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Abstract

The goal of this thesis is related to the question how to introduce and combine simultaneously
plasmonic and photoswitching properties to different nano-objects. In this thesis I investigate
the complexes between noble metal nanoparticles and cationic surfactants containing
azobenzene units in their hydrophobic tail, employing absorption spectroscopy, surface zeta-
potential, and electron microscopy.

In the first part of the thesis, the formation of complexes between negatively charged laser
ablated spherical gold nanoparticles and cationic azobenzene surfactants in trans- conformation
is explored. It is shown that the constitution of the complexes strongly depends on a surfactant-
to-gold molar ratio. At certain molar ratios, particle self-assembly into nanochains and their
aggregation have been registered. At higher surfactant concentrations, the surface charge of
nanoparticles turned positive, attributed to the formation of the stabilizing double layer of
azobenzene surfactants on gold nanoparticle surfaces. These gold-surfactant complexes
remained colloidally stable. UV light induced trans-cis isomerization of azobenzene surfactant
molecules and thus perturbed the stabilizing surfactant shell, causing nanoparticle aggregation.
The results obtained with silver and silicon nanoparticles mimick those for the comprehensively
studied gold nanoparticles, corroborating the proposed model of complex formation.

In the second part, the interaction between plasmonic metal nanoparticles (Au, Ag, Pd, alloy
Au-Ag, Au-Pd), as well as silicon nanoparticles, and cis-isomers of azobenzene containing
compounds is addressed. Cis-trans thermal isomerization of azobenzenes was enhanced in the
presence of gold, palladium, and alloy gold-palladium nanoparticles. The influence of the
surfactant structure and nanoparticle material on the azobenzene isomerization rate is
expounded. Gold nanoparticles showed superior catalytic activity for thermal cis-trans
isomerization of azobenzenes. In a joint project with theoretical chemists, we demonstrated that
the possible physical origin of this phenomenon is the electron transfer between azobenzene
moieties and nanoparticle surfaces.

In the third part, complexes between gold nanorods and azobenzene surfactants with different
tail length were exposed to UV and blue light, inducing trans-cis and cis-trans isomerization of
surfactant, respectively. At the same time, the position of longitudinal plasmonic absorption
maximum of gold nanorods experienced reversible shift responding to the changes in local
dielectric environment. Surface plasmon resonance condition allowed the estimation of the
refractive index of azobenzene containing surfactants in solution.
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Zusammenfassung

Das Ziel dieser Arbeit ist mit der Fragestellung verwandt, wie plasmonische und photoschaltende
Eigenschaften in Nano-Objekten simultan herbeigefiihrt und kombiniert werden kénnen. Diese
Arbeit untersucht Komplexe aus Edelmetall-Nanoteilchen und kationischen Tensiden, deren
hydrophober Teil Azobenzol enthélt, mithilfe von Absorptionsspektroskopie, Oberflichen-Zeta-
Potentialen und Elektronenmikroskopie.

Im Teil 1 wird die Bildung von Komplexen aus negativ geladenen, Laser ablatierten, sphirischen
Goldnanopartikeln und kationischen Azobenzol-haltigen Tensiden in trans-Konfiguration
untersucht. Es wird gezeigt, dass die Zusammensetzung des Komplexes stark vom Tensid-Gold
Molverhiltnis abhidngt. Bei bestimmten Molverhiltnissen wurde beobachtet, dass sich die Partikel
selbst zu Nanoketten zusammensetzten und aggregieren. Bei hoheren Tensid-Konzentrationen
wurde die Oberflachen-Ladung der Nanopartikel positiv, erkldrt durch das Formen einer stabilen
Doppel-Schicht von azobenzolhaltigen Tensiden auf der Gold-Oberfliche. Diese Gold-
Tensidkomplexe bleiben kolloidal stabil. UV-Licht induziert eine Trans-Cis Isomerisation von
Azobenzoltensidmolekiilen und stort somit die stabilisierenden Tensidhiillen, welche die
Nanopartikelaggregation bewirken. Die Ergebnisse der Silber- und Silikonnanopartikel decken sich
mit den Ergebnissen der ausfiihrlich untersuchten Goldnanopartikel, was den vorgeschlagenen
Mechanismus der Komplexbildung bekréftigt.

Im Teil 2 wird die Wechselwirkung zwischen plasmonischen Metallnanopartikeln und Cis-
Isomeren der Azobenzol beinhaltenden Verbindungen adressiert. Die Studie beinhaltet Gold,
Silber, Palladium, Gold-Silber und Gold-Palladium Legierungen, und auferdem
Silikonnanopartikel, und eine Serie von Azobenzol-Derivaten. Cis-Trans thermale Isomerisation
von Azobenzolen wurde verbessert in der Gegenwart von Gold, Palladium und Gold-Palladium
legierten Nanopartikeln. Der Einfluss der Tensidstruktur und Nanopartikelmaterialien auf die
Isomerisationsrate wird erldutert. Goldnanopartikel zeigen eine hervorragende katalytische
Aktivitdt fiir die thermale Cis-Trans Isomerisation von Azobenzolen. In einem gemeinsamen
Projekt mit Theoretischen Chemikern haben wir demonstriert, dass ein moglicher Mechanismus der
Elektronentransfer von der absorbierten Azobenzolhélfte zur Goldoberfliche ist.

Im Teil 3 werden die Komplexe zwischen Goldnanostibchen und Azobenzol-haltigen
Timethylammoniumbromide mit verschiedenen Endlangen UV-Licht und blauem Licht ausgesetzt,
was eine Trans-Cis und Cis-Trans Isomerisation von Tensiden induziert. Zur gleichen Zeit erfahrt
das longitudinale plasmonische Absorptionsmaximum von Goldnanostibchen eine reversible
Verschiebung als Reaktion auf die Anderungen in der lokalen dielektrischen Umgebung. Die
Oberflichenplasmonenresonanzbedingung erlaubte die Bestimmung des Brechungsindex von
Azobenzol-haltigen Tensiden in wisseriger Losung.
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1. Introduction

1.1.Azobenzene photoswitches

1.1.1. Azobenzene containing surfactants

Surfactant is the abbreviation for “surface active agent”. These are amphiphilic molecules of
low molecular weight, including a part that is soluble in a fluid (solvent) and a part insoluble in
this solvent. When the solvent is water, the soluble part is called the hydrophilic part, the
insoluble part is called hydrophobic. The hydrophilic part is usually a polar headgroup, the
hydrophobic part (tail) may have linear or branched structure, and the length of the chain in the
tail can be varied. Depending on the headgroup, surfactants may be ionic or non-ionic. Ionic
surfactants dissociate in solution. The charge that the headgroup obtains after dissociation
determines whether the surfactant is cationic (positive charge), anionic (negative charge) or
zwitterionic (both charges).

The properties of surfactants are well studied. Their applications include a wide range of fields,
such as textiles, foods, plastics, petroleum production, chemical industry, medicine and the
every-day worldwide application as detergents and soaps.'*?

Surfactant molecules tend to adsorb at surfaces and interfaces. For instance at water-air
interface, surfactant molecules orient in a way that their hydrophobic tails point towards air,
while polar hydrophilic headgroups remain in water. Such adsorption provides the reduction of
surface tension and the free energy of the interface. In solution, the reduction of free energy of
the system is achieved via removing hydrophobic tails from contact with water (hydrophobic
interactions). Thereby individual surfactant molecules self-assemble into dynamic aggregates
in solution, so-called micelles. Surfactant molecules exchange between a micelle and bulk
solution. In water surfactant micelles are formed with polar headgroups exposed to the aqueous
medium and enclosing withdrawn hydrophobic tails that avoid contacts with water.

Micelle formation (micellization) is governed by the concentration of free surfactant unimers
(unassociated surfactant molecules). The concentration at which micelles start to form is called
the critical micelle concentration (CMC). This is the main characteristic of surfactant self-
assembly. CMC depends mainly on the surfactant chemical structure, but also on the cosolutes
and the properties of the solvent, for instance ionic strength or temperature. lonic strength
implies the presence of salt in solution. In the case of ionic surfactants, counter-ions of salt
inhibit electrostatic repulsion between ionic headgroups of surfactant unimers. This influences
hydrophobic interactions and changes the enthalpy-entropy balance in the system.>~

There’s an increasing interest in smart materials, which properties can be controlled by external
stimuli, such as pH,® magnetic field,” and light.® Light-responsive devices most widely employ
azobenzene containing materials.’ The most peculiar property of the azobenzene chromophores
is their reversible photoisomerization between the trans- and cis- geometric isomers, which
allows photoswitching of chemical, mechanical, electronical, and optical properties of the
azobenzene containing systems. For instance, azobenzene photoswitching has been employed
to control the properties of photonic crystals,'® refractive index of an optical device,'
topography of polymer layers.!>!?



Shinkai'* pioneered incorporation of the azobenzene units into surfactant structures and
demonstrated photocontrol of micellar catalysis. The azobenzene group was first integrated
next to the head group. Later, incorporating the azobenzene group into the surfactant
hydrophobic tail improved its solubility in water.'?

Having the azobenzene group in the hydrophobic tail, a surfactant molecule carries a dipole in
azobenzene cis-conformation, while in trans-conformation its dipole moment is negligible.
Therefore, irradiation with light enables manipulation of the surfactant hydrophobicity, and in
turn its solubility in water, micellization and interactions with other objects in aqueous medium.

For instance, the use of azobenzene containing surfactant in the surfactant-mediated synthesis
of gold nanoparticles allowed the photocontrol over the shape of the resulting particles.'®

Azobenzene-containing cationic surfactants caused the shrinking of dispersed in water hydrogel
microparticles.!”!8 Under UV irradiation the particles swelled as the surfactant molecules
isomerized into the more hydrophilic cis- state and unbound from the hydrogel.'**° Under blue
light, microgel particles shrank upon the rebinding of more hydrophobic trans-surfactant
molecules.

DNA conformation was manipulated by light via the use of azobenzene containing cationic
surfactants.> In compact state DNA can be delivered into target cells, but its further
decompaction is required. Light was reported to serve a trigger for DNA conformation using

azobenzene containing trimethylammonium bromide surfactants ?!-?%23.2425

Azobenzene containing trimethylammonium bromides were also employed to render polymer
brushes photosensitive, so that their topography could be controlled by light,?27-?% and to
compact-decompact single end-grafted DNA molecules.?

This thesis demonstrates that versatile applications of photosensitive azobenzene containing
surfactants can be extended toward manipulating properties of “solid” nanoobjects, such as
metal nanoparticles.

1.1.2. Azobenzene trans-cis isomerization

Azobenzene molecule (IUPAC name: diphenyldiazene) is composed by two phenyl rings
separated by an azo bond (N=N). It is the most studied photoswitch. The derivatives of the
molecule are usually referred to as the class of azobenzene compounds or simply azobenzenes.
The spectroscopic character of azobenzenes is affected by substituents on the azobenzene
rings.’

Rau 3! described three spectroscopic classes of azobenzenes, differing in the absorption spectra
and therefore their prominent colors: azobenzene-type molecules with yellow color,
aminoazobenzenes having orange color, and pseudo-stilbenes with red color (Figure 1.1).
Aminoazobenzenes and pseudo-stilbenes typically absorb in the visible range. The focus of this
work is on azobenzene-type molecules with yellow color and a strong absorption band in the
UV range. Their spectroscopic properties are similar to the parental azobenzene molecule,
which will be described below. Modulating the substitution pattern of the azobenzene unit can
shift their absorption bands into visible range.?*3
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Figure 1.1. Spectroscopic classification of azobenzene molecules: (a) azobenzenes, (b)
aminoazobenzenes, and (c) pseudo-stilbenes. The figure is taken from Ref. 34.

Azobenzenes assume one of the two isomeric states: the thermodynamically stable trans- (or E;
from the German entgegen) and the metastable cis- (or Z; from the German zusammen).
Azobenzene unit can reversibly interconvert between these configurations upon absorption of
a photon of incident light without side reactions. Azobenzene photoisomerization is
schematically shown in Figure 1.2.

}~50 kJ mol™!

trans (E) cis (£)
(a) (b)

Figure 1.2. (a) Schematic of azobenzene conversion between trans- and cis- conformation via
photoisomerization and cis-trans thermal relaxation. (b) Simplified state model for
azobenzenes. Trans-cis and cis-trans photoisomerization occurs with the formation of
photoexcited states. Cis-azobenzenes can relax into the more stable trans-form thermally. The
figure is the replica from Ref. 34.

In the dark, azobenzenes are to be found in the stable trans-state. Upon illumination with the
wavelength within the absorption band of the trans-isomer (UV range for azobenzene-type
molecules), trans-azobenzenes convert into cis-isomers. Irradiation with light (i. e. photon
absorption) of a wavelength corresponding to the absorption band of cis-isomer (visible range),
initiates the back cis-trans transition. Both trans-cis and cis-trans photoisomerizations occur on
the timescale of picoseconds **-%37 and are fully reversible.

The alternative way of the azobenzene cis-trans transition is thermal relaxation on a timescale
strongly dependent on the ring substitution and local environment. The metastable cis-isomer
spontaneously reverts to the trans- form in the absence of light. The lifetime of cis-isomers is
usually on the order of hours and days for azobenzene-type molecules in solution. The
incorporation of bulky ring substituents hinders thermal relaxation; heating accelerates it.”

3



Azobenzene bulk systems under illumination reach photostationary states composed by mixed
trans- and cis- isomers.*® The composition of a photostationary state is dictated by the chemical
substitution on azobenzene chromophores, incident wavelength of light, irradiation duration
and intensity, temperature and the matrix (solution, molecular assembly, monolayer, polymer
etc.).’ In the dark, azobenzene photostationary states can be considered all-trans, as the cis-
fraction is below most detection limits. Under UV irradiation, photostationary states of
azobenzen-type molecules predominantly consist of their cis-isomers. In the case of light-
induced trans-cis transitions, the effects of trans-cis photoisomerization, thermal cis-trans
relaxation, and possible cis-trans photoconversion contribute into the steady-state composition
after irradiation.

Importantly, azobenzene photoisomerization is accompanied by dramatic changes in geometry
and dipole moment of molecules. The bent cis- conformation is more bulky than the extended
trans- conformation. Bending from trans- to cis- configuration decreases the distance between
4,4'- ring substituents by one third from ~9 to ~6 A. Moreover, in the trans- configuration lone
electron pairs on the nitrogen atoms are pointing to opposite directions. For the unsubstituted
azobenzene, the dipole moment of the trans-isomer is 0 Debye (no dipole moment). Upon trans-
cis isomerization, due to the bent shape of the cis isomer, molecular dipole moment increases
to 3 Debye.?**%4! Dipole moments of azobenzene derivatives are usually higher by roughly

1 Debye for both isomers.*?

Spectral properties of azobenzene

Figure 1.3 schematically shows absorption spectra of azobenzenes. The solid line demonstrates
spectral properties of the parental unsubstituted azobenzene molecules, determined by the
following three types of electron transitions. Firstly, ¢-@* transitions localized in benzene rings
result in the absorption bands in the region 230 — 240 nm for both isomers. Secondly, the strong
n-n* absorption band of trans-azobenzene is centered at 314 nm, and at 280 nm for the non-
planar cis-isomer. The n-n* absorption band if the most strongly dependent on the substitution
pattern. Finally, the n-n* transitions exhibit the absorption band in the visible range. The n-n*
transitions are allowed in cis-form, but formally symmetry forbidden in the trans-isomer and
therefore possess a low intensity n-n* band at 440 nm in the trans-state.*

Absorption spectra of azobenzenes are sensitive to aggregation. When azobenzene dipoles are
aligned head-to-tail, forming so-called J-aggregates, bathochromic (red) shift occurs in the
spectra as compared with the spectra of individual chromophores. Parallel alignment of the
dipoles (head-to-head) is called H-aggregates and induces hypsochromic (blue) shift in the
absorption spectrum.*’ Stacking interactions between the rings can additionally stabilize
aggregates of azobenzene molecules. Single-chain surfactants with azobenzene unit in the
hydrophobic tail tend to form bilayer assemblies in water.** At concentrations exceeding CMC,
10-nm hypsochromic shift of n- n* absorption maximum was registered, consistent with the
formation of H-aggregates.’
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Figure 1.3. Schematic of typical absorption spectra of azobenzenes in trans-conformation. The
azobenzene-type molecules (solid line) have a strong absorption band in the UV range, while
the aminoazobenzenes (dotted line) and pseudo-stilbenes (dashed line) typically absorb in the
visible range. The figure is taken from Ref. 9.

Isomerization Mechanisms

The yield of photoisomerization and the rate of thermal isomerization of azobenzene depend
on the isomerization mechanism. The possible mechanisms of azobenzene trans-cis
isomerization are shown in Figure 1.4. The first main mechanism is a rupture of the N=N 7-
bond and a rotation around the N-N bond. The second main mechanism is inversion
(rehybridization) through a semilinear and hybridized transition state.*! In the rotation, the C—
N-N-C dihedral angle changes, while the N-N—C angle remains fixed at 120°. In the inversion,
the C-N=N-C dihedral angle remains 0°, while one N=N—C angle increases to 180°. In the
rather recent studies,* concerted inversion and inversion-assisted rotation have been proposed
as additional isomerization mechanisms. In the concerted inversion, both N=N-C bond angles
increase to 180°, so that the linear transition state has no dipole moment. In inversion-assisted
rotation, large changes in the C—N-N—C dihedral angle occur simultaneously with smaller
changes in the N-N—C angles. All the four mechanisms predict photostationary states consisting
of both isomers. Experimental results usually cannot be explained by a single mechanism.

Determining for the photo- and thermal isomerization mechanism are the structure of the
molecule (substituents, initial cis vs. trans isomeric form), environment (solvent polarity and
viscosity, temperature and pressure), and irradiation wavelength.*** Substituents influence
isomerization through steric and electronic effects. In push-pull azobenzenes,
photoisomerization is dominated by the rotation. Azobenzene-type molecules behave similar to
the unsubstituted azobenzene.
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Figure 1.4. Possible mechanisms of azobenzene trans-cis isomerization. Replica from Ref. 45.
For the isomerization of the azobenzene groups within the backbone of an amorphous polymer*’
via the rotation mechanism, the estimated required minimum free volume is the volume of a
sphere of 4.5 A inradius, i. e. about 0.38 nm®. Viscous solvents and bulky substituents typically
hinder rotation. The inversion mechanism requires much less free volume than the rotation
(around 0.13 nm?®) and therefore this mechanism can be expected in the conditions with steric
hindrance: in restricted azobenzenes and in rigid matrices. In azobenzene and its derivatives
without any restrictions, rotation mechanism is not excluded.

The concerted inversion was found to be energetically unfavorable mechanism for trans-cis
azobenzene isomerization. Rotation and inversion isomerization mechanisms can be competing
in diazene derivatives, what remains the widely accepted explanation for the wavelength
dependence of the photoisomerization quantum yield. Azobenzene photoisomerization is
suggested to proceed via inversion upon illumination in visible range (n-n* excitation), and
through the rotation mechanism under n-n* excitation (UV light). The majority of studies
suggest that cis-trans azobenzene photoisomerization follows rotation mechanism.

Thermal relaxation

Substituents and solvent properties can influence the mechanism of azobenzene thermal
isomerization in solution.

Thermal isomerization in amino-azobenzenes depends on the position of substituents and
solvent properties, which indicates a rotation-dominated mechanism.* For instance, thermal



isomerization of 4-hydroxyazobenzene proceeds faster in polar solvents compared to non-polar
ones. Isomerization rates depend on solvent polarity but not viscosity.

The specific mechanism of cis-trans thermal isomerization of azobenzene-type molecules,
studied in this work, is still being discussed, but the inversion mechanism is favoured.*> The
rate of the azobenzene-type thermal isomerization is independent of solvent properties and
bulky substituents. Acidic pH can accelerate the thermal cis-trans isomerization. Calculations
suggest multiple mechanisms dominated by the concerted inversion. Azobenzene derivatives
with strong electron-acceptor substituents such as NO» group undergo faster thermal
isomerization.

The azobenzene thermal back-relaxation is generally a first-order kinetic process in solutions
of small molecules and polymers. In some cases, the multiexponential decay occurs, reflecting
isomerization processes in differently confined local environments.

For instance, in amphiphilic azobenzene containing copolymers in solution self-assembling of
hydrophobic groups leads to phases with aggregated azobenzene groups. Thermal relaxation in
such systems occurs in the biexponential fashion, corresponding to the anomalously fast
relaxation of constrained and relatively slow relaxation of unaggregated azobenzene groups.
Since the thermal relaxation decay rate was found to depend on the solvent quality and the
composition of the polymer, it was suggested as a probe of local environments with different

free volumes.*®

For the thermal cis-trans isomerization of the polymer with azobenzene units in its main
chains,*’ two rates were found below the glass transition temperature. The faster process was
attributed to the reorientation of the azobenzene moieties in contact with the glassy matrix. The
slower process was attributed to the relaxation of the azobenzene back to its trans conformation.

In another example, azobenzene containing molecules readily trans-cis photoisomerized in
multilayer thin films. The back cis-trans thermal relaxation kinetics had two contributions
originating from different degrees of strain in the films. The faster relaxation rate was likely
from the isomerization of cis-isomers with more strain and less free volume.*

1.1.3. Photoswitching of azobenzene self-assembled monolayers

Azobenzene containing ligands can form self-assembled monolayers (SAMs) on planar and
curved surfaces of noble metals. The formation of covalently bound SAMs on gold surfaces is
comprehensively studied using thiols.** Due to the dipolar interactions between azobenzene
groups, azobenzene-modified alkyl thiols are densely packed on gold surfaces, what exhibits a
pronounced blue shift of the n-n* absorption band of azobenzene units corresponding to the
formation of H-aggregates.”*!

Two factors are important for the photoswitching of azobenzenes on metal surfaces. On the one
hand, substrate-induced quenching of the azobenzene photoisomerization can occur.’>>* Since
the quenching of the azobenzene excited state by metal core is distance-dependent, the length
of the alkyl linker between the terminal azobenzene unit and gold surface affect the
photoreactivity of SAMs of azobenzene functionalized thiols on gold clusters.>* The linker



between the metal surface and the azobenzene unit should be therefore long enough to allow its
photoisomerization.

On the other hand, dense packing sterically limits photoswitching. The lack of spatial
conformational freedom necessary for azobenzene isomerization leads to its suppression in
SAMs chemically bound to a gold surface. All strategies toward improving the photochemical
activity of azobenzene containing thiol SAMs on planar gold surfaces relied on the free volume
generation for azobenzene isomerization. One way to achieve this is the “dilution” of
azobenzene ligands by adding plain alkyl ligands as spacers, by the means of co-adsorption of
different thiols or using unsymmetrical sulphide adsorption.*>!>> Another way is increasing
the lateral intermolecular distance between azobenzene units in the monolayer employing thiol
ligands with integrated bulky groups, those with multiple surface “anchors”, or by adsorbing
UV-irradiated ligand molecules.>¢

Physisorbed on mica surface, azobenzene containing ligands without headgroups still formed
monolayers stabilized by lateral van der Waals interactions between molecules. In contrast to
the chemisorbed monolayers, physisorbed azobenzene monolayers completely isomerized in
response to light irradiation without “dilution”. Sufficient conformational freedom was
attributed to the possible molecular diffusion in the absence of covalent bonds to the substrate.>’

Cooperative isomerization occurred in the densely packed SAMs of covalently bound
azobenzene ligands with additional aromatic rings, when the short axes of azobenzene units
were arranged parallel to each other due to improved stacking interactions. In this case, the
energetically favourable stacking interactions between azobenzene units in the monolayer are
achieved as soon as the neighbouring azobenzenes are in the same conformation. Switching of
one molecule creates a free volume for the switching of the neighbouring one. As a result,
azobenzene ligands in SAM switch cooperatively in a domino-like way. Therefore,

isomerization in the monolayers had an increased yield with respect to that in solution.**>

Photoisomerization of azobenzene containing sulfonate surfactants was studied in mixed
Langmuir-Blodgett monolayers. The free volume of azobenzene moiety was controlled by the
degree of the monolayer “dilution” by alkyl chains. It was found that the azobenzene unit
requires a minimum free cross-sectional molecular area of approximately 0.5 nm? for its
sufficient trans-cis photoisomerization.”® Ten years later Klajn*? reviewed photoswitching of
azobenzene containing thiols in self-assembled monolayers on metal surfaces. The reported
critical value of molecular surface area was ~ 0.40 nm? for ligands attached to planar substrates.
Surface area requirements are lower for azobenzenes attached to nanoparticle surface.

Surface curvature crucially influences the conformational freedom and therefore the
photoresponse of azobenzene-containing SAMs. For azobenzenes attached to nanoparticles,
their free volume increases with surface curvature, i.e. the decrease in nanoparticle
diameter.*>°1°*  Non-diluted chemically bound azobenzene containing monolayers
photoisomerized on nanoparticle surfaces as long as the nanoparticle diameter was small
enough. To allow isomerization on larger particles, the strategies to decrease azobenzene
density in the monolayer might be required similar to the SAMs on planar surfaces,*>61:62:31:35



Recently, the photoresponse of azobenzene functionalized thiol with alkyl spacer 11-(4-
(phenyldiazenyl)phenoxy)undecane-1-thiol (Az11) was investigated on planar gold and gold
nanoparticles of 2.5 — 12 nm in diameter.’! The monolayer on planar surface essentially did not
show photoswitching. Dilution of the planar monolayer with an alkyl thiol enabled its
photoisomerization. On gold nanoparticles Az11 photoisomerized as effective as in solution
even without dilution. Azobenzene surface coverage could be increased via increasing mole
fraction of Az11 for planar SAM or via increasing the diameter of gold nanoparticles. In both
cases the m-n* absorption band of azobenzenes blue-shifted more prominently with the increase
in azobenzene density, originating from the improved stacking interactions. In planar mixed
SAMs, blue light induced almost complete back cis-trans isomerization, whereas the
photostationary state in blue light in solution contained a substantial amount of cis-isomers.
This indicated a cooperative switching of relatively simple azobenzene ligands, mediated by
the energetically favourable lateral interactions between trans-isomers in SAMs.

1.1.4. Isomerization of azobenzene radicals

Azobenzene molecules can attach or withdraw an electron, forming azobenzene anion or cation
radicals.

In the electrochemical reduction of azobenzenes, two one-electron steps have been observed.
In dimethylformamide solutions,® the product of the first electron transfer was a stable anion
radical. Azobenzene radical anions participated in a slow chemical reaction, which nature was
not investigated. The second reversible one-electron transfer resulted in completely reduced
dianion radicals, followed by their fast chemical reaction, probably a protonation step.
Protonated species oxidized to the initial azobenzene compound.

In spectrophotometrical investigations by Neta and Levanon,® the radical anions produced by
direct one-electron reduction of cis- and trans- azobenzene have been studied in various media.
The rate of this reaction of radical anion formation was determined for both cis- and trans-
azobenzene in solution. All the kinetic and spectral parameters were identical for anion radicals
produced from cis- and trans-isomers. Both cis- and trans- anion radicals oxidized into trans-
isomers. These findings led to the conclusion that in solution at room temperature cis-
azobenzene radical anion converts very rapidly to the trans-radical anion. Conversion in the
opposite direction was not detected. Trans- radical anion was found to rapidly catch a proton in
solution to produce the neutral species.

Laviron and Mugnier® in 1978 studied the stability of the anion radical formed by
electrochemical reduction of cis-azobenzene in dimethylformamide with tetra-n-
butylammonium perchlorate as supporting electrolyte. The experimental polarograms did not
differ for cis- and trans-azobenzene, the observed two electron-transfer waves indicated the
formation of anion and dianion radicals. Pure trans-azobenzene was obtained after the re-
oxidation in air. It was shown that the cis-azobenzene radical anion (obtained in the first
electron-transfer step) isomerized rapidly to the trans-azobenzene anion, which itself further
reacted to form the neutral trans-isomer. One proposed mechanism of cis-trans isomerization
of radical anion was the inversion on the nitrogen atoms. The second proposed mechanism was
the rotation around azo bond obtaining single bond character due to the unpaired electron on
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one of the nitrogen atoms. The rate constant of the electron transfer was found to be smaller for
cis-azobenzene than for trans-isomer.

The fast isomerization of neutral cis-azobenzenes to trans-azobenzenes occurred also when a
small amount of the solution of trans-azobenzene anion radicals, prepared electrochemically,
was added to the cis-azobenzene solution. Authors suggested that in this reaction a trans- radical
anion (T°) transports an electron to a cis-azobenzene (C), forming a neutral trans-isomer (T)
and a cis- radical anion (C°), which rapidly isomerizes into a trans- radical anion and continues
the reaction:

T+C->T+C ->T+T

The electron-transfer pathway of azobenzene isomerization suggested by Laviron and
Mugnier® has been confirmed in 2017.% Spectroelectrochemical studies revealed a mechanistic
model of the accelerated cis-trans isomerization of azobenzene radical anion compared to the
neutral species. In all studied azobenzene derivatives, rapid cis-trans isomerization occurred in
a similar electrocatalytic fashion upon reduction to the radical anion. It was shown
experimentally that smaller potentials are necessary for the electrochemical reduction of the
cis-isomer than of the trans-isomer. Calculations showed almost no difference in electron
affinity between the two isomers. Thermal cis-trans isomerization of the radical anion was
accelerated compared to neutral molecules due to a chain of electron transfers from the trans-
radical anion to the neutral cis-isomer. A substoichiometric amount of reduced species, i. e.
“injected” electrons, was able to rapidly isomerize the entire solution of cis-azobenzene, similar
to catalytic reactions. The underlying electrocatalytic mechanism of the cis-trans isomerization
of azobenzene solution was that suggested by Laviron and Mugnier.®> As soon as the cis-
azobenzene radical anion (C°) forms by the reduction of neutral cis-isomer, it rapidly thermally
isomerizes to the trans- radical anion, which transfers an electron to another neutral cis-isomer
and the cycle repeats:

C+C+C 5 C+(C+T)>C+C+T>(CH+T)+T>CH+T+T>T+T+T

Further, catalytic cis-trans isomerization of azobenzene was induced by the addition of iridium
complex to UV-irradiated azobenzene solution (predominantly cis- photostationary state) and
subsequent irradiation with UV light. The iridium complex is a photoelectron transfer agent,
UV light enabled electron transfer from photoexcited iridium complexes to cis-azobenzenes,
initiating electrocatalytic cycle of cis-radical anion. The percentage of trans-isomer in the UV-
photostationary state increased with the iridium-to-azobenzene ratio up to a certain saturation.
The latter was explained by the competition between two reactions resulting in the formation
of neutral trans-isomer: (i) the electron propagation from trans-radical anion to neutral cis-
isomer, T"+ C — T + T, and (ii) electron withdrawal from trans-radical anion and transfer back
to oxidized iridium complex, acting against the cycle.

The electrocatalytic cycle of azobenzene cis-trans isomerization in solution is independent on
the substituents and apparently on the origin of the first electron injection.
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1.2.0ptical properties of metal nanoparticles

Metal nanostructures possess unique optical properties, including strong light
absorption/scattering at a particular wavelength and consequently bright colours of colloidal
solutions of metal nanoparticles,®’ strong electromagnetic field enhancement for surface-
enhanced Raman spectroscopy (SERS),®® waveguiding beyond diffraction limit,%” imaging
capabilities,’® ultrasensitivity to biological and chemical binding and thus vast technological
applications.”!7%73.7475

The physical origin of the peculiar optical effects of metal films and nanoparticles is surface
plasmon resonance (SPR). Surface plasmon resonance is a particular light-matter interaction,
occurred in noble metals, materials with negative real and small positive imaginary dielectric
constant.

1.2.1. Surface plasmon resonance

Surface plasmon resonance (SPR) is the coherent oscillation of the surface conduction electrons
excited by the interacting electromagnetic field. Upon interaction with incident light, thin metal
films can yield propagating plasmons, also called surface plasmon polaritons (SPPs). Surface
plasmon polaritons are electromagnetic waves coupled to the surface electron plasma of a
conductor (metal) at a dielectric interface. They propagate along the surface of the metal-
dielectric interface for distances up to hundreds of microns, and decay in the z-direction with
the exponential decay length on the order of 200 nm.”

Localized surface plasmon resonance (LSPR) takes place when light interacts with noble-metal
particles much smaller than the wavelength of incident light in the surrounding medium
(Figure 1.5). In contrast to SPPs, localized surface plasmons are non-propagating excitations
of the conduction electrons. In this case, a plasmon oscillates locally around the nanoparticle
with a LSPR frequency, which is determined by nanoparticle size, shape, material, and local
dielectric properties of the medium. The electron cloud displacement is coherent to the
oscillating electromagnetic field. The collective oscillation of free electrons represents the
dipolar plasmon mode, or dipole particle plasmon resonance. In fact, multipole LSPR
excitations can occur. For instance, quadrupole mode would correspond to the displacement of
a half of the conduction electrons parallel to the incident field, while the second half of the
electrons moves antiparallel to the field.”®

Electric field

Metal sphere

Figure 1.5. Schematic of localized surface plasmon oscillation for a spherical particle. The
figure is the replica from Ref. 73.
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1.2.2. Theoretical treatment of localized surface plasmons

Theoretical consideration of surface plasmons has been developed and widely reported in
journal articles, reviews and books.®7-7677:78.79.80

Mie 8! was a pioneer to analytically solve Maxwell’s equation for the absorption and scattering
of light by spherical particles. According to Mie theory, extinction coefficient of particles
interacting with electromagnetic field is a sum of all electromagnetic multipole oscillations.

When the particle size a is much smaller than the wavelength of incident light A, the phase of
the oscillating electromagnetic field is almost constant over the particle volume, so that the
electric field of light can be considered static around the nanoparticle (Figure 1.5). This quasi-
static approximation (a << 1) allows solving simplified Maxwell’s equations for a particle in
the electrostatic field. With this limit, Mie theory assumes only the dipole term contribution
(dipole approximation), so that extinction spectra of particles can be calculated.

Briefly, the extinction spectrum of metal spheres of radius a interacting with light of wavelength
A (a << }) can be calculated as follows:"?

24m2Na3e3/? Eim(A)

AIn(10) (& (D) + xem)? + €m(1)? (D

Here ¢ is the dielectric constant of the surrounding medium, &.(4) and &,(4) are the real and
imaginary parts of the particle material dielectric function () = &-(4) + i &im(4). If &in is small,
the plasmon resonance condition is fulfilled when &,(4) = - y &n. The value of the shape factor
x can be solved analytically for spheres (y =2) and spheroids and must be numerically
calculated for other geometries. For silver and gold nanoparticles, plasmon resonance condition
is met in the visible spectral range, causing red color of colloidal gold and yellow color of
colloidal silver.

1.2.3. Size effects

Surface plasmon resonance wavelength is highly dependent on the nanoparticle material, size,
shape, as well as the dielectric constant of the surrounding medium 67-76.77.79:82.83

In the quasi-static regime (mean diameter d <25 nm for gold nanoparticles) material dielectric
function is considered size dependent. The corresponding size-response in the plasmon
absorption spectra is referred to as intrinsic size effects. It is well established that for small
spherical particles plasmon absorption bandwidth decreases with increasing particle size. Size
dependence of the plasmon peak position is not pronounced.®’

For larger particles, dipole approximation becomes not applicable as the electromagnetic field
becomes non-uniform across the particle. Higher multipole oscillations, especially the
quadrupole term,’®*%%* become important. Plasmon resonances of higher multipolar order
appear in the extinction spectra besides the usual dipolar resonance, and the higher-order terms
determine extrinsic size effects. Electromagnetic retardation effects,®’ possible radiative
damping®>*¢ from spontaneous radiation emitted by the dipole, and the excitation of multipole
plasmon modes’’ lead to the increase in plasmon bandwidth and shifts of plasmon absorption
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maximum toward longer wavelengths with increasing particle size. For instance, Sonnichsen
et. al.® detected polaritonic red-shifts and increased radiation damping of the plasmon band in
light scattering spectra of gold and silver clusters with mean diameters larger than 20 nm.

El-Sayed et. al.® reviewed size effects on the plasmon band in the optical absorption spectra of
spherical gold nanoparticles in water. Plasmon absorption maxima of gold nanoparticles were
found at 517 — 521 nm for gold nanoparticles with mean diameter of 9 — 22 nm, and 533 and
575 nm for particles with diameters d =48 nm and d =99 nm respectively (Figure 1.6).
Calculated”®® plasmon resonance wavelengths of gold nanoparticles of different size and shape
were in good agreement with experimental results. For nanospheres, calculated size dependence
of plasmon wavelength followed a linear trend. Increase in the diameter of spherical gold
nanoparticles from 20 to 80 nm resulted in the red shift of plasmon peak position from 520 to
550 nm. Scattering contribution into extinction spectra increased with increasing particle
diameter, but remained negligible for nanospheres with d < 40 nm.%°

wavelength i/ nm
350 400 450 500 550 600 650 700 750 800

I s B ) L B L L B B

absorbance

Figure 1.6. UV-Vis absorption spectra of spherical gold nanoparticles in water. Diameter of
the particles increased from 9 to 99 nm, causing the plasmonic absorption maximum red-shift
with increasing size. From Ref. 83.

1.2.4. Shape effect

In contrast to metal spherical particles with a single dipolar resonance, two or more plasmon
modes differing by oscillation directions occur in particles of non-spherical shape. For instance,
three plasmon resonance peaks have been detected in the recorded UV-Vis and polarization-
averaged calculated extinction spectra of silver triangular prisms in water,’® corresponding to
the dipole and quadrupole in-plane, and quadrupole out-of-plane oscillations. The fourth broad
out-of-plane dipole resonance peak was predicted by theory, but not resolved in the
measurements.

Spheroidal particles with three distinct axes have three plasmon resonance bands. Plasmon
resonance condition is fulfilled when &,(4) = - ¥ em (see Equation (1.1)). The shape factor y for
spheroids can be calculated via the geometrical factors G; along each of three axes as follows:

1-G; (1.2a)

Oblate and prolate spheroids exhibit two surface plasmon resonances, corresponding to the
extinction maxima of incident electric fields polarized along the major (long) and minor (short)
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axis. As a particle becomes more oblate/prolate, the plasmon band associated with the major
axis red-shifts, and the one associated with the minor axis blue-shifts.

Rod-shaped particles can be approximated as prolate spheroids with spherical symmetry along
the long axis (A). In this case, two short axes (B, C) are identical. One can introduce the aspect
ratio R as the ratio of the longer to shorter axis, and the eccentricity of the spheroid e:

R=A/B

1
e = 1_ﬁ

The corresponding geometrical factors Gg = G¢ can be found via the geometrical factor Ga:

1—e?71 1+e
— — -1 1.2b
Ga e? [Zeln (1 — e) ] ( )
1—0Gy
GB=GC= 2

Two types of electron oscillations are possible in gold nanorods: along and perpendicular to the
long axis of the rods. These plasmonic oscillations occur in the optical absorption spectra as
two bands, similar to prolate spheroids. The transverse mode (perpendicular to the long axis,
along the radius) shows a resonance near the plasmon absorption band of spherical particles
with the same radius, usually around 520 nm for gold particles. The longitudinal mode (along
the long axis) is far red-shifted to around 800 nm for gold nanorods with aspect ratio 4.1.%3
Aspect ratio is the length-to-diameter ratio for cylindrical rods.

