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Kurzzusammenfassung

Eine nachhaltigere chemische Industrie erfordert eine Minimierung der Losungsmittel und
Chemikalien. Daher werden Optimierung und Entwicklung chemischer Prozesse vor einer
Produktion in groBem MalBstab in kleinen Chargen durchgefiihrt. Der entscheidende Schritt
bei diesem Ansatz ist die Skalierbarkeit von kleinen Reaktionssystemen auf grofe,
kosteneffiziente Reaktoren. Die VergroBerung des Volumens des Reaktionsmediums geht
immer mit der Vergroferung der Oberfliache einher, die mit dem begrenzenden Gefdl3 in
Kontakt steht. Da das Volumen kubisch, wihrend die Oberfliche quadratisch mit
zunehmendem Radius skaliert, nimmt ihr Verhéltnis nicht linear zu. Viele an der Grenzfliache
zwischen  Oberfliche und  Fliissigkeit auftretende  Phidnomene konnen  die
Reaktionsgeschwindigkeiten und Ausbeuten beeinflussen, was zu falschen Prognosen
aufgrund der kleinskaligen Optimierung fiihrt. Die Anwendung von schwebenden Tropfen als
behilterlose ReaktionsgefdBe bietet eine vielversprechende Moglichkeit, die oben genannten
Probleme zu vermeiden.

In der vorgestellten Arbeit wurde eine effiziente Kopplung von akustisch schwebenden
Tropfen und IM Spektrometer fiir die Echtzeitiiberwachung chemischer Reaktionen
entwickelt, bei denen akustisch schwebende Tropfen als Reaktionsgefdfle fungieren. Das
Design des Systems umfasst die berithrungslose Probenahme und Ionisierung, die durch
Laserdesorption und -ionisation bei 2,94 um realisiert wird. Der Umfang der Arbeit umfasst
grundlegende Studien zum Verstindnis der Laserbestrahlung von Tropfen im akustischen
Feld. Das Verstindnis dieses Phianomens ist entscheidend, um den Effekt der zeitlichen und
raumlichen Auflosung der erzeugten Ionenwolke zu verstehen, die die Auflosung des Systems
beeinflusst.

Der Aufbau umfasst eine akustische Falle, Laserbestrahlung und elektrostatische Linsen, die
bei hoher Spannung unter Umgebungsdruck arbeiten. Ein effektiver lonentransfer im
Grenzflachenbereich zwischen dem schwebenden Tropfen und dem IMS muss daher
elektrostatische und akustische Felder vollstandig beriicksichtigen. Fiir die Probenahme und
Ionisation wurden zwei unterschiedliche Laserpulsldngen untersucht, namlich im ns- und ps-
Bereich. Die Bestrahlung iiber us-Laserpulse bietet gegeniiber ns-Pulse mehrere Vorteile: i)
das Tropfenvolumen wird nicht stark beeinflusst, was es ermoglichet, nur ein kleines
Volumen des Tropfens abzutasten; i1) die geringere Fluenz fiihrt zu weniger ausgepréagten
Schwingungen des im akustischen Feld eingeschlossenen Tropfens und der Tropfen wird
nicht aus dem akustischen Feld riickgeschlagen, was zum Verlust der Probe fiihren wiirde; iii)
die milde Laserbestrahlung fiihrt zu einer besseren raumlichen und zeitlichen Begrenzung der
Ionenwolken, was zu einer besseren Auflosung der detektierten Ionenpakete fiihrt. Schlie8lich
ermdglicht dieses Wissen die Anwendung der lonenoptik, die erforderlich ist, um den
lonenfluss zwischen dem im akustischen Feld suspendierten Tropfen und dem IM
Spektrometer zu induzieren. Die Ionenoptik aus 2 elektrostatischen Linsen in der Néhe des
Tropfens ermoglicht es, die Ionenwolke effektiv zu fokussieren und direkt zum IM
Spektrometer-Eingang zu fiithren. Diese neuartige Kopplung hat sich beim Nachweis einiger
basischer Molekiile als erfolgreich erwiesen. Um die Anwendbarkeit des Systems zu belegen,
wurde die Reaktion zwischen N-Boc Cysteine Methylester und Allylalkohol in einem
Chargenreaktor durchgefiihrt und online iliberwacht. Fiir eine Kalibrierung wurde der
Reaktionsfortschritt parallel mittels *H-NMR verfolgt. Der beobachtete Reaktionsumsatz von
mehr als 50% innerhalb der ersten 20 Minuten demonstrierte die Eignung der Reaktion, um
die Einsatzpotentiale des entwickelten Systems zu bewerten.



Abstract

One aspect of achieving a more sustainable chemical industry is the minimization of the usage
of solvents and chemicals. Thus, optimization and development of chemical processes for
large-scale production is favourably performed in small batches. The critical step in this
approach is upscaling the batches from the small reaction systems to the large reactors
mandatory for cost efficient production in an industrial environment. Scaling up the bulk
volume always goes along with increasing the surface where the reaction medium is in
contact with the confining vessel. Since volume scales proportional with the cubic dimension
while the surface scales quadratic, their ratio is size-dependent. The influence of reaction
vessel walls can change the reaction performance. A number of phenomena occurring at the
surface-liquid interface can affect reaction rates and yields, resulting in possible difficulties in
predicting and extrapolating from small size production scale to large industrial processes.
The application of levitated droplets as a containerless reaction vessels provides a promising
possibility to avoid the above-mentioned issues.

In the presented work, an efficient coupling of acoustically levitated droplets to an ion
mobility (IM) spectrometer, operating at ambient conditions, was designed for real-time
monitoring of chemical reactions. The design of the system comprises noncontact sampling
and ionization of the droplet realised by laser desorption/ionization at 2,94 um. The scope of
the work includes fundamental studies covering understanding of laser irradiation of droplets
enclosed in an acoustical field. Understanding of this phenomenon is crucial to
comprehending the effects of temporal and spatial resolution of the generated ion plume that
influence the resolution of the system.

The set-up includes an acoustic trap, laser irradiation and ion manipulation electrostatic lenses
operating at high voltage at ambient pressure. The complexity of the design needs to fully be
considered for an effective ion transfer at the interface region between the levitated droplet
and IM spectrometer. For sampling and ionization, two distinct laser pulse lengths were
evaluated, ns and ps. Irradiation via us laser pulses provides several advantages: i) the droplet
volume is not extensively impinged, as in case of ns laser pulses, allowing the sampling of
only the small volume of the droplet; ii) the lower fluence results in less pronounced
oscillations of the droplet confined in the acoustic field. The droplet will not be dissipated out
of the acoustic field leading to loss of the sample; iii) the mild laser irradiation results in
better spatial and temporal ion plume confinement, leading to better resolution of the detected
ion packets. Finally, this knowledge allows the application of ion optics necessary to induce
ion flow between the droplet suspended in the acoustic field and the IM spectrometer. The ion
optics, composed of 2 electrostatic lenses placed in the near vicinity of the droplet, allow
effective focusing of the ion plume and its redirection directly to the IM spectrometer
entrance. This novel coupling has proved to be successful for detection of some simple
molecules ionizable at the 2.94 um wavelength. To further demonstrate the applicability of
the system, a proof-of-principle reaction was selected, fulfilling the requirements of the
system, and was subjected to comprehensive investigation of its performance. Herein, the
reaction between N-Boc cysteine methyl ester and allyl alcohol has been performed in a batch
reactor and on-line monitored via *H NMR to establish reaction propagation. With the
additional assessment, it was confirmed that the thiol-ene coupling can be performed within
first 20 minutes of the irradiation with a reaction yield above 50%, proving that the reaction
can be applied as a study case to assess the possibilities of the developed system.



Table of Content

VL=V L= £ i
IS ) ] o] o= o KRS ii
e o] 1 =V o] LTSRS ii
0L ] £ PSSSSP ii
KUIrZZUSAMMENTASSUNG ...tk b et iii
N o151 1 - o] PSS iv
N 0] o] €AY T 1A ] USRS 1
1. INtroduction and ODJECTIVE ........cceiiiiriieeeee e e 2
2. Theoretical DACKGIOUNG .........co i e 4
2.1. 10N MODIlity SPECTFOMETLIY ....cceoviieieiisiie e 4
P S U o] oTo] g AT [0 I (=Tod o] 01T LU LT 7
P S g = 1o [o111Y 0| =1 o] | R 7
222, THINMR .ot 8
TR U o] o711 o] o SRS 9
3.1. Investigation of mid-infrared laser PUISES ... 9
3.2.  H NMR on-line reaction MONItOring ..........cccceveeiviiiiviieieecieeeeeee e 24
3.3.  Coupling of acoustically levitated droplet to IMS ... 40
N B T ol U 5] o] o FO SO RR 54
D SUIMMIATY ..ttt h e h et e bt e b e e he et e e et et e s e b e b e s e nenneneas 62
T =] (=] = (=L SRR 64
ACKNOWIBAGMENTS ...ttt sttt nae e s neene e 68






Abbreviations

ESI — Electrospray lonization

DESI — Desorption Electrospray lonization
FWHM — full width at half maximum
'HNMR — Proton nuclear magnetic resonance
IHM — Indirect Hard Modelling

IM — lon Mobility

IR — Infrared

LC — Liquid Chromatography

MALDI — Matrix Assisted Laser Desorption / lonization
MS — Mass Spectrometry

um — micrometer

us - microsecond

ms - milliseconds

ns — nanosecond

PAT — Process Analytical Technology

SFC — Supercritical Fluid Chromatography



1. Introduction and Objective

In a fast-developing world with constantly increasing demand for modern chemicals
utilized in daily life, their development and analysis play vital roles. Conversely, the demands
to develop new chemicals/materials in a safe and sustainable way, with minimized
consumption of complex and potentially harmful reagents, become crucial due to possible
health hazards and environmental consequences. The high demands to minimize the working
volumes to a microscale have given rise to microfluidic devices. Microfluidics provide several
advantages, such as, the rapid on-line detection and identification of compounds, low sample
and reagent consumption, from an industrial point of view, and high surface-to-volume ratio.
The high controllability in sample manipulation that precisely influences the environment at
higher reaction rates cannot be underrated from a chemical viewpoint. Especially reactions
utilizing fragile (unstable), expensive and sometimes hazardous substances must be well
defined before their upscaling and industrial production.[1] A number of biochemical and
photochemical reactions require microvolumes to minimize the primary operating cost and
prove their reactivity. Hence, on-line monitoring is a key feature. This powerful method
allows optimizing crucial parameters influencing the reaction rate before upscaling.[2-5] The
on-line interrogation of the sample volume within microdevices has grown to form the so-
called lab-on-a-chip approach, allowing for all the steps (including sample preparation,
reaction performance, and analysis) in one unit, an efficient compilation of all standard
laboratory tasks.[3] Further interest in miniaturized approaches leads to developing and
incorporating several different microdevices and interrogation schemes. Still, chip-based
analytical systems with electrophoretically driven flows face obstacles in the form of analyte
adsorption to walls and interface and optical interference at the walls of containers. Further
advances in the field are focussed on delivering systems circumventing contact with the walls
within a reasonable interrogation time. One of the approaches utilizes acoustically levitated
droplets as microreactors, allowing compartmentalization of liquids, minimizing crosstalk
effects, and enabling real-time interrogation of the droplet volume. [6-9]

The choice of acoustical levitation for analytical purposes was not accidental.
Acoustical levitation provides several advantages in comparison to other levitation techniques
such as optical, diamagnetic, electrostatic, or aerodynamic levitation. It provides compatibility
with analytical and bioanalytical approaches, allowing for stable sample handling and
accommodates a wide range of sample classes and volumes. Especially important is that
acoustical levitation is not limited by the physical properties of the sample and carrier-gas,
including ambient conditions. [10-13] The positioning of the droplet in the zone of acoustic
silence, where diffusion dominates any occurring mixing effects, allows phase separation
between two solvents of different polarities, e.g., to achieve the extraction of analytes of
importance in one of the phases inside the single droplet.[14, 15] If mixing is favored,
modulation of the carrier frequency can effectively perturb the droplet.[16] Enrichment of the
droplet volume is achieved via piezo-dispensers, resulting in constant droplet volume with a
changing composition, if necessary.[17] All fundamental steps of routine laboratory analysis,
such as sample introduction, mixing, separation, preconcentration and sample removal, can be
performed on levitated droplets.[18] Hence, the intrinsic properties of the acoustically
levitated droplet make it a suitable microreactor.

A large number of analytical techniques have been presented for droplet volume
analysis. [19-22] While primarily the focus was placed on optical sensing devices allowing
for the detection of analytes without interfacing with the droplet volume, gas-phase detection

2



schemes, like mass spectrometry (MS), were proposed for biochemical analytics, where a
higher level of chemical information has to be embedded in the recorded spectra due to the
larger complexity of the involved molecules.[13] MS has matured into a powerful qualitative
and quantitative analytical tool with practically no mass limitation. The approach of
interrogating the liquid droplet volume with MS — though promising — brings along several
obstacles that had to be overcome to pave the road towards a successful application. Like the
continuous renewal of the droplet volume, some of them have already been resolved from
studies using a coupling of the droplet to optical detection schemes. Here, the highest
emphasis was placed on the contactless sampling of the droplet volume and redirecting the
analytes to the interrogation scheme. The first attempt to interrogate the droplet volume was
presented by Westphal et al., [23] who introduced charge and matrix-assisted laser
desorption/ionization to sample and ionize the droplet volume and interrogate the ion plume
via MS. In that approach, a four-ring electrostatic ring was coupled to a corona needle. The
generated corona bursts were used to charge the droplet volume that was further ionized via
337 nm laser pulses at ambient pressure.[23] This preliminary method has become the
foundation for further developments of acoustically levitated droplet systems coupled with
phase-detection schemes at atmospheric pressure. Subsequently, some promising approaches
to interrogate the droplets’ chemical composition by MS were presented by Warschat et al.
and Crawford et al. [24, 25] While the first approach utilizes laser desorption/ionization to
contactlessly sample the droplets, in the second, the droplets are disposed on metal mesh and
ionized using the DESI approach. So far, only the second method represents the at-line
interrogation of chemical reaction performed in the droplet volume at the cost of continuous
removal of the reaction volume from the acoustically levitated droplet reactor. The contactless
interrogation of the droplet volume allows the treatment of the acoustically levitated droplet
as a microfluidic device, the surface of which can be continuously refreshed and fed by
reactants to perform chemical reactions and contactless interrogation with the gas phase
detection scheme. The MS is one of the techniques applicable, however for many chemical
reactions occurring on an ms timescale, IM spectrometry is another possibility. IM
spectrometry provides detection on the ms timescale with less instrumental sophistication but
never-the-less achieving robust performance. Accordingly, MS and IM spectrometry are two
complementary methods. Because it also exploits ion manipulation by electrostatic lenses,
most of the recent progress in IM spectrometry can be ascribed to the fast development of MS
and related instrumental systems. The analyte identification is unambiguous, however
requiring prior information. For the complete identification of the compounds, coupled
techniques like IM spectrometry-MS provides impeccable possibilities.[26-29] The primary
separation of the analytes occurring inside the IM spectrometer separation device happens
according to the shape, size, and structure of the molecules and results in the analytes’ packets
leaving the drift tube according to their propagation time. Each ion packet reaches the MS
where the separation according to m/z allows for identification on the molecular level. Still,
the presented techniques need further development to improve their accuracy and
reproducibility and fundamental studies to fully understand the mechanisms behind the laser
desorption/ionization of liquid droplets inside the acoustic field and the plume propagation
between the individual parts of the system under ambient conditions. The main objectives of
this thesis are directed to understanding the complex procedure of ion formation via laser
desorption and deflecting them towards the detection scheme. As a consequence, coupling of
acoustically levitated droplets to the IM spectrometer can be ensured via tailored solutions in
the IM spectrometer interface region to enable the ion uptake under ambient conditions. The
improvement and optimization of the system is followed by its real application. Hence a
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photochemical reaction capable of occurring within the droplet operating volume needs to be
standardized via comprehensive techniques. Thus, the reaction of choice was alternatively
performed in an ml volume size batch reactor and analyzed using NMR.

