgh Instruments) Streak Kamera iCCD
ns-Modus ‘ nus-Modus (Hamamatsu) (LOT)
Anregungs- Ti:Sa Laser Nj-Laser Ti:Sa Laser Ny-Laser
lichtquelle (Tsunami 3960, (LTB) (Tsunami 3960, (LTB)
Spectra Physics) Spectra Physics)
Rep.-rate 1 MHz 20 Hz 80 MHz 20 Hz
Pulsbreite 100 fs 10 ns 100 fs 10 ns
Pulsenergie nJ 800 mJ nJ 800 mJ
Aez (in nm)© 260 < Aex < 300 337.1 260 < Aex < 300 337.1
Detektion MCP! PMT? MCP + iCCD?3 iCCD
ELDY EM1 R928 C5680 iStar
(Europhoton) (Hamamatsu) (Hamamatsu) (Andor)
Methode SpC* MCS? SPC Boxcar
IRF” 100 ps 3 ps
Aem (In nm) 325 < Aem < 500 545, 593, 615 325 < Aem < 600 500 < Aem < 700

1 Mikrokanalplatte (micro channel plate)

2 Photomuliplier

intensified charged coupled device
4 Einzelphotonenzahlung (single photon counting)

5

S THG

multi channel scaling (Verfahren entspricht im Prinzip der Boxcar-Methode)

Instrument-Antwort-Funktion (instrument response function)
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C.1.2 Absorptions- und Fluoreszenzspektrometer

Typ Hersteller
Lambda 2 Perkin Elmer
Cary 500 Varian
Fluoromax 3 Jobin Yvon
FS920 Edinburgh Instruments

In den Absorptionsmessungen wurden im Allgemeinen eine Vorschubgeschwindigkeit
von 120 nm/min gewéhlt. Die spektrale Bandbreite der Detektion betrug standard-
mafig 1 nm.

Bei der Aufnahme der stationédren Fluoreszenzmessungen wurden die Spaltbreiten
am FS920 und am Fluoromax 3 zur Messung der HS-Spektren auf 5 nm (Ex) und 2
nm (Em) eingestellt. Die Integrationszeit pro Datenpunkt war auf 0.5 s gesetzt. Die
Fluoreszenzspektren der HS wurden - soweit nicht anders erwéahnt - nicht quanten-
korrigiert.
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C.2 Chemikalien: Huminstoffe

Kurzbezeichung

Ursprungsort

Aldrich HS

BS1 FA bzw. HA
GoHy573 FA bzw. HA
HO10 FA bzw. HA

Leonardite HA

Peat HA

Soil HA

Suwannee River (SR) FA und HA

kommerzielles Produkt (Aldrich)
Bodensickerwasser [1]
Gorleben-Grundwasser [253]
Braunwassersee (Holohsee,
Nordschwarzwald) [1]

[HSS Standard

IHSS Standard

[HSS Standard

IHSS Standard

HPOA Suwannee River HS (Georgia, USA)

M42 Modellhuminstoff aus Xylose und
Glutaminsdure, FZ Rossendorf [254,255]
M1 Modellhuminstoff aus Xylose, Phenylalanin

und Glycin, FZ Rossendorf [254,255]

Tabelle C.1: Liste der verwendeten Huminstoffe

C.3 Referenzsubstanzen und -messungen

Die verschiedenen Messungen von Fluoreszenzabklingkinetiken im Nano- und Piko-
sekundenzeitbereich wurden mit Substanzen, von denen die Fluoreszenzabklingzei-
ten bekannt sind, iiberpriift. Im Falle des Nanosekundenzeitbereichs wurden Pery-
len, Anthracen und Pyren verwendet. Wesentlich aufwendiger waren die Messungen
in der Pikosekundenzeitdoméne. Zur Uberpriifung wurden Erythrosin, Rose Ben-
gal, POPOP und Xanthion in verschiedenen Losungsmitteln eingesetzt. Xanthion
wurde zu diesem Zweck eigens hergestellt [256]. In den Abbildungen C.1 und C.2
sind das Absorptions- und das Fluoreszenzspektrum sowie die Fluoreszenzabkling-
kurven von Xanthion in zwei verschiedenen Losungsmitteln beispielhaft dargestellt.
Die weiteren photophysikalischen Daten (Fluoreszenzabklingzeit 7/ und Fluores-
zenzquantenausbeute ® ) der untersuchten Referenzsubstanzen sind in Tabelle C.2
zusammengefafit.
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Losungsmittel Literatur Ref.
TF / PS