Longitudinal plasmon resonance position of nanorods is sensitive to particle size (volume) and
strongly depends on the aspect ratio. Calculations suggested the longitudinal plasmon
resonance position to follow a non-linear trend. With increasing nanorod volume twofold at a
fixed aspect ratio of 3.9, the red shift of around 50 nm was predicted.*

With increasing aspect ratio, longitudinal plasmon peak readily shifted towards longer
wavelengths following a linear dependence, predicted numerically and observed
experimentally in the optical extinction spectra of gold nanorods synthesized by an
electrochemical method in the presence of organic surfactants.®* Increasing the aspect ratio by
one unit induced a pronounced red shift of longitudinal plasmon peak of roughly 100 nm. At
the same time, the transverse plasmon maximum was found to blue-shift by only several
nanometers.

Scattering contribution to the total extinction of nanorods is not affected by aspect ratio at a
fixed volume, but increases rapidly with the nanorod volume at a fixed aspect ratio.*

1.2.5. Effect of dielectric environment

Mie theory predicts a shift of the plasmon resonance extinction band induced by the refractive
index of the solvent. With increasing dielectric constant of the medium &, plasmon absorption
is enhanced, the bandwidth increases and the LSPR peak position red-shifts.®” A possible
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explanation of the plasmon band broadening is chemical interface damping.’’” Adsorbed
molecules offer additional resonance states and therefore can dampen electron oscillations as
soon as surface plasmon energy matches the new resonance state.

The optical changes associated with the transfer of 16-nm gold nanoparticles into organic
solvents with different refractive indices n (e = n?) are investigated in Ref. 82. The authors
observed around 25-nm red shift of plasmon wavelength with changing refractive indices
between n = 1.376 and n = 1.602.

The sensitivity of the plasmon band position to the medium dielectric constant, i. e. refractive
index, is the main principle of LSPR sensing. The adsorption of ligand molecules onto
nanoparticle surface alters the refractive index of local dielectric environment and causes a
plasmon wavelength shift, which is measured. For instance, authors in Ref. 88 suggested a
method for specific biomolecular sensing based on light scattering spectroscopy of single gold
nanoparticles, employing the shift in plasmon resonance upon protein binding.

The LSPR sensing is based on the following relationship between the changes in the local
environment and the observed shift in the LSPR wavelength A, 4,:"

Moy = mAn (1 - e_Zd/l) (1.3)

Here m is the refractive index sensitivity of nanoparticles, An — change in refractive index due
to molecular adsorption, d — adsorbate layer thickness, / — characteristic decay length of the
electromagnetic field. Therefore, to increase nanoparticle response, (i) m can be increased, or
(1) d/I can be optimized. It requires tuning of nanoparticle size, shape and composition, as well
as occurrence of sharp features on the surface.

The medium-related shift of plasmon peak position is especially pronounced in the longitudinal
mode of nanorods. El-Sayed et. al.®® offer the following approximation for the linear red-shift
of longitudinal plasmon maximum of nanorods with aspect ratio R:

Amax = (33.34R — 46.31)¢,, + 472.31 (1.4)

Employing the advantages of the SPR theory, Amendola and Meneghetti * presented a method
for the estimation of the average size of gold nanoparticles from their experimental UV-Vis
absorption spectra. The authors exploited the Mie model for spheres and the Gans model for
spheroids to fit the recorded absorption spectra, taking into account possible nanoparticle shape
distribution. The method has been tested on gold nanoparticles with different surface chemistry
under 25 nm in diameter in water and other solvents. Plasmon maximum was detected at
different wavelengths for aqueous suspensions of gold nanoparticles with the same size but
decorated with different ligands.

1.2.6. Interparticle gap

Surface plasmon resonance is also extremely sensitive to the distance between nanoparticles.
In particle aggregates, electron oscillations of closely situated individual nanoparticles couple
with each other. This results in collective electron oscillations of the electromagnetically
coupled system. In the optical properties, collective plasmon modes appears as additional
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extinction bands at longer wavelengths than the plasmon maximum of individual dispersed
nanoparticles.®”-34%

For instance, the results on salt-induced aggregation of nanoparticles were reported in
Ref. 78, 79. The addition of counterions inhibits electrostatic repulsion between nanoparticles.
Aggregation of spherical gold nanoparticles of 13 nm in diameter into larger random,
presumably non-spherical objects, was induced by successive addition of 6.0 M NaCl to
nanoparticle suspension.”? The recorded UV-Vis extinction spectra showed broadening of the
gold plasmon peak originally located at Amax~ 520 nm, its red-shift, and increase in the
extinction at A = 600 — 800 nm.

The relationship between the morphology of the aggregates, plasmon resonance, and
electromagnetic enhancement in gold nanoparticle dimers and trimers was addressed in Ref. 93.
Spherical monodisperse gold particles (roughly 100 nm in diameter) were assembled into
different aggregation states from monomers to octamers. The aggregates were tagged with
organic Raman-active molecules and encapsulated in a SiO; shell (roughly 50-nm thick),
forming plasmonic SERS nanoantennas. Since the SiO; shell guaranteed constant dielectric
environment among the nanoantennas, the observed 300-nm distribution of their LSPR maxima
was assigned to the structural heterogeneity of nanoparticle assemblies varied by the number
of particles and aggregate shape. For instance, LSPR spectrum of an L-shaped trimer
nanoantenna was found to consist of three peaks, corresponding to dipolar and multipolar
plasmon resonances. The studies showed, however, that not only the amount of constituents
and shape of the gold aggregates influence their LSPR condition. Individual gold particle
dimers exhibited different plasmonic properties despite having essentially same structures
(particle and shell size, shape), implying a crucial role of interparticle gap width in the LSPR
phenomenon. Nanoantennas with coalescent or being in subnanometer proximity gold particles
showed the best electromagnetic enhancement for SERS.

Three groups of Schatz, El-Sayed, Aussenegg % reported the dependency of plasmon

maximum position on the spacing in nanoparticle pairs. For the light polarized parallel to the
long particle pair axis, significant red shifts of the surface plasmon band occurred with
narrowing the interparticle gap, originating from plasmonic coupling. At the same time,
resonant wavelength corresponding to light with the orthogonal polarization blue-shifted.”

Near-field coupling between closely spaced metal nanoparticles allows plasmon propagation
along the ordered nanoparticle array, so that the latter can serve as plasmon waveguide. Maier,
Kik and Atwater *® determined collective plasmon resonance frequencies of lithographically
prepared one-dimensional nanoparticle chains of 3, 5, 7, 80 spherical gold nanoparticles with
50 nm in diameter and an interparticle spacing of 75 nm on glass slides. Both finite-difference
time-domain (FDTD) simulations °7 and far-field extinction spectra of gold nanoparticle chains
showed two extinction bands corresponding to longitudinal (along the chain axis) and
transverse (perpendicular to the chain axis) collective plasmon-polariton modes. The peak
positions of the longitudinal and transverse extinction bands were shifted relative to the single-
particle LSPR band due to near-field coupling. The splitting between the two collective modes
increased with chain length and saturated at the length of seven particles.
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1.2.7. Nanoparticle composition

Optical properties of metal alloy nanoparticles can be tuned by varying their composition,
morphology (segregation pattern), shape and size.”® According to Ferrando et. al., four main
types of mixing/segregation patterns can occur for nanoalloys: (i) core—shell segregated
structure, with possible mixing in the intermediate volume; (i1) subcluster segregated structure
is in principle possible; (iii) ordered or random mixed structure; (iv) multishell layered or onion-
like structure. The term “alloyed” nanoparticles used in literature is usually referred to random
mixed alloy morphology. The factors determining the segregation and atomic ordering in
bimetallic nanoalloys include the strength of interatomic bonds, surface energies of bulk
elements, relative atomic sizes, electron transfer, strength of binding to surface ligands or
support, specific electronic/magnetic effects, e.g. electronic shell structure, preparation method
and, importantly, experimental conditions. Atoms with the strongest homonuclear bonds,
smaller atoms and elements with higher surface energy tend to segregate to the nanoparticle
core. Electron transfer from less to more electronegative elements favours mixing. In supported
alloys, the element that stronger binds to the support may be pulled out toward the surface. In
general, the geometric or electronic structure of free alloy nanoparticles differs from that of the
corresponding surface-supported clusters due to the substrate influence. Free non-supported
metal nanoparticles are in the focus of this work.

The properties of the elements relevant for this work are listed in Table 1.1.

Table 1.1. Elemental properties of palladium, silver and gold: atomic radii, cohesive energy
(ecoh), average surface energy (Esuf), Pauling electronegativity, and electron work function of
(111) metal surface. From Ref. 99,100.

Pd Ag Au

atomic radius (A) 1.375 1.445 1.44

Ecoh (€V) —3.89 —2.95 —3.81

Equrf (meVA2) 131 78.0 96.8
electronegativity 2.2 1.9 24
Work function (eV) 5.6 4.74 5.31

Gold-silver alloy nanoparticles

Optical properties of gold-silver alloy particles are widely studied.”® Their plasmonic band can
be varied by the content of gold and silver in the alloy.

In the case of spherical solid particles, core-shell structures exhibit two plasmon absorption
bands at the wavelengths close to the SPR wavelengths of the corresponding monometallic
spherical particles. The intensity of each band is proportional to the metal fraction.

In contrast to the core-shell structures, gold-silver alloy particles exhibit a single plasmonic
maximum at the wavelength between the plasmon resonances of pure gold and pure silver. The
position of the LSPR maximum is determined by the ratio between the mole fractions of gold
and silver, independently on the preparation method.”!-9%-93:104.105.106.107 ywith the increase in gold
fraction, the LSPR maximum of alloy nanoparticles shifts to the longer wavelengths, toward
the position of the gold nanoparticle LSPR, following a linear trend. The color of alloy
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nanoparticle suspensions changes correspondingly from yellow to red. The single plasmon peak
in extinction spectra of gold-silver nanoparticles is considered as evidence of random alloy

structure formation.'*®

The gold-silver alloy particles, alike the pure gold and silver nanoparticles, have face centered
cubic structures. Since gold is more electronegative than silver, electron transfer from silver to
gold atoms is expected in bimetallic structures.”

According to the thermodynamic considerations (Table 1.1) and calculations by
Ferrando et. al.,”® core enrichment of Au and Ag segregation to shell is favoured for gold-silver
alloy particles. This is in agreement with many experimental studies of gold-silver alloy
particles synthesized chemically.!”” For instance, recently near-spherical gold-silver alloy
nanoparticles were chemically synthesized by a combination of the coreduction of gold and
silver salts in solution and the seeded growth approach using small gold seed nanoparticles.'%
The color of alloy nanoparticle suspensions changed from red to yellow with increasing silver
content, consistent with the position of the single plasmonic absorption peak. Energy-dispersive
X-ray spectroscopy in TEM revealed inhomogeneous alloy composition with silver-rich surface
and gold-rich core. Silver molar fraction linearly depended on the radial position. However, the
authors explained the silver-rich surface by the galvanic replacement during particle growth.
This work demonstrates that plasmon band in absorption spectra cannot track the segregation
of one metal to the surface and in general local distribution of elements in the volume of a
nanoparticle with statistically random alloy structure.

Alloy nanoparticles can be prepared using a plenty of techniques.” One of the effective
methods is laser ablation in liquids.!''? In the recent study,'!! the mixtures of laser ablated gold
and silver colloids with different volume ratios were further irradiated with the focused laser
beam. The resulting alloy particles were found to be almost spherical with the average diameter
about 20 nm. Plasmon band of nanoalloy particles appeared in between the SPR maxima of
pure silver (415 nm) and pure gold (520 nm), depending on the molar fraction of gold.
Corresponding gradual color changes from light yellow to light pink occurred. (Figure 1.7)
Non-linear optical properties of gold-silver alloy nanoparticles were found to depend on the
composition due to the tunable SPR position. The morphology of such alloy particles prepared
by laser ablation was not investigated.

Palladium nanoparticles

Extinction spectra of palladium particles show a slope in visible range and a plasmon peak in
UV range. For instance, 22-nm diameter particles prepared non-chemically and immobilized
on fused silica exhibited absorption peak at 220 — 247 nm at environment refractive indices
1.25 — 1.5 respectively.!!?

Recently reported calculated extinction spectra!!'® of spherical palladium nanoparticles from 40

to 90 nm in diameter in water possessed a single plasmon absorption peak. The position of the
plasmonic maximum was predicted to red-shift with increasing nanoparticle size, from 200 nm
for 40-nm particles to 450 nm for 90-nm particles. Only a slope and no peak at A > 200 nm was
predicted for palladium nanoparticles with diameters smaller than 40 nm. For particle diameters
larger than 90 nm, additional plasmonic modes were predicted in the spectra.
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Figure 1.7. Absorption spectra (a) and suspension photographs (b) of aqueous colloids of
spherical gold-silver alloy nanoparticles with different gold molar fraction x. From Ref. 111.

Gold-palladium alloy nanoparticles

Based on Table 1.1 and simple thermodynamic considerations, gold-enriched surface is
expected in gold-palladium alloys. The simulations of small bimetallic clusters in Ref. 114
predicted the coexistence of core-shell, alloy and eutectic-like structures in the samples
prepared by the same method. The morphology with palladium core and gold shell was
enthalpically the most favourable at ambient temperatures. The homogeneous (random) alloy
morphology had a less negative enthalpy of formation than for the core-shell morphology, but
the highest entropy. Eutecticlike structures were favourable in the case of one-component
enriched composition. Coupled with the effect of structural incoherency, the core-shell structure
with gold shell and palladium core was energetically more favorable. However, the
configuration energies of different structures did not differ much. Experimental studies of
anticipated alloy particles often revealed Pd-core/Au-shell and inverted core-shell structures
along with random alloy bimetallic structures, as well as alloys with gold- or palladium-rich
surface and surface with mixed monometallic regions, depending on the composition and

preparation technique.’®%%198

Turkevich!' reported in 1985 that the optical spectra of the gold-platinum alloy nanoparticles
are not an additive superposition of the spectra of pure gold and platinum. The plasmon peak
of gold was absent until the amount of gold reached 75 weight percent, when the gold LSPR
peak appeared as a shoulder. The similar effect of gold LSPR damping occurs in gold-palladium

19



alloy nanoparticles in comparison with physical mixtures of monometallic nanoparticles with
the same percentage.

For alloy gold-palladium particles capped with poly(N-vinyl-2-pyrrolidone),'!® prepared by
coreduction of gold and palladium ions in solution, plasmon peak of gold became apparent
starting from 60 % of gold and grew with the amount of gold, whereas for physical mixtures of
monometallic suspensions gold plasmon peak was visible already at 20 % of gold. Based on
the observed changes in plasmonic properties, authors suggested palladium-rich surface and
gold-rich core of the alloy nanoparticles with <40 % of gold. This has been confirmed by other
methods.

The same trends occurred for gold-palladium alloy nanoparticles encapsulated in dendrimer.!!’
Gold plasmon peak was not detectable in the extinction spectra of gold-palladium alloy
nanoparticles, but visible in the monometallic mixtures.

In fact, similar drop of intensity of gold LSPR absorption peak occurred experimentally'!® and
was predicted by calculations''” for Au-core/Pd-shell particles. For the inverted Pd-core/Au-
shell structure, gold LSPR band intensity increased with gold content.

Therefore, it is not possible to reveal the core-shell morphology of gold-palladium bimetallic
particles using UV-Vis absorption spectroscopy, unlike gold-silver nanoparticles. However,
when gold plasmon peak is suppressed in a bimetallic gold-palladium nanoparticle, it might

indicate bimetallic particle formation, probably with the palladium-rich surface.!*®

1.3.Nanoparticle aggregation

1.3.1. Aggregation regimes in solution

Two universal, independent from the chemical properties, and determined by short-range
interparticle interactions, regimes of irreversible colloidal aggregation have been introduced in
1985.12° Small amounts of pyridine were stepwise added to aqueous colloid of citrate-stabilized
gold nanoparticles with 15 nm in diameter. This led to aggregation due to the displacement of
charged ions from gold surface by neutral pyridine molecules. Initial aggregation rate increased
with the amount of pyridine added. The slow aggregation regime occurred at low concentration
of pyridine added and was labeled reaction-limited colloidal aggregation (RLCA). At these
conditions, there was a substantial repulsive force between particles to overcome. Therefore,
aggregation was limited by the time needed for two particles to overcome the repulsion by
thermal activation. Rapid aggregation occurred at sufficient pyridine amount was referred to as
diffusion-limited colloidal aggregation (DLCA), because the repulsive barrier between particles
was negligible and aggregation rate was essentially limited by diffusion.

Universality in the two aggregation regimes has been supported by comparing chemically
different aqueous colloids of gold, silica and polystyrene latex by the means of static and
dynamic light scattering and computer simulations.!'?!> 122 123 Citrate-stabilized 15-nm gold
particles were coagulated by pyridine. Silica particles of diameter d = 7 nm initially possessed
negative surface charge due to OH- or SiO- groups, and their aggregation via electrostatic
charge screening was induced by NaCl addition at pH > 11. Polystyrene latex particles with
d = 38 nm stabilized by carboxylic acid were treated with HCI and NaCl to implement DLCA
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and RLCA regimes respectively. The behaviour of the aggregation kinetics and the properties
of the resulting clusters (in terms of mass distribution and structure anisotropy) were identical
for all three colloidal systems. RLCA aggregates were found to be more compact, while DLCA
aggregates appeared to be more open and loose.

1.3.2. Plasmonic properties of nanoparticle aggregates

Taylor et al. '** mediated aggregation of 20-nm gold nanoparticles using cucurbit[5]uril (CB[5])
and observed the plasmonic peak evolution in the recorded time-resolved extinction spectra.
Due to its shape and rigidity, CB[5] is capable of binding gold particles with the precise spacing
of 0.9 nm, allowing for the distinct plasmonic modes. DLCA regime was fulfilled at higher
amounts of CB[5], due to higher probability of nanoparticle coagulation. One could see rapid
decrease and broadening of gold nanoparticle LSPR band at 525 nm, along with the appearance
of the second broad peak at 650 nm and its growth and red shift to 690 nm over time. At lower
CBJ5] concentrations, aggregation was reaction-limited, with similar but significantly slower
changes in the extinction spectra (Figure 1.8). TEM micrographs, obtained in parallel to the
recording UV-Vis spectra, showed compact slowly growing RLCA clusters, whereas open
chain-like aggregates were growing during DLCA, resulting in micrometer-sized networks. In
fact, two plasmon modes arising from different structural specimens within aggregates were
revealed in the broad secondary plasmon band (A > 600 nm). The plasmon mode at 590 nm was
assigned to the longitudinal plasmon resonance of nanoparticle dimers, it remained at its initial
position over time. The broad resonance mode at 650 nm was identified as the coupled
longitudinal mode of embedded nanoparticle chains. This mode red-shifted over time owing to
the chain growth, i. e. increasing number of particles, until a saturation in interparticle coupling
was achieved (690 nm). The third mode near the individual gold particle resonance at 525 nm
was assumed to be the transverse plasmon mode of the nanochains within aggregates. Much
smaller spectral red shifts in RLCA regime are explained by the lack of the optical nanochain
response in compact RLCA structures, as opposed to open networks resulting from DLCA.
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Figure 1.8. Changes in the extinction spectra of gold nanoparticles upon diffusion-limited (left)
and reaction-limited (right) aggregation induced by cucurbit[5]uril. The figure is the replica
from Ref. 124.

Esteban et. al. ' numerically studied optical response of self-assembled gold clusters of

moderate compactness, consistent with the case of DLCA. The aggregates consisted of a large
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number of strongly interacting spherical gold nanoparticles of the same size (10 — 40 nm in
diameter) separated by fixed 0.9-nm gaps in water. The optical behaviour of a large three-
dimensional aggregate of unknown structure was interpreted as a composition of collective
plasmon modes of individual distorted one-dimensional chains within the aggregate. Calculated
absorption spectra were in good agreement with experimental extinction spectra for the
aggregates of spherical particles of the same size and with the same gap width. Three modes
were distinguished for complex three-dimensional 40-nm particle aggregates in unpolarized
light: (i) a peak near the plasmon resonance of a single particle, A = 540 nm, (i1) plasmon mode
at long wavelengths A = 800 nm, corresponding to the long chain excitations, and (iii) short
chain mode at A = 700 nm, corresponding to the plasmonic excitations of dimer-like short
chains at the periphery of the aggregate. Two modes were visible for 20-nm particle aggregates:
at A= 540 nm and A= 650 nm. Authors suppose the broadening of the spectrum when the
interparticle gap and particles’ size vary within an aggregate, so that the long chain modes might
be hard to register.

Self-assembled nanoparticle chains are promising structures for plasmonic waveguiding. For
instance, post-treatment of plasmonic nanochains with femtosecond laser radiation led to
threading the chains into strings with plasmon resonance in the NIR spectral region.!'?°

1.3.3. Surfactant-mediated nanoparticle aggregation

Aggregation of 13-nm citrate-stabilized gold nanoparticle into chains was induced by the
addition of the conventional surfactant cetyltrimethylammonium bromide (CTAB) to
nanoparticle aqueous colloid.!?” Extinction spectra were recorded over time for different CTAB
concentrations, accompanied by TEM micrographs. One sustained narrow plasmon band at
520 nm was found for monodisperse nanoparticles at low and high CTAB amounts, when the
CTAB molecules negligibly or extensively displaced citrate ions on gold surface. At high
concentrations, CTAB bilayers were expected to stabilize gold particles. Large aggregates of
CTAB-modified particles rapidly precipitated from solutions at certain CTAB concentrations.
Short nanoparticle chains were found at the intermediate surfactant concentrations, exhibiting
coupled plasmon modes in the UV-Vis-NIR absorption spectra along with the transverse mode
near A = 520 nm. These longitudinal chain modes appeared at different wavelengths A > 600 nm
depending on CTAB concentration and red-shifted with time. Surfactant-mediated self-
assembly of gold particles into chains was explained by electric dipole formation upon partial
displacement of citrate surface layer by CTAB at intermediate surfactant concentrations, when
the residual surface charge distribution turns anisotropic. Such suggestion was also published
earlier for the aggregation of gold nanoparticles into short chains mediated by mercaptoethyl
alcohol.'?®

Muto et. al. '*° investigated laser ablated spherical gold nanoparticles of 11-nm diameter in
aqueous solutions of several surfactants. Laser ablation used to prepare nanoparticle colloid in
water allowed to avoid additional stabilizing agents, because the as-prepared particles were
stable through their negative surface charge in water (pH 7). Gold nanoparticles were mixed
with cetyltrimethylammonium bromide (CTAB, CisTAB), sodium dodecyl sulfate (SDS), as
well as with a series of CTAB-like surfactants: cetyltrimethyl ammonium chloride (CTAC,
Ci6TAC), tetramethyl ammonium bromide (CiTAB), octyltrimethyl ammonium bromide
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(CsTAB), and dodecyltrimethyl ammonium bromide (C12TAB). In SDS solutions above critical
micelle concentration, gold particles were likely stabilized by the micelles of negatively
charged DS™ ions. Addition of CTAB-like and CTAC surfactants at different concentrations to
gold nanoparticles induced their irreversible aggregation. UV-Vis absorption spectra recorded
after precipitation showed a single plasmon peak of gold nanoparticles at 520 nm. Absorption
intensity sharply decreased down to zero and began to increase again with increasing
concentration of cationic CTAB-like surfactants. At the same time, g-potential of gold particles
in water measured right after mixing increased from -30 mV without surfactant to 0 mV when
the particles aggregated, and became positive at higher surfactant concentrations. Absorption
spectrum recorded 15 min after mixing gold particles with CTAB at the concentration, at which
particles aggregated (confirmed by TEM), exhibited the second plasmon mode at 650 nm.
Electrostatic interaction between cationic surfactants and gold nanoparticles was suggested to
drive particle aggregation: CTA" ions attached to the particle surface pointing inward and
neutralized the particle surface charge until all negative charge sites had been screened and
particles aggregated at certain threshold surfactant concentrations. Stabilization of particles in
concentrated solutions of cationic surfactant was explained by the positive charge of CTA"
groups pointing outward in the surfactant bilayer on the gold particle surface. Based on the
CTAB concentration inducing all-particle aggregation, the authors of the Ref. 129 estimated
3.3-6.6 % of negatively charged atoms on the surface of 11-nm laser ablated gold nanoparticles.
Total precipitation of particles in CTAC solution was detected in the same concentration range
as CTAB, implying no impact of counteranion on the gold-surfactant interaction in diluted
surfactant solutions. Increasing hydrophobic tail length in CTAB-like surfactants led to the
precipitation in nanoparticle suspensions at lower surfactant concentrations.

1.3.4. Light-induced aggregation of nanoparticles

Colloidal stability of nanoparticles is determined by van-der-Waals and -electrostatic
interactions in suspension. Irreversible aggregation of 11-nm gold nanoparticles in organic
solvents was induced by irradiation with mercury lamp with and without optical filters.”® 7
The particles were prepared in the absence of surfactants or other stabilizing agents. Their
plasmon absorption band was positioned at 523 nm in 2-propanol. Additional plasmon band
arised gradually and red-shifted to 830 nm with irradiation time, following the formation of
aggregates. At the same time, suspension colour changed from wine red to blue. After sufficient
time the aggregates precipitated and were not capable to re-disperse. The authors separated
particle coalescence occurred upon irradiation with UV light, and particle coagulation induced
by irradiation with visible light. The suggested cause of the visible-light induced coagulation
was the excitation of surface plasmon oscillations and consequent particle charge neutralization
or van-der-Waals attractive forces between plasmon dipoles.”! Furthermore, the coagulation
was found to proceed in the diffusion-limited fashion, starting with one-dimensional aggregate
formation (chains) in the beginning of the illumination and ending in fractal clusters with chain-
like segments.

Metal nanoparticles, functionalized with the monolayers of azobenzene thiol ligands and
rendered by this means photosensitive, aggregate in nonpolar solvents as soon as trans-cis
photoisomerization of azobenzene groups takes place. The aggregation of such photosensitive
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nanoparticles is driven by a combination of solvophobic interactions and attractive dipole—
dipole interactions between cis-azobenzenes in the ligands on different nanoparticles. For
instance, increase in the dipole moment due to azobenzene ligand trans-cis isomerization in UV
light, weakens the interaction between nanoparticle shell and nonpolar toluene, what leads to
the destabilization of the suspended nanoparticles. Additional dipole-dipole interactions
between azobenzene cis-isomers make interparticle interactions comparable with thermal
energy and therefore induce nanoparticles aggregation. At the same time, in polar solvents
nanoparticles coated with azobenzene monolayer remain stable in UV light through the higher
dipole moment of cis-isomers, and aggregate upon cis-trans transition. Depending on the
strength of solvophobic and dipolar coupling effects, which in the same solvent depend on the
substitution pattern of azobenzene in the monolayer shell, nanoparticles can assemble
reversibly or irreversibly when exposed to UV or visible light,*262131.132

Reversible nanoaggregation of gold nanoparticles decorated with differently substituted
thiolated azobenzenes was induced by exposure to UV or blue light in a nonpolar solvent.'3’
Dodecylamine-capped gold NPs of approximately 5.5 and 2.5nm in diameter were
functionalized with a parent azobenzene-terminated alkanethiol and derivative thiolated
4-(dimethylamino)azobenzene, respectively. Absorption bands of the latter alkanethiol were
found around 50 nm red-shifted relatively to the parental compound. In contrast to the parental
azobenzene, irradiation of the “red-shifted” azobenzene with blue light induced its trans-cis
isomerization with 12 % of trans-isomers in the blue-photostationary state. Subsequent
exposure to near-UV light enabled its back cis-trans isomerization resulting in around 48 % of
trans-isomers. Alternatively, thermal cis-trans relaxation was accelerated by heating at 45°C.

Gold nanoparticles decorated with different azobenzene thiols aggregated after irradiation of
their toluene/hexane colloids with light at different wavelengths. Nanoparticles functionalized
with the parental azobenzene thiol aggregated in response to UV light, and re-dispersed in blue
light.!3* Opposite to this behaviour, nanoparticles functionalized with the “red-shifted”
azobenzene self-assembled into metastable aggregates after exposure to blue light, when
azobenzene compound was in predominantly cis- conformation. UV light, as well as thermal
treatment, caused the aggregates to disassemble.

In a mixture of 2.5-nm and 5.5-nm nanoparticles each decorated with a different azobenzene
ligand,'** selective self-assembly of one type of nanoparticle occurred depending on the
wavelength of the incident light. Exposure to blue light induced the trans-cis isomerization of
the “red-shifted” azobenzene and therefore aggregation of the 2.5-nm particles decorated with
this compound. Following irradiation with UV light simultaneously caused trans-cis
isomerization of the parental azobenzene and back cis-trans isomerization of the red-shifted
azobenzene. This allowed self-assembly of 5.5-nm particles decorated with the parental
compound and at the same time disassembly of the aggregates of 2.5-nm particles. Blue light
in the next irradiation cycle restored the aggregates of the smaller particles and re-dispersed the
larger particles. Nanoparticles functionalized with mixed monolayers of both azobenzenes, with
approximately 31 % of the “red-shifted” compound, aggregated in toluene/hexane solution in
response to either UV or blue light, but disassembled after heating, when both azobenzenes
returned into trans-conformation.
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Light-controlled reversible aggregation of azobenzene-functionalized nanoparticles in a
nonpolar environment has found an application for creating self-erasing images.®! Gold and
silver nanoparticles of roughly 5 nm in diameter were coated with mixed self-assembled
monolayers of dodecylamine and photoswitchable azobenzene-terminated thiol 4-(11-
mercaptoundecanoxy)azobenzene (MUAzo), and embedded in thin organogel films.
Azobenzene groups of MUAZzo ligands isomerized into cis-conformation once irradiated with
UV light. Photoisomerization in UV light caused increase in dipole moment from 1 Debye for
the trans-isomer to 5 Debye for the cis-isomer and thus governed attractive dipole-dipole
interactions between the particles. At certain surface coverage of MUAzo the attractive forces
were just so to cause reversible nanoparticle aggregation. Visible light induced back cis-trans
1somerization of azobenzene containing ligands, which occurred also spontaneously via thermal
relaxation and could be accelerated by heating. Irradiation with visible light and heating (50°C)
weakened the coupling between nanoparticles and led to the rapid disassembly of their
aggregates. Reversible nanoparticle aggregation was associated by colour changes from red to
pale blue for gold, and from yellow to violet for silver nanoparticles. In the absence of UV light,
plasmon absorption peaks of gold and silver nanoparticles in gels were found at 525 nm and
420 nm, respectively. These plasmon wavelengths were near plasmon peak positions of free
nanoparticles in toluene. Painting multi-colour images with UV light was possible due to red-
shifting of the plasmon resonance bands upon nanoparticle aggregation. The images in the dark
self-erased after a week due to thermal cis-trans relaxation of azobenzene and the corresponding
disassembly of particle aggregates. Visible light and heating erased the images in a few seconds,
so that the films could be re-written.

Recently, alternative light-induced reversible aggregation of non-photosensitive gold
nanoparticles was implemented via photocontrol over pH of the medium.!* The gold
nanoparticles of 2.5, 5.5, 11 nm in diameter were functionalized with pH-sensitive monolayers
of 11-mercaptoundecanoic acid (MUA). The photoresponsive medium comprised spiropyran
solution, which pH was modulated with blue light. Changing the acidity of the medium affected
the colloidal stability of nanoparticles in methanol and caused their reversible self-assembly
into aggregates. In the dark, gold nanoparticles were in aggregated state forming a black
precipitate. The solution had yellow colour originating from the medium. In blue light MUA-
coated nanoparticles were fully re-dispersed due to the ligand protonation and thus obtaining
positive surface charge. The light-irradiated solution had red colour due to strong plasmon
absorption band of dispersed nanoparticles. Gold nanoparticles readily aggregated once the blue
light source was off. The colour change between red and yellow was used to create self-erasing
images in thin films of crosslinked poly(ethylene glycol) (PEG) gels by their local exposure to
blue light through a mask.

Similar approach was reported later for light-controlled, reversible assembly of gold
nanoparticles in aqueous solution of a photoacid.!*® Gold nanoparticles of 5.8 and 10 nm in
diameter were functionalized with 6-mercaptohexanoic acid. The pH of the medium decreased
upon irradiation with blue light, causing formation of metastable nanoparticle aggregates. In
the dark, with the pH increase, rapid spontaneous disassembly of the aggregates occurred.
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1.4.Catalytic properties of metal nanoparticles

Metal nanoparticles are successfully employed in catalysis for a variety of reactions.!*” Even
chemically inert gold exhibit catalytic properties when in form of nanoparticles.!*® In fact,
Parravano’s group reported on catalytic properties of metal nanoparticles in the 1970s (Ref. 72
and references therein). However, the discovery by Haruta ez. al.'* of metal oxide-supported
gold nanoparticles as highly active catalysts has started the era of nanoparticle catalysis. Gold
nanoparticles are widely used in oxidation-reduction reactions, e.g. carbon monoxide and
alcohol oxidation, hydrogenation of various compounds, carbon-carbon coupling, water
splitting, organic synthesis and other miscellaneous reactions, !40:141:142.143

In this work, catalytic properties of nanoparticles depending on their composition will be
addressed. Therefore, this section attempts to give a brief overview on how nanoparticle
properties influence their catalytic activity in various chemical reactions, and which physico-
chemical processes are behind the nanoparticle catalysis.

The reduction of 4-nitrophenol by sodium borohydride in the presence of metal nanoparticles
has been used frequently to study catalytic properties of nanoparticles in aqueous solution.'**
This reaction is well-studied and proceeds in water at ambient conditions. The study of the
reduction of 4-nitrophenol by El-Sayed et al.'*® stated that nanoparticle catalysis has
heterogeneous mechanism, i. e. reactions proceed at the nanoparticle surface. For that,
plasmonic properties of gold spherical particles, hollow spheres, and cubical nanocages of
roughly 40 nm size have been employed, namely the shift of their surface plasmon band
position upon changes in the local dielectric environment during the reaction.

1.4.1. Electron transfer

The believed physical origin of the catalytic activity of metal nanoparticles is electron transfer
between nanoparticle surface and reactants. In 2014, Studer and Curran'#® suggested to
generally consider the electron as the catalyst in the majority of catalytic reactions proceeding
as cascades with radical and radical ion intermediates. In redox reaction catalysis, metal
nanoparticles can accommodate electrons,'”!48 and electron transport from the oxidation site
to the reduction site takes place on nanoparticle surface. Reducing agent injects electrons into
nanoparticles, which can be discharged to an electron acceptor. In photocatalysis, free radicals
formed in a colloidal solution by irradiation diffuse to the particles and transfer electrons to

them. !4’

In the reduction of hexacyanoferrate (III) ions by borohydride ions in aqueous solution
catalysed by gold particles, the metal nanoparticles can accept electrons from borohydride and
serve as an electron storage. In the second step, ferricyanide ions diffuse to the nanoparticle
surface and are reduced by excess surface electrons. The reaction kinetics is second-order.!#+14°

The reduction of 4-nitrophenol is also an electron-transfer reaction which proceeds with the
first-order kinetics as follows.!*!%5 Borohydride (BH) ions react with the surface of the
nanoparticles resulting in the oxidized form of NaBH4 on the surface and the hydrogen gas
around it. Then, 4-nitrophenol molecules are adsorbed on the surface of the nanoparticles. 4-
nitrophenol becomes reduced to the nitrosophenol and then quickly converts to 4-
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hydroxylaminophenol. In the second, rate-determining step, the latter compound is reduced to
the final product 4-aminophenol. All intermediates adsorb onto active sites on the nanoparticle
surface to react, with an adsorption/desorption equilibrium in all steps.'>°

1.4.2. Nanoparticle size and shape

Many studies demonstrated that the catalytic properties of nanoparticles depend on their size
and shape.!>"!>? For instance, Lin et. al.'>® studied size effect of gold nanoparticles for the
catalytic reduction of 4-nitrophenol. The size of the particles ranged from 1.7 to 8.2 nm. The
highest reaction rate was observed for the intermediate 3.4-nm particles. CTAB-stabilized gold
nanoparticles with mean sizes from 3.5 to 56 nm diameter were tested for the catalytic reduction
of 4-nitrophenol.'** The total concentration of gold (in terms of atoms) was kept constant. The
particles with the intermediate 13-nm size appeared to be the most effective. Zeng et al.'>
compared the catalytic properties of gold cubic nanocages, hollow cubic nanoboxes, and solid
particles of approximately 50 nm size using the reduction of 4-nitrophenol as well. The
concentrations of particles were the same. The nanocages were found to be catalytically more
active than the nanoboxes and nanoparticles. The authors explained it by higher particle surface
area (surface-to-volume ratio) of nanocages and by the size effect due to ultrathin walls of the
nanocages.

Nanoparticles with different shapes were used to catalyse the reaction between
hexacyanoferrate (III) ions and thiosulfate ions.!>® Tetrahedral, cubic, and “near spherical”
platinum nanoparticles of 5 — 7 nm size were capped with a polymer. In the reaction, thiosulfate
ions bound to the platinum nanoparticle surface and then reacted with hexacyanoferrate(III)
ions to form final products. The tetrahedral particles were found to be the most efficient,
rationalized by the highest fraction of chemically unsaturated (low-coordinated) surface atoms
on corners and edges. The same conclusion that atoms on the corners and edges of nanoparticles
are the active catalyst sites was made for gold nanoparticles.!®’ Indeed, unsaturated surface
atoms more likely participate in electron transfer. To the point, plasmon oscillations are also

enhanced on the corners of nanoparticles.!>®

Therefore, there are two main factors of effective nanoparticle catalysts: (i) surface area, or
surface-to-volume ratio, in the context of the number of available surface sites; and (i1) surface
roughness, with respect to the number of active unsaturated atoms on surface. There are also
other effects, such as nanoparticle aggregation and oxidation state (regarding the available
surface sites), surface potential, crystallographic facets ((111) facets have sharper corners and
edges than (100) and therefore are more favorable in catalysis), and the energy of the Fermi
level.!”® Catalytic activity cannot be attributed to a single metal property, but a combination of
factors influencing the interaction of reactants with active metal atoms on nanoparticle surface.