2. Theoretical background
2.1. lon Mobility Spectrometry

The mobility of ions in relation to the strength of the electric field was firstly investigated in
1897 by Rutherford and Thomson. In the following three decades, the effect of collisions,
attractive forces, temperature, pressure, accelerating voltage and contamination, on mobilities
were identified, leading to the development of a new technique primarily called plasma
chromatography. The name originates from the ions (plasma) separated according to
chromatography principles and was further replaced with the IM spectrometry.[30] The
pronounced development of the technique has started a decade ago leading to its
establishment as a powerful analytical tool.[31-33] The characterization of substances in the
ion swarm derived from a particular substance depends on its mobility in the electric field
under a supporting gas atmosphere. The provided definition is applicable for all conditions of
pressure, flow, and compositions of gases, as well as the range of applicable strength of the
electric field and ion forming methods. The current approaches utilize a number of geometries
and dimensions to generate the electric field and separate the ions.
Gas Out
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Figure 1. Scheme representing the typical drift tube IMS system, introducing a mixture of
three analytes that are separated in the drift cell. The IMS is comprises an ionization region,
standard ion gate, drift region and the detector. The drift gas is supplied form the back end of
the IMS. The sample is inserted into the ionization region via a carrier gas. [34]

The separation principle in the IM spectrometry is based on the propagation of the ions in the
electric field under ambient conditions. The ions are propagating in the voltage gradient
against the counter gas. The electric field exerts a force on the analyte ion that is balanced by
the friction with the buffer gas, yielding a steady-state ion velocity vq. The number of
effective collisions between the ions and counter gas defines the speed of propagation of the



ions in the electric field (Figure 1.). The velocity vq of the ions is characterized by the distance
d the ion swarm needs to traverse and the required time tp.

Vg = t ¢y
The mobility of ions in the electric field is defined by the mobility parameter K, being the
drift velocity divided by the electric field

Va
E

Since the drift velocity is affected by the temperature (T) and pressure (P) in the drift tube, the
reduced mobility coefficient represents normalized values at 273 K and 760 Torr.

W=k (7)) @

The presented relationships between drift velocity and electric field are only valid for the
measurements performed under the specific combination of a constant gas atmosphere
composition, pressure, and temperature at which the ion swarm is thermalized. This behaviour
is observed only for low electric fields, remaining approximately ~2 Td, under conditions
where the energy gained by the ions undergoing collisions with the supporting gas is greater
than the one obtained from the supplied electric field, resulting in ion energies comparable to
that of the buffer gas. Under these conditions, diffusion processes are dominant and the
velocity of the ions is directly proportional to the electric field.[2]

K= (2)

The reduced mobility coefficients (K,) originate from the measurements performed in non-
clustering media like He and at reduced pressures, in the range of 1 — 10 Torr.[35] Hence, the
obtained values accurately account for ion-molecule interactions for measurements under
these defined conditions. Normalization of K for pressure and temperature does not describe
all conditions. Other factors operating in the drift tube influence the ion-molecule interactions,
including gas composition, collisional cross section, and formation of adducts of polar
neutrals in gases. The mobility of the ions depends on collisional cross section (Q) and the
number density (N), representing the number of molecules per unit volume, according to the
Chapman-Enskog theory as described by the Mason-Champ equation:

3 ( 21 )1/2 ze @

K=— —
16 \ukzT/ NQ

where the quantity x = mM/(m + M) is the reduced mass of the pair of diffusing ions and
carrier gas molecule (with respective masses of m and M), T is the gas temperature [K], z
[dimensionless] is the number of elemental charges, e is the elementary charge, and Q is the
collisional cross section. For high values of E/N, the mobility is dependent on the electric
field, E. In this situation, the mobility of the ions is represented as:
E E =
K(N)ZKOX[l-Fa(N)] =Ky X

2n

el

= K, x [1 +a, (%)2 ta, (%ﬂ (5)

where Ko = K(E)E=o is the mobility of the ion in a low electrical field (approaching zero). In
the case of low field IM spectrometry, the o function values, describing the dependence of
5



mobility on the ratio of electric field strength to neutral density are comparable, leading to a
constant mobility. Hence, the analytes with similar mobility K will result in overlapping peak
signals. [34-36]

The collisional cross section parameter, £, represents an ion-gas pair and has the dimensions
of area. In the case of assessing the collisional cross section, buffer gas plays an important
role. The collision profile is dependent on the radius of the buffer gas molecules and cross
section. Moreover, the properties of the gas, like temperature T, electric field E, pressure and
specifically E/N will influence the ion-gas collision velocity. (37-39)

0 (18m) 72 ze [1 1]1/2tDE760 T 1

— (6
16 (kpT)'2 L P 2732N (6

—_ + —_—
m; Mg
A standard drift tube IM spectrometer typically is composed of three units: i) the sample
introduction/ionization region, ii) desolvation cell, iii), and drift tube terminated with the ion
detector. Historically, the Ni radioactive ionization source was the first proposed, ionizing
gaseous samples within the ionization chamber in an effective way and originating from the
work of E. Rutherford, performed in 1901, defining ionization of gaseous by X-ray radiation.
Further development of IM spectrometry has shown that a chemical ionization and corona
discharge can be successfully applied to obviate the need for radioactive sources within the
system. This step has opened a new possibility for the IM spectrometry application. The
inability to analyse liquid and solid samples in this simple yet effective gas-phase detection
system has forced further application of ionization techniques already applied in MS. Hence,
the ionization techniques portfolio was increased including electrospray ionization (ESI),
matrix-assisted laser desorption/ionization (MALDI), laser ablation etc. [40] Herein, the ESI
was of special importance. The possibility to dissolve the sample in nonpolar liquid medium
has expanded its applicability as an analytical tool. Practices like subsequent post-ionization
of the ion swarm increases the flexibility of analyte interrogation, introducing a new
dimensionality.

The ions generated within the ionization region are directed towards the desolvation cell via
the repeller. The high voltage applied to the repeller focuses the ions spatially. The spatial
focusing is necessary to achieve a high number of ions that can be transferred. The
desolvation cell and drift tube are separated via an ion gate. The ion gate aims to sample the
continuous ion swarm into small packets and effect their injection into the drift tube in small
time increments. The two most common ion gates are the Bradbury-Nielsen design and
Tyndall Powell design. The Bradbury-Nielsen ion gate is one of the most commonly used in
IM spectrometers. It consists of two sets of parallel wires, of less than 0.1 mm in diameter,
oriented in one plane, providing negligible sizes in the drift tube IM spectrometer design. A
small potential is applied to the wires, alternately closing and opening the drift region
entrance, where the separation occurs. In the open state, both sets of wires are supplied with
the same electric potential pulse allowing the ions to migrate. In this mode, the gate is simply
a metal grid, not impeding ion motion. In the closed state opposing electric potential is
applied on the wire sets resulting in an electric field perpendicular to the drift direction. Under
these conditions, the ions reaching the gate are discharged. [41]

The Tyndall Powell design of the ion gate also consists of wire sets. However, they are
located in separate planes with a distance offset of 0,01 mm, up to 1 mm. One of the grids is
fixed at a constant electric potential equal to the one remaining in the surrounding field in the
IM spectrometer. The second set of wires is supplied with periodic electric potential to create
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an electric field used to control the ion movement and inject, in small time increments, the
ions into the drift tube.[42]

This challenging task of transferring the ions in small packets into the drift tube region can
also be accomplished by applying synchronised pulsed sources, achieving ion sources that
simultaneously generate high ion number and operate at high frequencies. One of the possible
solutions is the application of laser irradiation for sampling of the probes. Another applicable
solution is to feed the ions into the IM spectrometer entrance via high frequency, high voltage,
pulses, thus generating an electric field responsible for streaming the ions in the desired
direction.

The ions thus injected into the drift cell propagate in the electric field, undergoing many
collisions with the counterflowing drift gas. The separation occurs according to the shape,
size, and structure of ions. Accordingly, bigger unfolded molecules arrive at the detector later
due to many collisions with buffer gas, while small and folded molecules arrive earlier due to
a small number of collisions, as defined by the difference in the collisional cross section
parameter (Q). The Faraday detector, coupled with the transimpedance amplifier, allows the
collection of the current signal, converting it to voltage, and magnifying it. Such a post-treated
signal is further directed to an oscilloscope, achieving the final spectrum describing the signal
intensity-to-arrival time dependence. The final spectrum represents the number of ions
detected on the faraday detector according to their elution time. [37, 43]

2.2. Supporting techniques

To fulfill the aims of the work, additional techniques has been applied to support proper
understanding and realization of the project. Such techniques like i) shadowgraphy,
i) 'TH NMR have been utilized to give the foundation to the project and allow for its
successful performance.

Since the theory behind the techniques is not in the scope of this thesis, in this chapter focus is
placed on the brief introduction of the techniques, field of use and the advantages that have
classified them as legitimate when discussing the phenomenon behind the laser
desorption/ionization of acoustically levitated droplets and reaction performance.

2.2.1. Shadowgraphy

The information about the type of phenomenon behind the irradiation of the droplet surface,
fixed in the acoustic field, provides crucial information on how to treat the system, when
coupled to the gas phase detection unit. Assessment of the spatial and temporal dissipation of
the ion plume allows to define in advance whether additional lensing will be required and
define the constrains of the designed hyphenated system.

Technical developments achieved over more than a decade of utilizing high-speed cameras in
combination with optical methods, like shadowgraphy, have resulted in their broad
applicability for fluid dynamics studies, collectively defined as high-speed imaging. The
formation of an ion plume, as well as its spatial and temporal dissipation, can be determined
effectively using high speed imaging techniques, providing high spatial resolution with high
frame rates.[44] Particularly the shadowgraphy technique has been recognized in this field as
being relatively easy, inexpensive yet powerful.[45]

Shadowgraphy is an optical method used to visualize phenomena based on disturbance of
refractive index in transparent media. The shadowgraph image consists of a bright
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background and a shadow of the interfaces between regions with different refractive index.
The bright background is produced due to a lack of interactions between the surrounding
medium and the light, while the light refracted at the object interface is dispersed, hence
appearing dark in the images [44, 45].

The design of the shadowgraph system should fulfill designated conditions like i) field of
view, ii) sharpness and iii) brightness, hence must consider parameters like: i) magnification,
i) light sensitivity, iii) field of view, iv) depth of the field and v) focal length. These are of
particular importance and may be restricted by the available equipment.[46, 47]

This visualization technique has been chosen due to its non-invasive and quantitative
character, allowing the assessment of the interface speed, direction of motion and object sizes.

222. 'HNMR

To evaluate the performance of chemical reactions, the 'H NMR technique has been chosen as
highly linear, quantitative, and reliable. The 'H NMR technique has lately matured to be
reliable for online monitoring and process control as it directly yields both structural and
quantitative information, about complex reacting mixtures.[48] For example, it allows
tracking of aromatic-to-aliphatic conversions or isomerizations, where alternative
conventional methods fail, due to only minor changes in functional groups resulting in such
reactions. The application has originated from the on-line coupling of an H NMR
spectrometer to LC and SFC. To realize the coupling and the flow approach, special flow 'H
NMR probes have been developed, introducing a flow option to normally static *H NMR
systems. In the case of on-line reaction monitoring by 'H NMR, the sample is simply
bypassed from the reactor to the 'H NMR flow cell. The growing importance of the flow
'H NMR approach in process management resulted in its incorporation into PAT. [49]

In the case of flow *H NMR, of importance is the incorporation of numerical methods into
signal processing. Nowadays, numerical and spectra modelling, or Indirect Hard Modelling
(IHM) methods, are applied to avoid linear and non-linear obstacles in the form of spectral
shifts, changes in line shape and, most importantly, overlapping signals and low signal
intensity. These techniques allow application directly within the production line and without
additional standardization. Their application to *H NMR simplifies the operational procedure
as the sample does not need to be spiked with standards, resulting in automated acquisition of
spectra and post processing. Hence, providing unambiguous identification of reactand and the
reaction rate are easily achievable, both parameters being extremely important in case of
future application of the studied reaction and its operational importance. Signal processing
utilizing IHM for on-line monitoring of chemical reactions has been already demonstrated to
be a reliable method.[50, 51]

This part of the work has been performed in cooperation with Division 1.4 Process Analytical
Technology at Bundesanstalt fiir Materialforschung und — Priifung, being fully responsible for
NMR data acquisition and processing.



3. Publications
3.1. Investigation of mid-infrared laser pulses

Microsecond mid-infrared laser pulses for atmospheric pressure laser
ablation/ionization of liquid samples

Aleksandra Michalik-Onichimowska?™d,  Toralf Beitz’, Ulrich Panne®d Hans-Gerd
Léhmannsroben®, Jens Riedel?

3BAM Federal Institute for Materials Research and Testing Richard-Willstitter-Strafie 11,
12489 Berlin, Germany

bPhysical Chemistry, University of Potsdam, Karl-Liebknecht-Str. 24-25, 14476 Potsdam,
Germany

CInstitut fiir Chemie, Humboldt-Universitit zu Berlin, Brook-Taylor-Str. 2, 12489 Berlin,
Germany

dSchool of Analytical Sciences Adlershof, Humboldt-Universitit zu Berlin, Zum Grofien
Windkanal 6, 12489 Berlin

Abstract

In many laser based ionization techniques with a subsequent drift time separation, the laser
pulse generating the ions is considered as the start time to. Therefore, an accurate temporal
definition of this event is crucial for the resolution of the experiments. In this contribution, the
laser induced plume dynamics of liquids evaporating into atmospheric pressure are visualized
for two distinctively different laser pulse widths, At = 6 nanoseconds and At = 280
microseconds. For ns-pulses the expansion of the generated vapour against atmospheric
pressure is found to lead to turbulences inside the gas phase. This results in spatial and
temporal broadening of the nascent clouds. A more equilibrated expansion, without artificial
smearing of the temporal resolution can, in contrast, be observed to follow us-pulse
excitation. This leads to the counterintuitive finding that longer laser pulses results in an
increased temporal vapour formation definition. To examine if this fume expansion also
eventually results in a better definition of ion formation, the nascent vapour plumes were
expanded into a linear drift tube ion mobility spectrometer (IMS). This time resolved
detection of ion formation corroborates the temporal broadening caused by collisional
impeding of the supersonic expansion at atmospheric pressure and the overall better defined
ion formation by evaporation with long laser pulses. A direct comparison of the observed
results strongly suggests the coexistence of two individual ion formation mechanisms that can
be specifically addressed by the use of appropriate laser sources.