Xanthion Benzen 12 +£3 [257]

Toluol 15

i-Octane 43 [258]

Methylcyclohexan 28 42* [259]

Methanol 18 19* [259]

Perfluorhexan 190 460* [259]

Erythrosin Wasser 85 66 + 8 [260]

Rose Bengal MeOH 450 500 + 20 [260]
Pp-1072

Xanthion Methylcyclohexan 0.49 0.36 [259]

Methanol 0.37 0.15 [259]

Perfluorhexan 1.23 3.8 [259]

Tabelle C.2: Photophysikalische Parameter der verwendeten Referenzverbindungen bei
Streak-Kamera-Messungen. Die mit einem * gekennzeichneten Fluoreszenzlebenszeiten
sind nach Strickler und Berg berechnet worden.
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0.20- @
w 1 2x10° =
0.15- 3
] (8]
0.10- .
] 1x10
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Al nm

Abbildung C.1: UV/Vis-Absorptions- und Fluoreszenzspektrum von Xanthion in i-
Propanol (Ae;= 394 nm, & = 0.38 -102); Fluoromax, Yobion Yvon).
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Abbildung C.2: Fluoreszenzabklingkurven von Xanthion in verschiedenen Lésungsmitteln
(Aez= 394 nm, A.;,= 450 nM, Tpoiy fruorhes. = 190 PS, Ti— prop. = 29 ps); Streak Kamera
Messsystem, Hamamatsu).
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Anhang E

Thesen der Habilitationsschrift

Immobilisierung bzw. Mobilisierung und Transport von Xenobiotika in den Umwelt-
kompartimenten Boden und Wasser sind von fundamentaler Bedeutung fiir unser
(Uber)Leben auf der Erde. Als einer der Hauptreaktionspartner fiir organische und
anorganische Xenobiotika in der Umwelt sind Huminstoffe (HS) zu nennen, die Ab-
bauprodukte pflanzlichen und tierischen Gewebes. Zur qualitativen und quantitati-
ven Charakterisierung der Wechselwirkungen zwischen HS und Xenobiotika werden
analytische Methoden benétigt, die auch bei der Untersuchung von extrem heteroge-
nen Systemen aussagekréftige Daten zu liefern vermégen. HS stellen bedingt durch
ihre Genese aufterordentlich komplexe Stoffsysteme dar, die héchste Anforderungen
an die Untersuchungsmethoden stellen. Spektroskopische Verfahren besitzen neben
der hervorragenden Selektivitat und Sensitivitéit, auch eine Multidimensionalitét, die
es gestattet, heterogene Systeme direkt zu untersuchen. Durch die Multidimensiona-
litdt der Fluoreszenz (mit den Observablen Intensitét [z, Anregungswellenldnge A,
Emissionswellenlédnge A, und Fluoreszenzabklingzeit 77) sind fluoreszenzbasierte
Methoden besonders geeignet fiir die Untersuchung von heterogenen Systemen, wie
sie HS darstellen.

Kapitel 2.1:

Zur spektroskopischen Charakterisierung der Huminstoffe (HS) wurden systematisch
die intrinsische Fluoreszenz von HS mit stationdren und zeitaufgelosten Methoden
untersucht. Durch gezielte chemische Modifikationen, wie z.B. enzymatischer Hy-
drolyse wurde ein zusétzlicher strukturrelevanter Parameter in die Untersuchungen
eingebunden.