1.4.3. Nanoparticle capping

159 154

Catalytically active nanoparticles are often stabilized by thiolate ligands, " surfactants,
polyelectrolytes,'® to assure their colloidal stability on the purpose of reusability and maximal
surface area, and allow for the study of catalytic properties of individual nanoparticles.
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Gold, silver and platinum nanoparticles of approximately 1.5 -3 nm in diameter were
immobilized in spherical cationic polyelectrolyte brushes grafted to a polystyrene core.!¢!:162
The catalytic activity of different metal nanoparticles was compared towards the reduction of
4-nitrophenol. Since the catalytic reactions take place on the surface of the particles, rate
constants normalized to the particle surface area have been compared. Gold nanoparticles were
found to be less active than platinum particles immobilized in the same carrier system.!®?
Among different metal nanoparticles prepared with similar carriers, silver nanoparticles
appeared the least active, palladium nanoparticles — the most active, Pd > Pt > Au > Ag.!¢! The
reason of this phenomenon was not investigated.

In another study,'® the catalytic activity of metal-microgel composite particles have been
probed by the oxidation of alcohols to the corresponding aldehydes or ketones at room
temperature in water using air as oxidant. Gold, ruthenium, and platinum nanoparticles
(dau = 4.8 nm, drn = 4.5 nm, dp; = 2.8 nm) were embedded into cross-linked PNIPA microgel
network. Gold nanoparticles showed higher catalytic activities than Pt or Rh, in contrast to the
results in Ref. 161.

Capping ligands can reduce nanoparticle catalytic activity due to the screening of the active
surface sites and changing nanoparticle surface properties upon binding,!%8:164165.166.167 The
catalytic activity of nanoparticles in the reduction of 4-nitrophenol could be tuned by the
swelling and shrinking of the thermoresponsive poly(Nisopropylacrylamide) (PNIPA)
microgels in core-shell'® and yolk-shell structures.'®® In yolk-shell structures, the temperature-
mediated volume transition of the PNIPA shell between swollen (15 °C) and collapsed (50 °C)
state induced 10-nm red shift of the surface plasmon absorption maximum of gold nanoparticles
in the cores with temperature increase, apparently due to the changes in the local refractive
index.!” Recently, catalytic activity of gold nanoparticles towards the reduction of 4-
nitrophenol was controlled by light using the photoresponsive peptide capping with integrated
azobenzene unit, probably due to light-controlled changes in the active surface area of
nanoparticles.!”!

1.4.4. Nanoparticle composition

The nanoparticles used in this work were not capped with stabilizing ligands. Silver
nanoparticles are well-known to oxidize and aggregate rather fast in the absence of proper
stabilization. Gold particles perform a better colloidal stability and resistance to oxidation, and
therefore are usually more favoured as catalysts than silver nanoparticles.

Catalytic properties of laser ablated gold nanoparticles were studied using the reduction of 4-
nitrophenol.!”? Laser ablated particles have “bare” surface, because they are not capped with
stabilizers or ligands. The mean size of nanoparticles was around 7 nm. However, accounting
for the lognormal size distribution of laser-ablated particles (there is a fraction of big particles),
the mass-weighted arithmetic mean of 11 nm was used to calculate total nanoparticle surface
and compare ligand-free nanoparticles with other systems. The ligand-free gold particles
showed higher or similar kinetic constants (i. e. better catalytic activity) in comparison with
carried nanoparticles (polymer brushes, micelles, core-shell microgel, graphene oxide support).
However, gold particles immobilized in spherical polymer brushes showed higher kinetic
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constants than ligand-free particles, due to lower adsorption of 4-nitrophenol onto “bare” gold
surface. This was attributed to the negative ¢-potential of laser-ablated gold nanoparticles and
thus electrostatic repulsion between the negatively charged 4-nitrophenol molecules and
nanoparticle surface.

Recently, catalytic properties of bare porous palladium nanostructures were studied using the
reduction of 4-nitrophenol.!”® The structures were synthesized chemically and purified by
decantation to remove stabilizers. Catalytic performance was higher for the structures with
higher surface area.

Noble metal alloy nanoparticles are effective catalysts for a wide range of dehydrogenation,
hydrogenation, and selective oxidation reactions of organic molecules.!”* Catalytic behaviour
of alloy nanoparticles depends on their shape and size, surface structure, composition, and
segregation pattern, which strongly depend on the preparation technique.'®

Catalytic properties of nanoalloys are usually enhanced in comparison with pure metal or e.g.
bimetallic core-shell structures due to synergistic effects.!” For example, catalytic activity for
the hydrogenation of 1,3-cyclooctadiene!! and allyl alcohol'!” was higher for gold-palladium
alloy nanoparticles than for the corresponding physical monometallic mixtures, increasing with
the palladium content in the alloy. For 1,3-cyclooctadiene,!!® catalytic activity of pure gold
particles was negligible, the alloys with 80 % of palladium showed the best performance.

The synergistic catalytic effect is the mutual influence of different components and/or active
sites in the catalyst. Among four kinds of possible synergistic catalytic effects in nanocomposite
catalysts, the activation of one component by another dominates, typically due to a charge
transfer between the components.'”® However, the synergistic effects are not yet fully
understood.

Gold-silver alloy nanoparticles

In the reaction of low-temperature oxidation of carbon monoxide, silver was catalytically
inactive, gold particles showed low activity, while gold-silver alloy nanoparticles exhibited
high catalytic performance, improving with the increasing gold content.!”’

Catalytic activity for the reduction of 4-nitrophenol of 4-nm alloy gold-silver particles
stabilized by poly(amidoamine) dendrimers was found to enhance proportionally to the fraction
of gold in the particles.!” Apparently, in those works, the number of gold atoms on the particle
surface increased with the gold content, and silver atoms amplified their activity.

Haigh et. al.'” correlated catalytic activity of hollow gold-silver alloy nanoparticles,

synthesized chemically, with their segregation pattern. In a coupling reaction to form
propargylamine, pure gold nanoparticles showed slightly better catalytic activity than silver
particles. Alloying significantly improved the catalytic performance with the peak at
18 atom % Au. EDX mapping and tomography revealed particle morphology changes with the
composition. Gold-rich surface occurred below 25 % Au, alloy structure without surface
segregation existed between 25 % and 35 % of gold, silver segregated to surface starting from
50 % of gold. At the intermediate composition, 35 % < Au < 50 %, non-segregated alloy
structures coexisted with particles with silver-rich surface. In fact, the coexistence between
mixed and surface-segregated structures occurred also on the border around 20 % of Au.
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Authors attributed the high catalytic performance at 18 % Au to the increased surface electron
density of particles with alloy or gold-rich surface due to electron transfer from silver to gold
(electronegativity effect). Increasing gold fraction did not improve catalytic activity because of
morphology changes to silver-rich surface, although propargylamine yield was still slightly
higher than for pure metal particles.

Gold-palladium alloy nanoparticles

Gold-palladium nanoalloys have been widely used as -catalysts.””!® For instance,

Hutchings et. al. reported on the direct synthesis of hydrogen peroxide from hydrogen and
oxygen catalyzed by gold-palladium nanoalloy on TiO2 in water at ambient conditions.!'*

Depending on the reaction, gold or palladium surface atoms have been identified as active sites,
charge transfer between gold and palladium is mentioned in the majority of the studies.

In the reaction of N>O decomposition,'®! the contiguous Pd atoms were better active sites than

Au atoms, pure palladium nanoparticles showed higher activity compared to pure gold. Gold-
palladium alloy nanoparticles of ~ 2 nm size on a mesoporous support showed lower catalytic
activity than pure Pd in this reaction, because the surface Pd atoms became isolated by gold
atoms gradually at increasing gold fraction.

In aerobic oxidation of benzyl alcohol,'®? gold surface atoms were suggested to be the active
sites. Catalytic properties of gold-palladium random alloy nanocubes of less than 2 nm size and
stabilized by poly(N-vinylpyrrolidone) were studied. Pure palladium particles showed
negligible activity, pure gold — moderate activity. The alloy particles showed enhanced activity
increasing with gold fraction due to the increasing number of surface active sites up to a certain
percentage, after which alloy catalytic activity decreased to the level of pure gold. The enhanced
activity of alloy particles was explained by the electron transfer from palladium to gold, which
in turn activated molecular oxygen on gold surface and promoted the alcohol oxidation.

Visible light irradiation enhanced -catalytic activity of gold—palladium random alloy
nanoparticles, less than 10-nm sized and supported on ZrO,, for oxidant-free dehydrogenation
of aromatic alcohols to the corresponding aldehydes at ambient temperatures.'®* Both under
light illumination and in the dark, catalytic activity of alloys was enhanced in comparison with
monometallic catalysts and determined by the alloy composition. The most effective was the
Au:Pd molar ratio 1:1.86, equal to 65 % Pd. Authors believed that palladium surface atoms
were the active sites. The enhanced catalytic activity was explained by the following several
factors related to alloying. Firstly, electron redistribution from Au to Pd led to the electron-rich
Pd sites and thus increased surface charge heterogeneity on the alloy nanoparticle surface. This
enhanced the interaction between the alcohol molecules and the nanoparticle surface. The
electron transfer from Au to Pd varied with the composition and reached the maximum at Au:Pd
molar ratio 1:1.86. Secondly, the electron transfer to the adsorbed benzyl alcohol molecules
causing their transformation was easier from the higher Fermi level of the alloy nanoparticles
compared to that of pure Pd. The photocatalytic efficiency of the alloy nanoparticles strongly
correlated with the electron transfer. In the photocatalytic effect, light-induced energetic
conduction electrons of gold (LSPR effect) had even better ability to migrate to the Pd sites on
the surface. The Fermi level of the alloy NPs increased under light irradiation. This further
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increased the possibility of electron transfer from the alloy NPs to the reactant molecules. The
strong interaction with the surface facilitated the transfer of the photoexcited electrons of the
nanoparticles to the adsorbed alcohol molecules. The authors in the proposed mechanism rely
on the electron transfer from gold to palladium, which contradicts the difference in elemental
electronegativities. However, the electronegativity values of gold and palladium do not differ
much (Table 1.1).

The reduction of 4-nitrophenol to 4-aminophenol by sodium borohydride has been used to study
the catalytic activity of gold—palladium nanoalloy particles immobilized on cationic spherical
polyelectrolyte brushes. The particles of 1 — 3 nm size were synthesized chemically in solution
by the reduction of salts. Catalytic activity was studied as a function of composition of the
nanoalloys.!®* For comparison of different samples, the apparent reaction rates have been
normalized to the surface area of the nanoparticles per volume unit. Nanoalloys showed
significantly enhanced catalytic performance in comparison with pure metals, AuPd > Au > Pd.
Catalytic efficiency of nanoalloy particles increased with the amount of gold. Gold-palladium
alloy nanoparticles with the highest amount of gold (75 molar % Au and 25 molar % Pd)
exhibited the highest catalytic activity. DFT calculations showed the decrease in the density of
states close to Fermi level with the increase in Au content. The gold-palladium alloy
nanoparticles appeared as facetted particles with face-centered cubic (fcc) structure. Structural
analysis'® of the gold-palladium alloy nanoparticles with 75 % Au showed a structure close to
arandom alloy. In the particles with less gold, slight enrichment of palladium at the surface and
gold in the core occurred. Palladium surface atoms were found partially oxidized, indicated by
the Pd*" species besides metallic Pd. The catalytic active sites were suggested to consist of
small groups of contiguous Pd atoms at the surface defects. It was concluded that the palladium
surface atoms with non-metallic character (Pd**) decreased the catalytic activity, what
explained the low activity of pure palladium nanoparticles. The better catalytic activity of the
gold-palladium alloy nanoparticles with 75 % of gold was explained by electronic effects and
the large number of surface defects due to atomic rearrangement at the surface upon alloying. '

In the trichloroethene hydrodechlorination catalysis,''® gold nanoparticles were inactive, while
palladium nanoparticles showed moderate activity. Chemically unsaturated Pd atoms, located
at surface defects, were supposed to be the active sites. Palladium-coated gold particles (core-
shell morphology) showed enhanced catalytic performance increasing with the gold content.
The highest catalytic activity occurred for particles with a palladium submonolayer on the
surface (1.9 weight % Pd), probably with palladium islands on the surface. At Pd amount
sufficient for the monolayer formation, nanoparticle catalytic activity dropped down, and
further decreased to the level of pure palladium particles with the increasing palladium content
(number of palladium surface layers). The intensity of the gold SPR band decreased with the
increase in palladium coverage.
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1.5.Accelerated cis-trans isomerization of azobenzenes

Azobenzene derivatives are used in catalysis as reactants and as promoters. For instance,
azobenzenes can undergo a complexation with metals resulting in azobenzene metallocycle
formation. Palladium-catalyzed reactions and complexations involving azobenzenes are of
particular interest in literature.'®’

The majority of studies involving azobenzene photoswitches and catalytic nanoparticles relate
to photocontrollable nanoaggregation of particles upon azobenzene photoisomerization. In one
of the examples,'®® 5.5-nm gold nanoparticles were covered with a self-assembled monolayer
of azobenzene-terminated alkane thiol “diluted” by a conventional surfactant. The catalytic
activity was studied in the hydrosilylation reaction with the formation of 4-methoxybenzyloxy-
diphenylsilane, and was found to correlate with the light-tunable nanoparticle aggregation state.
Particles in toluene aggregated in UV light and redispersed in visible light, reversibly switching
their catalytic activity off and on, apparently via varying the nanoparticle surface area.

Upon binding of azobenzene containing molecules to metallic substrates, the molecule—
substrate electronic coupling shortens the lifetime of molecular excited states and thus affects
the switching properties of the surface-bound azobenzenes up to quenching, depending on the
interaction strength, which is distant-dependent. Tetra-tert-butyl-azobenzene (TBA) aflat
adsorbed on Au (111) surface can undergo photo- and thermal isomerization. The bulky fert-
butyl groups were expected to enable photoinduced and thermally activated reversible trans-cis
switching due to spatially decoupling the azobenzene unit from the metallic substrate. Indeed,
cis-trans switching occurred, but electronic coupling between azobenzene units and gold
surface remained sufficiently strong, presumably via the N = N bonding or the lone pairs of the
nitrogen.>? The following indirect mechanism of the photoinduced azobenzene switching on
gold substrate has been revealed: unlike in solution (direct molecular photoexcitation), not the
photoswitch but metal absorbs light energy. Upon light absorption, charge carriers (hot
electrons and holes) can be generated in metal substrate. Substrate-mediated charge transfer
between gold and azobenzene would lead to the formation of an ionic transition state and
subsequent isomerization and back charge transfer to the substrate. Authors suggest that light
with photon energies more than 2.2 eV generates hot holes in the d-band of gold rather than hot
electrons. This is assumed to be a two-step process: (i) electron-hole pairs are formed in the
gold d-band, (i1) the holes rapidly relax to the top of the d-band, becoming “hot”. Therefore, a
hole driven photoisomerization is assumed at the gold surface, where holes participate in the
charge transfer to the TBA molecule, thus transient azobenzene cation forms and isomerizes. It
was mentioned that such hole transfer should not occur on silver surface. The energy barrier for
thermal cis-trans isomerization of gold surface-bound TBA was found to be reduced by the
factor of four in comparison with free molecules in solution, implying faster isomerization. The
reaction was sterically strongly hindered in the adsorbed state.
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1.5.1. Thermal cis-trans isomerization of azobenzene monolayers on gold
nanoparticle surface

Nanoparticles have recently been found to catalyse cis-trans isomerization of azobenzene
containing compounds. In fact, these new studies emerged during the work on this thesis and
therefore not so many relevant publications are available at the moment. The studies are
mentioned in the chronological order.

An early report on nanoparticle-enhanced azobenzene isomerization is Ref. 60, where trans-cis
photoisomerization and cis-trans thermal isomerization of azobenzene containing alkanethiol,
self-assembled into a monolayer on 2-nm gold particles, occurred at least two and three times
faster than in solution, respectively. Although the authors did not discuss the mechanism of this
phenomenon, it might be due to the steric confinement and cooperativity effects in self-
assembled  monolayers.  Apparently, nanoparticle surface curvature allowed
photoisomerization. At the same time, one can expect sterically confined monolayers on the
facets of the small particles. [somerization might have started on the edges, where azobenzenes
had enough spatial freedom, following by cooperative and therefore accelerated switching of
the densely packed monolayers. Similar mechanism was described in Ref. 51.

Azobenzene photoisomerization was investigated in a confined environment within gold
nanoparticle aggregates.!®® Dialkylsulfide with incorporated azobenzene (4-butyl-4’-(11-
dodecylthioundecyloxy)-azobenzene) chemisorbed on 33-nm citrate-stabilized gold
nanoparticles with plasmon resonance at 530 nm in the extinction spectra. The alkyl branch
served for the dilution of the formed SAM to assure its photoactivity. Stabilizing citrate ions
were displaced upon the ligand adsorption. Therefore, the addition of azobenzene ligand
induced gold nanoparticle aggregation in water-ethanol mixture, manifested by the appearance
of surface plasmon coupling band at around 780 nm in the UV-Vis spectra. SERS spectrum
indicated trans- azobenzene isomers in the aggregates of functionalized nanoparticles. The
aggregates were then exposed to UV light, and trans-cis isomerization of azobenzene ligands
took place. The resulting further red shift of surface plasmon coupling band to 830 nm, and the
increase in SERS intensity, revealed nanoparticle nearing, explained by increased dipole-dipole
interactions between adsorbed azobenzene ligands on their surfaces. However, trans-cis
isomerization of confined azobenzene molecules in the aggregates occurred less effective than
in solution, consistent with steric hindrance effects. Thermal back isomerization from cis- to
trans-state was found to proceed 15 times faster in the nanoparticle aggregates than in
dichloromethane solution. This was rationalized by the registered by SERS weakening of the
N=N bond of cis-isomers due to their interactions with neighbouring gold nanoparticles in the
aggregates, and the thus facilitated rotation mechanism of cis-trans isomerization.

In fact, two factors may cause accelerated azobenzene switching on metal nanoparticle surfaces:
confined environment and electron transfer. In the earlier works above,**!%? it is impossible to
distinguish between them. In Ref. 189 azo bond weakening was not assigned to the electron
transfer.
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1.5.2. Thermal cis-trans isomerization of azobenzenes in solution in the
presence of gold nanoparticles

In 2013 Hallett-Tapley et al.'® first reported on gold-enhanced thermal isomerization of
azobenzenes not attached to gold nanoparticle surface and hypothesized an electron-transfer
mechanism of cis-trans isomerization. Since this is apparently the only external work at least
hypothesizing the mechanism of the fast thermal isomerization in the presence of gold
nanoparticles, it deserves specification.

Spherical gold nanoparticles of around 12 nm in diameter have been prepared photochemically
and post-treated with laser ablation to improve their size and shape distribution. The particles
resulting from the photochemical synthesis were ‘pseudo-naked’” without organic stabilizers,
with negatively charged chloride ions on surface. Nanoparticles slightly aggregated within
3 days after preparation and that’s why they were filtered shortly before use.

A small amount of gold colloid added to UV-irradiated azobenzene aqueous solutions triggered
their fast spontaneous cis-trans isomerization in the dark, detected by absorption spectra. In the
absence of gold nanoparticles, azobenzene isomerization was not detected on the same
timescale of 30 minutes. Because of low concentration of gold, plasmon peak was not visible
in the spectra. In fact, azobenzene aqueous solutions contained a low amount of acetonitrile,
because concentrated acetonitrile solutions were diluted with water. Isomerization rates were
calculated from the exponential fit of the absorption at the maximum wavelength of trans-
isomers as a function of time, applying a first-order kinetic model. Contribution of the residual
cis-isomer was subtracted from absorption spectra prior to data analysis.

Experiments with higher concentrations of gold nanoparticles revealed their colloidal stability
during experiments. Isomerization rate nonlinearly increased with gold concentration.
Assuming higher binding affinity to gold for trans-isomers, due to the larger dipole moment of
cis-isomers and their better solubility in water, the non-linear trend was rationalized by the
binding competition between reactants (cis-isomers) and products (trans-isomers) for active
surface sites.

Nanoparticles from different batches showed different catalytic activities, attributed to different
physico-chemical properties, such as surface chemistry and number of active sites. This implied
that the interaction with gold surface actively contributes into the azobenzene isomerization
mechanism. Authors mentioned that gold nanoparticles likely act as electron storage, similar to
the catalysis of redox reactions.

Para-substitution of the azobenzene unit appeared to impact the rate of the enhanced cis—trans
thermal isomerization. Symmetrically substituted dichloro- and dimethylazobenzene
isomerized around 2 times slower than parental unsubstituted molecules, while unsymmetrical
substitution (4-methoxyazobenzene) led to up to 4.5 times higher isomerization rates. Such
activity row is unexpected in the context of electronic substitution effects, but was correlated
with dipole moment consideration: methoxyazobenzene has the strongest dipole moment and
shows the fastest isomerization.

The authors speculated that the isomerization mechanism might be the electron transfer between
azobenzene moieties and gold surfaces, facilitated in the case of more polar molecules due to
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their stronger binding to nanoparticle surfaces. According to the proposed scheme, the electron
transfer from a cis-azobenzene unit to a gold surface would result in a cis-azobenzene cation
radical formation with the weakened N=N bond (N-N-* with one electron pair and an electron-
hole pair, instead of N::N). In such intermediate state rotation around the N-N bond is promoted,
and trans-azobenzene cation is formed. More polar molecules more likely remain near the gold
surface, and electron transfer from gold to trans-azobenzene cation happens, filling the hole on
N-N bond. As a result, neutral trans-azobenzene forms. However, no evidence for this
hypothesis was given.

It is intriguing that the hypothesized by Hallett-Tapley et. al.'”° electron transfer from

azobenzene to gold surface can be interpreted as hole transfer from gold surface to azobenzene
group, which was suggested by Wolf and Tegeder’> to be the mechanism behind the
photoisomerization of azobenzene adsorbed on gold surface. In both studies, isomerization in
a charged cationic state is proposed.

Haag et. al.'! investigated photoswitches on planar gold surfaces and gold nanoparticles.
Bulkiness of host-guest ligands assured effective photoswitching of incorporated azobenzene
units from trans- to cis- conformation in UV light. Photoswitching on gold surfaces occurred
as fast as in solution. Thermal isomerization rates were calculated from first-order exponential
fits of absorption maximum (at 360 nm), and half-lives of azobenzene cis-isomers have been
compared in different systems. Free azobenzene containing ligands isomerized slowly in
aqueous solution. Thermal isomerization rate significantly increased for the host-guest complex
in water, explained by reduced solvophobic effects. Water stabilized free cis-isomers, but the
interaction was weakened by the inclusion of the azobenzene containing “guests” into “hosts”.
Thermal isomerization was further accelerated by around 15 times on gold nanoparticle surface.
On planar gold surfaces, isomerization rates were similar to the values in solution despite
another interface (air). Authors mentioned two mechanisms of the catalysis of azobenzene
thermal isomerization on gold nanoparticles without preference and discussion: the electron
transfer hypothesized by Hallett-Tapley et. al.'® and enhanced dissipation of electron-hole
pairs due to plasmon resonance of gold nanoparticles. Notably, in this work, host-guest
chemistry makes the direct proximity of the azobenzene group to gold surface improbable.

Simoncelli and Aramendia'®? in 2015 reported on the accelerated kinetics of the thermal cis-
trans isomerization of a number of para-substituted azobenzenes in gold nanoparticle colloids,
extending the earlier findings of Hallett-Tapley and co-authors. Gold nanoparticles were
synthesized photochemically and coated with silica shell. Initial particles were “semi-naked”
and highly monodisperse with a diameter of around 15 nm, silica shell thickness varied from
around 2.7 to 15 nm.

A small amount of azobenzene acetonitrile solution was added to gold nanoparticles in water
or water-acetonitrile mixture (acetonitrile:water 5:1). The thermal isomerization kinetics after
UV irradiation was detected in azobenzene solutions with and without gold particles using
absorption spectroscopy. The kinetics followed the first order, isomerization rates were
determined from monoexponential fit of trans- absorption maximum intensity as a function of
time. The highest acceleration factor was found for unsubstituted azobenzene and
methoxyazobenzene in gold aqueous colloids, in fact reproducing the results of Hallett-Tapley
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et. al. Symmetrically substituted dimethyl-, dichloro-, and diethoxyazobenzenes showed
intermediate isomerization rates in gold water-acetonitrile colloids. Nitro-substituted
azobenzenes (electron-acceptor group) had the lowest acceleration factors in water-acetonitrile
mixture.

Authors relied on the rotation mechanism with N=N bond weakening revealed earlier by Yoon
and Yoon!® without specific proposals. As mentioned earlier by Hallett-Tapley et. al.,
substitution effects cannot explain the higher thermal isomerization rate of methoxyazobenzene
compared to symmetrically substituted molecules. Authors discussed the influence of
acetonitrile presence in the solvent, which in this work was apparently higher than in the report
by Hallett-Tapley et. al. Acetonitrile can adsorb to gold surface and thus compete with
azobenzene molecules for gold surface adsorption sites, what in turn can decrease the thermal
isomerization acceleration factor in water-acetonitrile mixture compared to water.

The decrease in the acceleration factor upon NO»-substitution was explained in a similar way
by a competition between NO» groups and azo-moieties for gold surface sites. Further, pH in
gold colloid is acidic in the work of Hallett-Tapley and slightly acidic in the work of Simoncelli
and Aramendia due to preparation method. The effect of pH was examined in the absence of
gold nanoparticles, to exclude the increase in isomerization rate resulting from pH decrease in
azobenzene solution upon gold addition. For 4-nitro-4’-dimethylaminoazobenzene, 4-(4'-
nitrophenylazo)phenol and 4-[4-(dimethylamino)phenylazo]benzoic acid N-succinimidyl ester
the catalytic performance of gold nanoparticles was masked by pH changes.

Experiments with different concentrations of gold showed that the kinetic rate depends on
azobenzene/gold molar ratio and particularly on the proportion of azobenzene molecules
associated with gold surface.

Citrate-stabilized 15-nm gold nanoparticles were functionalized with polyvinylpyrrolidone,
selectively binding to (100) facets. Such polymer-functionalized particles exhibited worse
catalytic performance than non-functionalized particles. Authors suggested that (100) facets are
the catalytic active sites.

Gold nanoparticles with thin silica shell had even lower activity than polymer-coated particles,
compared in ethanolic solutions. This further supported the surface nature of the gold-mediated
catalysis. With thick silica shell, two-order kinetics occurred, rationalized by diffusion of
azobenzene molecules through silica shell to reach the active gold surface. The estimated
diffusion coefficient of azobenzene in porous silica was significantly smaller than in water and
increased with silica thickness.

When Hallett-Tapley and co-authors published their results on the ability of gold nanoparticles
to accelerate thermal cis-trans isomerization of small azobenzene derivatives, I was already
investigating on the thermal cis-trans isomerization of azobenzene containing surfactants
enhanced by gold nanoparticles. These experimental results, partially reported in Ref. 193,
developed into a part of the current thesis and will be discussed in the corresponding chapters.
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2. Objectives

The topic of this thesis stems from the research attempt of our group to introduce plasmonic
and photoswitching properties to negatively charged polymer brushes. The recipe is loading
them with the complexes between plasmonic nanoparticles and photosensitive azobenzene
surfactants. The relationship between the properties of nanoparticle-surfactant systems, nature
of nanoparticles, surfactant structures, and experimental conditions, appeared to be complex
and required an independent study. Further modification of polymer brushes and DNA
molecules in solution with the explored nanoparticle-surfactant complexes has been
successfully performed, but the obtained results are beyond the scope of this thesis.

The main objective of my work was the study of the complexes between plasmonic
nanoparticles and photosensitive azobenzene containing cationic surfactants in aqueous
environments.

For that, characterization of the optical properties and surface potential of plasmonic
nanoparticles of different sizes, shapes and compositions was required, which became the first
objective.

The second objective was the formation and investigation of the complexes between trans-
isomers of azobenzene containing surfactants and plasmonic nanoparticles. This included (i)
finding the conditions for complex formation in water, (ii) characterization of physical
properties of the complexes, particularly plasmon resonance wavelength, (iii) revealing the
constitution of the complexes between spherical gold nanoparticles and azobenzene containing
surfactant self-assembled at different conditions.

The important third objective of my work was the investigation of the azobenzene trans-cis
photoinduced isomerization in complexes with plasmonic nanoparticles, and the influence of
light irradiation on their physical properties. Light response of the complexes between
azobenzene containing surfactant and gold, silver, and silicon spherical nanoparticles was
studied.

The fourth objective was to study the interaction between cis-isomers of azobenzene containing
surfactants and spherical metal nanoparticles. For that, thermal cis-trans isomerization of a
series of azobenzene compounds differing by chemical composition, particularly the structure
of their charged groups and tail lengths, was to be explored in the dark in the presence of gold,
silver, palladium, silicon, and alloy gold-silver and gold-palladium spherical nanoparticles.

Finally, reversible changes in surface plasmon resonance wavelength of gold nanorods in
complexes with azobenzene containing surfactants of different length were to be studied upon
their trans-cis photoswitching.
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3. Materials and methods

3.1.Azobenzene containing compounds

Azobenzene containing trimethyl- and triethylammoniumbromide surfactants with varied
number (n) of CHz-groups in the spacer between azobenzene unit and cationic head, and
azobenzene containing polyamines with varied number of amine groups in the head, were
synthesized following the procedures, reported in Ref. 194, 195 with slight modifications by
Dr. Nino Lomadze at the University of Potsdam. Azobenzene containing peptidomimetic (Azo-
PM) was synthesized in the group of Prof. Dr. Laura Hartmann in Max-Planck Institute of
Colloids and Surfaces in Potsdam as described in Ref. 196. The chemical structures of studied
azobenzenes are shown in Figure 3.1. The substances were dissolved in water (MilliQ) to
prepare solutions. 4-Nitroazobenzene was purchased from “Sigma Aldrich” and dissolved in
methanol. All compounds were stored in the dark at room temperature.

[a] AzoC -TMAB [b] AzoC,-TEAB )
= Br
—< >—o (CH -< >—O-(CH2)G
\/\-I@_ n=6, 8, 10, 12 \,\/Q_
AzoEn AzoDeta
\/\’Q_ —@—o (CHJgN~""NH, \/\,@N’fN'@_O'(CHZ’Fﬁ‘/\N\/\NHZ
AzoTren Nitro-Azo
,/N—O—o—(CHZ)E—N-./\
\’\’-@-N H ZN\/\NH2 @_N,/N—Q— NO
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0 /\’ NWH/\’ ~"NHAc

Figure 3.1. Chemical structures and short names of azobenzene containing compounds: (a)
trimetylammoniumbromide surfactants with n CH- groups in the spacer between the
azobenzene unit and the cationic head (red); (b) triethylammoniumbromide surfactant with 6
CH:- groups in the spacer; (c e) polyamines with different number of amine groups in the head
and the same tail containing 6 CH»- groups in the spacer; (f) 4-nitroazobenzene; (g) azobenzene
containing peptidomimetic.

Azobenzene surfactants with structure (a) in Figure 3.1 were in the center of the present study.
The short names AzoC, were used for them (n=6, 8, 10, 12). The working horse was the
surfactant AzoCs with trimetylammonium head and 6 CH»- groups in the spacer between the
positively charged head and azobenzene moiety in the hydrophobic tail.

Initial azobenzene solutions were diluted to appropriate concentrations. Critical micelle
concentration (CMC) of azobenzene containing surfactants was determined earlier in our
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group.>?? For instance, for AzoCs surfactant in water CMC is 0.5 mM at room temperature. In
the current study, working concentrations of azobenzenes did not exceed their CMC.
Concentrated solutions of azobenzene containing ammoniumbromide surfactants had basic pH
up to pH = 9.2, while the solutions diluted to working concentrations exhibited slightly basic
pH~=7.5+0.3. Azobenzene containing polyamine surfactants acquire positive charge
depending on the pH of the medium. This effect will be highlighted later in the corresponding
chapter. In concentrated stock solutions of azobenzene containing polyamines, pH was set to
pH = 5.0 by adding HCI, in order to assure the protonation of amine groups. Under working
conditions, pH of diluted azobenzene polyamine solutions was almost neutral (pH = 6.5 + 0.2).

Based on absorption spectra analysis,’ 88 % of AzoCs cis-isomers and 67 % of trans-isomers
occur in solution in photostationary states after exposure to UV and blue light sources,
respectively. The long lifetime of AzoCs cis-isomer in water 1o = 62 hours'®® allows for its
controlled photoisomerization. Extinction properties and cis-trans thermal relaxation kinetics
of other ammoniumbromide surfactants and azobenzene containing polyamines (Figure
3.1. a—e) are similar to those of AzoCs, due to the same ring substitution pattern of the
azobenzene unit. Stored in the dark, solutions of azobenzenes contain molecules in trans-
conformation, although a small amount of cis-isomers is present in the dark photostationary
state too due to thermodynamic equilibrium. Solutions of all studied azobenzenes have yellow
color.

3.2.Laser-ablated nanoparticles

Aqueous colloidal solutions of gold, silver, palladium, silicon, as well as alloy gold-silver and
gold-palladium spherical nanoparticles were prepared in the group of Prof. Dr. Andrei Kabashin
(Aix Marseille University, France) by Dr. Yuri Ryabchikov and Dr. Ksenia Maximova using
the methods of femtosecond laser ablation in aqueous solution'”!”® and in some cases
fragmentation'”2%%2%! in order to obtain a more homogeneous size distribution of
nanoparticles. Silver nanoparticles (AgNP) were represented by two batches, produced by Dr.
Ryabchikov in Aix Marseille University (France) and by Dr. Kucherik in Vladimir State
University (Russia) following a similar procedure of laser ablation in aqueous media. Briefly,
in the method of laser ablation a target is irradiated in liquid environment with a focused laser
beam. Nanoclusters are released into liquid, forming nanoparticle colloid.

To prepare gold nanoparticles (AuNP) of 10 and 25 nm in diameter, a gold disk was placed on
the bottom of a glass vessel with deionized water and ablated with focused Yb:KGW
femtosecond laser (Amplitude Systems [Pessac, France], 1025 nm, 480 fs, 500 mJ, 1—
5 kHz). Resulting aqueous nanoparticle colloids had dark red color. Gold nanoparticles with
two different sizes were studied, but 10-nm diameter gold nanoparticles were the main object
of the study. The chemical analysis reported in the Ref. 202 showed partial oxidation of gold
nanoparticles prepared by laser ablation, with 88.7 % Au’, 6.6 % Au’, and 4.7 % Au’". The
following hydroxylation of nanoparticle oxidized surface leads to obtaining strong negative
charge:

Au-O-Au + OH — Au-OH + Au-O
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The -OH groups were found to be in equilibrium with -O", with their ratio depending on the pH
value of the environment. Under the used experimental conditions (pH>6) gold nanoparticle
surface is expected to consist of Au-O™ groups. This results in the high stability of the bare
nanoparticle colloids.

Similar to gold nanoparticles, silver nanoparticle (AgNP) colloids were prepared by direct
800-nm wavelength femtosecond laser ablation of a cleansed solid-state silver target in
deionized water with preliminary argon bubbling. Palladium nanoparticles (PdNP) were
prepared following a similar protocol. Resulting AgNP colloids obtained yellow color, PANP
colloids exhibited grey color.

To prepare metal alloy nanoparticles, laser ablated gold nanoparticle colloid was mixed with
silver or palladium nanoparticle colloids at 1:1 volume ratio. Concentrations of the mixed
colloids were as follows: 60 mg/ml AgNP, 130 mg/ml PANP, 100 mg/ml AuNP. The Au-Ag
and Au-Pd nanoparticle mixtures were exposed to a femtosecond laser beam for fragmentation
for 1 hour in the atmosphere of He or Ar passed through suspensions. Aqueous colloids of alloy
gold-silver (AuAgNP) and gold-palladium (AuPdNP) nanoparticles had orange and brown
colors, respectively.

Silicon nanoparticles (SiNP) were prepared by the method of femtosecond laser fragmentation
of silicon powder dispersed in deionized water. Before exposure to the laser beam, suspension
was sonicated for 30 minutes. Colloids were prepared following three different protocols: at
ambient conditions with stirring during the fragmentation process (SiNP), and without stirring
with simultaneous argon (two batches: SiNP-Ar, SiNP-Ar II) or helium (SiNP-He) bubbling to
attenuate particle surface oxidation. Resulting colloids had orange reddish color. Precipitation
formed in SiNP, SiNP-He and SiNP-ArlI colloids and they were filtered through a 100-nm
filter.

Nanoparticle aqueous suspensions were stored in the dark at 4 °C. Molar concentrations of gold,
silver and silicon nanoparticles were calculated by dividing mass concentration by element
atomic weight.

The properties of different nanoparticles will be discussed in details in the corresponding
chapters below.
3.3.Gold nanorods

Gold nanorods have been fabricated using a seeded growth method by Qianling Cui in the group
of Prof. Bargheer at the University of Potsdam, following the procedure in Ref. 203 with
modifications. Gold nanorods AuNR-CTAB were stabilized with the shell of CTAB surfactant.
AuNR-Sil, AuNR-Si2, AuNR-Si3 represent three batches of gold nanorods capped with a thin
layer of porous silica.

3.4.Methods

Experiments were carried out at room temperature in yellow light in order to avoid
uncontrollable photoisomerization of azobenzenes.
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Before preparation of complexes with azobenzenes, colloids were sonicated for 10 — 30 min to
destroy possible aggregates.

Unless specified in the text, the complexes between nanoparticles and azobenzene-containing
surfactant trans- isomers (Chapter 4, 5) have been prepared in yellow light by mixing aqueous
surfactant solutions and nanoparticle suspensions at certain concentrations. Complexes were
equilibrated for 30 min at room temperature before measurements.

To study nanoparticle catalytical properties (Chapter 6, 7), a droplet of non-diluted nanoparticle
aqueous suspension was added into a quartz cuvette filled with UV-irradiated azobenzene
solution of certain concentration, the components were mixed remaining in UV light. UV-Vis
absorption spectra of the surfactant-nanoparticle mixture were recorded immediately at room
temperature in dark without equilibration. The time tolerance up to 5 s is possible, due to
manually placing the cuvette into spectrophotometer.

Cis-trans photoisomerization of azobenzenes was triggered using UV lamp VL-4.L (Vilber
Lourmat, Marne-la-Valle’e, France) with 365 nm wavelength and blue-light lamp LED Spot
Luxeon Royal Blue, P453E-PR09 (Conrad Electronic, Hirschau, Germany) with 453 nm
wavelength. Exposure for 10 minutes is sufficient to reach equilibrium photostationary state.

Absorption spectra were recorded using a Cary 5000 UV-vis-NIR spectrophotometer (Varian
Inc., Palo Alto, CA) in quartz cuvettes with optical pathways of 1, 2, 5, and 10 mm. If not
specified in the text, optical pathway was 10 mm. Data fitting was implemented in OriginPro
8.1G software. In one experiment in Chapter 8 (specified in the text) absorption spectra were
recorded using UV-Vis spectrophotometer Lambda 16 (Perkin Elmer).