1. Introduction

Infrared laser ablation/ionization (IR-LDI) in vacuum and under atmospheric pressure is a
well-established analytical technique for direct isolation of charged molecular aggregates of
biomolecules. Recently, a special interest towards atmospheric pressure applications has
emerged for the direct analysis of native aqueous solutions [1, 2]. While in most applications
mass spectrometry (MS) is the analyser of choice, IMS is an emerging alternative for rapid
screening for known target analytes. The most commonly used IR wavelength is the A = 2.94
um output of Er:YAG lasers or optical parametric oscillators (OPO). This wavelength directly
induces excitation in the OH/NH stretch vibration modes of many commonly used solvents
including water and alcohols. Its simplicity in term of sample preparation and possibility of
coupling to high performance liquid chromatography separation technique makes ambient IR-
LDI well suited for a liquid phase on-line analysis with ever increasing significance in real
life application [3-5].

Despite the ionization the most fundamental process in any laser ablation based detection is
the radiation induced liquid (or solid)-gas phase transition. Though extensive studies on
thermal evaporation [6-8], pressure induced phase explosion [9-11] and photoablation [11-14]
were performed, the exact involvement of the individual mechanisms remains unclear. The
laser irradiation leads to a spontaneous local heating of the sample interrogation volume, the
accompanying photoacoustic excitation results in a pressure jump. Both state functions, T and
P equilibrate within the sample on timescales governed by the sample material transport
properties (thermal conductivity and speed of sound, respectively). Typical values for
excitation of water with a focused resonant laser are tac ~1 ns for acoustic relaxation and
Tth ~1 us for thermal equilibration.

The effect of the laser pulse duration with respect to these relaxation rates has been studied by
Dreisewerd et al. [15, 16] for matrix assisted desorption/ionisation (MALDI) in vaccum.
According to their observations the nature of IR-LDI is based on the thermal/photo-
mechanically induced liquid phase disintegration rather than a pure spallation model
previously proposed for vacuum MALDI. The temporal pulse widths studied were 5 ns and
100 ns. For a speed of sound of ~1500 m/s in liquids and a typical penetration depth of several
um these conditions roughly correspond to acoustically confined compared to acoustically
unconfined conditions, while thermal confinement was given in both experiments. In vacuum
MALDI time of flight (TOF) experiments the pulse width of the ablation/ionization laser
defines the temporal (and therefore mass) resolution of the experiment and, thus, has a
reasonable upper limit of 100 ns, hence no experiments regarding the effect of thermally
unconfined pulses have been conducted.

Modern mass spectrometers coupled to atmospheric pressure exploit a pulsed ion extraction at
a continuous sample inlet. In these setups, no upper limit for temporal pulse widths of the
used laser is given. In IMS experiments, the experimental resolution is still determined by the
temporal definition of the ion formation, however IMS drift times at atmospheric pressure are
usually relatively long (several ms) and the resolution of IMS is relatively poor in general
when compared to TOF experiments, allowing for the use of microsecond pulse width lasers
without affecting the overall resolution of the experiment. Temporal gating of ion flow out of
continuous ion sources (like electrospray) has been shown to yield in good resolution utilizing
injection times of several hundreds of microseconds [17, 18]. Until now the impact of longer
pulse duration, in a ps range, on the temporal behaviour of ion formation elucidating the
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analytical applicability has not been studied. However, such lasers recently became available
at affordable prices for tissue ablation and cauterization in medical applications [19].

Despite the laser pulse, the sample itself has been found to play a vital role in determining the
exact ablation mechanism [20 - 24]. The ablation behaviour was found to be strongly
depending on the sample’s material properties like viscosity, thermal and acoustic
conductivity as well as on its shape, temperature and absolute volume [3, 12, 25 — 29]. These
findings have also been rationalized by the dissipation mechanism of the irradiated energy. At
a given material the shape of the sample changes the surface tension distribution, any contact
with a substrate or vessel introduces ill-defined boundaries perturbing the thermal and
acoustic energy equilibration.

In this work mechanism of laser ablation/ionization of liquid sample at atmospheric pressure
is exemplary studied for two distinct pulse widths, At = 6 ns and At = 280 us, at a constant
wavelength. The chosen pulse widths correspond to the temporal full width at half maximum
(FWHM) of the output of a Nd:YAG driven OPO and the output of a diode pumped solid
state Er:YAG laser (DPSS). The chosen pulse width of the DPSS laser of 280 us was
empirically found to result in maximum ionization yield. To minimize the introduction of
external perturbations by sample handling, the laser ablation was studied on freely hanging
droplets.

The two step ablation/ionization dynamics at the two pulse characteristics were studied by
interrogating the resulting ion cloud distribution by two orthogonal techniques. In a first
experiment, the mere ablation process was visualized by nanosecond resolution high
resolution shadowgraphy. In a second experiment the formed ion clouds were guided through
an IMS and detected temporally resolved.

2. Methods

For each experiment, a freshly made sample droplet (acetonitrile/water) was dispensed by a
syringe pump (KDS 100, KDS Scientific, Holliston, MA, USA). The sample solution was
constantly pumped at 20 pL/min into a home-built microdroplet source consisting of a
capillary (Hamilton, ID = 110 pm, OD = 235 um). The fresh surface of each formed sample
droplet was intersected by a pulsed laser beam focused by a plano-convex CaF; lens (f = 100
mm). In subsequent experiments, two different laser sources were applied, I) an OPO (Opotek
inc. Carlsbad, CA, USA) with a pulse duration of At =6 ns and Il) a diode pumped solid state
Er:-YAG laser (Pantec Engineering AG, Ruggell, Liechtenstein) with a variable pulse
duration. Throughout the experiments both lasers were operated resulting in comparable
fluences. Deviations in fluences were minimized but could not be avoided due to the
differences in the individual lasers beam shape and lasing thresholds. For recording the
fluences, the pulse energies were determined with a pyroelectric laser power meter, the sizes
of the focal spots were determined as burn spots on photosensitive paper followed by visual
inspection under an optical microscope. To have constant thermal lensing in all conducted
experiments, both laser systems were operated at a constant repetition rate of 20 Hz.

2.1 Shadowgraphy measurements

For a fast visualization of the evaporation dynamics, back illumination was generated by laser
induced fluorescence of methanolic rhodamine B solution (25 uM) placed in a quartz cuvette
and excited by the second harmonic of the output of an additional Nd:YAG laser (SpitLight
600, Innolas Laser GmbH, Krailling, Germany). The emitted light pulses were of a temporal
width of ~ 5 ns and, thus allowed to capture high speed shadowgraphy images with
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nanosecond temporal resolution. The plume was imaged through a macroobjective (Tamron
SP 90mm F/2.8 Di) with adjustable field of vision onto the detector of a Canon EOS digital
camera (400D, Canon Inc., Tokyo, Japan). Two delay generators (DG 535, Stanford Research
Systems, Sunnyvale, CA, USA) were used to synchronize the triggering of the individual
events. The OPO’s flashlamp output signal or Er:YAG laser current source output signal, both
operating at 20 Hz, were used as master trigger, initiating the chain of subsequent illumination
and camera exposure (figure 1 a)). The camera exposure was triggered via a home-built
MOSFET circuit using the remote-control release input of the camera. The microdroplet
source described above produced droplets hanging on a metal capillary, providing fresh
droplets for reproducible conditions for visualization of subsequent laser ablation processes.
All recorded images were post processed for optimal contrast and analysed using the ImageJ
software suite (National Institute of Health, USA).

T T 1
Capillary  Repeller IMS inlet Faraday
8,5kV 95kV  75kV detector
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Figure 1. Schematic drawing of the used experimental setups. a) setup for fast high resolution
shadowgraphy and triggering sequence applied to visualize evaporation dynamics b) setup
for ion mobility interrogation of formed ion plume and representation of a pulsed ion
extraction mode.

2.2 lon mobility spectrometry interrogation

The ablated plume was accelerated coaxially into the opening of a home-built liquid injection
drift tube IMS consisting of a desolvation cell (1: L=53 mm, T=180 °C), connected to a drift
tube (2: L=80 mm, T=160 °C), via a Bradbury-Nielsen type ion grid (3) (figure 1. b)). The
IMS is based on the original design described in [30, 31], adopted with a heated gas stream
and a desolvation cell as commonly used for liquid sample introduction IMS [32]. Briefly it
consists of a tubular arrangement of conductive rings, along which a externally applied
electrostatic gradient is realized via a series of resistor based voltage dividers. The endcap
carries a Faraday plate detector. Along the drift tube separation according to collisional cross
section is enhanced by application of a gas stream propagating antiparallel with respect to the
electrostatic slope. For an effective transfer of the ablated plume into the IMS a steep voltage
gradient was applied: 9.5 kV on the repeller electrode (R), 8.5 kV on the microdroplet source
(C) and 7.5 kV on the inlet ring (1). The experiments were conducted in two operating modes:
i) by a continuously applied voltage gradient or ii) by pulsed ion extraction into the IMS cell
for gated detection. In the latter case all parts of the operated system were kept at constant
potential 7.5 kV and pulsed to their respective values (see above) after a specific delay time
triggered by the Q-switches of OPO or output signal of the Er:YAG current source (figure 1.
b)). For the pulsed extraction, the potential on the repeller was applied via a fast transistor
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push-pull switch (Behlke Power Electronics, Kronberg, Germany). The laser pathway is
adjusted orthogonally to the surface normal of the IMS electrode plates. Because the IMS was
used not in order to achieve maximum ion separation but to interrogate the laser induced ion
plume distribution, throughout the entire investigation the Bradbury Nielsen ion gate was held
open

2.3 Chemicals

The AP-IR IMS comparison studies were performed on tetra-n-butylammonium bromide
(TBAB), perphenazine, promazine and L-arginine (supplied by Sigma-Aldrich, St. Louis,
MO, USA). In all cases, acetonitrile:water (1:1 v/v) solution was used as a matrix.

3. Results & Discussion

A series of high resolution shadowgraphy images of the ablation dynamics following the
droplets excitation with an OPO pulse is depicted in figure 2. In all pictures the laser beam
hits the droplet at to (relative delay times are given in the individual images) propagating from
the right centre of the pictures. Figure 2 clearly shows the formation of a fine spray consisting
of microdroplets. The inset b) in the first figure shows a magnification to single pixel
resolution. The used objective, the detector size and the number of its pixels result in an
imaging scale of ~1.2 um/pixel. It can be seen from the inset in the first image that the formed
microdroplets range from this minimum determinable droplet size of ~1 pm to 10 pm in
diameter.
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Figure 2. Shadowgraphy images of ablation dynamics following laser excitation with a pulse
width of tp = 6 ns. Inset a) zoom of the vapour front at t= 700 ns, inset b) close up view on
single pixel resolution.

A surprising observation is that the earliest disturbance of the solvent surface can be observed
700 ns after the laser pulse (see inset a) in figure 2). In other words, during the absorption and
in the first hundreds of nanoseconds after the absorption of the laser pulse, no laser induced
vaporization occurs. This temporal delay cannot be rationalized by a long pressure build up
time inside the excited volume in comparison with the excitation pulse alone but has to be
caused by a kinetic hindrance of evaporation of the excited volume. Similar observations have
been made in the group of Vogel [8, 9]. The first ejected microdroplets occurring in the image
after 1 ps can be seen to have travelled up to 300 pm in the 300 ns after the first visible
surface distortion. This corresponds to a supersonic average velocity of ~ 1000 m/s.

While in the first image at 1 ps the expanding spray plume is of the typical conical form,

already after 3 ps it can be seen to form an acoustic front in which the compressibility of the
13



surrounding ambient air limits an unperturbed expansion. A close inspection of resulting the
“mushroom shaped” expansion plume reveals at least three different regions with
characteristic features (1) — (3). In the direct vicinity of the droplet’s surface, the fumes are
forming an ascending column with a diameter of 300 pm, roughly resembling the irradiated
surface area (1). At the outmost end of this column the fumes are repelled at a circular
acoustic wave front forming the “mushroom cap” (2). This expansion front can be seen to be
followed by a zone of rarefaction in which hardly any microdroplets can be found (3). This
behaviour is known from supersonic expansions into stationary pressure regions and can be
described by the Chapman—Jouguet formalism [33, 34]. It can be seen in explosions,
detonations and supersonic expansion experiments. After 5 us, friction with the surrounding
air leads to the formation of toroidal cloud with higher fume concentrations centred around
the initial column. After 25 us the leading pressure wave front, the following torus, and the
ejected column start to collapse and a free propagation along the original repulsion trajectory
is the main form of fume movement. At this time, a clear separation into at least two regimes
is clearly visible leading to a broad spatial distribution. At 100 us after the laser irradiation,
the two regimes can be seen to still continue their movement away from the droplets surface.
At this time, the leading fraction of the plume (originally the “mushroom cap”) has just left
the image while the tailing cloud is slowly expanding while it is following. At the droplet
surface, a pronounced liquid crater can be seen, with a wave crest of ~ 500 um height. 1 ms
after the laser impact this deformation of the droplets surface can be seen to have been
distributed into large scale surface waves all over the droplet. The picture also shows two
larger secondary solvent drops that originate of a breaking up of the crater wave crest. In
terms of evaporation efficiency this strong excitation of liquid displacement is a major loss
channel. On the right end of the image the last fraction of the fume cloud can be seen to have
diffused to a lateral diameter orthogonal to the vector of repulsion of ~ 5 mm.

The presented shadowgraphy images reveal that the supersonic expansion lead to a broad
dissipation of the ejected plume along space and momentum in phase space. While the spatial
broadening is directly visible in the corresponding images, the broadening in momentum can
be estimated by comparison of the travelled distance of the individual fume fractions with
respect to the time passed. Nota bene the smallest fraction of the yet visible microdroplets are
all of comparable size (mass) and, thus, their momentum linearly scales with the velocity. The
depicted zones in the image at 25 us e.g. can already be identified in the picture at 3 us and
have been travelling with integrated velocities of 120 m/s (zone 1) and 45 m/s (zone 2), in the
subsequent expansion i.e. with about threefold lower momentum, respectively.