In den spektroskopischen Untersuchungen der HS konnte in Kombination mit che-
mischen Verfahren sowie chromatographischen Trennmethoden der Einfluss des Ur-
sprungsortes und damit der Vorlaufersubstanzen auf die (spektroskopischen) Eigen-
schaften der HS gezeigt werden. Am Beispiel von speziellen Standorten, wie z.B.
eines alten Gaswerksgeldndes, wurde das Fortschreiten der Huminfizierung und der
Abbau bzw. Einbau von organischen Xenobiotika (polyzyklischen aromatischen Koh-
lenwasserstoffen, PAK) in die HS-Matrix gezeigt. Desweiteren konnten substituierte
Benzoesauren als wesentliche Elemente der intrinsischen HS-Fluoreszenz von HS
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nachgewiesen werden. Es zeigte sich, dass diese bei einem Grofsteil der HS verschie-
dener Ursprungsorte das die Fluoreszenz bestimmende Strukturelement sind. Diese
Verbindungen zeichnen sich durch eine z.T. komplexe Photophysik aus, die sich auch
im Fluoreszenzverhalten der HS wiederfindet. Es sind vor allem intra- und intermole-
kulare Energietransferprozesse sowie konformative Reorganisationsprozesse, die die
Photophysik der HS prégen.

Kapitel 2.2:

Durch die Kombination von stationdren und zeitaufgelosten Fluoreszenzmethoden
mit der Mikrofestphasenextraktion wurden die Wechselwirkungen von PAK - als
Leitsubstanzen fiir hydrophobe, organische Xenobiotika - und HS eingehend unter-
sucht und charakterisiert. Besonders die erstmals durchgefiihrte spektral-hochaufge-
16ste Charakterisierung von PAK-HS-Komplexen bei Temperaturen < 10 K brachte
neue Erkenntnisse iiber die vorliegenden PAK-HS-Komplexe. Es konnte gezeigt wer-
den, dass ein Teil der PAK-Molekiile sich in einer Mikroumgebung befinden, die in ih-
rer Polaritdt der eines kurzkettigen Alkohols analog ist. Durch die Kombination von
Fluoreszenzloschung und Mikrofestphasenextraktion wurden konzentrationsbezoge-
ne und aktivitdtsbezogene Effekte unterschieden. Es konnten zwei unterschiedlich
starke Wechselwirkungen der PAK mit HS identifiziert werden. Durch vergleichen-
de Experimente mit Polymeren, die als Modelle fiir HS eingesetzt wurden, konnte
ebenso wie in den Tieftemperaturexperimenten gezeigt werden, dass im Falle der
schwachen Wechselwirkung die molekulare Umgebung, in der sich die hydrophoben
Xenobiotika befinden, der von kurzkettigen Alkoholen entspricht. Neben den Wech-
selwirkungen, die durch den hydrophilen bzw. hydrophoben Charakter von HS und
Xenobiotika definiert werden, sind zusétzlich spezifische Wechselwirkungen in Be-
tracht zu ziehen, falls die Xenobiotika auch funktionelle Gruppen enthalten (z.B.
OH-Gruppen).

Kapitel 2.3:

Als zweite grofe Gruppe von Xenobiotika wurden Metallionen (Me™") und deren
Wechselwirkungen mit HS betrachtet. Es wurde einerseits die intrinsische Fluores-
zenz der HS und andererseits die Lumineszenz von Lanthanid-Tonen (Ln®") als Para-
meter untersucht. Der Mechanismus der Loschung der intrinsischen HS-Fluoreszenz
durch Me"" wurde systematisch mit stationdren und zeitaufgelosten Fluoreszenz-
techniken charakterisiert. Es zeigte sich, dass neben der Loéschung durch die Kom-
plexierung bestimmter Metalle (z.B. AI*" und Ga3*) die HS-Fluoreszenz auch ver-
starkt werden kann. Die Verstarkung zeigte sich in spezifischen Spektralbereichen der
HS-Fluoreszenz, wie durch die Aufnahme von Totalen Lumineszenzspektren demon-
striert werden konnte. In den Fluoreszenzabklingkinetiken der HS wurden durch die
Komplexierung von z.B. Eu*"-Ionen Verinderungen in den Abklingzeitenverteilun-
gen induziert. Diese waren abhéngig von der Behandlung der HS (z.B. vorhergehende
Oxidation) und den experimentellen Bedingungen, vor allem der Emissionswellen-
lange. Qualitativ lafst sich die Loschung der intrinsischen Fluoreszenz durch Kom-
plexierung von Metallionen als die Kombination aus duferem Schweratomeffekt,
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Veranderung der konformativen Freiheit der HS und Ladungstransfer-Reaktionen
zwischen HS und Metallionen (z.B. Ligand-zu-Metall-Ladungstransfer) verstehen.
Besonders die Bedeutung von konformativen Verédnderungen, wie sie etwa fiir eine
Reihe von organischen Fluorophoren (z.B. TICT-Zusténde, twisted intramolecular
charge transfer) gut beschrieben sind, war bisher fir HS unterbewertet worden.

Kapitel 3:

Komplementér zu den Untersuchungen der intrinsischen HS-Fluoreszenz wurden Lu-
mineszenzsonden, speziell Ln3*-Tonen, eingesetzt, um die Wechselwirkungen zwi-
schen HS und Me™" zu charakterisieren. Die Lumineszenz der Ln®" zeichnet sich
durch aufsergewohlich scharfe, spektral wohl-charakterisierte Lumineszenzbanden
und durch ps-Lumineszenzabklingzeiten aus. Die Intensitédtsverteilung im Lumines-
zenzspektrum verschiedener Ln®* zeigt aukerdem eine sogenannte Hypersensitivi-
tit, die es erlaubt, direkt auf die molekulare Umgebung der Ln3T-Ionen in ihren
jeweiligen Komplexen zu schlieffen. Da die Lumineszenzabklingkinetiken auf einer
us-Zeitskala stattfinden, kénnen Stérungen aufgrund von Matrixfluoreszenz durch
entsprechendes Schalten des Detektors (gaten) ausgeschlossen werden.

Durch einen Vergleich der Lumineszenz- und Fluoreszenzeigenschaften von Ln3*-
Komplexen mit verschiedenen substituierten Benzoesduren und mit HS konnte ge-
zeigt werden, dass die beobachtete Verdnderung der HS-Fluoreszenz nach Komple-
xierung von Me™" stark durch die Verdnderung der konformativen Freiheiten bzw.
die Assoziation der HS bedingt ist. In diesen Experimenten wurde neben der Lo-
schung der intrinsischen Fluoreszenz der substituierten Benzoesduren bzw. der HS
auch die sensibilisierte Lumineszenz der Ln** (Th?", Eu®") untersucht. Auf diese
Weise konnte die Komplexbildung iiber zwei unabhéangige Messgrofen charakterisiert
werden. Das war besonders im Fall der untersuchten Modellsubstanzen vorteilhaft,
da fiir diese nur eine sehr geringe bzw. iiberhaupt keine Loschung der intrinsischen
Fluoreszenz durch Ln®"-Ionen gefunden wurde. Als Lumineszenzsonden wurden in
erster Linie Th3*- und Eu®*-Tonen verwendet. Die Sensibilisierung der Lumineszenz
wird iiber einen strahlungslosen Energietransfer vom Liganden auf das Ln3*-Ion be-
wirkt. Da die direkte Anregung bedingt durch die sehr kleinen Extinktionskoeffizi-
enten wenig effizient ist, erlaubt die indirekte Anregung, die auch als Antenneneffekt
bezeichnet wird, eine sehr empfindliche Messung der komplexierten Ln3*-Ionen. Die
Effizienz der Lumineszenzsensibilisierung war fiir die beiden Ionen unterschiedlich
und héngt von den photophysikalischen Eigenschaften der eingesetzten Modellligan-
den bzw. der jeweiligen HS ab. Als wichtige Einflussgrofen sind dabei die Triplett-
energie der Liganden und deren Redoxeigenschaften zu beachten. Im Fall des Th3*
wird die Desaktivierung durch einen Energieriicktransfer zum Liganden bestimmt
und im Falle des Eu** durch die Bildung von nicht-lumineszierenden Ladungsiiber-
tragungskomplexen (charge transfer-, CT-Komplex). Der Energieriicktransfer zeigte
sich besonders deutlich in den komplexen Lumineszenzabklingkinetiken der Th3*-
HS-Komplexe. Abweichend vom Lumineszenzverhalten der Th3*-Komplexe mit den
substituierten Benzoesduren, die erwartungsgemaf monoexponentielles Zeitverhal-
ten zeigten, wurde fiir die HS-Komplexe ein nicht-exponentielles Lumineszenzab-
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klingverhalten gefunden. Die Lumineszenzabklingkinetiken waren von Grad der Be-
ladung der HS mit Th3* abhiingig, wobei mit steigender Beladung die Unterschiede
im Zeitverhalten immer geringer wurden. Die Auswertung erfolgte iiber eine ge-
dehnte Exponentialfunktion (stretched exponential fit), aus der die Abklingzeit des
ungeldschten Th3*-Tons im Komplex bestimmt werden konnte. Die Auswertung der
Daten ergab u.a., dass in der inneren Koordinationssphire von Ln3T-HS-Komplexen
mindestens noch acht Wassermolekiile gebunden sind, d.h. die gebildeten Komplexe
von Ln®** und HS liegen zunichst als Komplexe mit starkem outer-sphere-Charakter
Vor.