The C-potential and dynamic light scattering (DLS) studies were performed with a Zetasizer
Nano ZS system (Malvern Instruments Ltd., Malvern, U.K.) at a scattering angle of 173°.
Incident light from a He-Ne laser has the wavelength 633 nm.

Electron micrographs were collected using transmission electron microscopes (TEM) JEM-
1011, JEM-2011, JEM-2100, JEM-3010 (JEOL Ltd., Tokyo, Japan) and Ultra Plus scanning
electron microscope (SEM) (Carl Zeiss, Oberkochen, Germany). TEMs were operated by
Dr. Claudia Prietzel, Dr. Yuriy Ryabchikov, Dr. Ksenia Maximova, Dr. Zdravko Kochovski in
collaborating groups at the University of Potsdam, Aix Marseille University, and Humboldt
University in Berlin. Scanning electron microscope (SEM) was operated by Dr. Alexey
Kopyshev in our group. TEM JEM-2011 (JEOL Ltd., Tokyo, Japan) equipped with Energy
Dispersive X-ray spectroscopy was operated by Dr. Yuriy Ryabchikov at Aix Marseille
University to determine chemical composition of alloy gold-palladium nanoparticles.

To prepare the TEM samples, a droplet of freshly prepared aqueous nanoparticle or
nanoparticle-surfactant suspension was placed on a carbon-coated copper grid and dried at
ambient conditions.

Cryo-EM was performed with a TEM JEM-2100 (JEOL Ltd., Tokyo, Japan) operated at
200 keV (LaB6 cathode) by Dr. Zdravko Kochovski at Humboldt University in Berlin. To
prepare the samples, a droplet of freshly prepared gold nanoparticle-surfactant aqueous
suspension was pipetted on a glow-discharged Lacey Carbon Copper Grid (Plano GmbH,
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Wetzlar, Germany) and plunge frozen into liquid ethane with an FEI Vitrobot Mark IV (FEI,
Eindhoven, Netherlands).

Calculation of nanoparticle size distribution was performed by the means of Image J software.
TEM micrographs of spherical nanoparticles partially have been processed by the author. TEM
analysis of gold nanorods has been fully done by the author.

Centrifugation was performed at room temperature, using centrifuge ROTOFIX 32 A (Hettich
Zentrifugen, Germany) with the swing-out rotor Nr. 1619 at 4000 revolutions per minute
(relative centrifugal force RCF =2701).

Photographs were processed in Adobe Photoshop and Corel Draw software without colour
modifications.
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4. Interaction of gold nanoparticles with azobenzene containing
surfactants in trans-conformation

This chapter describes the complexes between laser ablated gold nanoparticles of 10 and 25 nm
diameter and azobenzene containing cationic surfactant AzoCs. The results for 10-nm particles
were partly published in Ref. 204.

4.1.Azobenzene containing surfactant

Chemical structure of the AzoCs surfactant is shown in the experimental part (Figure 3.1a). In
Figure 4.1 one can see absorption spectra of aqueous solution of azobenzene containing
surfactant AzoCs in cis- and trans-conformation. Surfactant in trans-state has the characteristic
absorption peak at A = 353 nm. This peak results from n-n* transitions of the azobenzene unit
and blue-shifts towards 315 nm upon trans-cis isomerization. In cis-conformation one more
peak appears at A =437 nm with respect to n-m* transitions in azobenzene unit. The third
absorption peak in UV range is related to the absorption of the n-conjugated benzene rings and
therefore does not shift significantly upon isomerization, remaining at about 240 nm for both
isomers.

1 353 nm —— initial dark state
1.2 1 —— UV irradiated
5 —— Vis irradiated
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Figure 4.1. Absorption spectra of azobenzene containing trimethylammoniumbromide
suractant AzoCe.in dark state, after UV irradiation and subsequent blue light irradiation. In dark
state (black curve) surfactant molecules are in predominantly trans-conformation, UV light
irradiation (red curve) induces isomerization into predominantly cis-conformation, subsequent
irradiation with blue light (blue curve) initiates re-isomerization into trans-conformation.
Cazo = 0.055 mM.

4.2.Properties of gold nanoparticles

Absorption spectra of gold nanoparticles, their TEM micrograph and size distribution are shown
in Figure 4.2 and Figure 4.3. Mean diameters of the solid spherical gold particles are
d=9+3nmandd=254+5nm.
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Figure 4.2. (a) UV-Vis absorption spectra of 10-nm laser ablated gold nanoparticles at three
different molar concentrations (listed in the legend). The inset shows the photo of gold
nanoparticle colloid at the molar concentration Cau = 0.25mM, demonstrating its pink color. (b)
Size distribution of the 10-nm gold nanoparticles with a TEM micrograph placed to the
background.
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Figure 4.3. (a) UV-Vis absorption spectrum of laser ablated 25-nm gold nanoparticles in water
at Cau=0.06mM . (b) TEM micrograph of the 25-nm gold nanoparticles, with the
superimposed histogram of the size distribution of the particles.

Gold nanoparticles with 10-nm diameter have plasmon absorption peak at A = 523 nm. Gold
aqueous colloid has pink color. The unexpected plasmon peak position at 519 nm for 25-nm
particles can be explained by the lognormal size distribution, with the more pronounced fraction
of bigger particles in 10-nm particle colloid. By recording absorption spectra of gold
nanoparticles at different molar concentrations (Figure 4.2a and Figure 4.4a) one can
determine their extinction coefficient. In Figure 4.4a the spectra correspond to another batch
of 10-nm gold particles, with TEM mean diameter d = 10 + 2 nm. From the slope of the linear
fit of the absorption maximum versus gold molar concentration (Figure 4.4b), extinction
coefficient of 10-nm gold nanoparticles is around 3000 1-mol'1-cm™'. {-potential of 10-nm gold
nanoparticles in water is around -30 mV.
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Figure 4.4. (a) UV-Vis absorption spectra of laser ablated gold nanoparticles with mean
diameter of 10 nm in water at different molar concentrations of gold atoms, listed in the legend.
Optical path is 1 cm. (b) Optical density in UV-Vis absorption maximum of gold nanoparticles
versus gold molar concentration. Symbols show values for 25-nm gold particles and two
batches of 10-nm gold particles. Red line represents the linear fit.

It is well known that plasmon wavelength is sensitive to the distance between nanoparticles.
The distance between the charged particles can be controlled by tuning their electrostatic
repulsion, for instance, via the addition of a simple salt to a nanoparticle colloid. Figure 4.5a
shows absorption spectra of 10-nm gold nanoparticles in water and in sodium chloride aqueous
solution at two different molar concentrations, i. e. in different ionic strengths. In this case
nanoparticle Debye length Ap (the thickness of the electrical double layer around a nanoparticle)

can be estimated as follows:2%

4, =0.304/[[NaCl
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E water
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Figure 4.5. (a) UV-Vis absorption spectra of 10-nm gold nanoparticles at Cay=0.2 mM in
different ionic strengths, listed in the legend. (b) SEM micrograph of the aggregated 10-nm
gold nanoparticles in 67 mM NaCl.

In 17 mM NacCl (red curve in Figure 4.5a) the intensity of the peak at 523 nm slightly decreases
and a second absorption peak at A > 600 nm appears. Counterions of salt inhibit electrostatic
repulsion between nanoparticles, but nanoparticle surface charge is not neutralized,
Ap =2.33 nm. When the Debye length is twice shorter, Ap = 1.17 nm in 67 mM NaCl (blue
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curve), the plasmon peak initially located at 523 nm red-shifts, its intensity significantly
decreases, and the second absorption peak located at 663 nm becomes main absorption
maximum. The broad second absorption peak originates from the collective oscillations of
electrons in nanoparticle aggregates. Indeed, { -potential of the particles in 67 mM NaCl turns
zero, suspension is unstable, and electron microscopy (Figure 4.5b) shows big aggregates.

4.3.Molar ratio o.

To characterize the complexes between the gold particles and photosensitive surfactant we
introduce a molar ratio ¢ as the amount of the photosensitive surfactant molecules in relation
to one gold atom on the surface of a nanoparticle. Eventually, the molar ratio o reflects charge
properties of the complexes between gold nanoparticles and azobenzene containing cationic
surfactant.

Scheme 4.1 displays the assumptions made in the & determination. A spherical gold
nanoparticle of radius R is composed by homogeneously distributed N spherical gold atoms of
diameter d4, = 0.28 nm (covalent atomic radius of gold is around 0.14 nm). Negatively charged
surface of a nanoparticle is represented by a spherical layer of thickness dR = d4, containing
dNnegatively charged gold atoms. Assuming that every gold atom on a surface carries negative
charge -1, and every molecule of azobenzene containing cationic surfactant carries charge +1,
molar ratio G is the charge ratio between the surfactant and gold particles. The introduced molar
ratio ¢ does not take into account crystalline structure of nanoparticles, lattice constant and the
percentage of oxidized gold atoms on the surface of nanoparticles which are responsible for the
negative charge of the particles in surfactant solution. Nevertheless, the size distribution of
nanoparticles must be the main contribution to inaccuracy in c.
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Scheme 4.1. Individual gold nanoparticle in complex with azobenzene containing cationic
surfactant.
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According to the definition, ¢ value should be calculated as the ratio between the amount of
azobenzene containing cationic surfactant v(4zo) and the amount of surface gold atoms v(4u’).
In the same volume one can turn to the use of molar concentrations of the components in a
mixture C(4zo) and C(Au’):

_ Vv(Azo)  C(Azo)
o= v(Au~)  C(Au~)

The concentration of surface gold atoms C(4u’) can be determined via molar concentration of
gold C(4u) and the volume fraction of gold atoms on the surface of a nanoparticle dN'/N:
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C(Au™) = C(Au) d%

Amount of atoms in a nanoparticle N depends on the size of the nanoparticle, N~R3 (R —
nanoparticle radius). For instance, N can be determined as follows:

N =ZmR*pN;/M~R? ,

where p =19.32 g/em® is density of gold, M =197 g/mol — molar mass of gold,
N4 =6.02-10% mol '= Avogadro’s number.

The amount of atoms within the spherical layer of thickness dR is dN~3R?dR, and therefore
the amount of gold atoms on nanoparticle surface is

4R?pN,d
AN~ = IR PNAGau 3R%-d,,
M

Finally,

C(Azo R

o= (420) . 4.1)
C(Au) 3dyy,
. __ C(Azo) . . __ C(Azo) .

For 10-nm gold particles o = o) 5.95, for 25-nm gold particles ¢ = D 14.88.

4.4.Gold-surfactant complexes

To prepare the complexes, gold nanoparticle aqueous colloids were mixed with aqueous
solution of azobenzene containing surfactant AzoCs, varying concentrations of the components.
Absorption bands of azobenzene containing surfactants do not overlap gold plasmon peak,
allowing for tracking the spectral changes in the plasmon peak of gold nanoparticles.

Absorption spectra were recorded for several sample lines, differing in concentration of gold
nanoparticles Cau = 0.05 1 mM. In every sample line concentration of gold nanoparticles was
kept constant, the concentration of the azobenzene containing surfactant AzoCs was varied.
Figure 4.6 shows the absorption spectra of the gold-surfactant sample line with 10-nm gold
nanoparticles at Cay= 0.2 mM.

With the increase in surfactant concentration, reversible bathochromic shift in the position of
gold nanoparticle surface plasmon peak occurs. The intensity of the peak at 353 nm —
characteristic absorption peak of surfactant trans-isomer — increases due to the increase of
surfactant concentration. At extremely low concentrations of azobenzene surfactant (¢ = 0.002,
black curve in Figure 4.6) no changes in spectral properties were detected in comparison to the
pure gold nanoparticles in water, single gold plasmon peak was located at 523 nm. At higher
surfactant concentrations, this peak red-shifted to 527 nm after gold-surfactant complexes are
formed (the process takes 30 min, Figure 4.7) due to the change in the refractive index of the
medium near the gold particle. At 0.002 <o < 0.5 (magenta, blue and green curves in Figure
4.6) the second absorption peak at A > 600 nm was observed, along with the decrease in the
intensity of the plasmon peak at 527 nm. At 6 =0.15 (blue curve in Figure 4.6) the second
plasmon peak located at A =700 nm became the main absorption maximum. However, at
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o = 0.5 (green curve in Figure 4.6) the additional plasmon peak position reverted to a shorter
wavelength and the intensity of the peak at 527 nm significantly increased. At even higher
surfactant concentrations the second absorption peak disappeared, a single gold plasmon peak
was located at 527 nm (o = 1.6, red curve in Figure 4.6).
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Figure 4.6. UV-Vis absorption spectra of 10-nm gold nanoparticles mixed with azobenzene
containing surfactant AzoCs at different concentrations, ¢ values are listed in the legend.
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Figure 4.7. Time-dependent absorption spectra of 10-nm gold nanoparticles interacting with
azobenzene containing surfactant AzoCs in trans-conformation at o =0.01: periodically
recorded UV-Vis absorption spectra (a), time dependence of gold plasmon wavelength (b) and
optical density at 600 nm (c). Plasmon peak position is red-shifting from 523 to 527 nm, second
absorption peak gradually appears and levels off after 30 minutes.

Changes in plasmonic spectral properties were similar in sample lines with other concentrations
of 10-nm and 25-nm gold particles, using AzoCs, AzoTren and Azo-PM surfactants. The results
for AzoTren and Azo-PM essentially reproduced those for AzoCe. That’s why the
comprehensive study of AzoCs surfactant-mediated nanoaggregation of gold particles is
included into the thesis.
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4.5.Phase diagram

The red shift of the absorption peak of 10-nm gold nanoparticles in complex with azobenzene
surfactant AzoCs in several sample lines is shown in Figure 4.8a as a function of c. The
detected spectral changes are consistent with the changes in the (-potential of the gold-
surfactant complexes (Figure 4.8b) and the color of the nanoparticle suspensions (Figure 4.8c).
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Figure 4.8. (a) Position of the UV-Vis absorption peak of 10-nm gold nanoparticles in complex
with azobenzene containing surfactant AzoCe as a function of 6. The evolution of the gold
nanoparticle plasmon peak (initially located at A = 523 nm) is shown by open squares. Open
circles represent the position of the second absorption peak, occurred at 0.01 < < 0.5 (region
IT). Red curve serves a visual guideline for the reader. Background shows the drawn color
change in the gold-surfactant suspensions. (b) Corresponding changes in the (-potential of gold
—surfactant complexes with o. (c) Photo of the six suspensions of 10-nm gold nanoparticles and
azobenzene containing surfactant AzoCs, demonstrating the real color change with the value of
c. (d) Schematic representation of speculated configurations of the gold—surfactant complexes
in different regions. Positively charged surfactant heads are shown green, azobenzene
containing tails are shown red.

Physical properties of the complexes between gold nanoparticles and azobenzene surfactant can
be accommodated within three regions depending on c value (Figure 4.8). In region I, at
6<0.01, no significant spectral changes were observed (single plasmon peak was located at
523 — 527 nm), {-potential of the gold-surfactant complexes remained negative, as it would for
pure gold nanoparticles, and color of the gold-surfactant suspensions did not differ from the
pink color of gold nanoparticles aqueous colloid without surfactant. In region II, at
0.01 <0 <0.5, the properties of the gold-surfactant complexes dramatically changed. A second
absorption peak was present in the spectra, its position shifted with o, color of the suspensions
changed between violet and blue, and {-potential of the complexes turned zero (detected on the
borders with large error, because the wavelength of the red laser used as the light source in the
light scattering experiment matched the absorption band of the complexes). In region III, at
G > 0.5, a single plasmon peak was located at 527 nm, and the color of the suspensions had a
pink tone similar to region I, while the {-potential of the complexes became positive. At very
high values of ¢ gold-surfactant suspensions had orange color, apparently due to pink color of
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gold-surfactant complexes mingled with the yellow color of highly concentrated surfactant
solution.

One can speculate about electrostatic nature of the interaction between azobenzene containing
cationic surfactants and negatively charged laser ablated gold nanoparticles. Assuming that
10 % of the gold nanoparticle surface atoms carry negative charge?’?, a complete neutralization
of the surface charge of gold-surfactant complexes is fulfilled at ¢ = 0.1. Indeed, in this range
of ¢ values zero (-potential (Figure 4.8b) implies the neutral surface charge of the gold-
surfactant complexes and their colloidal instability. Gold-surfactant suspensions from region II
precipitated in around 30 minutes after recording spectra.

In fact, the spectral changes detected in the region II of gold-surfactant complexes are similar
to those upon gold particle charge neutralization by counterions of salt without added surfactant
(Figure 4.5). The broad second plasmon peak in long-wavelength region indicates aggregation
in diffusion-limited manner, in agreement with rapid color change. However, the mechanism
of gold-surfactant complexes aggregation is driven not only by the inhibited electrostatic
repulsion, and likely involves dipole-dipole interactions between surfactant molecules.

Figure 4.8d schematically shows possible configurations of the gold—surfactant complexes in
different regions. In region I, surface charge of gold nanoparticles is screened, but remains
negative (Figure 4.8b), as only few surfactant molecules attached to nanoparticle surface by
their cationic heads. In region II surfactant concentration is sufficient to form a shell around the
nanoparticles. At 6= 0.1 (assumed complete surface charge neutralization) a monolayer of
surfactant molecules is formed on a nanoparticle surface, with surfactant hydrophobic tails
exposed to the aqueous medium. Thus rendered hydrophobic, surfactant-decorated gold
nanoparticles aggregate in water. In region III of high o surfactant molecules form a bilayer on
nanoparticle surface via dipole-dipole interactions between azobenzene containing surfactant
tails. In this configuration cationic groups of surfactant point outwards, providing gold-
surfactant complexes with the positive charge. Blue shift in the position of the n-n* absorption
maximum of azobenzene surfactant typical for H-aggregates was not detected in the spectra in
Figure 4.6. On the one hand, the fraction of possibly aggregated azobenzene molecules is only
around 10 % for o = 1.5 and thus not detectable. On the other hand, the absence of blue shift
might indicate the absence of H-aggregates due to loose packing in the double layer shell. The
following simple calculation supports the proposed configurations of the complexes.

The total amount of gold atoms on a 10-nm gold nanoparticle surface dN~ = 5200. Assuming
10 % of negatively charged gold atoms on the surface of a nanoparticle, and full charge
neutralization by cationic surfactant molecules, ¢ = 0.1 corresponds to a monolayer of around
520 surfactant molecules on the spherical surface of a 10-nm particle. For 10-nm gold particles,
surface area Sau = 314 nm?, yielding surface area Saz =~ 0.6 nm? available for one surfactant
molecule in the monolayer. In fact, this surface area may accommodate azobenzene unit
adsorbed to nanoparticle surface. Yet, a fully adsorbed surfactant molecule in elongated trans-
conformation might require up to 1.5 nm?. One simple alkyl azobenzene thiol molecule
occupies around 0.187 nm? in monolayer on gold surface.’® Therefore, cross-sectional area of
azobenzene surfactant molecule can be roughly estimated as 0.2 nm? for the current qualitative
calculation. At ¢ = 0.5 available surface area per molecule Saz = 0.12 nm?, which is not enough
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for molecules to attach to the surface. However, this value is in a very good agreement with the
double-layer formation: surface area per molecule would be doubled, Saz = 0.24 nm?, enough
to form densely packed layer attached to the surface.

Azobenzene-decorated gold nanoparticles from region I1I have been successfully employed to
functionalize polymer brushes and DNA strands (Figure 4.9). These results are beyond the
scope of this thesis, but will be reported in the nearest future.

Figure 4.9. Applications of the investigated complexes between gold nanoparticles and
azobenzene containing surfactants. Left: two polymethacrylic acid brushes loaded with AzoCs-
decorated gold nanoparticles after surface relief grating inscription. (a) AFM micrograph of
surface topography, and (b) TEM micrograph of a thin cross-sectional cut.? (¢c) Cryo-TEM
micrograph of gold nanoparticles attached to strands of linearized plasmid DNA via azobenzene
containing cationic polyamine AzoTren in aqueous solution.

4.6.Constitution of gold-surfactant complexes

TEM micrographs of dried gold-surfactant suspensions at different values of ¢ for 10-nm
(Figure 4.10) and 25-nm gold nanoparticles (Figure 4.11) support the results above.

2 Data of Dr. Markus Wollgarten at Helmholtz Zentrum Berlin of Materials and Energy
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Figure 4.10. TEM micrographs of dried suspensions of 10-nm gold nanoparticles in complexes
with azobenzene containing surfactant AzoCes at ¢ = 0.02 (a); 0 =0.2 (b); 6 =0.45(¢); 6 =6.5

(d).

In region | (Figure 4.11a, b) and region III (Figure 4.10d and Figure 4.11f) TEM reveals
ensembles of individual particles. Being less electron dense than gold, surfactant looks grey in
TEM micrographs. In region I (Figure 4.11a, b) individual gold nanoparticles were detected
partly surrounded with surfactant shell. Consequently, one can speculate about the selective
formation of gold-surfactant complexes, rather than simultaneous coverage of nanoparticle
surface with surfactant, when dipolar interactions cause surfactant molecules cooperatively
attach to some nanoparticles, while the rest of the particles remains “bare”. With the increase
of surfactant concentration all nanoparticles obtain surfactant shell. In the micrographs at high
values of o from region III (Figure 4.11f), individual gold nanoparticles (stabilized by
surfactant) were found among the surfactant spherical micelles.

The micrographs in region II (Figure 4.10b and Figure 4.11d) display densely packed gold
nanoparticle aggregates with chain-like segments, indicating diffusion-limited aggregation. In
fact, DLCA aggregates are expected to be loose. The observed compactness of the aggregates
can be rationalized by the drying effect. Indeed, Figure 4.12 shows the results of cryo- electron
microscopy (cryo-EM) of a gold-surfactant suspension from region II (¢ = 0.3). In contrast to
the compact aggregates observed in dried suspensions, in solution one can see several-
micrometer big loose dendrimer-like agglomerates adhered to a carbon fiber (Figure 4.12a).
The micrograph with higher magnification (Figure 4.12b) shows that the aggregates consist of
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long gold nanoparticle chains. These microscopy findings are consistent with the absorption
spectra showing coupling chain plasmon mode.
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Figure 4.11. TEM micrographs of dried suspensions of 25-nm gold nanoparticles in complexes
with azobenzene containing surfactant AzoCe¢ at ¢ =0.002 (a, b); 6=0.02 (c); =0.1

(d); 6=1.6 (¢); oc=16 (). The inset in (a) shows a zoomed in micrograph of three gold

particles. The dashed line in (b) represents a borderline between the area with surfactant-
covered particles (in the left) and “bare” particles (in the right).

The smaller chain-like nanoparticle assemblies were detected along with individual particles
near the borders of region II (Figure 4.10a, ¢ and Figure 4.11¢) and at 6 = 1.6 (Figure 4.11e).
This supports the hypothesis about the aggregation of nanoparticles, covered with the
azobenzene surfactant monolayer: as soon as some particles get covered with the monolayer,
they rapidly coagulate into chains, probably driven by attractive dipolar interactions between

surfactant tails in the diffusion-limited aggregation regime. The formation of such particle
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aggregates might be also due to a drying effect. However, the chain plasmon mode was also
detected in the UV-Vis absorption spectra at ¢ = 0.02. Probably, at o = 1.6 the volume fraction
of individual particles dominated over the coagulated particles, that’s why the chain mode was
suppressed in the spectra. The coexistence of nanochains and individual particles explains the
broad width of the region II: in fact, all nanoparticles are rendered hydrophobic at local o = 0.1.
In the center of region II likely all particles are covered with the azobenzene surfactant
monolayer, whereas in the intermediate o range the amount of monolayer-decorated particles
is smaller, and therefore they form smaller aggregates.

1000 nm

Figure 4.12. Cryo-EM micrographs of 25-nm gold nanoparticles in complex with azobenzene
containing surfactant AzoCe from region II.

TEM results support the suggested mechanism of gold nanoparticle — surfactant complex
formation, showing a shell of azobenzene containing surfactant around gold nanoparticles and
particle aggregates in region II. Next section highlights the presence of nanochains in the
intermediate regions.

4.7.Nanoaggregation in gold-surfactant suspensions

The complexes between gold nanoparticles and azobenzene containing surfactants can be
prepared also by successively adding small volumes of one component to another (titration).
Such preparation procedure, in contrast to the described above systems of mixed components,
allows gradually varying ¢ values and therefore the examination of the particular qualities of
gold-surfactant complexes, such as the reversibility of complex formation.

In the first way of complex preparation, droplets of surfactant (AzoCs) aqueous solution of a
certain concentration were step-by-step added to a relatively big volume of aqueous colloid of
gold nanoparticles. In the first step, surfactant was added to the pure gold nanoparticles in water.
In the second and further steps, surfactant was added to a gold-surfactant colloid resulting from
the preceding step. After each step the concentration of gold particles slightly decreased, while
the concentration of surfactant increased, i. e. the value of ¢ increased. Absorption spectra were
recorded after each step. The spectra recorded for 10-nm gold nanoparticles with step-by-step
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added azobenzene containing surfactant AzoCs are shown in Figure 4.13a. Since the
concentration of gold changed in the experiment, the spectra are represented in terms of gold
extinction coefficient. The results of two experiments with initial concentration of gold
Cau=0.08 mM are combined in one plot.

In the second way of complex preparation, droplets of gold aqueous colloid were step-by-step
added to a system of gold particles preliminary mixed with surfactant at very high o. The
concentration of gold particles being added was the same as in the initially mixed gold-
surfactant suspension. Therefore, the concentration of gold particles did not change, while the
concentration of surfactant decreased after each step, i e. the value of o decreased.
Figure 4.13b shows the absorption spectra of 25-nm gold nanoparticles mixed with azobenzene
containing surfactant AzoCs at extremely high concentration (region III) upon the subsequent
addition of gold nanoparticles. The spectra were recorded in the quartz cuvette with 5 mm
optical path length.
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Figure 4.13. UV-Vis absorption spectra of (a) 10-nm gold nanoparticles with step-by-step
added azobenzene containing surfactant AzoCe (way 1); (b) 25-nm gold nanoparticles mixed
with azobenzene containing surfactant AzoCs with step-by-step added gold nanoparticles (way
2). Concentrations of gold particles and corresponding values of ¢ are listed in the legends.

With the increase of the o value up to o =0.9 by step-by-step adding surfactant (way 1,
Figure 4.13a), gold nanoparticle plasmon peak initially located at 523 nm slightly red-shifted
and its intensity decreased, along with the growth of the second absorption peak. The position
of the second plasmon peak shifted roughly from 600 nm up to 650 nm, its intensity gradually
increased. Similar changes were observed with the decrease of ¢ values up to o =1 via step-
by-step adding gold nanoparticles to a gold-surfactant suspension (way 2, Figure 4.13b). The
position of the second absorption peak shifted up to 700 nm in this case.

In the experiments with 10-nm gold particles the range of ¢ covered all three regions in the
phase diagram in Figure 4.8 (not all the spectra are shown in Figure 4.13a). The observed
spectral changes were irreversible: the second absorption peak remained the main absorption
maximum even upon achieving region III (5>0.5, orange, olive and grey curves in
Figure 4.13a). Figure 4.14 demonstrates the comparison between the phase diagrams with the
successive increase of ¢ in the 10-nm gold-surfactant systems (way 1, Figure 4.13a) and for
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the systems initially mixed at different ¢ (Figure 4.8a). The two diagrams do not overlap. The
possible explanation could be different aggregation regimes (RLCA and DLCA). Adding small
amounts of surfactant realizes reaction-limited aggregation at every step at 6<0.1, which is
consisitent with the shape of the spectra. Further addition of surfactant induces the transition
into diffusion-limited regime. At the same time, immediate addition of sufficiently high
surfactant concentration corresponds to diffusion-limited aggregation with more pronounced
spectral changes.
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Figure 4.14. Position of the UV-Vis absorption peak as a function of ¢ for the complexes
between 10-nm gold nanoparticles and azobenzene containing surfactant AzoCs, prepared by
mixing components at different concentrations (open symbols) and by step-by-step adding
surfactant to gold nanoparticles (closed symbols). Squares show the position of the gold
nanoparticle plasmon peak initially located at A = 523 nm. Circles show the position of the
second absorption peak, arising at certain values of G.

The comparison between the two ways of step-by-step preparation of the 25-nm gold
nanoparticle-surfactant complexes is shown in Figure 4.15.

Black open symbols in Figure 4.15.a show the red shift of gold plasmon peak position upon
adding surfactant to 25-nm gold nanoparticles (way 1), therefore increasing the molar ratio
from o = 0 to o = 10 (from region I to region III). The final gold-surfactant suspension prepared
in this way is labeled as “#10”. Similar to the case of 10-nm gold nanoparticles
(Figure 4.13a and Figure 4.14), once appeared in the spectra in region II, the second
absorption peak remained present even in region III, its position red-shifted with every step of
o increase. The color of the gold-surfactant suspensions changed accordingly from pink (region
I) to violet and blue (region II) and further to green-yellow (system “#10” in Figure 4.15b).

The second way of gold-surfactant complex preparation, with decreasing ¢ values by adding
gold particles, is shown with red closed symbols in Figure 4.15a. Gold nanoparticles of 25 nm
in diameter were mixed with azobenzene surfactant at extremely high value of ¢ (c =119,
system “B”). Concentration of gold nanoparticles in the suspension was Cau= 0.1 mM. Gold
nanoparticle aqueous colloid (Cay= 0.ImM) was then step-by-step added to the suspension,
leading to 6 = 79 (system “B1”’), 6 = 18 (system “B2”), ¢ = 4 (system “B3”’) and ¢ = 1 (system
“B4”) (corresponding absorption spectra were shown in Figure 4.13b). Further decrease of o
was not performed due to the lack of gold nanoparticle colloid. As ¢ =4 was achieved, changes
in plasmon spectral properties were registered, when the second absorption peak at A = 650-
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700 nm has appeared. The color of the suspensions at 6>4 was orange, at ¢ = 4 it changed to
violet, and at o =1 it became blue (systems “B”-“B4” in the left in Figure 4.15b). The
suspensions with a single plasmon peak in the absorption spectra (“B2”) and with the
pronounced red shift, i. e. the second absorption peak (“B3”), were diluted with water, and the
spectral properties were monitored (red open symbols in Figure 4.15a). The spectra and color
of the gold-surfactant suspensions did not change even after several dilutions. That means, the
properties of the nanoparticle-surfactant complexes are determined only by the value of ¢ which
was not changed by the dilutions.
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Figure 4.15. (a) Position of the UV-Vis absorption peak of as a function of ¢ for the complexes
between 25-nm gold nanoparticles and azobenzene containing surfactant AzoCs, prepared with
step-by-step varying c values: by successive adding surfactant to gold nanoparticles (way 1,
black open symbols) and by adding gold nanoparticles to a gold-surfactant system (way 2, red
closed symbols). Squares show the position of the gold nanoparticle plasmon peak initially
located at A = 521 nm, circles - the position of the second absorption peak, observed at certain
c. Blue closed symbols represent the two systems, prepared by initially mixing gold particles
with surfactant at different values of o (labeled “I”” and “II”’). Red and blue open symbols show
the results of manipulations with the systems labeled “B2” and “B3”. Background shows the
drawn color change in the gold-surfactant suspensions. (b) Photos of the suspensions of 25-nm
gold nanoparticles and azobenzene containing surfactant AzoCs. From left to right: change in
the color of the suspensions with decreasing the value of ¢ via adding gold nanoparticles
(systems “B”-“B4”); the color of the two gold-surfactant suspensions, prepared by initially
mixing components at different concentrations (“I” and “II”’); the color of the resulting gold-
surfactant system, prepared by adding surfactant to gold nanoparticles (“#10). The labels of
the suspensions are also shown in the plot of Asp (o) in a) next to the corresponding data points.

For comparison, the gold-surfactant suspensions, initially mixed at 6 = 0.2 and 6 = 8§ (systems
“I” and “II” respectively) exhibited the spectral changes, similar to those in the step-by-step
prepared systems. In region III (system “II”’) a single plasmon peak was observed at
A =527 nm, while in region II (system “I”’) the second absorption peak was registered at
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A =626 nm (Figure 4.15a). The color of the suspension “I” was violet, the color of the
suspension “II”” was peach (between pink and orange) (Figure 4.15b).

The changes in ¢ provide the phase transitions between the regions only in one direction — into
region II. One can shift a gold-surfactant system into region II via the increase of ¢ in region I
and the decrease of ¢ in region III. Manipulating ¢ in a gold-surfactant system in region II does
not lead to the back transitions. Adding surfactant to the gold-surfactant suspension labeled
“B3” (increasing &) did not result in the disappearance of the second absorption peak (it
remained at A = 660 nm, blue open symbols in Figure 4.15a) and did not change the color of
the suspension to orange.

Spectral changes observed for both ways of complex preparation (adding surfactant or adding
gold particles) indicate particle aggregation starting from certain values of . If compare the
two systems with similar high values of ¢ from region III, prepared in different ways, one can
clearly see the dramatic difference in gold-surfactant properties. For instance, the system “II”
with ¢ =8 (initially mixed) has pink-orange color and single gold plasmon peak in the
absorption spectra, indicating individual nanoparticles, whereas in the system “#10” with
o = 10 (prepared by adding surfactant) one can see blue precipitation in the bottom of the glass
with the yellowish liquid phase (Figure 4.15b).

This shows that once the conditions for particle aggregation get fulfilled, the gold-surfactant
complexes get “stuck” in region II. The gold particles (covered with hydrophobic trans-
surfactant shell) aggregate in water into DLCA nanochains irreversibly, as the complexes from
region II are sensitive to varying neither concentrations of the components (dilution) nor o
values. Replacing water with less polar solvents (ethanol, dimethylsulfoxide, chloroform) was
also helpless to redisperse gold particles. As mentioned above, surface area Saz = 0.6 nm? is
available for one surfactant molecule at ¢ =0.1. This value is above the critical value of
required molecular surface area for azobenzene isomerization by rotation mechanism on planar
surfaces, what implies effective photoswitching of azobenzene containing surfactant on gold
nanoparticle surface. Yet, UV irradiation of the aggregates in water did not have impact on their
aggregation state. This might be attributed to the solvophobic effect, when the changes in dipole
moment upon azobenzene trans-cis photoisomerization were insufficient in polar water
environment. Also, approaching instead of dissociacion of the particles in aggregates upon

trans-cis azobenzene isomerization have been reported earlier.'’

Thereby, particle aggregates with negligible volume fraction might co-exist with individual
particles even in region I or region III near the boundaries of region II. The volume fraction of
the particle aggregates becomes detectable in the region II. TEM micrographs, showing both
individual and aggregated gold nanoparticles (for instance, Figure 4.10a), support this
suggestion. When the volume fraction of the aggregated particles is comparable with or
dominates the fraction of the individual particles (the middle of the region II), gold-surfactant
suspensions obtain violet or blue color respectively. Indeed, violet suspensions can be a
superposition of blue phase of aggregates and pink phase of individual particles, similar to the
green-yellow system “#10”, having blue precipitation and yellow liquid phase (likely
extensional surfactant).
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The following experiment was implemented in order to reveal the aggregates in region II1. Gold
nanoparticles of 25 nm in diameter (absorption spectrum and size distribution in Figure 4.3)
were mixed with azobenzene surfactant AzoCs at five different concentrations. The resulting
suspensions had Cau = 0.1mM and five different values of o, covering all three regions of phase
diagram. The UV-Vis absorption spectra of the prepared colloids are shown in Figure 4.16.
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Figure 4.16. UV-Vis absorption spectra of 25-nm gold nanoparticles mixed with azobenzene
containing surfactant AzoCs at different concentrations, ¢ values are listed in the legend.

All gold-surfactant suspensions were then centrifuged for 15 minutes, forcing the precipitate to
the bottom of the tubes. The precipitate compressed into a solid state in two out of five
suspensions, with 6 =0.16 (region II) and 6 = 1.6 (region III). In the other three suspensions
(60=0.003, 6=0.016 and o=16) gold nanoparticles partly sedimented and quickly
redispersed, precipitation did not occur.

Figure 4.17 shows the absorption spectra of suspensions at ¢ = 0.16 and ¢ = 1.6 before and
after centrifugation. As prepared, suspensions had blue and pink color respectively. Their
absorption spectra were typical for the systems from region II (absorption maximum at
A = 750 nm, violet curve) and region III (single plasmon peak at A = 522 nm, black curve). After
centrifugation, the supernatant (above liquid) was poured off, and the precipitate was suspended
in water to the initial volume. Sonication of the precipitant for 20 minutes resulted in a blue
suspension in the case of ¢ = 1.6, precipitation from ¢ = 0.16 did not redisperse. Absorption
spectra of supernatant and precipitant were recorded. In the case of 6 = 0.16 UV-Vis absorption
of the supernatant was not detectable (magenta curve), indicating that all gold-surfactant
aggregates precipitated. Absorption spectrum of the supernatant for ¢ = 1.6 (red curve) did not
differ from the the spectrum of the as-prepared system (black curve), except for lower intensity.
At the same time, absorption spectrum of the precipitate (blue curve) demonstrated two plasmon
peaks with the plasmon mode at A =750 nm, similar to the spectra of gold-surfactant
suspensions in the center of region II.
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Figure 4.17. UV-Vis absorption spectra of gold-surfactant complexes at c = 1.6 and 6 =0.16
as prepared (black and violet curves) and after decantation (red, blue and magenta curves).

Thus, the precipitate formed in region III consisted of chain-like aggregates of gold particles,
covered with surfactant molecules. Due to the volume fraction of the aggregated phase was
negligible at o =1.6, the absorption peak at A =750nm was not detectable before
centrifugation, and a single plasmon peak of individual gold nanoparticles, stabilized with a
surfactant shell (in liquid phase), was observed in the absorption spectrum of the suspension.
Therefore, one can conclude that the aggregates of gold particles form as soon as the conditions
of particle charge neutralization and surface coverage with surfactant are locally fulfilled. The
volume fraction of gold particles in aggregated state (in fact, particle nanochains) depends on
the value of 6. Near the borders of region II, in region I the fraction of particle aggregates might
coexist with individual negatively charged particles (not fully covered with surfactant), in
region III — with positively charged particles (stabilized with double layer of surfactant). The
aggregation of the particles in complex with azobenzene surfactant in water is irreversible and
can be governed by varying the molar ratio between azobenzene surfactant and gold
nanoparticles.
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5. Light-induced aggregation of nanoparticles

Azobenzene containing surfactants are photosensitive, as their conformation can be triggered
between trans- and cis- by illumination with certain wavelengths. For the surfactants used in
this work, UV light induces the transition of the molecules from trans- to cis-state. Laser ablated
gold, silver and silicon nanoparticles were mixed with the azobenzene containing surfactant
Az0Cg, and absorption spectra of the suspensions were recorded. In three different nanoparticle-
surfactant systems, the observed UV-light induced spectral changes were similar.