Another counterintuitive finding is the obvious formation of so called post-pulse ablation.
This can be best seen in the figure depicting the expansion after 5 pus. Even though, the laser
pulse has been off for 5 us, a well-defined fume column can be seen to eject from the droplet
surface formerly irradiated. This phenomenon is well known from laser treatment of
biological tissues in medical applications [9] and was found to be especially pronounced for
mechanically weak materials with a low tensile strength. While the exact mechanism behind
postpulse ablation is still under debate it is discussed to be the consequence of tight energy
confinement. The introduced energy cannot be dissipated within the short period of laser
irradiation neither by thermal conductivity, pressure relaxation by acoustic transportation, nor
can it be consumed by a phase transition of the excited material. Thus, these three energy loss
channels have to be discussed in more detail.

To further elucidate the underlying energetics it is important to estimate the volume of the
excited fraction inside the droplet. The focal spot was determined to be 300 um x 300 um, the
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focal length of the focusing lens was f = 100 mm with a Rayleigh length of several mm
resulting in a cylindrical excitation volume. The penetration depth is typically approximated
by use of the Lambert absorption coefficient to a* ~ 0.8 um [27]. However, it could be
observed that a thermal excitation of water leads to a weakening of the H...OH hydrogen
bonds resulting in a blue shift of the absorption at 2.94 um. Thus, for high irradiances the
absorption coefficient has to be corrected. For the used fluence of 7 J/cm? Vogel et al. [9]
found an empirical value for the penetration depth of ot ~ 5 um. This leads to a total excited
volume of 350 pL that absorbs the 2.5 mJ. Assuming pure water the delivered energy exceeds
the energy of the critical point by 3 orders of magnitude leaving the liquid in a supercritical
state. The only possible ways for energy dissipation out of the excited volume are via
transport of heat or excited matter. The limited thermal conductivity of the solvent does not
allow for sufficient energy dissipation on the timescale of the laser pulse. The consequence is
the formation of an intradroplet shockwave travelling with the speed of sound in the
condensed phase. Approximating the speed of sound with the value for water the time it takes
to leave the excited volume disk along the 5 um thickness is ~ 3 ns. The opposing emitted
acoustic wave into the droplet induces the recoil of matter equal in momentum towards the
droplet/air boundary. This equivalent fraction of energy is removed by material transport into
the direction of the neighbouring air resulting in the observed ablation behaviour. This
channel is limited by the saturation limit following the Clausius-Clapeyron equation and the
subsequent transport of the nascent vapour flow in compressed air. An additional energy loss
channel is the kinetic uptake of droplets ejected out of the liquid by the mentioned vapor flow.
Once the shockwave in the liquid reaches the liquid/air interface, due to the much lower
compressibility the vast excess of energy dissipation will result in evaporation. The maximum
evaporation rate is limited. Firstly, solvent from the surface can evaporate into the
surrounding atmosphere until the vapour pressure reaches saturation, secondly, the solvent
vapour will be transported away from the droplet with a maximum flux eventually limited by
the speed of sound in air. After some time, the resulting gas flow will be large enough to
overcome the surface tension and the small visible droplets appear. Those droplets are being
formed by the Venturi forces of the evaporating gas stream as well as a direct acceleration
into the rarefied pressure region behind the gas phase expansion. The mechanism for this
formation of nebula is based on macroscopic mechanical effects and will, thus, occur on a
much longer timescale than the molecular fume evaporation. The same two step mechanism
can be observed in shadowgraphy images of IR rupture of a liquid thin jet recorded by the
Abel group [3].

The resulting progeny droplets follow the gas stream away from the surface until they are
reflected on the acoustic wave front. The excess of energy in the originally illuminated sample
volume leads to a continuation of the evaporation process beyond the timescale of the laser
pulse (postpulse ablation). The thermal transport perpendicular to the laser axis (up and down
in figure 2) as well as the acoustically driven build-up of a macroscopic crater broadens the
column carrying the microdroplets away from the surface to longer delay times until
eventually the solvent is in thermal equilibrium and no further progeny droplets are being
formed.

It could be seen in figure 2 that even though the ablation was driven by a nanosecond pulse
laser, the underlying energy and matter flow dynamics results in significantly slower ablation
dynamics. This temporal broadening is also reflected in the formation of the ejected
microdroplet plume. In atmospheric pressure ionization applications the main goals are an
effective ablation and a spatially and temporally well-defined fume cloud. Because the
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temporal and spatial broadening observed in figure 2 is merely explained by the tight energy
confinement conditions and a temporally hampered dissipation, the experiment was repeated
visualizing the ablation dynamics using a significantly longer laser pulse, in which the heating
takes place on a timescale long enough for energy equilibration. Figure 3 shows an equivalent
set of images depicting the ablation followed by microsecond laser excitation.

30 us

60 ps 90 us

500 us 1ms

Figure 3. Shadowgraphy images of ablation dynamics following laser excitation with a pulse
width of tp = 280 us.

As can be seen, throughout roughly the entire laser pulse duration a droplet ejection can be
observed. Here, the initial delay time of ~ 25 us during which no visible ablation can be
observed is somewhat longer than for the nanosecond laser pulse. According to the above
discussion, this longer delay could be rationalized by a less rapid evaporation leading in a less
pronounced Venturi force of the evaporating solvent. This weaker gas flow takes longer to
tear out and carry away microdroplets. Due to higher focal spot size, of 550 um, larger
volume of the droplet is irradiated forming broad descending column of fumes. In contrast to
the nanosecond pulse ablation, no distortion of the direct recoil trajectories of the droplets due
to shock front or acoustic wave front can be observed. Absence of plume backscattering
prevent from rarefraction formation propagating with a much slower velocity than the initial
plume front. Though the energy per area supplied by the laser is higher than in case of
nanosecond pulses, ~20 J/cm?, it is distributed over a longer timescale resulting in lower
heating rates hence in lower volumetric energy densities. However, the energy provided by
the laser pulse is still sufficient to achieve the supercritical state and induce high net mass flux
from the droplet surface. This most significant mass ejection from the droplet surface occurs
between 30 - 90 us. Thermally unconfined laser ablation results in plume formation of lower
density and unhindered thermal evaporation along the propagation trajectory compared to
nanosecond ablation. In the individual images seen in Figure 3, a shrinking of the secondary
droplets along the distance of travel can be observed. The absence of the subsequent post-
pulse ablation phenomenon is a result of effective heat transfer inside the liquid droplet and
reduced recoil-stress. The ejection appears to also induce less recoil stress on the remaining
droplet so no crater wave formation or droplet rupture can be observed. The entire series of
shadowgraphy images indicate a much more gentle and unperturbed ablation, yet on the same
timescale.

For a better visualization of the presence and absence of the crater crest as well as the recoil
induced surface waves along the hanging droplet, additional top view images were recorded
with a high speed camera (Bonito CL400B, Allied Vision, Exton, PA, USA). Although the
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spatial resolution of the recorded frames is much lower, the difference in surface wave
excitation is clearly visible. With a total diameter of the droplet of D = 2.5 mm it gets visible
that the overall peak-to-peak amplitude of the travelling surface wave induced by the
nanosecond laser pulse is on the order of several hundred um. Thus the volume of the
displaced solvent and the needed amount of energy for this displacement is significant. In case
of the microsecond laser excitation, the repulsion being distributed over a longer time period
seems to result in much lower deformational stress of the remaining droplet.

Figure 4. TopAView of hanging droplet 280 us after a) nanosecond laser irradiation and b)
microsecond laser irradiation. The horizontal bar in the centre of the images is the capillary
for hanging the droplets, the point of irradiation is on the right end of the droplets.

The shadowgraphy images suggest a more homogenous droplet formation by microsecond
ablation. Albeit the droplets still vary in size, they follow a much more homogenous
distribution in velocity and direction. Also all of them stay in one “cloud” which is only
slowly dissipating in space. The expected temporal broadening of the ion formation response
function by the longer pulse appears to be of only little effect since in the case of nanosecond
ablation the expansion dynamics in combination with the presence of postpulse ablation result
in an ion cloud with a comparable temporal width. The spatial distribution of the ejected
progeny droplets appears to be much more homogenous in the case of microsecond ablation.
For applied fluence ratio Vogel et al. revealed similar propagation behaviour of the plume
originating from the confined and unconfined phase explosion conditions [8, 9].

So far, the mere visual inspection only allows for a qualitative observation of the evaporation
dynamics. To obtain a more quantitative insight, the experiments were supplemented by a
temporally resolved detection of ion formation out of the progeny droplet evaporation. As it is
known from sonic spray experiments [35, 36], the ejection of micrometer sized droplets into
atmospheric surrounding results in ion formation. Therefore, the progeny droplet formation
can be quantitative monitored by detection of the ion release. For this purpose, the evaporated
plume was overlapped with the acceptance volume of an ion mobility spectrometer.

3.1 IMS interrogation of the resulting ion plume

A spectral resolution of R ~ 100 (which is sufficient for typical atmospheric pressure IMS
experiments) at usual absolute drift times of to ~ 10 ms corresponds to an maximal affordable
uncertainty of to of At = 100 ps. Still, until now no microsecond laser ablation IMS studies
have been conducted [17, 18]. Hence, as a proof of principle the IMS spectra of the test
analyte tetrabutylammonium bromide (TBAB) were recorded using the diode pumped
Er:YAG laser with different pulse widths in the range of At =80 ps to At= 280 ps for droplet
evaporation with IMS operated with continuously applied voltage gradient. The resulting
spectra are depicted in figure 5 a). Due to the design of the specific laser these pulses of
different lengths also correspond to different pulse energies. The corresponding fluences for a
constant focal spot size of 550 um diameter as well as the corresponding peak powers are
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shown in figure 5 b). They show a linear dependence of the fluence with the pulse length. As
can be seen in figure 5 a) below a pulse length of At = 100 us the laser output is insufficient
to obtain spectra. As can be seen in the raw spectra in figure 5 a), with increasing pulse length
(i.e. fluence) the ion signal steadily increases. For a more direct visualization this trend is
emphasized in figure 5 ¢) where the peak area as a measure for the total number of ions is
plotted against the pulse width. The observed linear increase in ion signal following the
increasing laser fluence nicely corroborates the suggested unconfined explosive
boiling/ionization mechanism described above. Following a confined mechanism, in contrast,
the ion yield could be expected to scale linear with the irradiation peak power. Following the
results in fig. 5, all subsequent experiments were conducted with 280 us pulse length.
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Figure 5. Characterization of Er:YAG laser beam in relation to applied pulse width: a) IMS
spectra for different pulse widths; RIP denotes the reactive ion peak of protonated solvent
clusters, b) comparison of laser fluence and peak power, c) influence of laser pulse duration
on IMS peak area. For b) and c): dashed lines represent linear fits of experimental data;
dotted line represents sigmoidal fit of experimental data.

In subsequent IMS experiments two sets of temporally resolved spectra of the antipsychotic
pharmaceutical perphenazine were compared that were obtained by laser evaporation with the
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Er:-YAG laser operating with a pulse width of At = 280 us and the OPO at At = 6 ns,
respectively. The results are shown in figure 6. The individual spectra correspond to different
delay times between the laser pulses and the rise time of a pulsed extraction into the IMS
analyser. Analysis was performed in a pulsed ion extraction mode to temporally interrogate
the nascent ion plume ejected to the IMS probe volume at a specific delay time given in the
legend of Figure 6. The spectra at a delay time of 0 us, thus, are ungated spectra whereas
towards longer delays more and more pronounced evolution of the ion releasing progeny
droplet fumes leads to a transient change in ion signal. The right column shows the temporal
evolution of the integrated analyte ion signal. The first striking difference between the
different laser pulse widths is the overall ion signal being roughly 5 fold larger following the
OPO induced evaporation. This increase is especially pronounced when considering the
fluence of the Er:YAG at At = 280 us of ~ 20 J/cm? in comparison with the OPO fluence of
only 7 J/cm?. A comparison with Figure 5 b) and c) shows that this fluence of 7 J/cm? does
hardly form any ions when irradiated temporally distributed over 280 ps. Ablation pulses
below the time limit of energy dissipation via thermal diffusion and phase transition, thus,
obviously result in significantly larger ionization efficiency.

075F . () Jo7
1ol Pulse Delay: i LA 1
. —5.0ms L -_ A .-
> RIP 3.0ms : ~ o .- 40,6 @
A —1.0ms 050} = R . 1 E
= Analyte —05ms 2 ra =
2 05 Y ——0.3ms < | "'*-~. 05§
2 —0.1ms P T~ s
—0.0ms 025} Ay A “a~ 104
P
P P ".-.""." ¥ A o' AARLT e rgein s "'. A” |
0,0 . e AP Tt v M ey e L L N 1 " L " 1 N L 0,3
3 “ ) 0,75
" s
: v 0,70
z 2 ‘\A A A A& g
::; g ‘h 0,65 E
E < \ T
£ 1 e 0602
i . 0,55
it S
0F
; : : ; . 0,50
0 1000 2000 3000 4000
drift time / ms Delay / ps

Figure 6. left column: IMS spectra of perphenazine using laser ablation with (upper trace):
Er:YAG laser and (lower trace): OPO for different extraction time delays. The peak at
shorter drift times is the so called reactive ion peak - in this case protonated solvent cluster
signal. right: overall analyte ion signal (area) and temporal width of the analyte
peak(FWHM). The dashed and dotted lines in the top right subfigure are linear fits to the
experimental results (data point in brackets omitted as outlier). The dashed line in the lower
right subfigure shows an exponential fit to the experimental data (z = 380 us = 45 us), the
dotted line shows a superposition of an exponential decay (z = 330 us = 120 us) and the
linear behaviour observed for the us pulsed laser. The total ion intensities in all subfigures
are normalized by the same factor.

The second striking difference is the temporal behaviour of the ion yield over delay time.
Unconfined phase explosion induced by the microsecond pulse exhibits a linear decrease in
detected ions towards longer delay times. This nicely confirms the undisturbed evaporation
observed in the shadowgraphy experiments to be the only mechanism. The observable ion
detection loss occurs on a long timescale with a slope of ~ 1/10 ms. A close comparison with
the plume visualization in figure 3 indicates that this loss channel is most probably simply
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dissipation of the progeny droplets out of the interrogation volume of the IMS analyser. The
nanosecond pulse ablation on the other hand leads to a bimodal distribution of the transient
ion detection efficiency. The first contribution shows an exponential decay in ion abundance
with a time constant of t ~ 380 us. The second contribution to ion formation can be observed
at longer delay times between the laser pulse and ion extraction and exhibits a linear decrease.
The latter shows a strong resemblance to the diffusion driven dilution observed for the
Er:YAG laser case. The first channel temporally coincides with the “mushroom” formation
and is assigned to originally supersonically expanding plume front. A loose temporal
correlation can characterize the two contributions in the bimodal distributions in both ion
yield and FWHM to be originating from the two distinctively separated zones indicated in
figure 2.