Aus der Untersuchung des Interlanthanid-Energietransfers in gemischten HS-Ln3*-
Komplexen, in denen Ln3*-Ionen-Paare - vorzugsweise Th3* und Nd3* - als Energie-
Donor und -Akzeptor verwendet wurden, konnte der mittlere Abstand von Metall-
bindungsstellen in HS bestimmt werden. Dieser hidngt einerseits von der HS selbst
ab (Ursprungsort, Fulvin- bzw. Huminséurefraktion) und von den Solvensbedingun-
gen, wie z.B. dem pH-Wert. Mit steigender Beladung verringerte sich erwartungs-
gemiR der mittlere Abstand zwischen den Ln3*-Ionen und néherte sich aber dann
einem fiir die jeweilige HS charakteristischen Grenzabstand. Bei konstanter Bela-
dung der HS mit Ln**-Ionen #nderte sich der mittlere Abstand der gebundenen
Ln?** durch pH-Wertvariation. Mit abnehmendem pH-Wert wurde eine Zunahme
des mittleren Abstands gefunden. Dies wird durch die sinkende Anzahl an verfiig-
baren Bindungsplatzen verursacht, da bei sinkendem pH-Wert eine fortschreitende
Neutralisation der Ladung der HS-Molekiile erfolgt und auflerdem eine z.B iiber
Wasserstoffbriickenbindungen initiierte Bildung von groferen HS-Aggregaten statt-
findet.
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Anhang F
Lehre und Lebenslauf

Titel Zeitraum Art Umfang

Engler-Bunte-Institut, TH Karlsruhe
Untersuchung und Beurteilung WS 98/99 VL 2 SWS
von Gewéssern WS 99/00

Institut fiir Chemie, Universitidt Potsdam

Physikalische Chemie I Wso00/01 U 1 SWS
WS 01/02
WS 02/03
Physikalische Chemie II SS 01 U 2 SWS
SS 02
Physikalische Chemie IV WS 02/03 VL 2 SWS
WS 03/04
WS 04/05
Physikalische Chemie V SS 04 VL 2 SWS
Grundpraktikum Physikalische SS 01 P 6 SWS
Chemie fiir DC SS 02
SS 03
SS 04
Fortgeschrittenen Praktikum WS 00/01 P 6 SWS
Physikalische Chemie fiir DC WS 01/02
WS 02/03 8 SWS
WS 03/04

WS 04/05 8 SWS
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