5.1.Gold nanoparticles

The pronounced influence of UV light on the complexes between gold nanoparticles and
photosensitive surfactants was detected in a certain range of o values. Figure 5.1a demonstrates
absorption spectra of the 10-nm gold-surfactant suspension at 6=0.45 (border between regions
IT and III of phase diagram in Figure 4.8) before and after UV illumination. After exposure of
the quartz cuvette with the suspension to UV light for 5 minutes (blue curve in Figure 5.1a),
the intensity of the surfactant absorption band decreased, and the second plasmon absorption
peak appeared at A =~ 680 nm. The color of the suspension changed from pink to lila and blue.
The observed changes indicated gold nanoparticle aggregation. TEM micrographs of this dried
suspension (Figure 5.1b) showed nanoparticle-surfactant aggregates, similar to Figure 4.10b.
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Figure 5.1. (a) UV-Vis absorption spectra of the complex between 10-nm gold nanoparticles
and azobenezene containing surfactant AzoCes at ¢ =0.45 as prepared (black curve) and
illuminated with UV light for 3 min (red curve) and for 5 min (blue curve). The inset shows
changes in the color of the gold-surfactant suspension during UV irradiation and the scheme of
the UV light-induced trans-cis isomerization of the azobenzene unit of surfactant. (b) TEM
micrograph of the dried UV-irradiated gold-surfactant suspension prepared at o = 0.45.

The physical properties of the UV-irradiated suspension correspond to the region II of phase
diagram, although before irradiation they matched the region III. Thus, UV irradiation induced
the phase transition from region III to region II. Such transition was achieved in the previous
chapter by decreasing ¢ value in gold-surfactant suspensions with non-irradiated predominantly
trans-surfactant via step-by-step addition of gold nanoparticles into a system from region III
(Figure 4.13b, red line in Figure 4.15a). The use of photosensitive surfactant allows the phase
shift to be governed by UV light, not altering the total concentration of surfactant.
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However, UV irradiation changes the concentration of cis- and trans- isomers of surfactant.
There is 88 % of cis-isomers and 12 % of trans-isomers in UV irradiated surfactant solution.

trans

That means, after irradiation cuy 0.12c and cuv®*=0.88c. Due to higher hydrophilicity
of azobenzene surfactant in cis-conformation, one can assume that the trans-isomers adsorb to
gold nanoparticle surfaces more readily than cis-isomers. Scheme 5.1 illustrates the phase shift
of the nanoparticle—surfactant complex during UV irradiation. Although the absolute ¢ value
Gabs = 0.45, after irradiation cuv=cuy™ =0.05, which corresponds to the region II of phase
diagram for trans-isomers (see Figure 4.8). Irradiation destabilizes the surfactant shell around
nanoparticles, as the trans-cis isomerized molecules leave the suggested surfactant double layer

for the medium (aqueous solution of surfactant cis-isomers).

KSP (nm)
525-_ region Il
6001 GUV<::‘Gabs
G787 region | \ ","‘; region IlI
1E-3 001 0.1 1 10 100 5

Scheme 5.1. UV-induced phase transitions in the complexes between gold nanoparticles and
azobenzene surfactants: absolute value of cabs on the borderline between regions II and IIT of
the phase diagram, and the cuv= 0.126as corresponding to region II after UV irradiation of a
complex with cabs. The background reproduces the phase diagram from Figure 4.8a.

UV irradiation of complexes in region III with Gaps > 5, i. e. at cuv > 0.6, did not initiate the red-
shift in the position of the gold plasmon absorption peak. The {-potential remained positive
after UV irradiation. The properties of the systems with cas>5 exposed to UV light match the
region III, because the concentration of surfactant molecules in trans-conformation is sufficient
to retain double layers around gold nanoparticles (cuv> 0.6). UV irradiation of the complexes
in region I (o < 0.01) influenced neither their absorption spectra nor their surface {-potentials.

Subsequent illumination with blue light of the gold-surfactant systems UV-shifted to region II,
induced back cis-trans isomerization of surfactant, but did not result in the back phase transition
to region III. The aggregates formed after UV exposure, were not redispersed into individual
particles in visible light. This can be explained in a way similar to the step-by-step increasing
o value by adding surfactant (Figure 4.13a, black line in Figure 4.15a). Irradiation with visible
light increased the concentration of surfactant trans-isomers, ovis=0.67Gaxs. However, the
increase of ¢ in a system from region II did not provide the transition to region III.

Centrifugation of the UV-irradiated gold-surfactant suspensions validated the proposed
mechanism of the light impact.

Figure 5.2 shows the results of the centrifugation of the UV-irradiated suspension at Gabs = 0.45.
Absorption spectrum of the supernatant (black curve in Figure 5.2a) shows only the absorption
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peak at A = 353 nm of azobenzene surfactant in trans-conformation®. The gold plasmon peak
was not detected in the absorption spectrum of supernatant, indicating that all gold-surfactant
aggregates precipitated after centrifugation. The precipitate was suspended in water and in
dimethylsulfoxide (DMSO). DMSO was chosen in the attempt of reducing solvophobic effects,
probably hindering the reversible nanoparticle aggregation. The absorption spectrum of the
precipitate in DMSO (red curve in Figure 5.2a) shows gold plasmon absorption at roughly
670 nm, as well as the weak absorption peak of surfactant at 353 nm. Such optical properties
imply that all gold-surfactant complexes coagulated after exposure to UV light, likely into
nanochains. The TEM micrograph of the dried precipitate aqueous suspension (Figure 5.2b)
displays particle aggregates. Compared to the dried suspension before centrifugation
(Figure 4.10b), the aggregates involve significantly less small particles, revealing big gold
clusters of (100 £+ 20) nm in diameter.
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Figure 5.2. (a) UV-Vis absorption spectra of UV-illuminated 10-nm gold-surfactant suspension
at oabs = 0.45 after decantation: supernatant (black curve) and precipitate in DMSO (red curve).
(b) TEM micrograph of the dried suspension of the precipitate in water.

Figure 5.3 demonstrates similar results for the centrifugation of the UV-irradiated gold-
surfactant suspension at cabs = 1.6 prepared with 25-nm gold nanoparticles. In the experiment
the precipitate was suspended in water, its absorption spectrum is shown in Figure 5.3b (blue
curve). The suspension had light blue color, and the observed spectral properties indicate
aggregated state of gold particles. The absorption spectrum of the supernatant was similar to
that of the stabilized gold-surfactant suspensions from region III. These results indicate that UV
irradiation destabilized surfactant shell around only a part of gold particles in the suspension,
making them aggregate, while the rest of the gold-surfactant complexes remained colloidally
Intact.

b Centrifugation was performed after spontaneous relaxation of azobenzene surfactant into predominantly trans-
conformation, occurred within 15 minutes.
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Figure 5.3. UV-Vis absorption spectra of 25-nm gold nanoparticles in complex with
azobenzene containing surfactant AzoCs at o = 1.6 as prepared and after UV irradiation (a) and
the subsequent centrifugation (b). The spectra were recorded in the quartz cuvette with 5 mm
optical path length.

5.2.Silver nanoparticles

Absorption spectrum of silver nanoparticle aqueous colloid® is shown in Figure 5.4a. Silver
nanoparticles in water possess plasmon absorption peak at A =406 nm, with the corresponding
yellow color of the nanoparticle suspension (the inset in Figure 5.4a). The absorption bands of
silver nanoparticles and azobenzene surfactant overlap, which constrains the spectral data
interpretation. However, the absorption peak of silver nanoparticles interfere mainly with the
absorption peak of the surfactant in cis-state (437 nm), whereas the absorption of surfactant
trans-isomers at 353 nm can be recognized not essentially altered.
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Figure 5.4. UV-Vis absorption spectra and color of silver nanoparticles at Cag=0.35 mM: (a)
in water; (b) mixed with azobenzene containing surfactant AzoCs at three values of o, listed in
the legend. The insets show TEM micrograph of silver nanoparticles (a) and photographs of
nanoparticle suspension colors with and without surfactant.

¢ prepared at Vladimir State University (Russia)
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The concentration of silver nanoparticles from this batch? was estimated via the extinction
coefficient of silver particles & = 1740 M-'cm™!, which was calculated from the absorption
maximum over the concentration of similar laser ablated silver particles from another batch®,
with plasmon peak at A = 406 nm too (their properties are described in details in Section 7.2).
The diameter of the silver nanoparticles measured by DLS d=33.5+7.3 nm is in a good
agreement with TEM micrographs (the inset in Figure 5.4a). The measured surface -potential
was around -33 mV, implying negative surface charge of silver nanoparticles.

To characterize complex formation between silver nanoparticles and azobenzene surfactants,
the same model as for gold particles (Section 4.3) has been applied. For the 30-nm silver
nanoparticles, assuming d4e=0.16 nm, the number of surfactant molecules interacting with
silver surface atoms is:

C(Azo) R C(Azo)
o = . =
C(Ag) 3ds, C(Ag)
Figure 5.4b shows the absorption spectra of silver nanoparticle colloid mixed with azobenzene

surfactant in the dark photostationary state (trans-conformation) at different concentrations. The
sample line was prepared with the molar concentration of silver Cag=0.35 mM. The increase

- 15.625

of surfactant concentration, i. e. values of &, caused an increase in intensity of absorption peaks
at 240 nm and 353 nm. Plasmon peak of silver, initially located at A =406 nm, slightly red-
shifted to A =410 nm in the presence of surfactant, due to the changes in dielectric properties
of the medium around silver nanoparticles. At ¢ = 0.45 (red curve in Figure 5.4b) and 6 = 1.25
(blue curve) no other changes in plasmon absorption peak of silver occurred. Yellow color of
the suspensions (the top inset) is anticipated as a superposition of yellow surfactant solution
and yellow silver nanoparticle colloid. At 6 =0.125 (black curve) the second absorption peak
appeared at A = 550 nm, and the silver-surfactant suspension had light blue color (the inset at
the bottom right).

UV irradiation of silver-surfactant complexes induced the red shift of silver plasmon peak
position up to A =630 nm at ¢ =0.45 (Figure 5.5a). The corresponding color change from
yellow to blueish green occured (the inset in Figure 5.5a). At higher ¢ = 1.25, irradiation with
UV light and subsequently with visible light triggers surfactant photoisomerization, without
impact on the silver plasmonic peak and yellow color of silver-surfactant complexes
(Figure 5.5b).

4 prepared at Vladimir State University, Russia
¢ prepared at Aix Marseille University, France
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Figure 5.5. UV-Vis absorption spectra of silver-surfactant complexes at 6 =0.45 (a) and
o = 1.25 (b) as prepared and exposed to UV and blue (Vis) irradiation. The inset in (a) shows
the color of silver-surfactant complexes after irradiation.

5.3.Silicon nanoparticles

Silicon nanoparticles were prepared at Aix-Marseille University by laser ablation without
(SiNP), and with simultaneous blowdown with He (SiNP-He), and Ar (SiNP-Ar, SiNP-Ar II)
in order to attenuate particle surface oxidation. All particles had negative C-potential
around -40 mV. Particle diameters are around 50 nm for SiNP-Ar and SiNP-He, and around
100 nm for SiNP, as measured by DLS. TEM micrographs of the particles were not available.
Concentration of silicon particles in prepared colloids is roughly 2.85 mM, as estimated at Aix-
Marseille University. Unfortunately, this value is inaccurate due to the silicon nanoparticle
preparation process.

Assuming silicon atomic size ds; =0.2352 nm, for 50-nm silicon nanoparticles one can calculate
the molar ratio c as follows:
_C(Azo) R  C(Azo)
©C(S) 3dg;  C(SD)

35.4

Figure 5.6a shows absorption spectra of silicon nanoparticles. Silicon nanoparticles SINP-Ar
possess the most apparent absorption peak at A =481 nm and the most reddish color (in the
inset), probably due to the thinnest layer of silicon oxide on particle surface’. The recorded
absoption maximum is the evidence of successful preparation of silicon colloid.?’® The orange
color of other silicon colloids is shown in Figure 5.7a. Silicon absorption peak position did not
change once particles were mixed with azobenzene containing surfactant at 6 = 1.9 (black curve
in Figure 5.6b), but red-shifted upon UV irradiation of silicon nanoparticle-surfactant
complexes (red curve). Suspension color changed to cold pink (the inset in Figure 5.6b). Over
time UV-irradiated silicon-surfactant complexes precipitated on the glass walls (Figure 5.7b).

fData of Dr. Ryabchikov from Aix-Marseille University
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Figure 5.6. (a) UV-Vis absorption spectra and color (the inset) of silicon nanoparticle aqueous
colloids, prepared at different conditions. (b) Absorption spectra of silicon nanoparticles
prepared in Ar environment (SiNP Ar), mixed with azobenzene containing surfactant AzoCs at
G =~ 1.9, as prepared (black curve) and after illumination with UV (red curve) and visible light
(blue curve).

Figure 5.7. (a) The color of three silicon nanoparticle aqueous suspensions prepared by laser
ablation (from left to right) without gas (SiNP), with He (SiNP He), and with Ar blowdown
(SINP Ar II). (b) Precipitated UV-exposed silicon nanoparticles SiNP Ar decorated with
azobenzene surfactant.

Applying the same model of nanoparticle-surfactant complexes, and taking into account
inaccurate particle concentrations, sizes, as well as different surface properties, the results with
silver and silicon nanoparticles mimic the results for the comprehensively investigated gold
nanoparticle-surfactant complexes. Azobenzene surfactant trans- isomers are electrostatically
attracted to nanoparticle surfaces, compensating particle charges and inducing particle
nanoaggregation at certain conditions, and overcompensating particle charges via decorating
the particles with surfactant double-layer shells at exceeding surfactant concentrations. UV
irradiation of surfactant-decorated particles with overcompensated charges destabilizes the
double-layered surfactant shells upon surfactant trans-cis photoisomerization. This in turn
triggers particle nanoaggregation and enables the corresponding coupling plasmonic mode.
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6. Cis-trans isomerization of azobenzene surfactants enhanced by gold
nanoparticles

In the previous chapters, the nanoparticle-surfactant complexes were prepared via mixing
colloid nanoparticle solutions with azobenzene containing surfactant in trans-conformation. In
this chapter, gold nanoparticles were mixed with UV-irradiated azobenzene containing
compounds, i. e. in predominantly cis-conformation.

6.1.Complexes between gold nanoparticles and azobenzene surfactants in
cis- conformation

The complexes prepared between UV-irradiated azobenzene surfactant AzoCs and 10-nm gold
nanoparticles were equilibrated for 30 minutes before recording their absorption spectra,
similar to the complexes with non-irradiated surfactant. The spectra are shown in Figure 6.1.
The prepared absolute values of ¢ covered region II of phase diagram and the beginning of
region III. In the UV spectral range one can see the increase in surfactant absorption intensity
due to its increasing concentration. Unexpectedly, the n-n* absorption band has maximum at
353 nm, indicating trans- conformation of azobenzene surfactant. This is clearly seen in
Figure 6.1b. At the same time, similar to the previous study, one can see two gold plasmon
peaks in region II (black, red, and blue curves in Figure 6.1a). With the increase in surfactant
concentration, gold nanoparticle peak remains at 523 nm, while the second plasmon peak,
initially found at around 625 nm, disappears. The changes in plasmon wavelength overlap the
phase diagram for gold-surfactant complexes with non-irradiated (trans-) surfactant
(Figure 6.2). These results indicate fast cis-trans isometization of azobenzene surfactant in the
presence of gold nanoparticles, with essentially complete conversion to trans-isomer within
30 minutes.
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Figure 6.1. (a) Extinction coefficient of equilibrated complexes between 10-nm gold
nanoparticles and preliminary UV-irradiated azobenzene surfactant AzoCs at different absolute
values of ¢ (in the legend), Cau = 0.2 mM. (b) UV-Vis absorption spectra of gold-surfactant
complexes, prepared at Gaps=0.5 with non-irradiated (black line) and UV-irradiated (red line)
azobenzene containing surfactant AzoCs, Cau = 0.2 mM, optical pathway 5 mm.
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Figure 6.2. Second plasmon wavelength of gold-surfactant complexes prepared with UV-
irradiated surfactant AzoCs (red circles) superimposed over the phase diagram for the
complexes between 10-nm gold particles and non-irradiated AzoCs surfactant from Figure 4.8a.

The second plasmonic maximum appeared as a shoulder at A = 610 nm in the spectrum of gold
nanoparticles with UV-irradiated surfactant at Gaps=0.5 (red line in Figure 6.1b) can be
attributed to nanoaggregation of gold particles decorated with trans-isomers of surfactant
present in the UV photostationary state. Indeed, for UV-irradiated surfactant
Gtrans ~ 0.126 = 0.06, corresponding to region II of phase diagram, in contrast with
Gtrans ~ 6 =~ 0.5 (region III) for non-irradiated surfactant.

The second plasmon peak in region II was found to arise gradually with time (Figure 6.3). In
this experiment, absorption spectra were recorded immediately after mixing UV-irradiated
surfactant AzoCe with 10-nm gold nanoparticles without equilibration. The growth of the
coupling plasmon mode might indicate aggregation of nanoparticles with time, apparently due
to increase in the value of Guans upon fast cis-trans azobenzene conversion and thus shifting
from region I to region II of phase diagram (see Figure 4.8).
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Figure 6.3. UV-Vis absorption spectra of a UV-irradiated solution of AzoCs surfactant
containing 10-nm gold nanoparticles at 6 = 0.01. The spectra were recorded as a function of
time. For clarity, selected spectra are shown.

The low concentration of surfactant does not allow for the tracking of azobenzene absorption

changes. This is done in the next sections for complexes from region III of phase diagram
(Figure 4.8.).
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6.2. Spontaneous cis-trans isomerization of azobenzene surfactants in the
presence of gold nanoparticles

UV-irradiated azobenzene containing surfactants are capable of thermal relaxation in the dark
from cis-state into trans-state. Figure 6.4 demonstrates this process for the pure aqueous
solution of azobenzene containing surfactant AzoCs. Right after UV irradiation (purple curve,
“initial UV irradiated”), one can see the characteristic absorption band of the azobenzene unit
in cis-conformation (A1 =437 nm, A2 = 315 nm). The spectrum recorded after 3 days (dark red
curve, “after thermal relaxation”) has the absorption maximum at A2 = 353 nm, corresponding
to the n-n* band of azobenzene surfactant in trans-conformation. Its intensity grew gradually
with time, indicating the increase in the amount of azobenzene trans-isomers in solution. The
third observed peak of benzene rings in the UV range (A3 = 240 nm) did not significantly change
with time.
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Figure 6.4. Time-dependent absorption spectra of UV-irradiated azobenzene containing
cationic surfactant AzoCe in water. The inset shows optical density at 376 nm as a function of
time, recorded experimentally (open circles) and exponentially fitted (red curve).

The time dependency of optical density at 376 nm (D37), shown in the inset in Figure 6.4,
allows to estimate the thermal relaxation time of azobenzene surfactant cis-isomers, by applying
exponential fitting to D376(t). This is in agreement with literature reports on first-order kinetics
of thermal cis-trans isomerization of azobenzenes. The wavelength A =376 nm (dashed line in
the absorption spectra plot) was chosen due to low absorption of cis-isomers at this wavelength,
so that substantially the absorption of trans-isomers can be tracked. Although this approach is
not precise in the context of the amount of switched molecules, optical density D376(t) as a
function of time is a convenient way to visualize changes in the azobenzene photostationary
state without the need of additional data processing. From the spectra in Figure 6.4, the thermal
relaxation time of cis-isomers of azobenzene containing surfactant AzoCe in water at room
temperature is t0= 62 + 1 h. That means, thermodynamically complete cis-trans isomerization
of the AzoCs surfactant in the dark in water requires around one week.
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A droplet of 10-nm gold colloid was added to the solution of UV-irradiated azobenzene
containing surfactant AzoCs. Figure 6.5 shows evolution of absorption spectra of the surfactant
after mixing with gold nanoparticles.
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Figure 6.5. (a) Chemical structure of azobenzene containing cationic surfactant AzoCs (on the
top) and its absorption spectra after exposure to UV light and mixing with 10-nm gold
nanoparticles at 6 = 0.7 (calculated with the total molar concentration of both isomers). The
spectra show rapid isomerization of the surfactant from cis- (black curve, “initial”) into trans-
state. The inset shows optical density at 376 nm as a function of time, recorded experimentally
(open squares) and exponentially fitted (red curve). (b) Optical density at 376 nm (D376) over
time for UV-irradiated AzoCs surfactant in the presence of 10-nm gold nanoparticles at
different values of ¢ (in the legend), as registered (symbols) and exponentially fitted (curves).
Cau~ 0.2 mM except for o = 8 with Cay = 0.05 mM.

In Figure 6.5a one can see time dependent absorption spectra of UV-irradiated AzoCs
surfactant in cis-conformation mixed with gold nanoparticles at 6=0.7. Right after the mixing
(black curve, “initial”), the characteristic absorption band of the azobenzene unit in cis-
conformation can be seen in the spectrum (A1 =437 nm, A2 = 315 nm) along with the peak of
benzene rings in the UV range (A3 = 240 nm) and plasmon absorption peak of gold particles at
Asp =527 nm. The indistinct plasmon coupling mode A = 600 nm can be perceived, yet it is
negligible for the analysis of azobenzene cis-trans isomerization.

Over time the absorption band of the azobenzene surfactant at 300 nm < A2 <400 nm gradually
transformed into the absorption maximum at A2 =353 nm, indicating azobenzene trans-
conformation. The peak of benzene rings A3 and the gold plasmon peak did not change because
they are independent from the azobenzene conformation. The invariance of plasmonic band
means that gold nanoparticles remained colloidally stable during experiments.

The inset in Figure 6.5a shows the time dependency of optical density at 376 nm. One can
clearly see the saturation after 30 minutes. After this time, the cis-trans isomerization of
azobenzene surfactant in water in the presence of gold nanoparticles, via thermal relaxation in
the dark, was essentially complete. Without gold nanoparticles, this process requires around a
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week (see Figure 6.4). Therefore, gold nanoparticles dramatically increase the rate of
azobenzene thermal cis-trans isomerization in solution.

Figure 6.5b shows the results of similar experiments on cis-trans thermal isomerization of
azobenzene containing surfactant AzoCs in the presence of gold nanoparticles at different o
values, all corresponding to the region III of the phase diagram in Figure 4.8. One can see that
saturation in spectral changes occured after longer time in the systems with higher . For
instance, saturation in the absorption spectra at ¢ = 8 (Figure 6.6) occured after a day, while in
the system at 6 = 1.5 cis-trans relaxation required less than an hour.
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Figure 6.6. Evolution over time of absorption spectra of UV-irradiated azobenzene containing
surfactant AzoCs in the presence of 10-nm gold nanoparticles at 6 = 8. The inset shows time
dependency of optical density at 376 nm.

In order to quantitatively describe the influence of gold nanoparticles on surfactant
1somerization rates, we performed exponential fit of optical density at 376 nm as a function of
time Dj374(¢). Gold absorption does not change over time and therefore contributes into D376 only
as a constant. A reliable fit of experimental points using monoexponential decay was achieved
only in few cases. Hence, the multiexponential fit was used:

D376(t) = Dy + D1€_t/71 + Dze_t/Tz + .- (6.1)

Usually biexponential representation was required to fit thermal relaxation kinetics in the
presence of gold nanoparticles. From the exponential fitting, one can estimate the lifetime t of
cis-isomers of azobenzene containing surfactants in the presence of gold nanoparticles. The
results for gold-surfactant systems at different values of ¢ are summarized in Table 6.1.

Table 6.1. Thermal lifetimes of cis-isomers of azobenzene containing surfactant AzoCs in the
presence of gold nanoparticles at different ¢ values.

Lifetime, min | ©=0.6 6=0.7 6=15 6=8 Average
o<2

T 2.1+0.1 25+04 | 24+0.1 88+0.6 | 23+02

o - 10729 | 96+01 | 942+44 | 102+15

75



. - - - 442 +21

At 6 = 0.6 kinetics had first-order fashion, the monoexponential fit was accurate and yielded
the lifetime 11 = 2 min. For gold-surfactant systems at ¢ = 0.7 and ¢ = 1.5 biexponential fitting
was necessary, exhibiting short 11 =2 min and longer 12 = 10 min. The monoexponential fit
yielded 11-6.9 £ 0.2 min for 6 =1.5. At =38 the short time around 2 minutes was not
registered, and the triexponential fit resulted in the times around 9 minutes and significantly
longer. As one can see from Table 6.1, the short time 11 occurs at ¢ < 2, with the mean values
11-2.3+0.2 min and 12-10.2 = 0.8 min. Compared with the isomerization in water without
gold nanoparticles with the lifetime to~ 62 h, thermal isomerization of AzoCs surfactant is
accelerated by three orders of magnitude in the presence of gold nanoparticles.

These results indicate that the interaction with gold nanoparticle surface is responsible for the
acceleration of azobenzene thermal isomerization. Consequently, the fact that the fast mode
71 ~ 2 min was not detected at ¢ = 8 is not surprising. There are more free azobenzene molecules
in solution at higher ¢ value, so that the fraction of azobenzene surfactant molecules interacting
with gold surfaces is lower. The overwhelming contribution of the slow relaxation of free
surfactant molecules in solution suppresses the term of rapid isomerization in the overall
absorption. Indeed, the longer relaxation times 12, 13 at c = 8 are on the scale of the lifetime
70 in solution without gold nanoparticles.

Thus, the optimal concentrations to study the acceleration of thermal cis-trans isomerization of
azobenzene surfactants appear to be 1 <o <2 with sufficient gold concentration, so that
azobenzene isomerization and gold colloidal stability can be tracked simultaneously, plasmon
coupling mode is not detected in the absorption spectra, and the short lifetime of cis-isomers 11
can be revealed.

6.3.UV-irradiated complexes between gold nanoparticles and azobenzene
surfactant in trans-conformation

Thermal cis-trans isomerization of azobenezene containing surfactant AzoCes has been
investigated in complexes with 10-nm gold nanoparticles initially prepared with trans-isomers
at 6 =1.5 (region III of phase diagram in Figure 4.8). As discussed in Chapter 4, at such
conditions gold nanoparticles are decorated with a double layer of surfactant trans-isomers. In
solution, azobenzene molecules are also in the trans- photostationary state. The suspension has
been exposed to UV irradiation, followed by recording its time-dependent absorption spectra.
The results are shown in Figure 6.7a. One can observe the acceleration of surfactant cis-trans
isomerization in the dark. The plasmonic chain mode at A = 625 nm appeared as a shoulder in
the absorption spectra after UV irradiation, in agreement with Section 5.1. For comparison, the
experiment was twice conducted with the complexes prepared with UV-irradiated surfactant
after their fast thermal relaxation into the predominantly trans-state (resulting gold-surfactant
complexes from the previous Section), when these complexes were re-exposed to UV light.
Figure 6.7b shows the resulting optical densities over time D37¢(t).
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Figure 6.7. (a) UV-Vis absorption spectra of UV-irradiated complexes between 10-nm gold
nanoparticles and azobenzene containing surfactant AzoCs prepared at ¢ = 1.5. The spectra
were recorded over time. The inset demonstrates the evolution of optical density at 376 nm
Ds76(t) (symbols) and its biexponential fit (red line). (b) Optical densities at 376 nm as functions
of time (symbols) and their biexponential fits (red lines) for UV-irradiated gold-surfactant
complexes at ¢ = 1.5, prepared with surfactant trans-isomers (on the top, squares), and initially
cis-isomers after their thermal relaxation to the trans-state (circles and triangles).

Biexponential fits of optical density D376(t) were accurate and yielded two relaxation times, as
summarized in Table 6.2. One can see that the thermal isomerization times are similar for the
gold-surfactant complexes prepared with trans-isomers (non-irradiated surfactant) and cis-
1somers (UV-irradiated surfactant) after their conversion into trans-state. Average times are
T1-0.8 £ 0.1 min and 12 - 14.4 + 0.5 min. This implies the similar configuration of the compared
complexes, and thus the formation of surfactant double layers on gold nanoparticle surfaces
upon the gold-enhanced cis-trans thermal isomerization of azobenzene surfactant. Trans-
azobenzene surfactant molecules in the stabilizing double-layer shell on nanoparticle surface
are capable of photoisomerization with the following destabilization of the shell (see
Chapter 5). UV-produced surfactant cis-isomers rapidly isomerize back to trans-conformation
on gold surfaces and probably fill in surfactant double layers. Indeed, nanoparticles did not
aggregate during the thermal isomerization, indicated by the intact gold plasmon peak.

Table 6.2. Lifetimes of cis-isomers in UV-irradiated gold-surfactant complexes at o = 1.5,
prepared with non-irradiated surfactant AzoCs (trans-AzoCs), and in the complexes prepared
with UV-irradiated surfactant AzoCs, re-irradiated with UV light after their thermal relaxation
(cis — trans-AzoCs).

Lifetime, min | trans-AzoCs | cis — trans-AzoCs (1) | cis — trans-AzoCe (2) | Average

T 0.7+0.1 0.6 £0.1 1.1+0.1 0.8+0.1

) 141+04 13.7+£0.2 155+0.2 144 +0.5
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The revealed relaxation times are slightly different from those in the previous Section. The
difference between the experiments is the following. In the previous Section, gold nanoparticle
surface was initially “bare” (neglecting 12 % of trans-isomers in the UV-photostationary state),
and the trans- surfactant shell was forming during surfactant cis-trans thermal isomerization. In
this Section, trans- surfactant double-layer shells were formed on nanoparticle surfaces prior to
UV irradiation, and thus the thermal cis-trans isomerization within the UV-destabilized
surfactant shells was observed. That means, destabilization of surfactant double layer opens
active surface sites on gold nanoparticles to switch azobenzene molecules from cis- to trans-
conformation.

In the next Section, preformed trans-surfactant double-layer shells on gold nanoparticle
surfaces were preserved.

6.4.Exchange of isomers of azobenzene surfactant on gold nanoparticle
surface

In the following experiment, it has been tested whether cis- and trans- surfactant isomers can
exchange on gold nanoparticle surface and compete for binding to active surface sites.
Complexes between 10-nm gold nanoparticles and trans-azobenzene surfactant AzoCs prepared
at 6=0.8 (region III) were added to UV-irradiated AzoCs surfactant solution (cis-
conformation) and its absorption spectra were recorded in the dark over time.

Absorption spectrum of prepared gold-surfactant complexes at ¢ = 0.8 is shown in Figure 6.8a.
The prepared system has been three times diluted with water to record the spectrum. The
spectrum looks typical for gold-surfactant complexes from region III of the phase diagram in
Figure 4.8 with trans-azobenzene absorption maximum at A = 353 nm and gold plasmon peak
at A=527 nm. To remind it to the reader, the constitution of gold-surfactant complexes in
region III is schematically shown in the inset in Figure 6.8a, represented by a gold particle
decorated with the surfactant bilayer. Figure 6.8b shows the spectra of UV-irradiated AzoCsg
surfactant mixed with gold-surfactant complexes with ¢ = 0.8 (solid lines). For comparison, the
spectrum of cis-surfactant just mixed with “bare” gold nanoparticles form another experiment
i1s shown as grey dash line. Addition of azobenzene trans-isomers from the gold-surfactant
suspension decreased the percentage of cis-isomers in the UV-irradiated surfactant solution
from roughly 88 % (without surfactant-decorated gold nanoparticles) to 72 % (with surfactant-
decorated gold nanoparticles). This explains the pronounced increase in the intensity and the
red shift of the surfactant n-n* peak registered immediately after mixing with surfactant-
decorated nanoparticles compared to “bare” particles, when 88 % of cis- isomers remain after
mixing.
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Figure 6.8. (a) Absorption spectrum of 10-nm gold nanoparticles mixed with azobenzene
containing surfactant AzoCs at ¢ = 0.8. The inset shows a sketch of the prepared gold-surfactant
complexes. (b) Evolution of absorption spectra of UV-irradiated azobenzene containing
surfactant AzoCs after mixing with surfactant-decorated gold nanoparticles with ¢ =0.8. The
inset shows the time dependency of optical density at 376 nm, demonstrating a slow cis-trans
isomerization rate. For comparison, the grey dashed line shows the initial spectrum of UV-
irradiated AzoCs surfactant mixed with “bare” gold nanoparticles.

The slow kinetics of thermal isomerization of AzoCy followed the first-order trend (the inset in
Figure 6.8b). Calculated from the monoexponential fit of D376(t), thermal relaxation time
(lifetime) of cis- azobenzene surfactant AzoCs in the presence of trans-surfactant-decorated
gold nanoparticles t = 70.35 £ 0.98 h. This value is close to the relaxation time of the surfactant
in water without gold nanoparticles, indicating that cis-molecules in solution do not exchange
with trans-surfactants attached to gold surface. Furthermore, aggregation of nanoparticles did
not occur. If cis-molecules would replace trans-isomers in the outer layer of surfactant shell, it
would destabilize the double layer. Hypothetically, after the exchange with trans-isomers in the
outer layer, cis-isomers could rapidly convert to trans-state in order to stabilize the system. For
instance, such conversion could be attributed to the cooperativity effect in the densely packed
double layer. However, the increase of the isomerization rate was not registered experimentally.

Therefore, (i) thermal cis-trans isomerization is enhanced by the interaction with gold
nanoparticle surface; (ii) cis-isomers of surfactant unlikely exchange with trans-isomers
attached to gold surface. In this experiment, the preliminarily formed surfactant double-layer
shell blocked active sites on gold nanoparticle surface.

6.5.Influence of surfactant tail length

In order to better understand the phenomenon of the enhanced cis-trans isomerization of
azobenzenes in the presence of gold nanoparticles, experiments have been conducted with
azobenzene containing surfactants with fine tuned chemical structure. It might be worth it to
mention that in further experiments another batch of 10-nm gold particles was used. Although
their geometry, charge and optical properties do not differ (see Section 4.2), variation in surface
chemistry might influence the interaction with azobenzenes. Yet, this was not the case. In this
section, azobenzene containing surfactants differed in tail length by two -CH> groups. Similar
to AzoCe surfactant, azobenzene containing surfactants AzoCs, AzoCio and AzoCi> were
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exposed to UV light and mixed with 10-nm gold nanoparticles. Absorption spectra of
surfactants, periodically recorded in the dark in the presence of gold nanoparticles,
demonstrated accelerated cis-trans isomerization of azobenzenes.

Figure 6.9a shows evolution of absorption spectra of UV-irradiated azobenzene containing
surfactant AzoCs mixed with gold nanoparticles at o = 1.6. Optical density at 376 nm vs. time
is shown in the inset in Figure 6.9a and in Figure 6.9b (squares). Figure 6.9b demonstrates
that the monoexponential fit (blue line) is not suitable for the quantitative analysis. The accurate
biexponential fit (red line) provides the values of relaxation time for AzoCg t1 =2.8 £ 0.2 min
and 12 =25 £ 2 min.
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Figure 6.9. (a) Absorption spectra of UV-irradiated surfactant AzoCs, recorded over time in
the presence of 10-nm gold nanoparticles. C(AuNP) = 0.1mM, C(AzoCs) =2.8:10°M, ¢ = 1.6.
Chemical structure of the surfactant is shown on top. The inset shows time dependency of
optical density at 376 nm, recorded experimentally (open squares) and biexponentially fitted
(red line). (b) The comparison of mono- (blue line) and biexponential fit (red line) of optical
density at 376 nm vs. time (open squares) for cis-trans isomerization of UV-irradiated AzoCsg
surfactant in the presence of 10-nm gold nanoparticles.

Absorption spectra and evolution of optical density at 376 nm for UV-irradiated AzoCio and
AzoC» surfactants in the presence of gold nanoparticles are shown in Figure 6.10.

One can notice that the n-n* absorption maximum of AzoCi> does not shift toward A = 353 nm.
This is because n-n* maximum of AzoCi2 in trans-conformation is blue-shifted. Figure 6.11a
shows absorption spectra of azobenzene containing surfactant AzoC2 before and after exposure
to UV light. Absorption maximum of its trans-isomer is located at A =333 nm. At the same
time, absorption maximum at A =353 nm can be recognized, and the spectrum of the UV
irradiated AzoC» surfactant has the same features as for AzoCs (red line in Figure 6.11a). Such
blue shift of the absorption maximum indicates formation of H-aggregates and typically occurs
for azobenzene surfactants at concentrations above CMC. Indeed, the used concentration
Cazo = 0.03 mM might already be above CMC for AzoC i, surfactant, according to the trend in
Ref. 5. However, it does not influence the analysis of the spectral evolution in the presence of
gold nanoparticles, since optical density at 376 nm remains unaffected. Figure 6.11b
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demonstrates once more strikingly, that the surfactant thermal isomerization in the presence of
gold nanoparticles required biexponential fitting.
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Figure 6.10. Absorption spectra of UV-irradiated azobenzene containing surfactants AzoCio
(a) and AzoC2 (b), recorded over time in the dark in the presence of 10-nm gold nanoparticles.
Chemical structures of AzoCjo and AzoCi, surfactants are shown on the top in (a) and (b)
respectively. The insets shows time dependency of optical density at 376 nm, measured
experimentally (open squares) and exponentially fitted (red line). (a) Cau=0.ImM,
C(AzoC10) =2.2:10°M, 6 = 1.3 (b) Cau = 0.09mM, C(AzoC12) =2.75-10° M, 6 = 1.8.

0.36

dark state
—— UV-irradiated 0.35 AzoC,, /E/Er,/_a/i'
=]
041 C=310"M T 0341
- E
5 S (.33 4
g 5
%‘ 5 032
S £
o B 0314
T 021 E’
2 = 030+
O ] —— 1-exponential it
& 0291 —— 2-exponential fit
0.28
0.0 T T y — 0.27 T T T T T T
200 300 400 500 600 0 20 40 60 80 100 120 140

Wavelength (nm) Time (min)

Figure 6.11. (a) Absorption spectra of azobenzene containing surfactant AzoCi2 before (black
curve) and after UV-irradiation (red curve). Caz =0.03 mM. (b) The comparison of mono-
(blue line) and biexponential fit (red line) of optical density at A =376 nm vs. time (open
squares) for cis-trans isomerization of UV-irradiated azobenzene containing surfactant AzoCi»
in the presence of 10-nm gold nanoparticles.

Table 6.3 lists relaxation times of cis-isomers in the dark in the presence of 10-nm gold
nanoparticles for azobenzene containing surfactants with 6, 8, 10 and 12 CHz groups in the
spacers between azobenzene units and cationic heads. One can see that the value of 11 (fast
mode) is similar for all four surfactants, with the mean value 71*¥ = 2.8 £ 0.3 min. It indicates
that the surfactant tail length does not influence the fast mode of cis-trans isomerization in the
presence of gold nanoparticles, while the longer time 12 increases with the increasing distance
between the cationic head and the azobenzene moiety.
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Table 6.3. Lifetimes of cis-isomers of azobenzene surfactants differing in tail length in the
presence of 10-nm gold nanoparticles.