As can be also seen in figure 6 the signal peaks in the ion drift time distributions obtained in
the OPO ablation experiments experience a more pronounced broadening. Experimentally this
broadening could stem from a Coulomb repulsion, phase space dissipation of the decelerated
ions along either momentum or place of origin or incomplete desolvation. Coulomb
repulsions are limited to high ion densities. According to the set of images presented in the
figure 3 the plume density decrease with increasing plume propagation time leading to
reduction of the Coulomb interactions. Hence charge repulsion would have limited influence
on peak broadening after longer delay times. The mentioned incomplete desolvation would
also be expected to be especially pronounced in early detection gate experiments because
desolvation occurs throughout the delay as well. The latter dispersion in phase space could
already be seen to go along the thermally confined laser ablation in figure 2. Hence, this
mechanical recoil induced particle dissipation along the phase space is postulated to be the
major contribution for temporal broadening of the IMS instrument response function in
thermally confined laser ablation experiments. Just as described for the shadowgraphic
depiction above, the large amount of turbulent flow that follows a directed supersonic
expansion at atmospheric pressure ‘“smears out” the plume along their position and
momentum vector in phase space. Since in analytical IMS applications this broadening
determines the spectral resolution of the spectrometer, an ionization scheme resulting in
temporally narrow ion peaks on the detector is typically favourable. The analyte ion peak
width distribution of the microsecond pulse ablation scheme exhibits a minimum at short
delay times that systematically grows towards longer plume dissipation. This trend can be
attributed to the observed overall decrease in the number of detected ions and the
corresponding decrease in signal-to-noise ratio. In the nanosecond experiments the
distribution of the peak widths again suggests the existence of two superimposed ion
formation moieties. While at later times the increase in peak width can be described by the
same mechanism as in the microsecond laser experiments, at early gate times, the energy
confinement leads to additional mechanical vapour formation that yields in higher ionization
efficiency at the cost of peak broadening. Noteworthy, the peak broadening scales oppositely
with the overall ion intensity in the two individual channels. While in the late ion formation
assigned to thermal ionization the largest ion yield corresponds to the narrowest peak shape,
in the early ion channel — postulated to be driven by mechanical recoil — the FWHM is
directly proportional to the observed total ion count. This strengthens the postulate that two
different ion formation mechanisms are responsible for the individual ion release moieties. In
the thermal ion formation, the ionization barrier is overcome by internal energy. In this way,
no additional phase space dissipation is caused. Opposingly, in case of the mechanical stress
formation the barrier is overcome by kinetic energy of the progeny droplets and, thus, the ion
occurrence should scale proportionally with the released ion momentum. While at first this
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momentum vector is directed, i.e. all particles of the ensemble have the same position and
momentum (corresponding to a dense packing in phase space), throughout the plethora of
experienced collisions the particles experience more and more pronounced relative velocities
and density in phase space is lost.

In summary, the best performance in terms of overall ion yields is achieved by the use of
nanosecond laser ablation/ionization. However, the best spectral resolution is obtained by
using microsecond pulsed lasers. At first this may appear somewhat counterintuitive since
short laser pulses result in temporally broadened signals but can be readily understood when
looking at the shadowgraphic visualization of the formed plume propagation. While for low
signal experiments like trace analysis the ionization yield is the most important figure of merit
and nanosecond lasers are the best choice, in some cases, when a spectroscopic differentiation
between two coexisting analytes is wanted, lasers that exhibit a longer pulse width become
favourable.

4. Conclusions

The temporal spread of vapour clouds out of atmospheric pressure laser ablation was found to
strongly depend on the temporal confinement of the used laser pulses. Short pulses, somewhat
surprisingly, lead to a pronounced broadening of the formed droplet plume in space and
momentum while long pulses were found to form a homogenously distributed laser spray
plume. The same temporal behaviour was found in the arrival time distributions of ions
originating from the laser ablation in supporting IMS experiments. In combination, the results
strongly suggest the coexistence of two ionization pathways, in which thermal (internal)
energy and the other mechanical (kinetic) energy is the major driving force over the ionization
barrier. The latter was found to be more effective in generating ions, however, yields in ions
with large kinetic access energy. This leads to a dissipation of the nascent ions along phase
space, which eventually results in spectra broadening in drift time experiments as IMS or time
of flight experiments. Finally, it can be said that it is recommendable to use longer laser
pulses in experiments, where the limits of detection are not as important as the spectral
resolution.
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Abstract

Driven mostly by the search for chemical syntheses under biocompatible conditions, so called
““click” chemistry rapidly became a growing field of research. The resulting simple one-pot
reactions are so far only scarcely accompanied by an adequate optimization via comparably
straightforward and robust analysis techniques possessing short set-up times. Here, we report
on a fast and reliable calibration-free online NMR monitoring approach for technical
mixtures. It combines a versatile fluidic system, continuous-flow measurement of 1H spectra
with a time interval of 20 s per spectrum, and a robust, fully automated algorithm to interpret
the obtained data. As a proof-of-concept, the thiol-ene coupling between N-boc cysteine
methyl ester and allyl alcohol was conducted in a variety of non-deuterated solvents while its
time-resolved behaviour was characterized with step tracer experiments. Overlapping signals
in online spectra during thiol-ene coupling could be deconvoluted with a spectral model using
indirect hard modeling and were subsequently converted to either molar ratios (using a
calibration free approach) or absolute concentrations (using 1-point calibration). For various
solvents the kinetic constant k for pseudo-first order reaction was estimated to be 3.9 h! at
25°C. The obtained results were compared with direct integration of non-overlapping signals
and showed good agreement with the implemented mass balance.

Keywords: NMR spectroscopy, reaction monitoring, automated data evaluation, thiol-ene
click chemistry
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1. Introduction

Currently research in chemical manufacturing moves towards flexible plug-and-play
approaches focusing on modular plants, capable of producing small scales on-demand with
short downtimes between individual campaigns. This approach allows for efficient use of
hardware, a faster optimization of the process conditions and, thus, an accelerated
introduction of new products to the market [1]. These systems benefit from integrated
processing and control, which translates to increased safety and improved product quality,
when appropriate techniques for real-time analytics are applied. This maximization of
efficiency of chemical processes efforts goes hand in hand with a synergetic reduction of the
negative impact of chemical analyses on the environment and to enable implementation of
sustainable development principles to analytical laboratories [2]. Principles for green
analytical chemistry comprise among others in situ measurements, automated and
miniaturized methods as well as multi-analyte methods. All these approaches share the
concept of minimizing the sample volume needed for a reliable interrogation. Techniques
employing optical properties of molecules, e.g. Raman spectroscopy, IR spectroscopy, UV—
VIS spectroscopy, are most commonly applied since they work fast and nondestructive.
Albeit they can be integrated inline into the process stream, their real-life applicability is often
hampered by problems connected to baseline shift, high background signals and the need for
matrix matched standards for calibration. An alternative to the conventional optical
techniques is quantitative NMR spectroscopy applied in flow through mode, which recently
matured to a reliable technique for online monitoring and process control [3-5]. NMR
spectroscopy can provide structural and quantitative information directly inside complex
reacting multicomponent systems. It is able to obtain information in technical processes,
where aromatic-to-aliphatic conversions or isomerizations occur and conventional methods
fail due to only minor changes in functional groups. On behalf of its strict linearity between
the number of NMR active nuclei and the detected peak area, which is independent of the
matrix, online one-dimensional NMR methods show great potential to obtain quantitative
information without timeconsuming calibration effort. Ideally, direct integration is the method
of choice to extract peak information from spectra when well resolved peaks acquired with
stable baseline. Quantitative information can be obtained from ratio of peak area resulting in
relative molar ratios or by the use of a concentration conversion factor for the calculation of
absolute molar concentrations [6]. Even in the case of partially overlapping signals least
squares fitting algorithm and global spectrum deconvolution could successfully be applied for
retrieving the individual peak integrals as occurring in an baseline-resolved unperturbed
spectrum [7]. Additionally, when it comes to limited chemical shift dispersion leading to
strong peak overlaps, ultrafast two-dimensional NMR approaches for reaction monitoring
have been successfully demonstrated in literature [8,9]. Besides problems introduced by
signal overlapping in industrial applications of NMR instruments, the automated evaluation of
online NMR spectra is often challenged by non-linear effects such as spectral shifts and
changes in line shapes. The latter are caused by magnetic field inhomogeneities, or large
variations in temperature, pH and pressure. Successful online NMR approaches additionally
require to overcome problems related to low signal intensity. The resulting long signal
acquisition times become especially critical for monitoring of fast reactions occurring on a
timescale of minutes [10]. Linear multivariate methods like partial least square regression
(PLS-R) are widely used in industrial applications — often combined with binning in order to
compensate variations in the spectra [11-13]. PLS-R performs a data reduction for
functionally correlated data by finding factors in the NMR spectra which are also relevant for
the quantitative information of the spectra. This is realized by determining a set of latent
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variables with the constraint that these components explain as much as possible of the
covariance between the NMR spectra and the quantitative information. PLSR models can be
used for many variables but represent major obstacles in model extrapolation and require a
high calibration effort. For the consideration of non-linear effects and fully overlapping
signals, spectral modeling based on so-called Indirect Hard Modelling (IHM) shows great
potential [14,15]. This forward convoluting spectral analysis method uses parametrized peak
functions to produce flexible spectral models of each component, which appear during
reaction monitoring (pure component models). Thereby, the spectrum of a chemical mixture
can be composed of the weighted sum of various component models allowing for correction
of nonlinear effects. The obtained superposition of peak functions is then iteratively adapted
to the recorded spectra via least squares algorithms. Subsequently, the weights of these
component models in a mixture spectrum can be utilized to construct linear calibration model
based on Beer’s law. In contrast to most soft modeling methods (e.g. PLS-R) in IHM the
physical structure of the spectrum is considered by fixing the peak area ratio in each pure
component model during spectral evaluation. Successful application of IHM to low-field
NMR spectra by the use of a linear calibration function has been recently presented in the
literature [16,17]. However, since IHM relies on the fitting with parametrized peak functions,
potential for the use of these functions and its area for calibration-free approaches is not fully
exploited. To proof its applicability, a reaction scheme providing transformation in a
minute/hour timescale was investigated in this study. Thiol-ene coupling offers the above
mentioned property and additionally can be highly modified at a small efficiency cost. It is a
group of well-established ‘‘click” reactions characterized by high conversion rates with
reduced degree of by-products formation [18]. Its growing industrial significance for synthetic
and material developments impose monitoring when performed on large scale to ensure
product quality and optimize the conditions [19-21]. Typical for ‘‘click” chemistry, its
reaction performance is not restricted to organic solvents and potentially toxic metal-based
catalysts. Its feasibility at room temperature in environmentally benign solvents or aqueous
solution is only restricted by the solubility behaviour of the applied catalyst. Of special
relevance is a fact that reaction may be initiated by photo-catalysis operated at a near visible
wavelength (VIS). A number of approaches at different wavelength were proposed to enhance
conversion yields and reaction rates [22]. Still at near-VIS complete reactant transformation
may be achieved well below an hour providing optimal conditions for our online NMR
spectroscopy test bed. The Thiol-ene coupling between N-boc cysteine methyl ester and allyl
alcohol activated at A = 365 nm was chosen as model system. Data achieved by online NMR
spectroscopy were processed using direct integration and IHM to show superiority of the
latter for fast assessment of compounds concentration without prior calibration.

2. Materials and methods
2.1. Materials

The chemicals allyl alcohol (>99 %, CAS 107-18-6), N-boc cysteine methyl ester (97 %,
CAS 55757-46-5), and 2,2-dimethoxy-2-phenylacetophenone (99 %, CAS 24650-42-8) were
supplied by Sigma-Aldrich (Steinheim, Germany) and were used without prior purification.

2.2. Reaction conditions

Thiol-ene coupling was performed between N-boc cysteine methyl ester and allyl alcohol in
ratio of 1 to 2.5 M equivalences, respectively. 0.1 mol of 2,2-dimethoxy-2-henylacetophenone
(DMPA) was added as photoinitiator (see Fig. 1).
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Fig. 1: Reaction mechanism of the thio-ene coupling — A: N-Boc cysteine methyl ester, B:
allyl alcohol, C: thioether product

To evaluate the reactions dependence on the surrounding polarity, acetonitrile (ACN),
dimethylformamid (DMF), and dimethyl sulfoxide (DMSQO) were used as non-deuterated
solvents. 0.02 mol of N-Boc cysteine methyl ester and 0.05 mol of allyl alcohol were mixed
in a 20 mL measuring flask and filled with a solvent. The photoinitiator was added to the
same respective solvent (2 mmol of DMPA). Prepared reaction mixtures were mixed for 5
minutes and transferred to the batch reactor of 20 mL volume. To maintain constant
conditions during reaction monitoring a stirred glass reactor was thermostated at 25 °C.
Irradiation was performed for 60 min utilizing a high intensity mercury-xenon lamp
(Lightningcure LC8, Hamamatsu Photonics, Hamamatsu City, Japan) with a maximum band
intensity at 365 nm. A light guide (quartz glass) was immersed inside the batch reactor to
provide uniform irradiation conditions.

2.3. Online monitoring set-up

The experimental set-up for reaction monitoring utilizing 500 MHz NMR spectrometer
(Varian Associates, Palo Alto, CA, USA) is presented in Fig. 2. The NMR spectrometer was
coupled to a glass reactor (C1) via thermostated PTFE tubing. The circulation of the reaction
mixture in between the reactor (C1, 50 mL) and the NMR spectrometer was induced using
dosing pump (P1, HPD Multitherm 200, Bischoff Chromatography, Leonberg Germany).
The circulation was split in two loops: (i) a fast loop providing flow rate of 6 mL min=! for
rapid sample transfer from the reactor to the NMR instrument, and (ii) a slow loop of
0.4 mL mint flow rate resulting in quantitative and pulsation free flow inside the NMR
instrument. The latter was obtained by a coriolis massflow controller (FIC, mini Cori-Flow,
Bronkhorst High-Tech B.V., Ruurlo, NL) providing accuracy of £0.2% of rate. The reactor as
well as the tubing were temperature controlled by a thermostat. In order to prevent solid
impurities from entering the tubing system a 15 mm filter (F1) was installed (FISS-FL2-15,
FITOK GmbH, Germany) behind the outlet of P1. All spectra were acquired using a 500 MHz
spectrometer with a dual band flow probe having a 1/16-inch polymer tubing working as a
flow cell. Single scan 1H spectra were recorded with an acquisition time of 5 s, relaxation
delay of 15 s and a spectral width of 13.25 ppm.
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Fig. 2: Flow diagram of the experimental set-up including the by-pass system for online NMR
measurements using a 500 MHz NMR spectrometer in continuous flow mode. The bypass
stream in between the spectrometer and C1 (50 mL) was split in a fast loop (6 mL/min) and
slow loop (0.4 mL/min).

2.4. Determination of residence time distribution

The flow velocity in the active region of the NMR spectrometer has a great influence on
signal intensity when operating in continuous flow mode. The critical flow rates to assure
fully magnetized analyte nuclei can be determined by iterative optimization of the normalized
signal integral [23]. The resulting comparatively low flow rate providing sample to the NMR
in the slow loop (0.5~ 2 mL mint) for the flow probe in use and the volume of the tubing
system (1.9 mL, 9.5% of the total applied volume) cause a certain response time of
concentration variations in the stirred reactor. In the interest of characterizing the mixing
behaviour and residence time distribution (RTD) in detail, a step tracer experiment was
conducted by using acetone as tracer. The reactor system, with settings described as in
Section 2.3, was filled with 20 mL of ACN and 5 mL of acetone was added instantaneously
while its propagation in the system was monitored by NMR. The cumulative distribution F(t)
can directly be obtained from the concentration profile of the tracer over time, while the
residence time distribution E(t) was calculated by the numerical gradient of F(t). During step
tracer experiment, the tracer solution in the stirred tank gets diluted from fresh solvent
returning from the bypass system to the stirred tank. By this, the resulting curve of E(t) shows
the expected oscillation for closed recirculation systems due to re-dilution [24]. For the
classification of data into residence time affected and non-affected the following values can
be obtained from F(t) as indicated in Fig. 3. The transfer time (tyans = 1.5 min) — the time after
which the first amount of tracer cover the distance from the reactor to the active region of the
NMR magnet, the delay time (tgelay = 3.8 min) — the time after which the tracer concentration
has reached its stationary value and the dwell time (towen = 2.3 min) — time span between tirans
and tqelay — have been introduced in the literature [10]. In case of radical formation driven
purely by vicinity of light, as shown in the previous section, the reaction occurs mainly in the
reactor volume and the reaction mixture flowing through the bypass remains non-irradiated
introducing deviations from theoretical behaviour in the observed reaction rate. Still, in the
future applications, this effect can be minimized by increasing the reactor volume what was
not appropriate for presented herein proof-of-principle studies.
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Fig. 3: Cumulative distribution F(t) and residence time distribution function E(t) measured
with the NMR instrument in a step tracer experiment, the negative E(t) appears due to re-
dilution in the bypass system. The respective times tirans, tdelay, tawen are indicated in the plot.

2.5. Automated data processing of 1H spectra

After acquisition of the FID, the raw data points (32 k) were zero-filled to 64 k and Fourier
transformed in the MATLAB environment. Spectra were corrected by automated algorithms
for baseline and phase adjustments. In order to estimate spectral background, an iterative
method fitting a low order polynomial by minimising a non-quadratic cost function was
implemented [25]. Optimal zero-order and first-order phase corrections were determined
based on entropy minimization [26]. Spectra were aligned to the dominant solvent signals at
1.96, 8.02, and 2.54 ppm for ACN, DMF, and DMSO respectively. Additionally, an
exponential line broadening function of 0.1 Hz was applied. A representative proton spectrum
before and after processing is shown in the supplementary information.

. B(2 A1 o]
reactant mixture (|’ @ v B S H3 o cry
XAEN
ACN © T 749”3 4
2 0 HiC
o O ‘ E:}1 SH p
ll ‘ A(3) A2)

L—J%JL_J_J J-L_x U‘,_l-“. - B oH D O o]

i ONF 2

product mixture ca) HO"2™ 4 O
) 1 ochs

HsCO

B4) 12) 5 .o
B(3) o | J S c - H2 CHy 7
1' I P b_A uu;\ J- o 74CHi
/\\/\ 3
HO

o] H3C

/ppm
Fig. 4. Spectral assignment of 500 MHz NMR spectra for the reactant mixture and the
product mixture after 1 h reaction time. The diastereotopic protons in position 3 of C were
summarized to C(3) as well as the vinylic protons in B(4) — A: N-boc cysteine methyl ester, B:
allyl alcohol, C: thioether product, D: 2-phenylacetophenone (DMPA).

2.6. Determination of signal areas using indirect hard modeling (IHM) and direct
integration

In order to analyse the online spectra in respect to their signal areas for each component
spectral assignment has to be conducted. Fig. 4 presents the spectral assignment for the
reactant mixture as well as for the product mixture after 1 h of reaction time. IHM was
applied to quantitatively resolve overlapping signals A (1) and C (1) of the reactants in
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reaction mixture spectra by using the software PEAXACT (SPACT GmbH, Aachen,
Germany). The overall framework of IHM consists of the succeeding steps. Firstly, a
nonlinear spectral model is generated, which is subsequent fitted to the mixture spectra.
Followed conventionally, by a linear calibration model for the prediction of concentrations or
ratios from the component fitting results [15]. Regarding the spectral model, pure component
models have to be generated by fitting peak functions (Pseudo-Voigt functions) to measured
spectra. Based on the spectral assignment, pure component models for N-Boc cysteine methyl
ester, allyl alcohol and the thioether product were generated. Therefore, spectra of the final
reaction mixture as well as of the initial reaction mixture as shown in Fig. 4 were used. Plots
for each pure component model are shown in the supplementary information indicating each
single peak function of the models. Additionally, the ranges of interest in the spectra for each
component were defined. Solvent signals, OH- and NH- groups of the reactants and the
signals of the photoreactant were excluded. Each pure component model consisted of 4-14
peak functions with each peak defined by four parameters of the pseudo-Voigt function, the
peak maximum «, the width y, the position § and the Gaussian-Lorentzian-ratio g (Eq. (1)):

V=a [,8 exp (—4 In2 (x_6)2) +(1-p) y—z] Eqg. 1

y? (x—8)2+y2

In Table 1, the data range in ppm for each hard model and the respective chemical group are
listed. The ranges vary for the respective solvent due to varying overlaps of the solvent signal
with the thioether product signal. After generating the component models, a spectral model
for mixtures (mixture model) was established. The mixture model consists of a weighted sum
of the three reactants (N-Boc cysteine methyl ester, allyl alcohol and the thioether product)
component models superimposed with a linear baseline function. IHM builds each mixture
spectrum by fitting weighting factors of each component models to a least squares residual
between the mixture model and the measured mixture spectrum (component fitting). During
component fitting process, nonlinear effects such as peak line broadening or spectral shifts are
taken into account by allowing the variation of peak parameters (Eq. (1)) within a constrained
range, while the relative peak area in each component model is kept constant. The parameter
constraints for the peak position (individual for each peak) and the component shift (shift of
all peaks of a component model) showed the most influence on the fitting results. Hereby, the
relative boundaries for the peak position were set to 0.05 ppm, the boundaries of component
shifts were set to 0.01 ppm while peak maximum and half width was constrained to an
relative outer limit of £100%. As fitting mode ‘‘very high interaction” was used, which
allows the adjustment of all model parameters simultaneously. The result of a component fit
for a mixture spectrum is shown in Fig. 5, highlighting the signals A(1), C(1) and C(6). For
the direct integration method, the processed NMR spectra were numerically integrated in the
intervals provided in Table 2 with MATLAB. The acquired signal areas were converted to
concentrations and ratios as indicated in Section 2.7.
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Tab. 1: Defined spectral ranges of component models for experiments with ACN as solvent

no. of
hard model group no. chem. group data range /ppm peaks
N-Boc cysteine methyl ester | A(1) —0OCHs 3.5-3.85 8
Iyl alcohol B(4) =CH; 4.85-5.5 4
C(1), C(4), | -OCHs, —CH2, —
Product (ACN) C(6) CH> 3.5-3.85;25-27 |14
C(1), C(4), | -OCHs, —CH2, —
Product (DMSO, DMF) C(5) CH> 3.5-3.85;1.65-2.0 |14

x 107

Hard models:
N-Boc cysteine methyl ester

—— Thioether product

2

—— Component fit
—— Experimental spectrum

N | ]
F"""”“\J A e

\

Intensity, // a.u.
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3.75 3.7 365 36 3.55
ppm
Fig. 5: Representative result for the component fitting of an online NMR spectrum (*H, 500

MHz) after 15 min reaction time during thiol-ene coupling between N-boc cysteine methyl
ester and allyl alcohol.

Tab. 2: integration ranges for processed H spectra of thiol-ene coupling

reactant group no. chem. group | integration range /ppm
Allyl alcohol B(4) =CH: 4.95-5.33

Thioether product C(4) —CH> 2.5-2.65

Thioether product C(5) —CH: 1.65-1.94

2.7. Determination of ratios and concentrations

One of the advantages of NMR spectroscopy as an analytical tool is, that the signal intensity
in the spectrum is directly proportional to the number of nuclei responsible for this particular
resonance. As a result of this in most cases no need for a linear calibration model is needed, if
the signal area and the respective molecular structure which causes the signal are known.
Thus, a different approach for IHM was chosen with the benefit of reducing the calibration
effort. Instead of a linear calibration model, the concentrations were directly calculated out of
the peak areas of the fitted component models. One of the easiest methods for NMR is the
relative quantification method. Hereby, without calibration, the molar ratio x; can be
calculated on the basis of peak area rations by employing the following expression:

xX: = — —_
' Vi . OVi
L=

Eq. 2
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where v; is the number of nuclei, A; is the absolute Integral. For the absolute quantification
method, the use of a concentration conversion factor & is needed in order to convert signal
areas to molar concentration c;. & was determined via 1-point calibration obtained from the
starting concentration of each experiment using Eq. (3):
Vi A;
E=Ci'A—i<—>Ci :E.V_i
Eq. 3

For IHM, the area of each component model was derived from the peak parameters of the
Pseudo-Voigt functions with the following equation (cf. Eq. (1)):

A =ay[ﬁ-\/n/ln2+(1—ﬁ)-n]
Eq. 4

3. Results and discussion

This publication presents an online NMR setup coupled with automated algorithms for
spectral processing as well as for the quantification method. To monitor the reaction
propagation, IHM was chosen as the favourable evaluation method since it allows resolving
the pure peak area of each analyte from the overlapped spectrum measured in the reacting
mixture. Through the application of IHM the signal area for each reactant can be
deconvoluted from the spectrum and thus converted to the respective molar ratio (calibration-
free) or concentration (1-point calibration). However, considering that 1-point calibration
method based on a concentration conversion factor (Eqg. (3)) is non-specific regarding the
analyte, the calibration was carried out with the non-overlapping peaks from the starting
mixture of the experiments. Linear multivariate methods like PLS-R have not been considered
in this application, since these methods require a calibration set throughout the entire
concentration range.

The non-overlapping signals, which were suitable for direct integration, were used herein for
comparison purposes of both methods.

3.1. Reaction monitoring

Fig. 6 shows concentration time profiles based on the reaction performed in DMSO. The S-H
bond is consumed due to the coupling between N-boc cysteine methyl ester and allyl alcohol,
whereas their decrease is directly related to the amount of newly produced bond. The
presented plot was obtained from single scans proving that applied spectral modeling in
combination with highly linear response of the spectrometer provides high quality results
allowing for determination of reaction performance. Data points representing an offset from
the exponential trend are related to the additional sampling of the reaction mixture performed
using valve V1, which induced flow fluctuations in the by-pass system. Moreover, reaction
performance was monitored utilizing ACN and DMF as solvent. Fig. 7 provides a comparison
of the individual solvents, depicting the respective molar ratio of product over time. These
results indicate faster transformation of reactants into thioether product in the initial phase
when ACN is used. For DMSO and DMF the rate of product formation in between 5 and 10
min represents a linear increase of 0.013 per min (0.037 mol mL-! min'), while the reaction
performed in ACN shows a slope of 0.02 per min (0.051 mol mL* min-t). The varying initial
reaction rates cause varying turnovers for DMSO, DMF, and ACN after 20 min (72, 71, and
79%). Nonetheless, for all solvents the limiting reactant (N-boc cysteine methyl ester) was
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completely consumed after approximately one hour and thus quantitative conversion was
achieved. Variations in the final molar ratio of product for the different solvents reach up to
0.05 due to minor deviations in the initial concentration of reactants. The described changes in
the initial phase of product formation might be subjected to the properties of reaction mixture
related to the environment in which transformation occurs. Changes in solvent properties like
polarity, viscosity lead to changes in reactant interactions hence reaction rates. Taking into
account the solvent polarity index the lowest value is for ACN and the increase for DMF and
DMSO being 5.8, 6.4, 7.2, respectively [27]. The same dependence is observed for their
density being 0.786, 0.944, and 1.100 g mL?' for ACN, DMF, DMSO respectively.
Accordingly, it can be suspected that mixing intensity will vary depending on the solvent and
will have the most significant influence in the initial phase of reaction when radicals are
produced. The influence of solvent polarity cannot be excluded. However, for the solvents
applied throughout this study there is no direct indication of a solvent. The typical mechanism
of the intended radical initiated thiolene click chemistry involves two steps: propagation and
chain transfer. C-S bond formation is initiated by thiyl radicals created by charge transfer
from primarily formed photoinitator radicals. Produced thiyl radicals react with alkenes
forming intermediate carbon centered-thioether radical (propagation). The intermediate
radical is able to abstract a hydrogen atom, forming the thioether product along with a new
thiyl radical (chain transfer), which can then initiate another propagation step [28]. A detailed
scheme of the reaction mechanism is illustrated in the supplementary information. By
terminating the irradiation after 15 min reaction propagation by chain transfer step and
recombination of light induced radicals was investigated. The exponential results obtained for
15 min irradiation is characterized by the same slope as in case of 60 min irradiation
experiments for the same operating conditions as summarized in Fig. 7. Consistency between
the results acquired for the first 18 min indicate high reproducibility of the studied chemical
system. Investigations of the reaction propagation after the light cut off indicate no significant
changes after merely three minutes. The timescale required to detect reaction termination is
affected by two mechanisms (i) time required for radical recombination (ii) the system
response being delayed due to the remaining residence time. As described in Section 2.4 the
delay time to the system is assessed to be 3.8 min nicely coinciding with the detected reaction
end-point delay. Hence, radicals formed by the photoinitiation recombine directly (or at least
within the temporal resolution of 3 min) when the driving force (photons) required for their
production is withdrawn. This indicates a negligible contribution of the chain transfer
reaction. Line broadening effects, which usually appear when paramagnetic radicals are
investigated [29], were not observed, since radicals recombine before they enter the active
region of the NMR. The observed product concentration decreases slightly between 21 min
and 30 min appears due to the final rinsing of dead volume in the by-pass system and merely
reflects fluid dynamic equilibration.
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Fig. 7: Time courses of the molar ratio for the thioether product during photoreaction
3.2. Material balance and kinetics

According to the above described reaction mechanism reaction Kinetics can be differentiated
in respect to ratio of propagation and chain transfer rate. Thiols with less abstractable
hydrogen atoms, such as alkyl thiols (i.e. N-boc cysteine methyl ester), will tend to have
reduced chain transfer rates. This results in rate-limiting chain transfer reactions and thus
pseudo-first order reaction Kkinetics based on thiol concentration [18,28]. By plotting the
logarithm of the experimentally obtained N-boc cysteine methyl ester concentrations over
time, a resulting linear behaviour justifies this approximation to first order kinetics. In order to
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validate the quantitative NMR results of IHM a material balance according to Eq. (5) was
generated, assuming an irreversible first-order reaction.

dCA_dCB_ dCC_ —k
dc  dt | dt | fea

Eqg. 5

On the basis of this simple model, the time courses of reactants can be described and fitted to
the experimental data. For identification of the model parameters c,(t = 0), cg(t = 0),
cc(t =0), as well as k a simplex search method was used to minimize a objective function,
which is based on least squares. By reason of response time in the tubing system the first three
minutes of irradiation were neglected during the fitting process. The results of the mass
balance of the adapted kinetic model are plotted in Fig. 6. No major trends regarding the
residuals were observed, indicating a satisfying quality of the fit. The kinetic constant k (h?)
was estimated to 3.96, 3.92, and 3.94 for experiments using ACN, DMF and DMSO as
solvent, respectively. Moreover, the impact of residence time distribution when determining
reaction Kinetics can be further reduced by modifying the experimental set-up and by
introducing E(t) into the mass balance of the kinetic model.