Lifetime. min Az0Cs AzoCg AzoCg AzoCqs Average
’ 05<6<2 | o=16 =13 =18 verag
- 23402 | 28+02 | 34+05 | 27+01 2.8 + 0.3
o 102 + 0.8 2542 38 + 29 61+6 _

6.6.Influence of surfactant head structure

The following experiments tested the influence of surfactant head structure on its cis-trans
isomerization in the presence of gold nanoparticles.

Azobenzene containing triethylammonium bromide (AzoCes-TEAB) is structurally very similar
to AzoCs, despite that it has ethyl groups instead of methyl in the positively charged head.
Absorption spectra of aqueous solutions of this surfactant (Figure 6.12a) are identical to those
of AzoCs. Kinetics of its cis-trans isomerization in water in dark without gold nanoparticles is
shown in Figure 6.12b. Thermal relaxation time of AzoC6-TEAB without gold particles is
found to be 1o = 77 £ 3h. This value is slightly larger than 19 = 62 + 1h, occurred for azobenzene
containing trimethylammonium bromide surfactants AzoCy.
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Figure 6.12. (a) Absorption spectra of AzoCs-TEAB surfactant aqueous solution in the dark
state (black), irradiated with UV light (red), and subsequently irradiated with blue light (blue).
(b) Absorption spectra of UV-irradiated aqueous solution of AzoCs-TEAB recorded over time
during its thermal relaxation in the dark. Black curve shows the absorption spectrum before UV
irradiation, in the initial dark state. The inset shows optical density at 376 nm as a function of
time, as recorded (squares) and exponentially fitted (red curve). C(AzoCs-TEAB) = 3-10° M.

Figure 6.13. demonstrates rapid cis-trans isomerization of AzoCs-TEAB in the presence of
gold nanoparticles. Cis-trans relaxation times are estimated to be t; = 1.3 min and 12 = 5.2 min,
what is almost two times shorter than for AzoCs. It indicates that the properties of the surfactant
head are the most decisive factor for azobenzene isomerization on gold surface.
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Figure 6.13. Evolution over time of absorption spectra of UV-irradiated surfactant AzoCs-

TEAB in water in the presence of 10-nm gold nanoparticles. Optical density at 376 nm vs. time

in the inset demonstrates rapid cis-trans isomerization of surfactant. Caz =3-10°M,

Cau=0.09 mM, 6 =2.

When a cationic surfactant molecule interacts with the negatively charged gold particle surface,
two processes are possible: (i) electrostatic attraction between the gold surface and the
surfactant head, and their ionic binding, (ii) adsorption of the N=N bond to the gold surface and
a charge transfer between them. In order to reveal the role of the electrostatic attraction between
surfactant heads and gold particle surfaces, cis-trans thermal relaxation experiments were
performed with 4-nitroazobenzene possessing negative charge in solution.

Figure 6.14 shows absorption spectra, chemical structure, and thermal isomerization kinetics
of 4-nitroazobenzene (Nitro-Azo) alcohol solution. As one can see from Figure 6.14a,
absorption band of Nitro-Azo is blue-shifted in comparison with AzoC, surfactants, with the
main absorption maximum at Amax =328 nm. Therefore, due to a low absorption intensity at
A =376 nm, the analysis of the cis-trans isomerization kinetics (Figure 6.14b) has been
performed at A = 360 nm. Thermal relaxation time of Nitro-Azo 1o~ 345 min.

Figure 6.15a shows cis-trans thermal relaxation of 4-nitroazobenzene in the presence of gold
nanoparticles. Relaxation time of Nitro-Azo was found to be accelerated by gold particles,
11~ 3.5 min. This gives evidence for the interaction of N=N bond of azobenzenes with the
“bare” surfaces of laser ablated gold nanoparticles. The plasmonic band of gold changed due to
changes in solvent properties upon mixing aqueous nanoparticle suspension with alcohol
surfactant solution, as shown in Figure 6.15b. Concentrated gold aqueous colloid has been
diluted with pure methanol, so that the solvent (water) has been replaced by alcohol. To be
precise, end solvent was methanol-water mixture with around 90 % of methanol. The
bathochromic shift in the gold plasmon peak position has been registered already in a minute
after the solvent replacement. The color of the nanoparticle suspension turned purple (the inset
in Figure 6.15b). Precipitation of gold nanoparticles did not occur and thus the changes in the
gold plasmonic band did not influence the quantitative analysis of Nitro-Azo thermal
isomerization.
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Figure 6.14. (a) Absorption spectra of 4-nitroazobenzene in methanol before (black) and after
UV irradiation (red), Caz = 0.018 mM. The chemical structure of 4-nitroazobenzene is shown
on the top. (b) Absorption spectra of UV-irradiated 4-nitroazobenzene in methanol, periodically
recorded over time upon its thermal relaxation. The corresponding plot of optical density at
360 nm over time is shown in the inset.
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Figure 6.15. a) Absorption spectra of preliminarily UV-irradiated 4-nitroazobenzene in the
presence of gold nanoparticles, recorded over time. Cazo =1.7 - 10° M, Cau=0.09 mM,
o = 1.1. The inset shows optical density at A =360 nm as a function of time. b) Evolution of
absorption spectrum of gold nanoparticles in methanol, Cau=0.09 mM. The grey line (“initial”)
is the spectrum right after the water-to-alcohol solvent replacement. The inset demonstrates
purple color of the gold nanoparticle alcohol suspension.

6.7.Influence of surfactant charge

The influence of charge properties of the surfactant head on its gold nanoparticle-enhanced
thermal relaxation was studied using azobenzene containing di-, tri-, and tetra-amine surfactants
(AzoEn, AzoDeta, AzoTren respectively). Positive charge of amino groups in the surfactant
head can be tuned by pH. At working conditions pH was neutral, and the studied azobenzene
containing polyamines acquired +1.5, +2 and +3 charges (Table 6.4).%°
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Table 6.4. pH values and surfactant charges in azobenzene surfactant solutions mixed with
10-nm gold nanoparticles.

Surfactant | AzoCe Az0Cs AzoCo AzoCi2 AzoEn AzoDeta | AzoTren

pH 7.0 7.0 7.05 7.1 7.1 7.0 6.7

Charge +1 +1 +1 +1 +1.5 +2 +3

Absorption spectra and photoisomerization behaviour of azobenzene containing polyamines are
similar to those of azobenzene containing trimethylammonium bromides AzoC, (Figure 6.16).
The spectra in Figure 6.16a,c recorded for AzoEn, containing two amino groups, and AzoTren
with four amino groups in the head, show absorption maxima of trans-isomers at 350 nm, 3-nm
blue-shifted compared to A =353 nm for AzoC, and AzoDeta with three amino groups. The
spectroscopic behaviour of the studied azobenzene containing polyamines is described in
details in the PhD thesis of Selina Schimka.® The centers of the absorption maxima of
azobenzene containing polyamines in trans-conformation are not relevant for the quantitative
analysis of their cis-trans isomerization in the presence of gold nanoparticles.

The results on cis-trans isomerization of azobenzene containing polyamines in the dark in the
presence of gold nanoparticles are shown in Figure 6.17. The calculated values of ¢ do not take
into account surfactant charge, thus reflecting the number of surfactant molecules interacting
with one gold surface atom, but not the surfactant-to-gold charge ratio. Relaxation times for
AzoEn (11 = 9.7 min, 12 = 394 min) and AzoDeta (11 = 9.4 min, 12 = 342 min) are similar, what
can be explained by similar charge of the head group (their tails do not differ). Relaxation of
AzoTren takes longer with 11 = 137 min. Apparently, relatively strong ionic binding between
AzoTren heads and gold particles hinders the interaction between azo bonds in the surfactant
tails and gold nanoparticle surfaces.

¢ in preparation in the group of Prof. Santer

85



H
@ AzoEn \/\/O_NcN'Q—O-GCHZD;HH/\NHZ |E| AzoDeta \/\,@N"N_@(}(CHz);u‘/\N\/\NHZ
0,6

1.0
350 nm initial 353 nm — initial
Vs —— UV irradiated 0.5 / —— UV irradiated
0.8 ’ '
3 : 3
Ll ' .
> 06 ! =z
2 317nm | *g
[ ' c
a ' 7]
= 0.4 ' (=]
L ' ©
= A ] 437 L
S P\ 37.nm g
0.2 ; / o
o
0.0 S . . 0,0 : : . :
200 300 400 500 600 200 300 400 500 600
Wavelength (nm) Wavelength (nm)

AzoTren \«,@.N’J\“@_O‘(CHJ:HJ}J\/\NW

NH.
0,30 2

—— initial
—— UVirradiated

Optical Density (a.u.)

0,00 T T T
200 300 400 500 600

Wavelength (nm)

Figure 6.16. UV-Vis Absorption spectra of azobenzene containing polyamines AzoEn (a),
AzoDeta (b) and AzoTren (c) before (black curves) and after UV irradiation (red curves).
Chemical structures of surfactants are shown on the top. C(AzoEn)=5x107 M,
C(AzoDeta) =2.3 x 10° M, C(AzoTren) = 2.5x10° M.
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Figure 6.17. Time dependent absorption spectra of UV-irradiated azobenzene containing
polyamine surfactants upon their thermal relaxation in the dark in the presence of 10-nm gold
nanoparticles: (a) AzoEn, Cao=2.4x10"M, Cay=4.8x10°M, o=3; (b)AzoDeta,
Cazo=22x10°M, Ca=48%x10°M, 0=2.5; (c)AzoTren, Cazno=1.9x10°M,
Cau=8 x 10° M, 6 = 1.4. Chemical structures of surfactants are shown on the top, respectively.
The insets show optical densities at A =376 nm over time, measured experimentally (open
squares) and biexponentially fitted (red line). The difference between mono- and
biexponentional fit is shown in (d) for AzoEn isomerization.

Azobenzene containing peptidomimetic surfactant (Azo-PM) has a bulky peptide-like cationic
head (structure in Figure 3.1g). At working pH = 7 it carries triple positive charge. Absorption
spectra of Azo-PM surfactant in dark and UV- photostationary state are shown in Figure 6.18a.
In dark state (black line), n-n* absorption maximum of the surfactant is located at A = 333 nm.
Isomerization behaviour of this surfactant is described in details in Ref. 196. Absorption spectra
of UV-irradiated Azo-PM upon thermal relaxation in dark in the presence of gold nanoparticles
are shown Figure 6.18b. Relaxation time t1 = 6 min has been calculated from the exponential
fit of time dependency of optical density at A =360 nm (the inset in Figure 6.18b), since
A =376 nm is very close to isobestic point in absorption spectra. Although both surfactant carry
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the same +3 charge at working conditions, opposed to AzoTren, thermal relaxation of Azo-PM
is sufficiently enhanced by gold nanoparticles.

@l s [b] o

initial (in dark) S
333 nm —— UVirradiated Bz
‘; ; §u24
o 024 © 0.4+ °
.é‘ _‘i‘ §-D22
2 g 0 20 40 60 B0 100 120 140
8 8 Time (min)
= =
8 011 8 02
o o
@] o
0.0 T : T - - T 0.0 ™ T T T T T T T T T ™ 1
200 300 400 500 600 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 6.18. (a) Absorption spectra of azobenzene containing peptidomimetic in the initial dark
state (black line) and exposed to UV irradiation (red line). Caz = 2.2 x 10” M. (b) Periodically
recorded absorption spectra of UV-irradiated azobenzene containing peptidomimetic mixed
with 10-nm gold nanoparticles. The inset shows optical density at A =360 nm over time,
experimentally measured (open squares) and exponentially fitted (red line). Cazo =2 x 107 M,
Cau=0.09 mM, 6 =1.3.

6.8.Summary

Thermal relaxation times of azobenzene containing surfactants in the presence of gold
nanoparticles are summarized in Table 6.5. In all cases, gold particles drastically accelerated
surfactant thermal relaxation in the dark, although the structures of the surfactants differ
significantly (Figure 3.1). Indeed, surfactants AzoCs, AzoCs, AzoCio, AzoC12 differ by the
number of CH> groups in the spacer between azobenzene unit and cationic trimethylammonium
head. Surfactants AzoCs, AzoCs-TEAB, AzoEn, AzoDeta, AzoTren have the same azobenzene
containing tail with 6 CHz groups in the spacer and differ by head groups. For AzoCs, mean
values for 0.5 < ¢ <2 are shown.

Our results, in agreement with literature reports, demonstrate that the origin of azobenzene fast
isomerization in the presence of gold nanoparticles is the interaction of their azobenzene groups
with the gold surface, and thus the azobenzene-to-gold ratio is decisive for the correct
comparison. The molar ratio ¢ reflects the ratio between azobenzene molecules and surface
gold atoms. The values of ¢ were similar in all experiments, 1 <o <2, i. e. the fraction of
azobenzenes interacting with gold surface was similar for different compounds. Values of 6 do
not account for surfactant charge. For surfactants with charge z > 1, ¢ can be recalculated by
multiplying the values by charge, to give the information about the azobenzene-to-gold charge
ratio.

Lifetimes of AzoC,, AzoEn, AzoDeta, AzoTren cis-isomers in solution without nanoparticles
T0=62 h were determined by Dr. Nino Lomadze by recording absorption spectra of UV-
irradiated solutions in pure water at pH 7 over time. Two relaxation times to- 18 h and 10-270 h
in solution of Azo-PM without nanoparticles were reported in Ref. 196. All the other numbers
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in Table 6.5 were determined in the experiments above. One can notice that the inaccuracy in
the lifetimes and acceleration factors is around 10 %.

Table 6.5. Acceleration of cis-trans isomerization of different azobenzene compounds in the
presence of gold nanoparticles: concentration of gold in the experiment Cay, surfactant-to-gold
ratio o, surfactant charge z, lifetime of cis-isomers in solution without gold 7o, the two lifetimes
in the presence of 10-nm gold nanoparticles 11 and 12, acceleration factor to/ti.

Surfactant | Cay, mM o) z To, h T1, Min Tz, Min To/ T1
Az0Cs-
TMAB 0.2 2i SL+r | 621 23502 | 102508 | 1620140
(AzoCe)
Az0Cg 0.1 1.6 +1 62+ 1 2.8+0.2 25+2 1330 £ 100
AzoCio 0.1 1.3 +1 62+ 1 3.4+0.5 38 +29 1100 £ 160
AzoCi2 0.09 1.8 +1 62 +1 2.7+0.1 61+6 1380 + 60
Az0Cs-
TEAB 0.09 2 +1 77 +£3 1.3+0.1 5.2+0.1 3550 +£ 310
Nitro-Azo 0.09 1.1 -1 58+0.1 | 3.5+0.5 87+5 99 + 14
AzoEn 0.05 3 +1.5 62 +1 97+0.5 394 £ 16 384 £ 21
AzoDeta 0.05 2.5 +2 62 +1 9.4+0.8 342 + 65 396 + 34
AzoTren 0.08 1.4 +3 62 +1 137+ 14 | 1600 £ 270 27+13
18+2 180 + 36
Azo-PM 0.09 1.3 +3 6.0+1.0 81 +£8
270 £ 18 2700 £ 490

The following observations can be made:

(1) cis-trans thermal isomerization of studied azobenzene containing surfactants is up to 3600
times accelerated by gold nanoparticles;

(i1) the biexponential fashion of azobenzene thermal isomerization in the presence of gold
nanoparticles implies two first-order reactions;

(111) the fast mode 11 <10 min occurred independently on surfactant structure, except for
AzoTren;

(iv) the slow mode 12> 10 min is affected by the distance between surfactant charged head and
azobenzene moiety in the tail;
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(v) not taking into account AzoTren, acceleration factor for 4-nitroazobenzene (Nitro-Azo) was
the smallest among studied compounds because of its shortest lifetime without gold
nanoparticles 1o attributed to the electron-acceptor substitution.

The common mechanism for azobenzenes to interact with the gold surface is adsorption by
azobenzene unit. Apparently, this is the reaction proceeding with the shorter time 7. Indeed,
the fast mode is not influenced by surfactant tail structure: values of 11 are very close for all
AzoC, surfactants. There are three more electron-donating CH> groups in the positively charged
head of AzoCs-TEAB. Probably this facilitates the interaction of AzoCs-TEAB with gold
nanoparticle surface via azobenzene unit compared to AzoCe. The acceleration factor for
AzoCs-TEAB is the highest. Similar to AzoC, surfactants, but a slightly longer time
71~ 3.5 min occurred in Nitro-Azo, probably due to its negative molecular charge and thus
electrostatic repulsion from gold nanoparticles inhibiting azo bond adsorption.

The isomerization times of AzoEn and AzoDeta do not differ within error bars. Indeed, their
tails are the same, and head groups possess almost the same charge properties. Chemisorption
strength plays an important role in catalysis. Azobenzene containing polyamines carry stronger
positive charges than surfactants AzoC, and thus their ionic binding to negatively charged gold
surfaces should occur more readily, which can interfere with the interaction via azobenzene
units. Indeed, the lifetime 11~ 9.5 min for AzoEn and AzoDeta, and for AzoTren the fast
relaxation mode does not occur at all. In fact, t; = 9.5 min might be related to ¢ > 2 for these
polyamines, coupled with stronger ionic interaction than for AzoCs, so that the fast mode is
suppressed similar to AzoCs isomerization at ¢ = 8. Indeed, accounting for surfactant charge,
the values of ¢ in azobenzene containing polyamines would be c6+>4.5, i. e. the amount of
trans-isomers in UV-irradiated azobenzene solutions 6+"™" > 0.45, corresponding to primary
trans- double layer formation. In this case, adsorption of azobenzene unit onto gold surface is
difficult, and the registered relaxation time around 9.5 min would actually correspond to the
slow mode 12, very close to 12~ 10 min of AzoCs having the same tail structure.

Nevertheless, for AzoTren, the amount of azobenzene units (N=N bonds) able to interact with
gold surface was essentially the same as for other compounds. The absence of the fast mode in
this case highlights the importance of (competing) ionic interaction, influenced by surfactant
head properties. Strong ionic binding restricts the mobility of the AzoTren molecules on gold
surface, which in turn decreases the probability of interaction via azo bond. Acceleration of
thermal isomerization rate of AzoTren might be explained by cooperative switching of the self-
assembled cis- AzoTren monolayer on nanoparticle surface rather than the interaction via azo
bond. In Azo-PM, azobenzene moiety is not separated from the charged head by a spacer, and
+3 positive charge is distributed along three sites in the bulky peptidomimetic head. Therefore,
its ionic binding can drive the adsorption of azobenzene unit, opposite to AzoTren with rather
concentrated positive charge. Lifetime t1 = 6 min of Azo-PM is different from other surfactants,
which is to be expected because of different azobenzene substitution pattern and possible steric
confinement.

The times 12> 1 h can be attributed to the slow isomerization of free azobenzene molecules
which are not attached to gold nanoparticle surface. These molecules in solution cannot interact
with gold via azo bond once all the surface sites are occupied by the double-layered shell around
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gold nanoparticles (Section 6.4), therefore they isomerize on the same timescale as without
nanoparticles. The fact that 1, are shorter than 19 may be attributed to the different from pure
water surrounding matrix possessing local “distortions” in thermodynamic balance, e.g.
micelle-like surfactant structures on gold nanoparticle surfaces.

6.9.Possible mechanism

In catalysis, activity of gold nanoparticles is usually attributed to an electron transfer between
metal and adsorbed reactant molecules. When a cis-azobenzene molecule acts as a reactant,
electron exchange between gold and N=N bond in the azobenzene unit is expected. Both
possible gold-mediated azobenzene isomerization pathways are schematically shown in Figure
6.19. Electron attachment to or withdrawal from cis-azobenzene moiety results in the formation
of charged cis-azobenzene radical, which is capable of rapid cis-trans isomerization. Indeed, an
electrocatalytic rapid cis-trans isomerization of anion radical has been experimentally observed
in solution (Section 1.1.4).°%% In the joint project with the theoretical group of Prof.
Saalfrank,'** we predicted the formation of azobenzene (di-)cation radical when the azobenzene
containing cationic surfactant AzoCs contacts the gold nanoparticle surface, considering the
interaction of gold with the surfactant N=N bond.

Figure 6.19. Two possible pathways of azobenzene isomerization on gold nanoparticle surface:
the cis-azobenzene anion formation in the left (blue), and the cis-azobenzene cation formation
in the right (red). The Figure is the replica from Ref. 193.

6.9.1. Theoretical calculations

The reported density functional theory (DFT) calculations'®* became the first attempt to verify
the proposed mechanism of fast thermal isomerization of azobenzenes in the presence of gold
particles via an electron transfer between gold surface and azo group. The row of the
theoretically investigated azobenzenes included (i) parental unsubstituted azobenzene, (ii)
unsymmetrically para-substituted azobenzenes with electron-donor substituents (CH3, OCH3,
NH2; 4-methylazobenzene, 4-methoxyazobenzene, 4-aminoazobenzene, respectively), (iii)
azobenzenes with electron-aceptor substituents in para-position (CF3, NO2; 4-
trifluoromethylazobenzene, 4-nitroazobenzene), (iv) cationic azobenzene containing
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trimethylammonium bromide surfactant, where the azobenzene moiety is para-substituted with
a butyl chain on the one side, and on the other side with an alkoxy spacer with a hexyl carbon
chain between azobenzene unit and cationic head. The initial, reference state of compounds (i)-
(ii1) was neutral. Addition and removal of an electron to molecules (i)-(iii) results in anion and
cation radical formation, respectively. Azobenzene containing surfactant (iv) is cationic in its
reference state in solution. Therefore, adoption of an electron makes its molecule neutral, while
withdrawal of an electron from a cationic molecule results in its dicationic radical.

The isolated molecules of azobenzene derivatives were computationally studied under ideal gas
conditions at the ambient temperature of 298.15 K and the pressure of 1 atm. At first, molecular
geometries in cis- and trans- conformation were optimized to correspond to minima of potential
energy surface. Then, optimized transition states for cis-trans transformation were found. The
trans-isomer has the lowest energy (most favourable), and the transition state has the highest
energy. Subtracting the energy of the cis-isomer from the energy of the transition state yielded
the energy barriers for cis-to-trans isomerization. By the means of DFT, electronic energy
barriers were calculated. Using Eyring’s transition state theory, the isomerization rates of
azobenzene cis-trans thermal isomerization were calculated from the values of the activation
Gibbs free energy.

The activation energies and thermal cis-trans isomerization rates were calculated for neutral
azobenzene molecules (i)-(ii1) (reference state) and their anion and cation radicals in gas phase.
For the azobenzene containing surfactant (iv), a cation was the reference state. The calculations
under ideal gas conditions did not account for the influence of solution or metal surface in the
context of steric hindrance and thus altered energies and structures, as well as interaction of
charged radicals with other charged and/or neutral molecules. Thermal isomerization rates for
the reference states were in good agreement with experimental data, especially for the
azobenzene containing surfactant. Indeed, isomerization rate of AzoCg surfactant in gas phase
without nanoparticles k = 1.6-107 s corresponds to relaxation time t= 1/k = 17 h, which is
only 3.7 times smaller than the experimental value 1o = 62 h in solution.

The energy barriers and isomerization rates obtained upon electron addition/removal have been
compared with those for the reference state. It was shown that the activation barrier of thermal
cis-trans isomerization decreases in both charged radicals (neutral molecule and dication radical
for azobenzene surfactant) in comparison with the reference state. Therefore, the calculated
thermal cis-trans isomerization rate was drastically increased for the charged species compared
to neutral molecules, in agreement with previous studies.

Activation energies of cation species were lower than those of anion azobenzene radicals (and
neutral surfactant). Thus, the reduction of energy barrier in cis-trans thermal isomerization was
more pronounced upon electron withdrawal, implying faster thermal isomerization of cis-
cation radical compared to anion. For unsubstituted azobenzene (i), compared to the neutral
molecule, activation energy barriers of the anion and cation radicals were 4 and 7 times smaller,
respectively. Consequently, the calculated thermal isomerization rates of charged species were
10'® (anion) and 10 (cation) times higher than for the neutral azobenzene molecule. For
azobenzene containing surfactant (iv), isomerization rate of neutral molecule was 10'* times
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higher than that of reference cationic state, the isomerization of dication radical was 10'° times
accelerated.

Further, the substitution effect was discussed. For neutral and anion species, electron-acceptor
substituents (iii) reduced the energy barrier, i. e. increased thermal isomerization rate, in
comparison with unsubstituted azobenzene, whereas electron-donor substituents (ii) did not
lead to significant changes in activation energy. Particularly, compared to unsubstituted
azobenzene, isomerization rate of 4-nitroazobenzene (electron-acceptor NO»-group) was 10°
times higher in neutral state and 10? times in anionic state. For cation radicals, a pronounced
substitution effect did not occur.

Acceleration of cis-trans thermal isomerization of azobenzenes upon electron transfer to or from
a molecule was considered in terms of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of neutral unsubstituted azobenzene in cis-
conformation. Upon electron attachment, the electron is expected to settle in the LUMO of the
neutral cis-isomer, followed by weakening and elongation of the N=N bond. Upon electron
withdrawal, the electron is expected to leave the HOMO, with a slight shortening of the N=N
bond. The calculations revealed rotation mechanism in cis-trans isomerization of radical anions.
For cations, both inversion and rotation mechanisms could be possible. The registered by SERS
weakening of the N=N bond by the trans-cis azobenzene isomerization in UV-irradiated gold
nanoparticle aggregates in Ref. 189 might imply the electron transfer from gold nanoparticles
to cis- azobenzene moieties and thus accelerated thermal relaxation of anion radical via rotation
mechanism. However, precise structure of these azobenzene molecules on gold nanoparticles
was not calculated.

In the attempt to highlight the direction of electron transfer between azo bond and gold surface,
first energies of anion and cation cis-azobenzene radical formation in gas phase have been
compared via the calculation of relaxed electron affinities and ionization potentials. That means
that the geometries of cation and anion radicals have been optimized. Energies of azobenzene
anion radicals E. were lower than the energies of neutral molecules Eo, opposed to cation
radicals with higher energies E+, E.<Eo < E-+. To calculate electron affinity EA, the energy of
cis- anion radical in optimized geometry (with minimal energy) E. was subtracted from the
energy of the optimized neutral cis- isomer Eo: EA = Eo - E..To calculate ionization potential
IP, the energy of the optimized neutral cis- isomer Eo was subtracted from the energy of
optimized cationic radical in cis-conformation E+, IP = E+ - Eo. Thus calculated for isolated
molecules (1)-(iii) in gas phase, electron affinities were smaller than ionization potentials and,
importantly, positive: 0 < EA <IP. That means, the energy costs of cis- anion radical formation
AE.=E. - Eo = -EA were negative, opposed to the energy costs of cis- cation radical formation
AE+ = E+ - Eg = IP. Therefore, in the gas phase, obtaining an electron by a free neutral cis-
isomer was found to be energetically favourable, in contrast with electron withdrawal from cis-
azobenzene.

Finally, the energies of cis- azobenzene ion formation in the presence of gold surface were
estimated similar to the gas phase, by subtracting the energy of a neutral isomer E¢o** from the
energy of its charged radical E+*"" or Es""":

AE+surf — E+surf -E Osurf
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Both cation and anion radicals were considered because of uncertainty in the direction of the
electron transfer between gold and azobenzenes. Molecular geometries on a metal surface were
assumed to not differ from the free gas phase, neglecting surface-induced distortions. (For the
illustration of the geometries, please see Ref. 193.) Chemical interaction with the surface, as
well as surface charge and probable ionic bonding were not taken into account either. The metal
surface was assumed neutral. The contribution of the metal surface into ion formation energies
was regarded by the work function of the surface ® and the negative image charge term
Aim =- 1/(4z), which is inversely proportional to the distance z between an ion and image plane
(surface). The energy of an anion formation near metal surface was therefore the sum of energy
of cis- anion radical formation in the gas phase AE. =-EA, the energy of electron withdrawal
from metal surface, i. e. surface work function, and the image charge term:

AES" = _EA + ® + Aim.

The energy of a cation formation near metal surface consisted of the cation formation energy
in the gas phase AE+ = IP, image charge term, and the energy of electron attachment by metal
surface represented by negative work function:

AEST=1P - @ + Aj.

The ion formation energies were calculated using work function of planar (111) gold
® =5.31¢eV and reported in literature vertical distance between Au (111) planar surface and
azo group z=2.4 A (Aim=-- 1.5 eV). Increasing the distance between the azobenzene unit and
metal surface would increase both ion formation energies.

Calculated values of cation formation energies AE+*""~ 0 eV for azobenzenes (i), (ii) were

lower than anion formation energies AE*"" =~ 3 eV, indicating that near gold surface electron
withdrawal from cis-azobenzenes is energetically favourable, oppositely to the ideal gas
conditions. The difference between the energies of cation and anion formation was less
pronounced for the azobenzene derivatives with electron-acceptor substituents (iii)
(AE+*"""> 0.4 eV, AES"" < 3 ¢V) compared to the unsubstituted molecule (i) (AE*"f=3.09 eV,
AE+#"T=0.15eV) and electron-donor substituted azobenzene (ii) (AES">3.1¢eV,
AE*T< 0 eV). The negative values of energy of cis-isomer cation formation AE:" for
azobenzenes having electron-donor substituents (i1) mean possible spontaneous formation of
cis-isomer cation radical of these azobenzenes on gold surface.

1.1 about

The performed DFT calculations corroborate the hypothesis of Hallett-Tapley et. a
azobenzene thermal cis-trans isomerization via a cation formation near gold surface, and
elucidate the experimentally registered highly accelerated thermal isomerization of 4-
methoxyazobenzene in the presence of gold nanoparticles in comparison with solution without

nanoparticles.

6.9.2. Discussion

Based on the computational results, we believe that the fast mode 11=3 min, detected in thermal
cis-trans isomerization of azobenzene containing cationic surfactants in the presence of gold
nanoparticles, corresponds to the pathway via the electron transfer from the adsorbed
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azobenzene unit to the gold surface, followed by the azobenzene cis-trans isomerization in the
dication radical form (for surfactants with +1 charged heads).

Now, let’s discuss the possible mechanism of slow mode 12> 10 min. When cis-isomers of
cationic azobenzene surfactants interact with gold particles via azo bond, they readily switch
into the trans-state. Cis- and trans-isomers have to compete for gold surface sites. The number
of the available surface sites can gradually decrease due to ionic binding of trans-isomers.
Trans-isomers can decorate gold nanoparticles with the double-layer stabilizing shell. Indeed,
gold nanoparticles did not aggregate during the experiments.

Since 12 likely increases with the distance between surfactant head and azobenzene unit, one
can expect that the relaxation time t2> 10 min corresponds to the thermal cis-trans
isomerization of the surfactant molecules, not adsorbed to gold surfaces with their N=N bonds.
Probably, these molecules isomerize to form the outer layer of the stabilizing shell, while the
trans- inner layer facing gold surface is formed via electron transfer between gold and
azobenzene units. Qualitative thoughts about a possible pathway are discussed in the following
paragraphs.

Relaxation times 12> 10 min could characterize the isomerization of the cis- molecules due to
steric confinement in the energetically favourable nanoparticle-stabilizing shell. Dipole-dipole
interactions between azobenzene containing tails of surfactant molecules in the inner (facing
gold) and the outer (facing medium) layer of the shell reduce their spatial freedom and
cooperative switching effects can take place. Then, AzoC, molecules with longer tails would
have more spatial freedom and therefore isomerize into trans-conformation slower, in
agreement with experimental results. In this situation, it is unclear why nanoparticles do not
aggregate upon formation of the monolayer of surfactant molecules. Perhaps, newly formed
trans-isomers on the gold surface do not necessarily ionically bind to gold, but can couple with
already surface-attached trans-species via dipolar interactions, and thus build the double layer
shell pair by pair. After the surfactant double-layer shell is formed, it is unclear why the rest of
the solution isomerizes faster than without gold particles (13 = 10 was not detected in AzoC, at
6 <2).

Alternatively, the electrocatalytic switching of a surfactant matrix around gold nanoparticles
could explain the relatively high isomerization rate of azobenzene molecules that are not in
direct contact with the gold surface. This is the case of t2in AzoC,, UV-irradiated gold-
surfactant complexes, and probably 11 in AzoEn and AzoDeta.

In terms of reaction kinetics, electron-mediated azobenzene isomerization on gold surface can
be treated as a catalytic redox reaction including (i) oxidation of cis-azobenzene on gold
surface, (i1) cis-trans isomerization of azobenzene radical, (ii1) reduction of trans-azobenzene
radical. These three reactions are consecutive and assumed to have different reaction rates. The
corresponding rate equation in chemistry includes three exponential terms, similar to the
Equation (6.1) chosen for the fitting of time-dependent absorption data. The picosecond rate of
the isomerization step is beyond our experimental limit and thus only the two relatively slow
redox reactions can be taken into account. The fast mode with the time ti, dependent on the
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gold-surfactant binding, is apparently characteristic for the oxidation reaction. Therefore, the
mode 12 is to be the parameter of the reduction reaction.

In the computationally predicted pathway of electron withdrawal from adsorbed azo bond on
gold surface and AzoC, dication formation, the catalytic redox cascade can be imagined as
follows. Cis- azobenzene dication radicals isomerize to trans-conformation and ionically attach
to gold. Trans- azobenzene dication radical (T") can be reduced by an electron (a)
accommodated in gold or (b) from a proximate cis-azobenzene in solution. In this step, T*
transports positive charge to the cis-azobenzene unit (C) in the vicinity. The positive charge
carrier can be (a) a hole or (b) a proton in solution, depending on the pathway. Next formed cis-
azobenzene radical dication isomerizes into trans-dication and gets reduced to the cationic
trans-isomer. Schematically: Au-T* + C — Au-T + C" — Au-T + T' (Scheme 6.1). Thus,
nanoparticles in solution are all the time protected from aggregation, first by cation radicals,

then by the formed double-layer shell. The way (a) of reduction by an electron from gold surface
is more likely distance-dependent because of transport of electron from gold to azo bond along
the ionically attached elongated dication radical of trans-azobenzene. Indeed, the image charge
term in DFT calculations would increase with the length of the spacer between surfactant
charged group and azobenzene unit, increasing energy costs of electron transfer and thereof the
reaction time.

Scheme 6.1. The proposed electrocatalytic mechanism of cis-trans isomerization of azobenzene
surfactants in the presence of gold nanoparticles.

To be systematic, there’s no experimental evidence of azobenzene dication radical formation,
and calculations predict that both directions of electron transfer would lead to the rapid thermal
relaxation of azobenzene cis-isomers. Thus, a mechanism explaining the registered acceleration
of cis-trans isomerization rate via azobenzene anion formation should be discussed too. This
mechanism may be the electron injection from gold nanoparticles to azobenzene solution,
probably also by another pathway than via adsorbed azo bond. Indeed, in Ref. 191 azobenzene
thermal isomerization was enhanced, although direct interaction of azobenzene moieties with
gold surface was unlikely. Assuming the electron transfer from gold to adsorbed cis-azobenzene
N=N bond, “zwitterionic” species of AzoC, surfactants are expected to form, with positively
charged head and negative charge on the azobenzene tail. These species with neutral total
charge would be able to rapidly cis-trans isomerize t00.!”> Cis- AzoC, zwitterions (C”) would
likely have a compact geometry. Hypothetically, they could initiate the electron-driven catalytic
cycle in solution as described in Ref. 65,66 in Section 1.1.4:
C+C—->C+T —->C+T—-T +T. Without primary ionic binding of cis-isomers via
surfactant charged heads, final cationic trans-isomers (T) would ionically bind to gold
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nanoparticle surfaces and the reaction would proceed slower with time due to decreasing active
surface area. In the case of ionic binding of cis-isomers, AzoC, zwitterions C™ attached to gold
surface would rapidly isomerize to T-, and the same electron-driven isomerization cascade
would be possible. In this case, electron transfer from T~ attached to gold toward C in solution
would occur, e.g. via protons, and thus isomerized free molecules would form the outer layer
of surfactant shell.

Our results demonstrate that thermal cis-trans isomerization of azobenzene containing
compounds is tremendously accelerated on gold nanoparticle surface. We believe that the
underlying mechanism is electron withdrawal from azobenzene moiety to gold surface,
followed by the facilitated cis-trans isomerization of azobenzene in its (di-) cationic state, and
suggest to consider the kinetics of the gold-enhanced azobenzene isomerization similar to
catalytic redox reactions. Yet, the proposed electrocatalytic mechanism remains a trustworthy
speculation. Other methods, which are sensitive to azobenzene molecular structure, e.g.
vibrational spectroscopy, as well as to the nanoparticle charge state, may elucidate the detailed
mechanism behind the catalytic cis-trans isomerization of azobenzenes in the dark in the
presence of gold nanoparticles in the future. Also, one could try to disable, e.g. by varying the
structure of azobenzene compounds, or by co-adsorbing electron donors/acceptors on
nanoparticle surface, one of the redox steps and investigate the charge state of gold
nanoparticles via their plasmon resonance to experimentally probe the direction of the electron
transfer.
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7. Cis-trans isomerization of azobenzene containing surfactant in the
presence of nanoparticles of different materials

In this chapter, the influence of nanoparticle material on cis-trans isomerization of azobenzene
surfactants is tested and compared with gold nanoparticles.

After exposure to UV light, aqueous solution of azobenzene containing trimethylammonium
bromide surfactant AzoCs was mixed with nanoparticle suspensions and its thermal relaxation
in dark was tracked by periodically recording absorption spectra.

For all materials in this chapter, nanoparticle absorption band overlapped absorption band of
AzoCe. Therefore, to detect the changes in azobenzene surfactant absorption, the spectra of
surfactant-nanoparticle suspensions were recorded versus pure nanoparticle suspension diluted
to the same concentration. The concentrations of the nanoparticles were unknown except for
silver nanoparticles, that’s why it was impossible to perform quantitative analysis in the context
of nanoparticle surface area and the ratio between azobenzene surfactant molecules and particle
surface atoms o.

7.1.Palladium and gold-palladium alloy nanoparticles

Figure 7.1 shows absorption spectra and TEM micrographs of 13-nm palladium (PdNP) and 8-
nm alloy gold-palladium nanoparticles (AuPdNP). Diameter of the particles was estimated from
the TEM micrographs. Particles of both materials had negative surface charged according to
the measured ¢-potential around -30 mV. To record the absorption spectra (Figure 7.1a), stock
nanoparticle aqueous suspensions of concentration Co were 13.5 times diluted with water
(Cnp =0.074Cy). One can see a weak gold plasmon absorption peak at A =1523 nm in the
absorption spectrum of gold-palladium nanoparticles (red curve). The inset in Figure 7.1a
demonstrates brown color of AuPdNP aqueous suspensions. Gold-palladium alloying has been
proofed by TEM, thus the core-shell morphology has been excluded. Along with small alloy
AuPd nanoparticles, bigger pure gold and pure palladium nanoparticles have been detected in
the TEM micrographs of dried suspension of gold-palladium alloy nanoparticles (Figure 7.1c),"
probably as non-ablated rest particles. According to the preparation procedure, the expected
alloy composition Au:Pd is 30:70 mol %. EDX data revealed 27.5 % Au and 72.5 % Pd in alloy
gold-palladium nanoparticles (see Figure Appendix-13.1). The obtained spectroscopy and
TEM results indicate random alloy morphology of gold-palladium nanoparticles, probably with
palladium-enriched surface. The weak gold-plasmon peak in the absorption spectra might stem
from the non-ablated gold nanoparticles in the suspension.

h Based on the integrated Energy Dispersive X-ray spectroscopy (data of Dr. Ryabchikov)
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Figure 7.1. Properties of palladium and alloy gold-palladium nanoparticles. (a) Normalized
absorption spectra of palladium (black line, PANP) and alloy gold-palladium (red line,
AuPdNP) nanoparticles. The inset in shows a photograph of a diluted suspension of gold-
palladium alloy nanoparticles. (b) TEM micrograph and superimposed size distribution diagram
of palladium nanoparticles. (¢, d) TEM micrographs and size distribution diagram of alloy gold-
palladium nanoparticles.