3.3. Uncertainty evaluation

For this study, no reference analytics was available in the interest of validation of NMR
results in ‘‘traditional” manner. In order to obtain a first estimation of the uncertainty of the
presented method, standard deviations of the reactant concentration were calculated for the
period of time when concentrations remained constant. An experiment, in which irradiation
was terminated after 15 min was well suited since concentrations did not change from
absolute standard deviations of 0.011, 0.004 and 0.005 mol L were obtained for allyl alcohol,
N-boc cysteine methyl ester, and the thioether product, respectively. However, a rigorous in-
depth analysis of uncertainty of peak parameters, which were calculated during component
fitting, would be beneficial for precise error propagation calculations for peak areas and thus
for concentrations. In Fig. 8 the NMR results for IHM and direct integration are compared in
a parity plot. While the two methods show a strong coincidence with unity slope (Fig. 8—I) for
the allyl concentrations, the obtained thioether product concentrations show a constant offset
between direct integration and IHM (Fig. 8-Il1). For direct integration the signal C(4) was
evaluated, for IHM the signals C(1), C(4) and C(6) were taken into account in the respective
pure component model. As expected, those signal areas of the same compound for both
methods show a strongly linear dependency of the resulting concentration. However,
regarding the product concentration (Fig. 8, I) a minor constant offset can be observed. Since
the sign of the observed deviation in the parity plot is positive, it is assumed to be an
influence of an insufficient covering of the signal area for that signal C(4) using the direct
integration method.
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and indirect hard modeling (IHM) for allyl alcohol (1) and the corresponding thioether
product (I1) in a parity plot along with deviations c(IHM) — c¢(DlI).

4. Conclusion

The implemented flow cell NMR set-up for online monitoring in combination with IHM
allows quantitative online tracing of reactants during thiol-ene coupling using ‘‘click
chemistry”. The presented method demonstrates a simple procedure used for evaluation of
complex NMR spectra which cannot be evaluated via direct integration. The evaluation
method is based on a spectral modeling approach which requires solely pure component
spectra and the spectral assignment. This method benefits in comparison to classical PLS-R
from quantitative insight in signal areas of pure components in overlapping signals and thus
yields a significantly reduced calibration effort and, therefore, exhibits short set-up times.
This was shown for adjusting the IHM models for a couple of different solvents in which the
reaction was conducted. The sensitivity of the presented approach allows to identify minor
changes in the reaction kinetics when different solvents are applied. Moreover, depicted
negligible deviations in concentration during several experiments indicate high repeatability
between the measurements. A direct comparison of the two methods, IHM and direct
integration, reveal their analogous performance. IHM considers additional peaks, which
cannot be resolved utilizing direct integration, providing more flexibility to characterize
chemical systems and a more robust analysis. The ultimate advantage of IHM can be
anticipated to lie in a quantitative analysis of non-baseline-resolved spectra as they are typical
for even more complex reaction mixtures or data obtained on lower field NMR instruments.
Thus, the work presented here could eventually pave the road towards a reliable evaluation
with low field NMR instruments using permanent magnets in an industrial environment. The
extracted data would be beneficial for on-site kinetic studies, screening of novel reactions and
optimization of reaction conditions run in small batches.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.jmr.2017.02.018.
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Abstract

Acoustically levitated droplets have been suggested as compartmentalized, yet wall-less
microreactors for high throughput reaction optimization purposes. The absence of walls is
envisioned to simplify up-scaling of the optimized reaction conditions found in the microliter
volumes. A consequent pursuance of high-throughput chemistry calls for a fast, robust and
sensitive analysis suited for online interrogation. For reaction optimization, targeted analysis
with relatively low sensitivity suffices, while a fast, robust, and automated sampling is
paramount. To follow this approach, in this contribution a direct coupling of levitated droplets
to a homebuilt ion mobility spectrometer (IMS) is presented. The sampling, transfer to the gas
phase, as well as the ionization are all performed by a single exposure of the sampling volume
to the resonant output of a mid-IR laser. Once formed, the nascent spatially and temporally
evolving analyte ion cloud needs to be guided out of the acoustically confined trap into the
inlet of the ion mobility spectrometer. Since the IMS is operated at ambient pressure, no fluid
dynamic along a pressure gradient can be employed. Instead, the transfer is achieved by the
electrostatic potential gradient inside a dual ring electrode ion optics, guiding the analyte ion
cloud into the first stage of the IMS linear drift tube accelerator. The design of the appropriate
atmospheric pressure ion optics is based on the original vacuum ion optics design of Wiley
and McLaren. The obtained experimental results nicely coincide with ion trajectory
calculations based on a collisional model.
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1. Introduction

Acoustical levitation became of interest due to its intrinsic properties in sample handling. Not
posing any physical constraints on the levitated sample, it is highly adoptable to microfluidic
chemical reactors allowing for compartmentalized, yet wall-less sample handling. The
absence of walls minimizes contamination and cross-talk caused by possible ad-/desorption
processes occurring between the sample volume and surface of the container walls. Stable
levitation conditions in an acoustic field enable handling of a wide range of sample volumes,
irrespective of its physical state, and in any carrier-gas including ambient conditions. The
minute sample volumes have made levitation of droplets mature to a powerful tool in
bioanalytical applications [1]. Levitation allows compartmentalization of liquids, while,
compared to conventional microfluidics, no contact to any other liquid or solid interfaces is
necessary, the droplet is confined by an acoustic field alone. The inside of the droplet is in a
zone of acoustic silence where diffusion predominates any occurring mixing effects. This
absence of mixing allows phase separation between two solvents of different polarities
allowing for extracting analytes of importance in one of the phases inside the single droplet. If
mixing is favored, a modulation of the carrier frequency can effectively perturb the droplet. In
summary, all fundamental steps of laboratory routine analysis as sample introduction, mixing,
separation preconcentration and sample removal can be performed on levitated droplets.
Hence the intrinsic properties of the acoustically levitated droplet make it a suitable
microreactor.[2-4]

Therefore, lately some attention has been put onto on-line monitoring of chemical reactions
performed within levitated droplets.[5] Several interrogation schemes have been proposed for
contactless interrogation of the droplets’ chemical composition. The majority of the available
publications focus on spectroscopic detection techniques showing successful monitoring of
reactions performed within the levitated droplet volume by RAMAN, IR, X-Ray where
interrogation is remotely performed inside intact droplets.[6-8] However, until now only a
limited number of publications report on the interrogation of the volume composition of
levitated droplet via gas phase detection techniques, which require effective sample
desolvation such as mass spectrometry (MS). The successful approaches include either
contactless sampling of a single levitated droplet by IR-laser light and detection of the
generated analyte ion plume or at-line detection of reaction performed within levitated droplet
were the levitated droplet is collected on a metal mesh and ionized using DART source.[1, 9]
Though, in both cases, the sample/reaction mixture is handled at atmospheric pressure and the
ion plume is directed towards the MS entrance along a decreasing pressure gradient between
the acoustic trap vicinity and the MS orifice. Another approach to direct the generated ion
plume presented by Westphall[10] utilizes a ring electrode between the droplet and the MS
orifice acting as an ion gating electrode operated in pulsed mode. Here, the ion plume can be
directly modulated regarding its spatial and temporal propagation. Still, a robust approach to
contactless on-line monitoring of reaction performed within levitated droplet is in the
development phase.

In the last 15 years ion mobility spectrometry (IMS), operated at atmospheric pressure, has
been extensively studied as an alternative route for gas phase detection.[11] IMS is widely
used for on-site detection of warfare agents, explosives and industrial applications in
pharmaceutical and food industry; IMS in combination with MS has been attested a wide
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applicability for interrogation of complex matrices in proteomics and metabolomics.[12-15]
There is a number of possible IMS separation principles, however the most straightforward
utilizes a linear drift tube.[16, 17] Here, the ions are guided along an electric field applied in
the opposite direction of a buffer gas stream. The number of collisions the analyte ions
experience with the buffer gas, defines the separation power and it is directly correlated to the
size, shape and 3D-structure of the molecule. The collisional cross section as a molecule-
specific parameter allows to not only differentiate between possible isomers but even isobars
of very similar structure. A number of research groups develop IMS systems ever improving
its performance and applicability.[18] Current advances are directed towards the
implementation of new ionization sources and coupling to HPLC, MS reaching 2-dimensional
separation improving separation power.[19, 20]

The possibility to model motion of ions in the neutral gas at atmospheric pressure, under the
influence of electrostatic field, became a powerful tool in designing new instruments
including couplings and introduction of new ionization sources. Finite element methods allow
to numerically predict ion trajectories inside electrostatic lenses integrating the pressure-
temperature-velocity forces of dynamic gas flow with the forces imposed by the electrostatic
field. The resulting, reliable prediction of ions in force fields at ambient collision conditions
by modelling has greatly accelerated instrumental development. These complex ion motions
at atmospheric pressure are also applied when converting empirical IMS results as the drift
time into molecular specific properties such as the collisional cross section.

Herein we present a novel sample introduction/ionization system utilizing acoustically
levitated droplet coupled to drift tube IMS. The ion plume ejected out of the surface of a
levitated droplet by a nanosecond infrared (ns IR) laser pulse is transferred into the IMS
internal electric field regime via an ion optics composed of two electrostatic lenses. The
applied electrostatic fields invoke the ion propagation and spatially focus the ions towards the
customized inlet of the drift tube IMS. The experimental results are subsequently compared to
predictions obtained using the SIMION ion trajectory modeling suite.

2. Methods

The acoustic trap for droplet levitation is composed of a sonotrode equipped with a radiating
plate and an opposing spherical reflector. When the sonotrode and reflector are placed at a
resonant distance 5/2 A and the 41 kHz sine function output of a power driver is applied to the
Langevine type piezo transducer stack (MTH, Henstedt, Ulzburg, Germany), a standing wave
is formed between the sonotrode and reflector. The generated acoustic field provides
confinement in vertical direction compensating gravity force and, hence, allowing for droplet
levitation. For all experiments in this work droplets of 5 pLL volume are levitated in the central
pressure antinode.

The used drift tube IMS is a modified version of the instrument presented in Beitz et al.[21].A
schematic representation of the entire setup can be seen in Figure 1. It consists of a short drift
tube of length L=80 mm, operated at temperature 180°C. The relatively short length allows
for operation at comparably low voltages on the electrodes of the IMS. The drift tube is
composed of alternating pairs of a stainless-steel drift ring and a PEEK spacer. Each pair of
metal ring and isolator ring is of 5 mm length arranged in a tubular manner. Along the
conductive rings the externally applied potential drops along a voltage divider consisting of a
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series of resistors and a ground termination. The endcap carries a central Faraday plate
detector. Along the drift tube, separation according to collisional cross section is achieved. To
facilitate the coupling to the external liquid sample, no counterflowing gas was used. The
entrance of the IMS has been customized according to design constrains yielding at maximum
ion transmission. The inlet plate electrode was equipped with a protruding cylindrical segment
(ID=10 mm, L=10 mm) facilitating operation at proximity to the droplet and IMS inlet. A
typical voltage of 5 kV is applied on the inlet resulting in an electric field of E = 625 V/cm
inside the drift tube.

The levitated droplet is set up in front of the IMS inlet. To invoke ion transport two
electrostatic lenses operated at high potential working as an ion plume repeller and extractor
have been implemented. These electrostatic lenses provide a compromise between a
comprehensive ion guiding and a minimized geometrical footprint. The latter was found to
drastically perturb the emitted acoustic field of the levitator resulting in instable levitation
conditions. The overall design of the resulting ion optics resembles the classic vacuum design
by Wiley and McLaren.[22] The electrostatic lenses are constructed from metal wire bent on a
cylindrical mandrel to form 10 mm diameter loops and aligned parallel to the IMS inlet,
forming a circularly symmetric electric field along the entire system. The repeller and
extractor electrodes are placed at distance of 5 mm and 10 mm from the cylindrical IMS inlet,
respectively. The desorption/ionization out of the droplet was performed with the A =2.94 um
output of an optical parametric oscillator (OPO) (Opotek inc. Carlsbad, CA, USA) with a
pulse width of 7 ns, focused by a plano-convex CaF; lens (f = 100 mm). As indicated in
Figure 1, the laser was aligned to hit the droplet on its outer perimeter to form a desorption
plume along the surface normal of the droplet towards the detector.

Acoustic IMS inlet Faraday
levitator 5.0 kV detector

-
) E—
=== 11TINIINNE

Amplifier
D CaF, lens
!
R - Repeller Ug =8.25 kV Digital
E - Extractor Ug = 6.25 kV osciloscope
'
% Desorption laser PC
OPO, t,=6ns

Fig. 1 Schematic of the experimental setup.
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In this configuration the propagation vector of the plume is coinciding with the axis of
symmetry of the electrostatic fields inside the IMS. The laser pulse energy is adjusted to
match the horizontal confinement strength of the acoustic trap. At a pulse energy of 1 mJ per
pulse an effective evaporation could be observed, while no ejection of the suspended droplet
out of the pressure node occurred.

Optimization of the ion transport was performed on the ion signal of tetra-n-butylammonium
bromide (TBAB) as a reference substance. The potentials applied to the extractor and repeller
electrodes, Uext. and Urep. Were optimized on maximum intensity at minimum peaks widths.
The analysis was performed in two subsequent runs. By modifying U, in the range 7.25 —
8.5 kV, at constant extractor potential, followed by altering Uext, in the range 5.5 — 7.5 kV at
the previously optimized Urp.. The upper limit of the high potential applied on repeller was
the maximum before discharges between the grounded sonotrode and the ring electrodes
occurred. Subsequent reference spectra were acquired for TBAB, atenolol, promazine, and L-
arginine dissolved in ACN:H>O (1:1) solution. No additional sample purification or
preparation procedure were applied to reference analytes. Upon manual introduction of the
different analyte solutions into the central antinode of the levitator with an Eppendorf pipette,
the individual droplets exhibited a slightly different ellipticity changing the exact position of
the droplets’ equatorial waist. Consequently, for each sample the exact laser spot position had
to be slightly modified. All acquired spectra were baseline corrected in Origin (OriginLab
Corporation, MA, U.S.A))

To predesign the applied electrostatic lenses according to the desired ion flow, SIMION
(Scientific Instruments Services, Inc.) simulations were conducted. The transport of ions in
the atmospheric pressure as well as the collisions between the ions and gas particles occurring
in the drift tube and its vicinity were mimicked using the statistical diffusion simulation
(SDS) algorithm by Dahl et al. [23]. The simulations were performed at atmospheric pressure
of air as collision gas propagating antiparallel to the ejected ion plume. The temperature was
set to T = 180°C. The simulation was performed for 500 individual TBAB ions as the
standard analyte. The ion cloud origin was set at 6 mm distance from the repeller being the
real ion origin of the ion cloud. The results of the simulation are presented in the form of
simulated ion mobility spectra to compare the drift times, peak broadening and intensity of
simulated and measured spectra.