The results on azobenzene containing surfactant thermal relaxation in the presence of palladium
nanoparticles are shown in Figure 7.2a. Absorption spectra of palladium-surfactant suspension
were recorded versus palladium nanoparticles without surfactant. Concentration of
nanoparticles in both suspensions was Cnp-0.074Co, Cazn=2.3 x 10°M in palladium-
surfactant sample. Palladium nanoparticles in water aggregated after around 10 hours, while
the palladium-surfactant sample remained intact. This implies that surfactant molecules
stabilized palladium nanoparticles via the double layer formation on surface. In order to
continue the experiment, the reference nanoparticle sample has been replaced with a freshly
diluted palladium colloid. In the last five spectra recorded after 25 hours, optical density was
normalized to the isobestic points of the spectra within the first 10 hours. The corresponding
non-normalized spectra are shown in Figure Appendix-13.2. Cis-trans isomerization of
azobenzene containing surfactant in the presence of alloy gold-palladium particles is shown in
Figure 7.2b. The spectra were recorded versus pure AuPd nanoparticle colloid, which remained
stable during the entire experiment. Cnp-0.108Co, in AuPd-surfactant sample
Caz=2.5x10°M. The estimated thermal relaxation times of azobenzene containing
surfactant are 11 =23.2 = 1.3 h in the presence of palladium nanoparticles, and 11=3.5+ 0.1 h
in the presence of gold-palladium alloy nanoparticles. Here and below monoexponential fitting
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of optical density D376(t) has been applied, because the monoexponential fits were accurate, and
biexponnetial fitting did not yield different times. Yet, the plot of Ds37s(t) in the inset in
Figure 7.2b for alloy gold palladium nanoparticles visually suggests a biexponential fitting.

10 AzoC, +PdNP 08 AzoC,+AuPdNP
@ b b :

3 0.8 Eﬂd | ‘E’D"‘
. 8 S g
< & 0,6- £ ol
g £ 3 :
g 06 5 4 go2
— 3 = S
8 2 T 044 o
Qo o] o} & : ; . . . -
a 04- 0 1000 2000 3000 a 0 200 400 600 800 1000 1200
o Time (min) 8 Time (min)
3 2
I & oz24IN
T 0.24 b
2 . initial

Y P .~ —— 2 e —

200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 7.2. Absorption spectra over time of UV irradiated azobenzene containing surfactant
Az0Cs in the presence of palladium (a) and alloy gold-palladium nanoparticles (b). The insets
show (normalized) optical density at 376 nm over time (squares) and its exponential fit (red
line).

7.2.Silver and gold-silver alloy nanoparticles

Laser ablated silver nanoparticles' had the mean diameter d = (12.1 £ 0.2) nm determined from
TEM micrographs, and ¢-potential around -30 mV. Pronounced plasmonic absorption
maximum of silver is to be seen at A = 406 nm (Figure 7.3).
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Figure 7.3. Absorption spectrum (a), TEM micrograph with superimposed size distribution
histogram (b) of laser ablated silver nanoparticles. Cag= 0.05 mM.

Absorption spectra of azobenzene surfactant AzoCs mixed with silver nanoparticles,
periodically recorded during surfactant thermal cis-trans relaxation in the dark, are shown in
Figure 7.4. The reference silver nanoparticle suspension without surfactant, as well as the

i prepared at Aix-Marseille University
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silver-surfactant suspension, remained stable throughout the whole measurement
(Figure Appendix-13.3). The seeming decrease in optical density at around 440 nm results
from the “subtraction” of silver nanoparticle spectra from silver-surfactant spectra. Saturation

in spectra occurred after around a week, indicating slow azobenzene relaxation rate,
71-783+1.5h.

AzoC+AgNP <
0,6- N

0,24

0,4

0.1

Optical Density at 376 nm (a.

0 2000 4000 6000 800D 10000
Time (min

024V

Optical Density (a. u.)

initial "

0,0 v T T T T T ¥ T ¥ T —
200 300 400 500 600 700 800
Wavelength (nm)

Figure 7.4. Absorption spectra over time of UV irradiated azobenzene containing surfactant
AzoCs in the presence of silver nanoparticles. The inset shows time dependency of optical
density at A =376 nm as recorded (squares) and exponentially fitted (red line). c =4,
Cazo=0.025mM, Cag-0.075 mM.

Similar results were obtained for silver nanoparticles prepared at Vladimir State University in
Russia, described above in Section 5.2. Figure 7.5a shows absorption spectra of UV-irradiated
surfactant AzoCs mixed with silver nanoparticles from this batch, recorded versus reference
silver colloid of the same concentration Cag-0.35 mM. Monoexponential fitting of optical
density D376(t) resulted in the slow thermal relaxation time 11 = 64.8 + 2.2 h. This value is equal
within error bars to the relaxation time of AzoCs aqueous solution without nanoparticles. The
suspensions of silver nanoparticles in pure water (reference) and containing UV-irradiated
surfactant were colloidally stable during the experiment. The changes in spectral range
A>400 nm are due to slight nanoaggregation of silver nanoparticles upon addition of
surfactant, similar to gold nanoparticles (Section 6.1). Indeed, cuv=0.15, corresponding to the
region II of phase diagram in Figure 4.8. Figure 7.5b shows absorption spectra recorded versus
air, tracking the changes in plasmonic properties over time. These spectra were partly
reconstructed from the recorded versus silver nanoparticles via addition of reference silver
nanoparticle spectra. Along with cis-trans isomerization of surfactant, one can see that
plasmonic coupling mode appeared at around 580 nm within 30 minutes after mixing and after
that did not change during one week of measurements. The first two spectra (initial and after
2 minutes, black and grey curve, respectively) were excluded from data analysis to estimate
thermal relaxation time.
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Figure 7.5. (a) Absorption spectra of UV irradiated azobenzene containing surfactant AzoCe in
the presence of silver nanoparticles at 6-1.25, Cag=0.35 mM, Caz-0.028mM. The spectra
were recorded over time versus reference silver nanoparticles in water. The inset shows optical
density at 376 nm as a function of time (squares) and its monoexponential fit (red line). (b) The
same time-dependent absorption spectra recorded versus air.

Alloy gold-silver nanoparticles have been prepared in two batches with helium (AuAgNP He)
and argon (AuAg Ar) bubbling during irradiation by femtosecond laser. TEM micrographs, size
distribution histograms and absorption spectra of the nanoparticles are shown in Figure 7.6. To
record the absorption spectra, both initial nanoparticle suspensions were diluted with water to
Cnp = 0.074 Co. Diameter of the particles was found to be d = (11.0 + 0.1) nm for AuAg He and
d=(8.9+£0.1) nm for AuAg Ar. Determined ¢-potentials were ¢=(-31.3 £12.8) mV for
AuAg He particles and ¢ = (- 23.3 £ 5.9) mV of AuAg Ar particles.

Plasmonic absorption maximum of AuAg He nanoparticles was detected at Asp = 472 nm (black
curve in Figure 7.6a). The sharp single plasmonic maximum indicates random alloy
morphology. According to the preparation procedure, approximately 1:1 Au:Ag ratio is
expected in the alloy, with 48 molar % of gold. It is known that the position of plasmon
absorption peak of gold-silver alloy nanoparticles is determined by their composition. The
LSPR wavelength occurred near the mean value of plasmonic wavelengths of gold and silver
nanoparticles (464.5 nm), indicating nearly equal proportions of gold and silver in the alloy.
Indeed, 50:50 % Au:Ag alloy nanoparticles in Ref. 83, 89 possessed plasmonic absorption peak
at Asp =472 nm. In Ref. 111 Asp =472 nm corresponded to alloy particles with 60:40 % Au:Ag
composition. Ref. 179 suggested silver segregation to the nanoparticle surface at > 50 % Au in
the alloy composition. Therefore, random alloy morphology with silver-segregated surface is
to be expected in alloy gold-silver nanoparticles AuAg He.

Alloy nanoparticles AuAg Ar exhibited two absorption maxima at Asp =480 nm and
A =550 nm (red curve in Figure 7.6a). The second plasmonic maximum may indicate (a) core-
shell morphology, and (b) nanoparticle aggregation. Indeed, rather small c-potential ¢ = -20 mV
implies suspicious stability of AuAg Ar colloid. Both situations are not desirable in quantitative
analysis of azobenzene cis-trans isomerization. That’s why these particles were not further
investigated.
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Figure 7.6. (a) Absorption spectra of gold-silver alloy nanoparticles from two batches, prepared
in the environment of He (black curve) and in the environment of Ar (red curve). (b, c) TEM
micrographs and size distribution of gold-silver alloy nanoparticles, prepared in He (b) and Ar
(c) environment.
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Figure 7.7. (a) Absorption spectra over time of UV irradiated azobenzene containing surfactant
Az0Cg in the presence of alloy gold-silver nanoparticles AuAg He, recorded versus AuAg He
suspension. The inset shows time dependency of optical density at 376 nm (squares) and its
exponential fit (red line). (b) Absorption spectra over time of the reference alloy gold-silver
nanoparticles in water.

Cis-trans thermal relaxation of AzoCg surfactant was examined in the presence of alloy gold-
silver nanoparticles AuAg He. The corresponding absorption spectra are shown in Figure 7.7.
The spectra in Figure 7.7a were recorded against pure AuAg He aqueous suspension.
Cnp=0.074 Co in both suspensions, Caz =2.6 X 10°M in AuAg-surfactant sample. The
observed decrease in optical density in visible range in Figure 7.7a is attributed to the
aggregation process in the reference AuAg He suspension, manifested by the absorption spectra
in Figure 7.7b. One can see how optical properties of gold-silver alloy nanoparticles change
with time. Already after an hour (red curve), coupling plasmonic mode appears in the spectrum,
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indicating nanoparticle aggregation. However, spectral changes in the reference AuAg He
sample occurred outside the surfactant absorption band, and therefore did not significantly
affect quantitative estimation of its thermal relaxation rate. The resulting relaxation time
T1=66.1 £ 1.3 h is close to the value in pure water without nanoparticles.

Absorption spectra of azobenzene containing surfactant with AuAg He nanoparticles recorded
versus air are shown in Figure 7.8. One can see the increase in optical density in the UV range
due to cis-trans surfactant isomerization and the evidence for the colloidal stability of alloy
gold-silver nanoparticles mixed with cis-azobenzene surfactant.
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Figure 7.8. Time-dependent absorption spectra of UV irradiated azobenzene containing

surfactant AzoCs in the presence gold-silver alloy nanoparticles AuAg He recorded versus air.

7.3.Silicon nanoparticles

The properties of laser ablated silicon nanoparticles have been described in Section 5.3. For
these experiments silicon nanoparticles prepared in argon environment (SiNP Ar and
SiNP Ar II) have been chosen. Their absorption spectra were shown in Figure 5.6.

Figure 7.9a and Figure Appendix-13.4 show thermal relaxation of azobenzene containing
surfactant AzoCs mixed with silicon nanoparticles SiNP Ar. Absorption spectra were recorded
versus air (Figure 7.9a) and reference silicon nanoparticles in water (Figure Appendix-13.4).
In Figure 7.9 one can see (1) the second absorption peak of silicon nanoparticles at A = 550 nm,
and (i1) continuous lowering of the entire spectrum with time. The first indicates that silicon
nanoparticles mixed with cis- azobenzene surfactant aggregated fast (within 8 minutes, black
curve). The second can be related to a slow precipitation process. Reference silicon
nanoparticles in pure water were colloidally stable (Figure 7.9b).

Nanoaggregation of silicon nanoparticles during surfactant cis-trans isomerization supports the
proposed formation of the surfactant monolayer on nanoparticle surface. The amount of trans-
isomers in solution increases with time. Once formed, trans-azobenzenes attach to silicon
particles. As soon as the monolayer is formed, particles aggregate. This situation corresponds
to moving from region I to region II of phase diagram in Figure 4.8.

Absorption spectra of UV-irradiated azobenzene surfactant mixed with silicon nanoparticles
SiNP Ar II, recorded versus air and reference particle colloid, reproduce the results for SINP Ar
(Figure Appendix-13.5).
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Figure 7.9. Periodically recorded absorption spectra of (a) UV-irradiated azobenzene
containing surfactant AzoCs mixed with silicon nanoparticles;, (b) reference silicon
nanoparticles in water.

Aggregation and precipitation in silicon-surfactant suspension hindered the quantitative
analysis of azobenzene surfactant absorption kinetics (Figure Appendix-13.4 and
Figure Appendix-13.5). Nevertheless, qualitatively, experiments did not reveal acceleration in
cis-trans isomerization of azobenzene containing surfactant in the presence of silicon
nanoparticles.

7.4.Summary

For each material, time dependencies of optical density at 376 nm were exponentially fitted to
estimate cis-trans thermal relaxation rates of azobenzene surfactant AzoCs in the presence of
nanoparticles ti, similar to the previous chapter. Monoexponential fits were accurate.
Acceleration factor was calculated relatively to the lifetime of cis-isomer of AzoCs surfactant
in water without nanoparticles to=62 + 1 h. The properties of different nanoparticles and their
impact on cis-trans thermal isomerization rates of azobenzene containing surfactant AzoCs are
summarized in Table 7.1.

Gold nanoparticles showed catalytic character, accelerating thermal isomerization of
azobenzene containing surfactant AzoCs by more than 1500 times due to electron transfer
between gold and azo bond, as described in the previous chapter. The time 11 -2.3 + 0.2 min is
the average time registered at 0.5 < ¢ <2 and calculated from biexponential fitting of D376(t).
To be accurate in comparison, relaxation time resulting from monoexponential fitting
71=6.9 £ 0.2 min should be used to calculate the acceleration factor. However, this does not
change the conclusion, since thus calculated acceleration factor of 539 would remain the highest
among the studied nanoparticle materials.

Silver, alloy gold-silver, and silicon nanoparticles did not accelerate thermal cis-trans
1somerization of azobnezene surfactant AzoCe. Acceleration factor 1 for silicon nanoparticles
was estimated qualitatively due to particle aggregation.
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Table 7.1. Properties of nanoparticles of different materials: LSPR wavelength (Asp), average
nanoparticle size according to TEM (drem) and DLS (dpis), nanoparticle surface c-potential (),
lifetime of cis-isomer of azobenzene containing surfactant AzoCs in the presence of the
nanoparticles 11, and acceleration factor of surfactant thermal cis-trans isomerization in the

presence of the nanoparticles to/t1.

Material Asp, nm dtem, nm | dprs, nm ¢, mV T1, Min To/T]

Au 523 9+3 106 +2.7 | -30+10 | 23+0.2 1617 =143
Pd - 13.0£0.2 | 20.6+3.2 305 1393 £ 80 2.7+0.2
AuPd 523 8.2+0.05 155+3.6 | -34+11 210+ 8 17.7+0.7
Ag 406 12.1+0.2 17.7+2.6 31+£8 | 4695+92 | 0.79+£0.02
Agk 406 - 33.5+7.3 33+6 | 3889 +£133 | 0.96+0.04
AuAg He 472 11.0+0.1 - 31+13 | 3968 +£78 | 0.94+0.02
AuAg Ar | 480,550 | 8.9+0.1 21.9+43 -23+6 - -

Si Ar - - 542 +8.4 -43+9 3720 1

Si He - - 52.8 £8.3 -42 £ 8 - -

Si - - 1229+39.1 | -41+£9 - -

7.5.Discussion

In this discussion we follow the results of the computational study discussed in Section 6.9.1,
which shows that the electron transfer from azobenzene molecules to metal nanoparticle
surfaces is the reason for drastically enhanced cis-trans thermal isomerization of azobenezenes
in the presence of nanoparticles. According to theoretical calculations, energy costs of electron
withdrawal and attachment from/to cis- azobenzene near metal surface AE*"" and AE.S"
respectively, can be found as follows:

AES"T = _EA + ® + Aim
AESYT=1P - @ + Ain

Here, EA and IP are electron affinity and ionization potential of azobenzene in gas phase, Aim
is the image charge term. Surface work function @ plays a crucial role in the comparison of
nanoparticles made of different materials. Decrease in work function ® would decrease AE. S

and increase AE*"", making the (di-) cation formation of azobenzene cis-isomer on the metal

i Prepared at Aix-Marseille University (France)

K Prepared at Vladimir State University (Russia)
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surface less energetically favourable. Increase in the work function ® would make cis-
azobenzene (di-) cation formation more energetically favorable. The influence of the surface
work function on formation energies of charged cis-azobenzene radicals is demonstrated in
Table 7.2 in a plain manner. The values of electron affinity and ionization potential of
azobenzene in gas phase, and the image charge term were taken from Ref. 193. One can see
that at the lower surface work function, both ways of electron transfer are energetically
unfavorable.

Table 7.2 Influence of surface work function on the energies of cation and anion radical
formation for unsubstituted azobenzene in cis-conformation near planar (111) palladium, gold,
and silver surface, based on DFT calculations.'”?

Dpg=5.6eV | Day=531eV | Dpg=4.74eV
AEST eV 3.38 3.09 2.52
AESYT eV -0.14 0.15 0.72

Therefore, according to this simple consideration of energy difference for electron withdrawal
from the azobenzene moiety on the metal surface, formation of dication radicals of azobenzene
surfactant cis-isomers is expected to be more energetically favorable on palladium surface and
less energetically favorable on silver surface compared to gold. In turn, in comparison with gold
nanoparticles, higher acceleration factor is to be expected in the presence of palladium
nanoparticles and lower acceleration factor — in the presence of silver nanoparticles.

Experimental results for silver nanoparticles are in agreement with theoretical predictions.
Indeed, silver nanoparticles from two different batches did not enhance thermal isomerization
of azobenzene containing surfactant, acceleration factor to/ti=1 for these particles.
Additionally, silver nanoparticles are known to oxidize more readily in comparison with gold.
The oxide layer on the surface of silver nanoparticles may further inhibit electron transfer
between metallic silver surface atoms and azobenzene units and following -cis-trans
1somerization of the latter. Similar results for gold-silver alloy nanoparticles (to/t1 = 1) indicate
silver segregation on their surfaces.

Work function of (111) silicon surface @si =4.83 eV < ®ay=5.31 eV for a wide range of
dopings.?’” That means, experimental results for silicon nanoparticles are in agreement with
theoretical predictions too. Moreover, silicon nanoparticles likely have surface silicon oxide
layers, explaining their more negative surface g¢-potential in comparison with other
nanoparticles. Surface oxide layers can prevent the electron transfer between surfactant
azobenzene units and silicon surfaces.

However, simple calculations cannot explain the results for palladium nanoparticles, which
enhanced azobenzene cis-trans isomerization only by 2.7 times. This implies that the electron
transfer between palladium surfaces and azobenzene units was not detectable or did not occur.
For instance, it is possible that the cis-trans azobenzene isomerization proceeds faster in the
presence of palladium nanoparticles than in pure solution because of cooperative switching of
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azobenzene surfactant bilayers formed on palladium nanoparticle facets. Chemisorption
strength between azobenzene unit and metal surface can also play an important role.

In fact, it is possible that the surface work function of palladium nanoparticles is smaller than
the work function of gold nanoparticles, so that the AzoCs dication radical formation is not so
straightforward on palladium nanoparticle surface. Indeed, the work function of metal
nanoparticles is usually different from that of bulk metals and depends on many factors. For
instance, it is known to be inversely proportional to nanoparticle size,>® can depend on
nanoparticle charge state’” and aggregation state.?!® Functionalization of gold and silver
surfaces with akanethiol monolayers was reported to tune their work functions.?!! That means,
the nanoparticle work function may dynamically change during our experiments because of
adsorption of surfactant and possible electron transfer. Also, the crystalline structure of the
nanoparticles should be controlled, because lower values of work function have been reported
for polycrystalline specimens compared to (111) surface. 2'? For instance, for polycrystalline
palladium ®@pg =5.12 eV < ®py =5.31 V.

Furthermore, in the performed DFT calculations, the metal nanoparticle surface was assumed
infinitely conductive. At the same time, surface charge of metal nanoparticles may contribute
into energy costs of azobenzene cation radical formation on nanoparticle surface. Indeed, an
electron travelling from azo bond to a negatively charged metal surface has to overcome
electrostatic repulsion, i. e. additional energy is required for cation formation. In this situation
accounting for the surface potential, introduction of an additional energy barrier term would
decrease AES"" and increase AE*""" | so that the proposed cation formation of azobenzene cis-
1somer on charged nanoparticle surface would become less energetically favourable compared
to the neutral surface.

Finally, the catalytic performance of gold-palladium alloy nanoparticles in thermal
1somerization of azobenzene surfactant (acceleration factor to/t1 = 18) was better in comparison
with monometallic palladium nanoparticles, but significantly lower than for pure gold
nanoparticles, Pd<AuPd<Au, what indicates the absence of synergestic effects in this case.
Therefore, gold atoms are the surface active sites, participating in the electron transfer with
azobenzene moieties. Apparently the amount of surface gold atoms decreased upon alloying
with palladium as compared with pure gold, thus decreasing the amount of electron transfers
per time unit and, in turn, acceleration factor in the reaction of thermal cis-trans isomerization
of azobenezene. It is possible that the enhancement of azobenzene thermal relaxation is
attributed to specific physical properties of gold, for instance plasmonic response, electronic
configuration and d-band structure.

A more detailed theoretical and experimental study is required to fully describe the mechanism
of enhanced azobenzene cis-trans isomerization in the presence of metal nanoparticles.

Experimentally, nanoparticle surface structure, segregation pattern, and electronic properties
should be addressed. Investigation of isomerization rates of azobenzene surfactants of different
structures in the presence of silver, palladium and alloy nanoparticles may help to reveal the
chemisorption effect. A future study employing alloy gold-silver and gold-palladium
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nanoparticles with deviation in gold molar fraction would be helpful to verify the conclusion
about gold catalytic active sites.

In theoretical calculations, some more sophisticated models may be helpful, accounting for the
mutual influence of nanoparticle surface and azobenzene molecules. For instance, steric effects
on azobenzene geometry on the metal surface, surface charge, electrical conductivity and work
function alteration due to charge transfer and dipole adsorption can be improved in future
computational studies.
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8. Complexes between azobenzene containing surfactants and gold
nanorods

This chapter explores the complexes between gold nanorods and azobenzene containing
surfactants differing in the spacer length between azobenzene group and charged head group
(see Figure 3.1a). Complexes were prepared using non-irradiated surfactants and subsequently
exposed to UV and blue light. The corresponding reversible changes in the position of
longitudinal plasmonic mode of nanorods were tracked using UV-Vis absorption spectroscopy.
The concentration of gold nanorods was unknown, allowing only qualitative analysis in the
context of molar ratio between nanorods and surfactant.

8.1.Properties of gold nanorods

Initially four batches of gold nanorods have been prepared: AuNR-CTAB, AuNR-Sil, AuNR-
Si2, AuNR-Si3 (Scheme 8.1). Gold nanorods AuNR-CTAB are stabilized with
cetyltrimethylammoiniumbromide (CTAB) surfactant. It is known that CTAB surfactant forms
a bilayer on gold surface, with cationic head groups in the inner layer pointing to the gold
surface and in the outer layer — pointing to the solution >'* Gold nanorods AuNR-Sil, AuNR-
Si2, AuNR-Si3 are decorated with a thin layer of porous silica. Surface ¢-potential of silica-
coated gold nanorods AuNR-Sil was around +15mV, indicating the presence of a surfactant
layer on surface. The surfactant has likely remained in solution after the preparation of gold
nanorods. The registered value of ¢-potential is in agreement with literature reports on positive

¢-potential of CTAB-stabilized gold nanorods.*'*
\t/
a NS b
«==e CTAB 1 Silica
/ SN
| ( Au ) [ B
N '}. -----

A T A

Scheme 8.1. Schematic of gold nanorods: (a) CTAB-stabilized gold nanorods AuNR-CTAB;
(b) silica-coated gold nanorods AuNR-Sil, AuNR-Si2, AuNR-Si3.

Gold nanorods AuNR-AzoC6 have been prepared from AuNR-CTAB by surfactant
replacement. Gold nanorods AuNR-CTAB were centrifuged and thus forced to the bottom of
the tube. The decantant (above liquid) was replaced with the aqueous solution of azobenzene
containing surfactant AzoCs (Caz =1 mM). The process has been repeated several times in
order to remove CTAB surfactant and other compounds remaining in solution after the
synthesis procedure. The resulting AuNR-AzoC6 are supposed to be stabilized with a double
layer of AzoCs instead of CTAB surfactant.

Figure 8.1 and Figure 8.2 show SEM and TEM micrographs of dried suspensions of the
investigated gold nanorods. Dimensions of gold nanorods determined by TEM are listed in
Table 8.1. The dimensions of gold nanorods are slightly different, but do not differ within the
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error bars. The all-mean aspect ratio of gold nanorods R = 3.8 + 1.2. The silica shell was not
detectable in TEM (Figure 8.2) and therefore it is to be less than 5 nm thin. In TEM and SEM
micrographs (Figure 8.1 and Figure 8.2), one can see aggregates of gold nanorods densely
packed side-by-side. Although it is not precise due to possible artefacts in TEM images, the
distance between gold nanorods in such aggregates (column H in Table 8.1) appeared to be
larger for the silica-covered nanorods AuNR-Sil, AuNR-Si2, as compared with the CTAB-
stabilized AuNR-CTAB, implying a nanometer-thin coating.

Figure 8.1. SEM micrographs of gold nanorods AuNR-CTAB (a), AuNR-AzoC6 (b), and
AuNR-Sil (c).

Table 8.1. Properties of the studied gold nanorods: length A, diameter B, aspect ratioR = A / B,
minimal distance within aggregates H, and position of longitudinal plasmonic peak Asp.

Batch A, nm B, nm R H, nm Asp, nm

AuNR-CTAB | 65.4+13.2|17.8+4.6 |39+1.2|035+0.11 | 837 %1

AuNR-C6 - - - - 812 £ 1

AuNR-Sil | 57.5+14.6 | 19.1+5.7 |3.1£0.8| 1.21£0.56 | 789 +4

AuNR-Si2 | 623+12.7|179+54|38+1.1|1.36+091 | 808+2

AuNR-Si3 | 64.6+13.6 | 163+5.1 [42+1.1 - 820 +4
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Figure 8.2. TEM micrographs of dried suspensions of gold nanorods: (a) AuNR-CTAB, (b)
AuNR-Sil, (c) AuNR-Si2, (d) AuNR-Si3.

Absorption spectra of gold nanorods are shown in Figure 8.3a. One can see a transverse
plasmon mode at A=510nm and the pronounced longitudinal plasmonic maximum at
Asp = 800 nm. Spectra have been normalized to the longitudinal plasmon maximum to facilitate
their comparison. One can see that the longitudinal peak position depends on the nanorod
sample. In fact, the longitudinal peak of nanorods from the same batch could occur at slightly
different wavelengths in different experiments, probably due to the effects of dilution and
aggregation state. The mean values of longitudinal peak position and standard deviations are
listed in Table 8.1 and demonstrated in Figure 8.3b. In the text below, longitudinal plasmonic
peak position will be discussed and referred to as LSPR wavelength.
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Figure 8.3. Normalized absorption spectra (a) and position of longitudinal plasmon maximum
(b) of gold nanorods. The abscissas in (b) correspond to the batches of gold nanorods.

The difference in the position of longitudinal plasmon mode for different nanorods can be
caused by (i) the difference in local dielectric environment, for instance due to the different
thickness of silica shell, and (ii) by aspect ratio. The aspect ratio did not differ within error bars
and is expected to cause up to 100-nanometer difference between LSPR wavelengths of AuNR-
Sil and AuNR-Si3 with similar silica dielectric environments.®?!> Experimentally
only ~30-nm difference in Asp was registered. Therefore, the effect of aspect ratio was assumed
to be not decisive, but accompanied by the effect of the medium dielectric properties. Indeed,
thin silica coating (< 10 nm thick) usually causes the longitudinal plasmon peak of gold
nanorods to red-shift by several tenths of nanometer.?!42!5

The longitudinal LSPR mode of AuNR-CTAB occurs at the longest wavelength. Therefore,
from the experiment we can expect higher dielectric constant of CTAB stabilizing shell than of
silica capping.

One can see the n-n* absorption peak of trans-isomer of AzoCg surfactant at A = 353 nm in the
absorption spectrum of gold nanorods AuNR-AzoC6 (red line in Figure 8.3a). The transverse
plasmon mode of AuNR-AzoC6 does not differ from AuNR-CTAB, while longitudinal
plasmon maximum of AuNR-AzoC6 is blue-shifted relative to AuNR-CTAB. Apparently,
removal of extensive stabilizing agents to prepare AuNR-AzoC6 changed the dielectric
environment. The longitudinal peak occurred at shorter wavelengths in AuNR-AzoC6 samples
with less surfactant in solution (tracked by its absorption maximum). Table 8.1 contains the
value registered in the sample with the lowest amount of AzoCe.

Aggregation of gold nanorods can be induced by electrostatical screening via salt addition
(Figure 8.4a), or by UV irradiation once the nanorods are stabilized with azobenzene
containing surfactant (Figure 8.4b). In the case of sodium chloride addition, calculated Debye
length is Ap = 7.47 nm for 1.66 mM NaCl and Ap = 5.29 nm for 3.31 mM NaCl.?% These values
show that the electrical double layer of gold nanorods is strongly suppressed by stabilizing
agents, counterions and unknown supporting electrolytes in solution, since rather low
concentration of sodium chloride induced gold nanorod aggregation. In Figure 8.4b, changes
in the surfactant absorption maximum in the UV range (353 nm) indicate reversible
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isomerization of AzoCe surfactant. Estimated via extinction coefficient concentration of
surfactant Caz =~ 0.002 mM. Gold nanorods AuNR-AzoC6 aggregated upon UV-induced trans-
cis photoswitching (red curve), apparently due to UV-induced destabilization of stabilizing
surfactant bilayer on gold nanorod surface.
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Figure 8.4. (a) Absorption spectra of gold nanorods AuNR-Si1 in water (black curve) and with
added sodium chloride (see legend). (b) Absorption spectra of gold nanorods AuNR-AzoC6 as
prepared (black curve) and exposed to UV (red curve) and subsequently visible irradiation (blue
curve).

8.2.Complexes between gold nanorods and azobenzene containing
surfactant

8.2.1. Successive addition of azobenzene surfactant

In the first series of experiments, small amounts of azobenzene containing surfactant have been
successively added to aqueous suspensions of gold nanorods. The recorded absorption spectra
show bathochromic shift in longitudinal plasmonic peak of gold nanorods upon addition of
surfactant, likely due to the changes in the dielectric environment. Figure 8.5a shows the
example of the absorption spectra of gold nanorods AuNR-Sil recorded upon step-by-step
addition of azobenzene containing surfactant AzoCs. A slight decrease in the intensity of the
gold nanorod longitudinal peak was registered, attributed to the dilution of nanorods during the
titration process. Figure 8.5b shows absorption spectra of AuNR-AzoC6 with added surfactant
Az0Cs. In the UV spectral range, the intensity of absorption maxima of surfactant increases
because of increase in surfactant concentration. At the same time, transverse mode of gold
nanorods remains intact, while the longitudinal mode red-shifts.
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Figure 8.5. (a) Normalized UV-Vis-NIR absorption spectra of gold nanorods AuNR-Sil at
increasing concentration of azobenzene containing surfactant AzoCs up to Caz = 0.2 mM.
Spectra were normalized to the longitudinal plasmonic maximum of gold nanorods, shown in
the inset at higher magnification. C(AuNR-Sil) = 0.03 Co (b) UV-Vis absorption spectra of
gold nanorods AuNR-AzoC6 at increasing concentration of azobenzene containing surfactant
Az0Cs from Caz = 0.003 mM to Caz = 0.016 mM. C(AuNR-AzoC6) = 0.2 Co.

Figure 8.6 summarizes the red shift in the position of longitudinal plasmonic absorption peak
of different gold nanorods upon successive addition of azobenzene surfactant AzoCs, relative
to the initial peak position in gold nanorods without surfactant. One can see that LSPR
wavelength of gold nanorods does not shift within error bars at surfactant concentrations
Cazo <0.004 mM. At higher surfactant concentrations, red shifts up to 45 nm were registered.
For AuNR-Si1 (blue circles) at Caz = 0.02mM the behaviour of LSPR wavelength as a function
of Caz changed: blue shift in the spectral peak position occurred at further increase of Cazo.
This might indicate plasmon coupling in nanorod-surfactant complexes in titrated suspensions,
as discussed in more details below.

One can also notice that the slope of the red shift increase at Cazo > 0.01 mM is the highest in
AuNR-Sil compared to other nanorod batches. This may be due to a higher surfactant-to-
nanorod ratio. Indeed, gold nanorods AuNR-Sil were the most diluted with C(AuNR-
Sil) = 0.03 Co. These results show that the molar ratio between gold nanorods and azobenzene
containing surfactant may be important for their interaction, possibly due to formation of
ionically bound surfactant bilayer.

With respect to the observed bathochromic shift of gold nanorod LSPR wavelength upon
mixing with azobenzene containing surfactant, a border in surfactant concentrations can be
distinguished: Caz < 0.003 mM with no red shift within error bars; and Caz > 0.003mM with
up to 45-nm red shift in LSPR wavelength. Thus. the working concentrations of surfactant in
the experiments with gold nanorods were Caz > 0.003mM to assure the LSPR red shift. In the
text below, surfactant concentrations from three ranges will be considered and referred to as
low (Caz = 0.004 mM, up to 5 nm shift in Asp), intermediate (Caz~ 0.02 mM, maximal red
shift in Asp of AuNR-Sil), and high (Caz > 0.1 mM, moderate Asp shift in AuNR-Sil).
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Figure 8.6 Red shift of longitudinal plasmonic maximum of gold nanorods as a function of
added AzoCs surfactant concentration. Open symbols show titration experiments, when small
volumes of surfactant were step-by-step added to gold nanorod suspensions. Solid stars
correspond to surfactant-nanorod complexes initially prepared at certain surfactant
concentrations. Concentrations of gold nanorods were the following: C(AuNR-
CTAB) =0.1 Co; C(AuNR-Sil)=0.03 Co; C(AuNR-Si2)=0.1 Co; C(AuNR-Si3)=0.04 Co
(green rhombi), C(AuNR-Si3)=0.1 Co (green tiangles); C(AuNR-AzoC6)=0.2 Cy (grey
triangles), C(AuNR-AzoC6) = 0.9 Cy (black triangles, black stars).

8.2.2. Complexes prepared by mixing components at certain concentrations

Compared with surfactant-nanorod suspensions prepared by titration (open symbols in
Figure 8.6), the complexes prepared by mixing components at certain surfactant concentrations
(stars in Figure 8.6) possess a less pronounced red-shift of longitudinal LSPR wavelength at
similar surfactant concentrations. This can be seen on the examples of AuNR-CTAB at high
Caz=0.1 mM, and AuNR-Sil at intermediate Cazo=0.02 mM (red and blue stars vs. open

symbols).

Table 8.2 illustrates the spectroscopically registed red shift in longitudinal LSPR mode of gold
nanorods in complexes with azobenzene containing surfactants. The complexes were prepared
at  low  Cazn=0.004 mM, intermediate  Caz,=0.025+0.005mM, and high
Cazo=0.15 £ 0.05 mM, gold nanorods were diluted to C = 0.1 Cpand C = 0.035 Co, mentioned
in the Table. Although the initial longitudinal LSPR wavelength of gold nanorods was slightly
different in different experiments, the relative LSPR shift upon mixing with surfactant was
similar at similar conditions. Thus, here and below, mean values are shown. Two sources of
inaccuracy have been taken into account: (i) machinery inaccuracy of spectrometer, cautiously
assumed to be 1 nm, (ii) mean standart deviation. Unfortunately, a detailed study of the LSPR
shift as a function of Ca, in the initially prepared nanorod-surfactant complexes was difficult
due to limited volumes of gold nanorod suspensions. Yet, one can see that in the initially mixed
systems the LSPR red shift is more prominent at higher surfactant concentrations.
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Table 8.2 Influence of surfactant concentration Cazo on the bathochromic shift in longitudinal
plasmonic peak position in absorption spectra of the complexes between gold nanorods and
azobenzene containing surfactant AzoCe.

Cazo = 0.004 mM | Caz = 0.025 mM | Caz = 0.15 mM
AuNR-CTAB, C=0.1Co - - 8.0+£24
AuNR-Sil1, C=0.03 Co 5.0£2.8 nm 8.8+2.1 12+£2.8
AuNR-Si2, C=0.1 Co - 55+1.8 -
AuNR-Si3, C =0.04Co 3.0£22 - -

These results emphasize the influence of Caz on the observed plasmonic response. Two
interpretations are possible here. On the one hand, azobenzene surfactant shell around gold
nanorods can be gradually filled up and become denser at higher Cao, increasing the dielectric
constant of local effective medium around gold nanorods. On the other hand, the thickness of
the dense surfactant shell decorating gold nanorods d can increase with Cazo, so that it better
matches the electromagnetic decay length / of gold nanorods, and the LSPR red shift becomes
more pronounced according to the Equation (1.3) in Section 1.2.5, which is:

AMipar = mAn (1 - e_Zd/l)

The qualitative calculations below explain the latter effect. In Ref. 216 decay length of CTAB-
coated gold nanorods was studied as a function of particle dimensions. For nanorods with
similar size, decay length /=27 nm. In this simple estimation, we neglect the thin silica
capping. Assuming the thickness of AzoCs surfactant bilayer as d=3nm, d//=0.1 and
Ahmax = 0.2 mAn (m — refractive index sensitivity of gold nanorods, 4n is the difference in the

refractive index due to ligand, i. e. surfactant, adsorption). Upon surfactant multilayer
formation, e.g. d =12 nm, d /[ = 0.44, Akmax= 0.6 mAn.

Figure 8.7a shows the comparison of the absorption spectra of nanorod-surfactant complexes
at the same C(AuNR) and high surfactant concentration Caz = 0.2 mM, prepared by step-by-
step increasing surfactant concentration (“titrated”, black curve) and initially prepared at high
Caz (“initially mixed”, red curve). Relatively to the initially mixed system, the plasmonic peak
in the titrated suspension is blue-shifted and broadened with a mode in the near-IR range,
resembling the shape of the longitudinal peak of in Figure 8.4a for gold nanorods with screened
electrostatic repulsion. This indicates possible aggregation of nanorods upon addition of small
surfactant portions, i. e. at low Caz , so that step-by-step increasing surfactant concentration
promotes nanoaggregation. Indeed, titrated suspension of AuNR-Si2 with Caz = 0.004 mM
aggregated next day after preparation (Figure 8.7b). The suspension was stored in the dark at
4°C overnight, what might have preserved its colloidal stability. Next day thermal diffusion due
to temperature increase, as well as mechanical stimulation upon filling the cuvett before
recording absorption spectra, could have triggered rapid diffusion-limited aggregation of gold
nanorods. The registered 62-nm hypsochromic shift of longitudinal peak position and
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simultaneous bathochromic shift of transverse plasmonic mode of gold nanorods indicated side-
to-side nanorod assembling in the beginning of aggregation process.?!” Long-wavelength
plasmonic mode gradually arised in the near-IR spectral region, apparently as a result of further
random aggregation of nanorod-surfactant complexes, similar to Figure 8.4.
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Figure 8.7. (a) Normalized absorption spectra of complexes between AuNR-Sil and
azobenzene containing surfactant AzoCe prepared by titration (black curve) and initially mixed
(red curve). Spectra were normalized to the surfactant absorption maximum.
C(AuNR) =0.03 Co, Cazo=0.2 mM. (b) UV-Vis-NIR absorption spectra of gold nanorods
AuNR-Si2 with successively added azobenzene containing surfactant AzoCe at
C(AuNR) =0.1 Cp, Cazn=0.004 mM. Spectra were recorded next day after complex
preparation.

Therefore, the 45-nm LSPR red shift upon titration of AuNR-Si1 in Figure 8.6 may be caused
by self-assembling of gold nanorods at low surfactant concentrations. Since the transverse
nanorod plasmonic mode did not change during the titration experiments, perhaps the nanorod
aggregation process begins with end-to-end nanorod assembling (LSPR red shift at Caz, < 0.02
mM), and proceeds with side-to-side assembling of gold nanorods (blue shift at Caz > 0.02
mM ).2!7 Addition of a portion of surfactant in titration increases the occurrence of aggregates,
to some extent reproducing the results in Section 4.7 for spherical gold nanoparticles.

Based on these results, it is worth mentioning that the complexes between gold nanorods and
azobenzene containing surfactants are to be prepared by mixing components at initially high
enough surfactant concentration Caz > 0.004 mM. Indeed, Figure 8.8 demonstrates that in
contrast with titrated suspensions, nanorod-surfactant complexes initially prepared at
Caz = 0.02 mM remained colloidally stable, with only a slight blue shift of LSPR wavelength
on the timescale of several days.
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Figure 8.8. Normalized absorption spectra of AuNR-Sil mixed with AzoCs at
C(AuNR) =0.03Co, Cazo=0.02mM, recorded over time. Spectra were normalized to gold

nanorod longitudinal plasmonic maximum. The inset shows the longitudinal peak position as a
function of time. The dashed line serves as an eye guide.
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8.2.3. Interaction of gold nanorods with azobenzene containing surfactants
with different tail length.

The complexes between gold nanorods and azobenzene containing surfactants AzoCs, AzoCs,
AzoCyo, AzoCi2 differing in the tail length were prepared by mixing solutions at certain
concentrations C(AuNR) and intermediate Caz = 0.025 + 0.005 mM. Longitudinal LSPR peak
in the absorption spectra of the complexes appeared red-shifted compared to pure gold
nanorods. The registered relative red shifts are listed in Table 8.3.

Table 8.3. Influence of surfactant tail length on the bathochromic shift in longitudinal
plasmonic peak position of gold nanorods in complexes with azobenzene containing
surfactants. The listed values (in nm) are the shifts relative to the LSPR of pure gold nanorods.

C(AuNR) | Cazo, mM AzoCg AzoCs AzoCio AzoCr2
AuNR-Si1 0.03 Co 0.03 8.8+£2.1 19+14 | 9+14 | 185+24
AuNR-Si2 0.1 Co 0.02 55£1.8 | 80+£14 |11.0+1.4 -

The origin of LSPR red shift in nanorod-surfactant complexes as compared with pure nanorod
suspension is apparently the replacement of dielectric environment around gold nanorods with
azobenzene surfactant shell. One can see from Table 8.3 that the relative red shift increases
with surfactant tail length, implying the influence of surfactant hydrophobicity on nanorod-
surfactant complex formation. Indeed, for the complexes between AuNR-Sil and AzoCi2
surfactant, a pronounced LSPR red shift of 17.0 = 2.4 nm was registered even at low surfactant
concentration Caz = 0.004 mM.
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The differences in dielectric properties of the densely packed surfactant shell on gold nanorods
between the four azobenzene containing surfactants are likely very small. Therefore, the
observed effect of surfactant hydrophobicity can be assigned to the surfactant shell formation,
which is facilitated in the case of longer hydrophobic tail. Likely similar to the effect of
surfactant concentration, the shell becomes denser and/or becomes thicker at lower Cazo for
surfactants with longer tails.

8.3.Thermal cis-trans isomerization of azobenzene surfactant in the
presence of gold nanorods

The next experiment tested the acceleration of cis-to-trans thermal isomerization of azobenzene
containing surfactant in the presence of gold nanorods. Figure 8.9 shows absorption spectra of
gold nanorods AuNR-Sil mixed with UV-irradiated azobenzene containing surfactant AzoCe.
Spectra were recorded in the dark over time. Temperature increase was registered during the
experiment due to spectrophotometer heating.! Longitudinal plasmonic maximum of gold
nanorods blue-shifted from A =794 nm to A = 791 nm upon cis-trans relaxation of surfactant.
This effect likely relates to the changes in refractive indices of cis- and trans- surfactant isomers
and will be described in more details in the next section. The intensity of the longitudinal
plasmonic peak slightly decreased, likely due to a slow sedimentation of gold nanorods.
Monoexponential fit of optical density at 376 nm as a function of time D376(t) (similar to
Chapter 6) yielded the thermal relaxation time (lifetime of cis-isomer) of cis- azobenzene
surfactant t =22.2 £ 0.6 h.
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Figure 8.9. UV-Vis absorption spectra of UV-irradiated azobenzene containing surfactant
AzoCe mixed with gold nanorods AuNR-Sil, recorded as a function of time. The inset shows
recorded optical density at 376 nm (squares) and its monoexponential fit (red line).
Temperature increase was registered during the measurement.

! This particular experiment was done with the old spectrophotometer Lambda 16 (Perkin Elmer).
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The estimated thermal relaxation time of azobenzene surfactant in the presence of gold
nanorods is 2.8 times smaller than the relaxation time of surfactant in pure water (to= 62 h).
Most probably, the acceleration of thermal cis-trans isomerization is caused by (i) temperature
increase during the experiment, and (ii) the presence of co-solutes, i. e. additional electrolytes
and stabilizing agents, in gold nanorod suspensions. Indeed, thermal relaxation time of AzoCs
was found to decrease to 1o=48 h even with slight increase in solution ionic strength
(5 mM NaCl).?’ The extremely short isomerization time on a minute scale like in the case of
gold nanoparticles was not revealed for gold nanorods, what excludes the interaction of
azobenzene surfactant cis-isomers with gold surface via adsorbed azo bond, apparently due to
protecting silica shell.

8.4. Influence of UV and blue light on the plasmon wavelength of gold
nanorods decorated with azobenzene surfactants

Complexes between gold nanorods and azobenzene containing surfactants were prepared at
Cazo = 0.03 mM and subsequently exposed to alternately UV and visible (blue) light.
Figure 8.10 shows two examples of these experiments, for the complexes between AuNR-Si2
and AzoCio, and for AuNR-AzoC6 with AzoCs. The results for gold nanorods AuNR-Sil and
AuNR-Si3 essentially reproduce those for AuNR-Si2 and therefore the recorded absorption
spectra are not shown.

In Figure 8.10a, one can see absorption spectra of gold nanorods AuNR-Si2 without surfactant
(black curve), after mixing with surfactant AzoCio (red curve), and after irradiation. After
preparation of the complexes, absorption band of azobenzene surfactant appeared in the spectra,
showing the maximum at 352 nm. This corresponds to the n-n* band of trans-isomers of AzoCio
surfactant. Transverse plasmonic mode of gold nanorods was invariant during the whole
experiment, observed at 511 nm. Longitudinal plasmonic maximum experienced red shift by
11 nm (Table 8.3), as can be well seen from the inset in Figure 8.10a. Spectra after exposure
to light overlap, indicating fully reversible light-controlled spectral changes. After irradiation
with UV light, corresponding changes in the absorption band of surfactant indicate its trans-cis
isomeritation. Simultaneously, longitudinal plasmonic maximum blue-shifted by 3 nm towards
the LSPR position of pure gold nanorods. Exposure of the nanorod-surfactant suspension to
blue light recovered the predominantly trans- photostationary state of surfactant and
longitudinal LSPR wavelength of gold nanorods in complex with AzoCio. In AuNR-AzoC6
(Figure 8.10b), trans-cis irradiation of AzoCs surfactant caused shifting and intensity decrease
of the nanorod longitudinal plasmonic mode. Probably, every exposure to UV light induced
slight aggregation of gold nanorods, thus decreasing the concentration of the dispersed particles
in solution. Plasmon peak intensity decrease did not occur in silica-coated gold nanorods. One
can see that the absorption maximum of azobenzene containing surfactant has higher intensity
in Figure 8.10b. This can be due to real surfactant concentration was higher than expected
Caz=0.02 mM, as a result of the AzoCs presence in the initial AuNR-AzoC6 suspension.
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Figure 8.10. UV-Vis-NIR absorption spectra of complexes between gold nanorods and
azobenzene containing surfactant after subsequent exposure to UV and blue (Vis) light. The
insets show longitudinal peak of gold nanorods at high magnification. (a) Complexes between
AuNR-Si2 and azobenzene surfactant AzoCio, C(AuNR) =0.1Co, Caz = 0.02mM. (b) Gold
nanorods AuNR-AzoC6 with added surfactant AzoCs, C(AuNR) = 0.2Co, Cazo= 0.02mM.

Figure 8.11 demonstrates reversible changes in the position of longitudinal plasmonic
maximum of gold nanorods in complexes with azobenzene containing surfactants upon
photoisomerization. One can see that the spectral changes can be triggered in at least eight UV-
Vis irradiation cycles. Data are not shown for AuNR-Sil in complexes with AzoCo, to help
Figure reading. These complexes unexpectedly showed the opposite behavior, which might be
related to the initial state of surfactant in complexes with gold nanorods, for instance the
presence of micelles. Indeed, in Ref. 5 CMC of AzoCio was found to be around 0.07 mM in
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pure water at room temperature. Accounting for the co-solutes, a reduced CMC value is to be
expected. UV light can release individual surfactant molecules from micelles, which then can
contribute to the shell around gold nanorods.
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Figure 8.11. Position of longitudinal plasmonic maximum of gold nanorods without surfactant,
in complexes with azobenzene containing surfactants, after exposure to UV and blue light.
Legend in (a) the top left chart for AuNR-Sil is applicable to other nanorod batches: (b) AuNR-
Si2, (c) AuNR-Si3, (d) AuNR-AzoC6. X-axis shows the events of complex preparation (+Azo),
and irradiations with UV and blue (Vis) light. The initial points AuNR correspond to pure gold
nanorods. Concentrations of gold nanorods and surfactants were as follows: (a) C(AuNR-
Sil) = 0.03 Co, for AzoCs and AzoCs Caz = 0.03 mM, for AzoC12 Caz = 0.004 mM (—<—) and
Cazo = 0.02 mM (——); (b) C(AuNR-Si2) = 0.1 Co, for AzoC¢ Cazo = 0.03 mM, for AzoCs and
AzoCio Can=0.02mM; (c) C(AuNR-Si3)=0.03 Co, Can>0.1mM; (d) C(AuNR-
Az0Cs) = 0.2 Cop, Cazo = 0.02 mM.

It should be mentioned that for AuNR-Sil with AzoCi> (Figure 8.11a, green), the results of
two experiments are shown, differing in the surfactant concentration: tringles pointing to the
left correspond to low Caz = 0.004 mM, triangles pointing to the right — to Caz = 0.02 mM.

One can see that LSPR wavelength of gold nanorods could be controlled by light already at low
surfactant concentration. The first irradiation cycle of AuNR-Sil in complexes with AzoCi2
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appeared to be the training cycle, which can be assigned to the process of formation of
azobenzene surfactant shell on nanorod surface. In the complexes between AuNR-Si3 and
Az0oCg surfactant (Figure 8.11¢) Caz = 0.1 mM was higher than in other nanorod-surfactant
complexes (Caz = 0.02 — 0.03 mM) and increased to Ca,o = 1 mM in the last three irradiation
cycles, i. e. one can expect relatively thick azobenzene surfactant shell in these complexes. One
can see that such increase in Ca,o did not influence the photoresponse of gold nanorods.

Table 8.4 summarizes the observed effect of fine-tuning of LSPR wavelength of gold nanorods
by light. Relative photoinduced shifts of LSPR wavelength Aluv, AAvis and Aluv-vis were
calculated as shown in Figure 8.11d.

Table 8.4. Relative photoinduced shift of longitudinal LSPR wavelength of gold nanorods in
complexes with azobenzene containing surfactants: (a) average UV-induced shift Aluv relative
to the LSPR position in the non-irradiated complexes; (b) average blue-light induced shift Alvis
relative to the non-irradiated complexes; (c¢) average shift between UV- and Vis- irradiated
complexes Aluv.vis (absolute values). Negative values in (a) and (b) correspond to blue LSPR
shift.

(a) Ahuv, nm Az0Ce AzoCs AzoCio AzoC2
AuNR-Sil -6.5+1.2 S5.0+1.1 35+2.8 -1.7+£2.2
AuNR-Si2 3.0+1.1 50+1.5 3.0+1.2 -
AuNR-Si3 24+28 - - -
AuNR-AzoC6 -6.6 £24 - - -

(b) Alvis, nm Az0Cs AzoCs AzoCio AzoCi
AuNR-Sil 3.0+1.2 -1.0+1.2 -0.1£2.8 1.5+£2.6
AuNR-Si2 0.0£1.1 -02+1.5 0.0+£1.2 -
AuNR-Si3 0.5+2.38 - - -
AuNR-AzoC6 2.8+2.6 - - -

(c) AAuv-vis, Nm Az0Cs Az0Csg AzoCo AzoCi2
AuNR-Sil 3.5+£0.6 4.0+0.6 3.6+0.6 3.7+1.1
AuNR-Si2 3.0+£0.5 47+04 3.0+0.6 -
AuNR-Si3 3.0+£0.7 - - -
AuNR-AzoC6 4.1+0.7 - - -
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UV light induced blue shifts of up to 6.6 nm in all nanorod-surfactant complexes, except for
the complexes between AuNR-Sil and AzoCio, showing red shift (Table 8.4a). The negative
values of Alyv imply smaller dielectric constant of the local medium around gold nanorods
when azobenzene containing surfactant is in cis-state, compared to trans- conformation. Under
blue light, longitudinal plasmon mode of nanorods coincides the LSPR wavelength in non-
irradiated complexes almost in all experiments: the values of Alvis are around zero
(Table 8.4b). Slightly blue-shifted LSPR wavelengths after exposure to visible light, for
instance for the complexes between AuNR-Sil and AzoCs, may be explained by the
photostationary state of surfactant, which was not completely recovered to the predominantly
trans- conformation.

The difference between LSPR wavelength of gold nanorod-surfactant complexes in UV and
blue light was similar in all experiments, with the all-mean value Aluv.vis=3.6 £ 0.3 nm
(Table 8.4¢). Clear trends related to surfactant concentration, gold nanorod — surfactant ratio,
length of surfactant, or nanorod batch were not revealed. The uniform difference in LSPR
wavelength in UV and blue light AA can be attributed only to the changes in local dielectric
environment upon surfactant photoisomerization.

Two interpretations of what happens upon surfactant photoisomerization can be possible. On
the one hand, changes in local medium refractive index can be understood in the context of
photoinduced changes in dipole moment of surfactant molecules sitting in the shell around gold
nanorods. On the other hand, surfactant shell can be destabilized upon UV irradiation, because
more bulky and hydrophilic surfactant molecules in cis-conformation can detach from gold
nanorods.

Figure 8.12 shows distributions of c-potential for gold nanorods AuNR-Si1 in complexes with
surfactants AzoCe and AzoCsg. Measured ¢-potential of gold nanorods had a tendency to be less
positive without surfactant and in complexes after UV irradiation (10 <¢ <25 mV), and more
positive in non-irradiated and Vis-irradiated complexes with surfactant (30 <g <55 mV). One
can see that the distributions of ¢-potential appeared bimodal for the complexes with AzoCs.
This is likely due to the nonspherical shape of gold nanorods: the theory of the method is well
established only for spherical particles. Indeed, DLS size distribution of gold nanorods is
bimodal (Figure 8.12a), with the modes centered at around 70 nm and 6 nm. In fact, DLS sizes
are in a quite good agreement with the dimensions determined by TEM. The bimodality in ¢-
potential distributions made the quantitative analysis of the surface charge of surfactant-
nanorod complexes difficult. Nevertheless, both modes experienced reversible light-induced
changes, as illustrated in the plot in Figure 8.12d. Considering the average values would not
change the conclusion. The complexes with AzoCs apparently needed one training cycle,
assigned to some equilibration of the system, for example disarrangement of micelle-like
surfactants structures and/or attachment to gold nanoparticle surface. The registered
photoinduced changes in ¢-potential indicate that surfactant cis-isomers produced by UV light
withdraw from gold nanorod surface, decreasing the particle surface charge to that of pure gold
nanorods, and surfactant trans-isomers re-attach to gold nanorods after exposure to blue light,
causing the surface ¢-potential to increase.
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Figure 8.12. (a) Bimodal DLS size distribution for pure gold nanorods AuNR-Sil.
(b) Normalized distributions of surface ¢-potential of gold nanorods AuNR-Sil without
surfactant and in complexes with surfactant AzoCs before and after exposure to UV and visible
(blue) light (see legend). (c) Normalized distributions of surface g-potential of the complexes
between gold nanorods AuNR-Sil and azobenzene containing surfactant AzoCs periodically
exposed to UV and visible light (see legend). (d) Surface ¢-potential of gold nanorods AuNR-
Sil in complexes with azobenzene containing surfactants AzoCse (squares) and AzoCs (circles)
as a function of irradiation event. Abscissas are to be read as follows: the initial point AuNR
corresponds to pure gold nanorods, +Azo indicates nanorod-surfactant complex preparation,
UV and Vis are the complexes exposed to UV and blue light respectively. Both major and minor
maxima in ¢-potential distributions are shown (open symbols), the main maxima are connected
by solid lines. C(AuNR-Sil) = 0.03Co, Caz = 0.03 mM.
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8.5.Discussion

The addition of azobenzene containing surfactant to gold nanorod suspension induced red shift
of the longitudinal plasmonic peak in the absorption spectra of gold nanorods and the increase
of their surface c-potential. The value of the LSPR red shift was found to increase with (a)
surfactant concentration and (b) surfactant tail length. These effects imply the formation of an
azobenzene surfactant shell on gold nanorod surface and thus the alteration of the local
dielectric environment. The influence of surfactant tail length is apparently attributed to
different surfactant hydrophobicity, which mediates surfactant shell formation on the gold
nanorod surface.

The UV irradiation of prepared gold nanorod-surfactant complexes induced blue shift in LSPR
wavelength and simultaneous decrease of surface ¢-potential toward the values for pure gold
nanorods. Subsequent exposure of surfactant-nanorod suspension to blue light returned the
LSPR wavelength and surface g-potential of the complexes to the values for non-irradiated
complexes.

Relative LSPR shift between UV- and Vis- irradiated complexes Alyv-vis = 3.6 = 0.3 nm (mean
value) appeared to be similar in all prepared suspensions and thus is attributed to the changes
in local dielectric properties of the medium upon cis-trans photoisomerization of azobenzene
unit within surfactant molecules. Using the registered shift in LSPR wavelength of gold
nanorods, one can measure the optical properties of azobenzene containing surfactant shell.

Let’s refer to the Equation (1.4) 3 predicting the position of the longitudinal plasmon maximum
of gold nanorods with aspect ratio R in the medium with dielectric constant &,,,. It is:

Amax = (33.34R — 46.31)¢,, + 472.31.

This formula was used to estimate photoreversible changes in the medium refractive index
Anuy.vis, assuming n = Ve,,,. The results are shown in Table 8.5. The changes in the refractive
index perceived by gold nanorods appeared to be very small, with the all-mean value:
Anyrvis = 0.012 £ 0.002 nm. Nevertheless, the used gold nanorods were capable of sensing
that. It is worth it to comment on the error bars. The overwhelming source of inaccuracy would
be the aspect ratio of nanorods, which stayed constant upon exposure to UV and Vis light in
our experiments and therefore has been neglected in these simple estimations.

Table 8.5. Photoinduced changes in effective medium refractive index Anuv.vis in the
complexes between gold nanorods and azobenzene containing surfactants.

Anuv-vis, RIU AzoCs AzoCg AzoCo AzoC
AuNR-Sil 0.013+0.003 | 0.015+0.003 | -0.013 £0.009 | 0.012 £ 0.005
AuNR-Si2 0.009 £0.002 | 0.015+0.005 | 0.009 +=0.003 -
AuNR-Si3 0.008 £ 0.006 - - -
AuNR-AzoC6 0.011 +£0.006 - - -
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In fact, the local medium around the gold core of the nanorods includes azobenzene containing
surfactant along with all compounds remaining in solution after the synthesis and thin silica
layer for silica-capped gold nanorods. Thus, the calculated changes in refractive index reflect
the properties of the effective medium. However, it is interesting to employ the LSPR shift of
gold nanorods to estimate the dielectric properties of azobenzene containing surfactant in
solution.

Mulvaney et. al. 2'® adjusted Mie theory to small gold clusters coated with alkanethiolate
monolayers, introducing the volume fraction of the shell g. Composite gold particles decorated
with alkanethiolate SAM in the medium with dielectric constant ¢, were approximated as the
spherical gold core with the optical dielectric function €4, and alkanethiolate shell with the
dielectric function &. The environment was assumed non-absorbing and dispersionless. The
suggested plasmon resonance condition in dipole approximation is below:

_2¢ ges+ (B —glem
y (3—29)es + 2gep,

Eau =

Applying the same approach to gold nanorods decorated with azobenzene surfactant shell yields
the following plasmon resonance condition:

e = —y;€ 9é&s + gm()(i +1- g) = —y& em()(i + 1) + g(es - gm) (8 1)
a l 855(1 + xi(1— 9)) + gXi€m e+ 1) — gxiles — &) '

Here &4, is the dielectric function of the rod-shaped gold core, ¢; — dielectric constant of the
azobenzene surfactant shell, €, — dielectric constant of the solvent, y; — shape factor, which can
be calculated as described in Section 1.2.4. For the studied gold nanorods with mean aspect
ratio R = 3.8 longitudinal shape factor y4=11.4.

For a thick surfactant shell, g — 1, and therefore plasmon resonance occurs when €4, = - i &s.
For a thin shell, g — 0, and €4, = - i &m.

The volume fraction of the surfactant shell can be found via the volume of a surfactant-
decorated particle V(particle) and the volume of the nanorod gold core V(Au core):
_ V(shell)  V(particle) — V(Au core)
4= V(particle) V(particle)

Approximating gold nanorods as a cylinder with two half-spheres at the ends (see Scheme 8.1),
with the gold core of length A and diameter B, decorated with a surfactant layer of thickness d,

d A@-B)YB+d) +B(B+2d) +%d2

g= (8.2)

& +ay A-B) +3G+a)

Now, let’s estimate the refractive index of the studied azobenzene containing surfactants using
the results on the complexes between AuNR-Si2 and AzoCio. These complexes are chosen
because their longitudinal plasmon resonance occurred at the wavelength Asp = 820 nm, and
real data on gold dielectric constant at this wavelength ¢4, =-25.7 are available from Johnson
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and Christy.?!” Also, these gold nanorods have aspect ratio R = 3.8, well matching the all-mean
value.

Assuming that the surfactant forms a relatively thick shell under experimental conditions, the
simple relation 4, = - y4 &sreturns g, = 2.26. Neglecting silica capping is likely not dramatic due
to its low volume fraction. Since the used azobenzene containing surfactants do not possess
absoption at 1> 600 nm, the refractive index of the surfactant layer can be calculated as
ns =g = 1.504. Evans et. al.> suggested that refractive index of azobenzene containing
alkanethiol monolayer on gold surface n > 1.5.

Absorption spectra for gold nanorods AuNR-Si2 without surfactant allow us to estimate the
refractive index of the medium. For this, gold dielectric constant at A = 808 nm is assumed
£4u=-24.7 based on the plot by Johnson and Christy.?!* 22 The resulting optical parameters of
the medium ¢, =2.18 and n, = 1.475. This n,, value is far from the refractive index of water
n =~ 1.3. Indeed, the thin silica layer and all additional compounds present in the solution had to
be neglected. In fact, they constitute the local media around gold nanorods in the absence of
azobenzene surfactant. The found value n, = 1.475 is close to the refractive index of silica
n =1.456 reported in Ref. 221.

After exposure of the nanorod-surfactant complexes to UV light, plasmon resonance occurred
at A =817 nm. Via the assumed €4, = -25.5 at this wavelength and calculated ¢, and &, one can
find out that the volume fraction of the surfactant shell after UV irradiation g =0, i. e. indeed
cis- surfactant molecules detach gold nanorod surface, in agreement with the results of ¢-
potential.

Using Equation (8.2) and dimensions in Table 8.1, one can find that for AuNR-Si2 g = (.96 at
d = 12 nm (relatively thick multilayered surfactant shell), and g = 0.48 at d = 3 nm (assumed to
be the thickness of the surfactant bilayer).

Now, let’s estimate the refractive index sensitivity of gold nanorods AuNR-Si2 using
Equation (1.3) from Section 1.2.5, which was already reminded in Section 8.2.2:

A gy = mAn (1 - e_Zd/l)

As already estimated in Section 8.2.2, if d = 12 nm, AAna = 0.6 m An, assuming decay length
[ =27nm. The LSPR red shift upon the formation of nanorod-surfactant complexes
Almax=12 nm, changes in the refractive index An = ny - n, = 0.029, and thereof the refractive
index sensitivity m = 690 nm/RIU. This value is in good agreement with that reported in
Ref. 222 and significantly higher than reported in Ref. 223 and Ref. 224 for gold nanorods with
similar aspect ratios.

In fact, we cannot estimate the thickness of surfactant layer from our experiments. The
mechanism when the thin surfactant shell becomes denser with an increase in surfactant
concentration and/or tail length may provide similar experimental results. Particularly,
accounting for the porosity of silica capping, this speculation should be discussed, although
neglecting the silica shell can be crucial in this case. Assuming that a surfactant bilayer with
thickness d =3 nm is formed in surfactant-nanorod complexes, m = 230 nm/RIU, similar to
reported in Ref. 224. This value of m shows high sensitivity of gold nanorods despite silica
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capping. In this case we cannot estimate dielectric constant of surfactant from e4, = - y4 &,
because g <1, but from Equation (8.1) using g =0.48, assumed ¢4, =-25.7 and calculated
em= 2.18. The resulting parameters of the azobenzene surfactant layer ;= 2.36, ny = 1.536. Due
to the inhomogeneity of silica capping, lower values of g and consequently higher values of
surfactant refractive index are expected. Following the same procedure for AuNR-Si2 in
complex with AzoCsg, ny=1.493 is returned assuming a 12-nm thick surfactant shell, and
ns=1.512 in the case of the 3-nm layer formation. Reducing the volume fraction of the
decorating surfactant shell to g=0.18 would increase the refractive index of AzoCs to
ns=1.575. Therefore, depending on the structure of the shell of azobenzene containing
surfactant, its estimated refractive index 1.5 < n,< 1.6 from the experiments with gold nanorods
AuNR-Si2.

Table 8.6 shows refractive indices of azobenzene containing surfactants calculated from
Equation (8.1) using gold dielectric function by Johnson and Christy?'® 2 and LSPR
wavelengths of different gold nanorods. The differences in aspect ratio of nanorods were taken
into account. The dielectric constants of different surfactants did not differ within error bars
when measured using the same batch of gold nanorods. Depending on gold nanorod batch,
surfactant refractive indices were found to deviate between n; = 1.4 and n; = 1.8, with the mean
value ny=1.6 £0.1. This value is in a good agreement with the refractive index n = 1.6,
calculated from ellipsometry measurements of an azobenzene containing polymer thin film,?%
and predicted for 4-nitroazobenzene.?*°

Table 8.6. Estimated optical dielectric constant & and refractive index n, of azobenzene
containing surfactants in near-IR range measured by different gold nanorods.

g=0 g=1 g=0.5
Complexes
8m nm 83 ns (C:S nS

Az0Cs 2.85 1.69 3.01 1.74

AuNR-Sil AzoCs 2.83 1.68 2.98 1.73
270 | 1.64

x4= 8.6 AzoC1o 2.82 1.68 2.94 1.71

AzoC12 2.88 1.70 3.08 1.76

Az0Cs 2.22 1.49 2.28 1.51
AuNR-Si2

AzoCg 2.17 1.47 2.22 1.49 2.27 1.51
xa=11.4

AzoCio 2.26 1.50 2.35 1.53
AuNR-Si3

AzoCs 1.96 | 1.40 2.00 1.41 2.03 1.43
x4=13.2
AuNR-AzoC6 AzoCs 2.12 | 1.46 2.29 1.51 2.49 1.58
M 248 + 1.57 + 2.60 £ 1.61 +

can - - T | £035 | £0.11 | £0.40 |+0.12
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A more detailed information about the surface of gold nanorods, e.g. thickness and porosity of
the silica capping, would help much to understand the underlying mechanism of interaction
with azobenzene containing surfactants, and to clarify the presence of cis- isomers of
azobenzene surfactant on gold nanorod surface. At the same time, numerical calculations with
a theoretical model accounting for silica capping may be needed to achieve more accuracy the
calculated dielectric constants of azobenzene surfactants, and probably reveal the differences
in dielectric properties of cis- and trans- isomers. Also, the dielectric function of bulk gold by
Johnson and Christy may be inappropriate for gold nanorods due to a lower concentration of
free electrons in nanoparticles compared to the bulk material.?®> The collected experimental
results predict a successful use of the investigated gold nanorods for sensing in solution due to
their high refractive index sensitivity. Furthermore, the results allowed the measurement of the
refractive index of azobenzene containing surfactant layers in solution. The practical
significance of these findings would be a determination of the refractive index of azobenzene
ligands at different irradiation wavelengths (different fractions of cis-isomer) by means of a
nanorod plasmonic sensor. In future, the direct measurement of the dielectric function of
azobenzene surfactants would verify the assumed interaction mechanism and theoretical
approach to the prepared complexes between gold nanorods and azobenzene containing
surfactants.
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9. Conclusions

The main objective of this work was the study of the complexes between plasmonic
nanoparticles and photosensitive azobenzene containing cationic surfactants in water.

First, the optical properties and surface ¢-potential of laser ablated gold, silver, palladium,
silicon, alloy gold-silver and gold-palladium spherical nanoparticles, as well chemically
prepared gold nanorods, were characterized. It was shown that all laser ablated spherical
nanoparticles had negative surface charge. Surface ¢-potential of gold nanorods appeared
positive due to chemical stabilizers. Localized surface plasmon resonance wavelengths were
determined for nanoparticles with different shape, size, and composition. Morphology of gold-
silver alloy nanoparticles has been revealed using their plasmonic response.

The second and third objectives of the work were the preparation of the complexes between
trans-isomers of azobenzene containing cationic surfactants and plasmonic nanoparticles, and
investigation of their constitution and photoresponse.

For spherical gold nanoparticles of 10 and 25 nm in diameter, complexes of different
constitutions were formed depending on the molar ratio ¢ between azobenzene containing
surfactant and gold surface atoms. It was shown that upon binding to gold nanoparticle surface,
surfactant molecules compensated or overcompensated for the nanoparticle charge depending
on the molar ratios. At o~=0.1, irreversible self-assembly of gold nanoparticles into
nanochains was demonstrated, attributed to the formation of a surfactant monolayer on the gold
surface and the particle surface charge neutralization. Gold nanochains possessed the plasmonic
coupling mode along with the peak of constituent individual nanoparticles and corresponding
blue color of aqueous suspensions. At higher molar ratios ¢, gold nanoparticles appeared to be
decorated with a bilayer of azobenzene containing surfactant molecules, and thus turned
positively charged. Plasmon resonance wavelength of the charged surfactant-decorated gold
nanoparticles was similar to that of non-functionalized nanoparticles and exhibited a slight red
shift due to the changes in dielectric environment. The color of the suspensions had a pink tone,
typical for gold colloids, turning orange at very high molar ratios.

Exposure of gold nanoparticles with the surfactant bilayer on surface to UV light destabilized
the surfactant shell due to trans-cis azobenzene isomerization and induced particle
nanoaggregation with color changes from pink to blue. The registered plasmonic coupling mode
indicated chain morphology of the UV-irradiated gold-surfactant complexes. Complexes
between azobenzene containing surfactant in trans- photostationary state with silver and silicon
spherical nanoparticles showed similar results, corroborating the proposed complex formation
model. These results demonstrate a successful strategy of surface modification of plasmonic
nanoparticles with azobenzene photoswitches. The particles decorated with azobenzene
surfactant bilayer have potential applications for functionalization of polymers and
biopolymers, introducing simultaneously plasmonic and photoswitching properties, as well as
opening up the possibility to gain a photocontrol over plasmonic response. Another potential
application of azobenzene-modified metal nanoparticles is the photocontrollable self-assembly
of plasmonic waveguides. To develop this into a promising technique, this requires further
investigations on the alignment of the nanochains formed in solution.
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The fourth objective was to study the interaction between cis-isomers of azobenzene containing
surfactants and spherical metal nanoparticles. For that, prior to the preparation of the complexes
with nanoparticles, solutions of azobenzene containing surfactants were irradiated with UV
light. Spherical 10-nm gold nanoparticles showed superior catalytic activity in the subsequent
thermal cis-trans isomerization of azobenzenes, which was found to accelerate up to 3500 times
compared to pure aqueous solutions.

The study involved a series of azobenzene containing compounds with different chemical
structures. Gold has been compared with silver, palladium, silicon, and gold-silver and gold-
palladium alloys. The cis-trans thermal isomerization of azobenzenes was found to proceed in
at least two steps with different reaction rates in the presence of gold nanoparticles. It was found
that the properties of surfactant head group significantly alter the faster isomerization mode.
The slower mode was found to depend on the distance between the charged head and the
azobenzene unit in the surfactant tail. In a joint project with theoretical chemists, the following
electrocatalytic mechanism of the enhanced cis-trans isomerization of azobenzene surfactants
in the dark in the presence of nanoparticles has been elucidated. Cis-isomers of azobenzene
surfactants adsorb on the particle surface and transfer an electron from the azo bond to the metal
surface, so that cis-azobenzene cation radical is formed. In such a cationic radical state,
azobenzene cis-trans isomerization is facilitated. Finally, reduction of the trans-azobenzene
radical occurs. Gold surface atoms have been suggested to be the catalytic active sites in metal
alloy nanoparticles. The theoretical predictions contradict the experimental results for
palladium nanoparticles. More detailed theoretical and experimental studies are needed to fully
describe the mechanism of azobenzene cis-trans isomerization in the presence of metal
nanoparticles.

Finally, plasmon resonance in gold nanorods was to be employed to estimate the dielectric
properties of azobenzene surfactants. The last chapter addressed reversible photoinduced
isomerization of azobenzene containing surfactants in complexes with gold nanorods.
Longitudinal plasmon resonance wavelength and surface zeta-potential of gold nanorods were
tracked upon exposure of the complexes to UV and blue light, indicating photoreversible
organization of trans- surfactant shell on gold nanorod surface. The concentration and tail length
of surfactant molecules influenced their adsorption on nanoparticle surface and suggested shell
formation. A modified plasmon resonance condition allowed the estimation of the refractive
index of surfactant shell in solution in near-infrared range as ns=1.6 + 0.1. A more detailed
study of physico-chemical properties of gold nanorod surfaces, and more sophisticated
calculations are needed to estimate surfactant optical parameters employing surface plasmon
resonance with a better accuracy. In the future, an experimental measurement of dielectric
function of azobenzene surfactants would verify the proposed interaction model and theoretical
approach.
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11. Abbreviations

CMC - critical micelle concentration

CTAB — cetyltrimethylammonium bromide
SAM - self-assembled monolayer

LSPR — localized surface plasmon resonance
SERS — surface-enhanced Raman spectroscopy
RLCA — reaction-limited colloidal aggregation
DLCA — diffusion-limited colloidal aggregation
TEM — transmission electron microscopy

EDX — energy-dispersive X-ray spectroscopy
SEM — scanning electron microscopy

AFM — atomic force microscopy

DLS — dynamic light scattering

UV — ultraviolet

Vis — visible

NIR — near-infrared

DMSO - dimethylsulfoxide

Cazo — concentration of azobenzene surfactant
DFT — density functional theory

RIU — refractive index unit
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13. Appendix
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Figure Appendix-13.1. TEM micrographs (right) and corresponding EDX spectra (left) of
alloy gold-palladium nanoparticle suspension. (Data of Dr. Ryabchikov)
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Figure Appendix-13.2. Absorption spectra over time of UV irradiated azobenzene containing

surfactant AzoCs in the presence of palladium nanoparticles. The inset shows time dependency
of optical density at 376 nm (squares) and its exponential fit (red line).
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Figure Appendix-13.3. Time-dependent absorption spectra of UV irradiated azobenzene
containing surfactant AzoCs in the presence of silver nanoparticles prepared at Aix-Marseille
University. The spectra were recorded versus air. Black line shows the spectrum of reference
silver nanoparticles in water of the same concentration Cag= 0.075 mM.
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Figure Appendix-13.4. Periodically recorded absorption spectra of UV-irradiated azobenzene
containing surfactant AzoC¢ mixed with silicon nanoparticles SiNP Ar, recorded versus SiNP
Ar aqueous colloid. The inset shows optical density over time within the first five hours before
precipitation.
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Figure Appendix-13.5. Periodically recorded absorption spectra of UV-irradiated azobenzene

containing surfactant AzoCs mixed with silicon nanoparticles SiNP Ar II, recorded versus air
(a) and reference SiNP Ar II aqueous colloid (b).
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