2.1 Chemicals
All chemicals have been supplied by Sigma-Aldrich (St. Louis, MO, USA).
3. Results

The optimization of the electrostatic lenses and their focusing and ion transmission
behaviour is depicted in Figure 2. The Wiley-McLaren type two electrostatic lenses, repeller
and extractor, operated at high potential generate electrostatic field between the
sampling/ionization region and the IMS inlet region guiding the ions inside the IMS cell.
Working potentials applied on the electrostatic lenses are modified according to the potential
slopes presented in Figure 2 middle row. The optimization of operating conditions was
initiated with the repeller voltage defining the first electrostatic slope the nascent ions
experience on their way towards the IMS. The generated ion plume must overcome an electric

barrier present in the vicinity of IMS inlet. This is why below voltages of 7.25 kV and 5 kV
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applied to the repeller and extractor electrode, respectively, no ions could be observed. For the
repeller a natural upper limit for practical use was determined at 8.5 kV by the potential
gradient at which discharges between the electrode and the grounded sonotrode occurred. In
this first optimization, Uex. Was kept constant at 6 kV while Urp was modified in the range
7.25 — 8.50 kV. In total, three peaks become visible (Fig.2 left bottom). Around 7 ms the
reagent ions are detected, a typical phenomenon for IMS. The strongest signal around 12 ms
can be assigned to the reference analyte TBAB while the contributions at longer drift times
can be attributed to dimer formation. Subsequent stepwise increase of the repeller potential in
a 0.25 kV steps resulted in an increase of ion signal coming to a maximum ion signal at a
voltage of 8.5 kV. The full width at half maximum (FWHM) of the peaks does not change
significantly for the given potential range (Table 1). Due to erratic discharges, 8.5 kV
becomes ineffective for any real application purposes, thus 8.25 kV was identified as the best
operation voltage for the repeller.

Repeller Extractor IMS inlet

‘ ——5.75kV
8,51 : ——6.00kV

2 4 6 8 10
Distance / mm

0 10 15 20 ' 5
ty/ ms tp/ ms

Fig. 2 IMS performance. Top row: schematic; center row: potential gradient along the
propagation towards the IMS entrance; bottom row: resulting IMS drift time spectra. Left
column: optimization of repeller electrode voltage; right column, optimization of extractor
potential.

Previous investigations of laser ablation of liquid droplets by a ns laser pulses observed a
pronounced spread of the spray plume in space, time, velocity and progeny droplet size. [24]
In IMS all these factors contribute to peak broadening. An ideal ion optics does, therefore, not
only show in an efficient guiding but also temporally focusing of the ions. Thus, besides the
signal overall intensity also its temporal width should be considered. All of the above can
potentially be compensated by the right setting of the dual electrode ion optics. Thus, in a next
step, the impact of the ion optics focusing conditions on the ion detection distribution caused
by this temporal dissipation was studied. The repeller potential was fixed to 8.25 kV while the
extractor potential was altered in the range 5.5 — 7.5 kV. A schematic of the potential gradient
is presented in Figure 2 together with the corresponding ion arrival spectra obtained for the
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individual extractor potentials. Towards higher extractor potential the intensity of TBAB
monomer peak increases while the peak width decreases. For a more quantitative analysis, the
analytically relevant figures of merit of the ion signal statistics are summarized in Table 1 and
2.

Tab. 1 Experimental dependence on the voltage applied to the repeller electrode

U, kvl t_[ms] FWHM [ms] I [au] S/N

7.25 12.6 0.72 0.33 8.9

7.50 12.3 0.97 0.56 15.2
7.75 12.3 1.11 0.87 21.6
8.00 12.1 0.99 0.80 20.2
8.25 12.1 1.01 1.33 25.8
8.50 12.1 1.07 1.28 20.4

Tab. 2 Experimental dependence on the voltage applied to the extractor electrode

u_. [kV] tD[ms] FWHM [ms] I [au] S/N
5.75 13.7 0.91 0.45 12.7
6.00 12.1 1.22 1.33 25.8
6.25 114 0.98 1.64 31.3
6.50 10.8 0.91 1.88 47.1
6.75 10.6 0.83 1.49 34.9
7.00 10.4 0.78 1.30 33.0
7.25 10.2 0.82 1.57 41.6

From the given number can also be seen that the extractor potential accelerates the ions into
the IMS drift tube, leading to a peak drift time decrease from 13.7 ms to 10.2 ms. The signal
increase with increasing extractor potential is most pronounced throughout the first 4 applied
potentials reaching a plateau for values higher than 6.5 kV (Table 2). The FWHM decreases
beyond this potential until reaching a minimum of ~ 0.8 ms at 7.0 kV extractor voltage. The
optimal collimating conditions are reached at this specific conditions. As presented in ref.[24],
the plume ejection is delayed by the energy transfer within the droplet volume leading to a
temporal lag in spray release from the surface of the levitated droplet of up to > 1 ms. This
broadening goes along with a spatial distribution and a momentum distribution in both,
absolute value and direction. Compared with these findings, an absolute signal peak width of
below 0.8 ms attests the simple dual electrode ion optics an effective focusing of the released
ions. The performance of the ion optics depends on the absolute potential on the electrostatic
lenses as well as their ratio. While the absolute value of the potentials strongly affects the ion
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transmission into the IMS and, the ratio between repeller and extractor potential mainly
determines the ion clouds confinement. For the optimized extractor potential, the dimer peak
(observed as broad undefined feature when adjusting repeller potential) becomes apparent at 6
kV and becomes more pronounced towards higher voltages applied to the extractor. The
appearance of dimer peak indicates improved transport properties in the crucial region of the
sample introduction region. lon propagation in the laser beam direction is exceled by the
generated double electric field allowing to direct the ions with a good result towards gas phase
detection system.

To quantify the observed effects, Fig. 3 shows the FWHM, the absolute intensity, and the
signal to noise (S/N) ratio at the different potentials applied. As can be seen in the left upper
figure, the intensity increases roughly linearly with the applied Ugep. While the FWHM quickly
increases to a constant value of ~ 1 ms. As the lower left plot indicates, the intensity is not the
only factor, affecting a high sensitivity, but towards higher potential, also a higher noise level
is observed resulting in no further S/N increase beyond Urep. = 7.75 kV.
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Fig. 3 Analytical performance of the used ion optics potential settings. The FWHM (black
squares) determines the resolution of the instrument while the intensity (I) and Signal-to-noise
(S/N) (blue circles) dictate the sensitivity. Left panel: absolute potential on repeller Uy with
a constant voltage of 6 kV applied to the extractor electrode. Right panel: Ratio Uext/Urep.at a
constant Urep, Of 8.25 kV. Upper trace: FWHM and absolute intensity, lower trace: FWHM
and S/N.
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Regarding the Extractor potential, the right upper trace clearly shows how the two electrode
focusing design increases not only the total ion peak intensity | further up but also decreases
the signal width drastically. The similarity between the upper and the lower right plot
indicates that the applied potential does not significantly adds noise to the detector.

The best performance is achieved at the voltage ratio of 0.79 indicating that forces (i.e.,
atmospheric pressure, repulsion forces) acting in the sampling region/interface vicinity are
compensated. Further alternation of the settings is pointless, the S/N ratio is not influenced
above this value, the ion transport reaches plateau. Moreover, the provided second
electrostatic lens in combination with repeller corrects for any of the 3, above mentioned,
effects contributing to the peak width broadening. It compensate the complex 2-phase plume
propagation mechanism composed of a) a fast propagating early and a b) slow propagating
late fraction described in ref.[24] improving the distribution and time of ion detection.
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Fig. 4 Comparison of experimental spectra, acquired for a reference analyte — TBAB, (upper)
and simulated spectra (lower).

To prove that the applied ion optics act as designed SIMION simulation was performed to
mimic electric field generated between the lenses and the cylindrical IMS inlet
(Supplementary Material). Simulation results are presented in Figure 4 and compared to
experimentally obtained spectra. The primary broad low intensity peaks observed for
simulated spectra indicate that the collimating power of the system is insufficient to overcome
forces acting on the ejected ion plume confirming experimental conclusions. With the
increasing high potential applied on the lenses the ion transmission improves exponentially,
following enhanced intensity and FWHM. The ion transmission reach maximum at 7.25 kV
representing the best ion confinement. The small distinctions in the drift times, between the
simulated and real values, are most likely caused by imperfections of the exact input
parameters for the simulation. The general trend achieved in the simulation follows the
experimentally acquired spectra while the narrower peaks indicate additional phenomenon
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that must be considered when discussing real system. The complex plume ejection nature is
apparently not fully mirrored in the simulation hence, better resolution of the simulated peaks.
Despite the care to keep the analysis conditions constant and repeatable some fluctuations in
the atmospheric conditions can emerge which will be fully avoided in the simulation. Still, the
good comparability between the simulated and the experimentally obtained spectra indicate a
comprehensive understanding of the underlying focusing potentials.

To explore the real functionality of presented system L-arginine, promazine, atenolol were
analysed using described conditions and compared to the reference analyte, TBAB. The laser
spot for ionization/desorption out of the levitated droplet surface was adjusted prior to the
experiments to allow efficient desorption of all investigated analytes without further re-
adjustments between individual recordings. As presented in Figure 5 for L-arginine monomer
as well as a dimer can be observed. The monomer peak appearing at 8.4 ms is a well-shaped,
high intensity peak indicating indisputably appearance of L-arginine in the analysed sample.
The dimer formation at 11.7 ms indicates high ionization ratio of the analyte and its good
detectability by the presented gas phase detection scheme. Both peaks exhibit relatively low
of FWHM indicating good ion confinement by the applied electrostatic lenses and separation
within the IMS drift tube. The reactant ion peak (RIP) decreases in a favourable manner
confirming efficiency of presented ionization scheme and analyte ion transfer inside the IMS
drift tube. Atenolol ions are detected at 10.3 ms represented by a monomer peak with a
significantly higher FWHM of 0.78 ms. The moderate ionization efficiency/ion transfer of
atenolol as a probable cause for this broadening is also represented by the high intensity of the
RIP peak. Promazine is detected at 10.1 ms. The monomer peak is 0.93 ms broad and exhibits
a broad tailing and a high ionization efficiency. The observed tailing of the promazine peak
imply possible dimer formation with a signal convoluted with the monomer peak. For the
presented detection conditions, reference analyte the TBAB is detected at 10.8 ms and with a
FWHM of 0.98 ms. The absolute values coincide with the one obtained during optimization
of the system indicating the stability of the system. The minor change in the desorption
conditions, do not significantly influence the detection limits of TBAB. Comparing respective
spectra fluctuations in the drift time of the RIP peak are determined. These fluctuations are
connected to minute changes in the exact position where the laser focus irradiated the
levitated liquid droplet. Physical properties of the analyte solution such as surface tension
influence the shape of the droplet confined in the acoustic field. For each analyte solution a
slightly different laser focus position had to be chosen.
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Fig. 5 IMS spectra acquired for reference analytes.

As can be seen in Table 3, the presented drift time values substantially overlap (Table 3) and
only the L-arginine can be undeniably distinguished. Thus, for an analysis of complex
mixtures further optimization of the system would be necessary. Although the resonant
infrared laser strongly excites the internal degrees of freedom inside the interrogated solvent
volume and the IMS is operated at elevated temperature, apparently the drift time alone does
not suffice for an effective desolvation of the detected ions.. Analytical IMS instruments
typically use a temporally decoupled desolvation step preceding the ions separation occurring
in the drift tube, which was found to be especially important in case of analysis of liquid
samples. Though the laser desorption/ionization results in the fine fume formation the solvent
content remains moderately high. In case of ion separation based on number of the analyte ion
collisions with a counter gas, the separation is, thus potentially disturbed by the number of
solvent ions attached to the analyte ion substantially increasing collisional-cross section and
smearing the separation efficiency. Future application of desolvation cell will allow to
diminish number of solvent molecules and improve the separation. In cases of more
complicated mixtures separation efficiency can also potentially be further improved by
extending length of the drift tube.

Tab. 3 Experimental tp values acquired for reference analytes

Analyte Mass tp [ms] FWHM [ms]
L. 8.41 0.374
L-arginine 174.20
11.70 0.391
Atenolol 266.34 10.29 0.777
Promazine 284.42 10.09 0.929
TBAB 322.37 10.77 0.984
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4. Conclusions

The acoustically levitated droplet can be utilized as novel sample introduction/ionisation
system and coupled to the drift tube IMS via application of two electrostatic lenses generating
double electrostatic field confining ions, ejected out of the surface of levitated droplet,
towards IMS entrance. The operation of the applied ion optics in the atmospheric pressure
conditions is optimized resulting in the highest possible ion transmission enabling qualitative
analysis of number of analytes. The solvent droplet is sampled and ionized via ns laser pulses
and the nascent ion plume is directly analysed by the drift tube IMS. Despite its small
footprint the used IMS is fit for monitoring a reaction process especially when the collimating
power of the applied ion optics is efficient reaching high quality results. The reliable
operation of the ion optics is confirmed via computational simulation performed in SIMION
software package. The simulation results confirm proper operation of the designed system and
applied high potentials on its specific parts. Thought the drift time resolution, of the presented
system, to analyse the chemical mixture is not sufficient, the peak’s drift times substantially
overlap, the performance of the proposed prototype can be further improved targeting towards
more complex samples being especially suitable for sensitive reaction mixtures requiring
containerless conditions, uL, uniform droplet volume and a fast analysis time.
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4. Discussion

The presented work highlights the significance of understanding the phenomena behind the
laser ablation of acoustically levitated droplets and their comprehensive application in
combination with gas-phase detection techniques, especially in combination with the IM
spectrometry.

Acoustic levitation of objects is a unique technique allowing sample handling without direct
contact. Its application in analytical and bioanalytical chemistry has proven itself to be highly
successful. Building on those successes, the growing demand for novel, more reliable and
robust, analytical techniques expands its application, in combination with simpler analytical
methods, such as IM spectrometry.

The work performed in the frame of the project was focused on the coupling of an
acoustically levitated droplet to an IM spectrometer and utilizing the system for on-line
monitoring of photochemical reactions. Laser ablation was applied to achieve desolvation and
ionization of the droplet surface for contactless handling of the droplet. This rather simple-
appearing combination introduces a three-dimensional pattern in which each part of the
system needs to be considered separately as well as a unit. The acoustically levitated droplet,
utilized for both sample handling and introduction, must provide a high degree of freedom in
the event of possible operations on the sample and must be easily accessible for
desorption/ionization via laser ablation. The compact dimensionality of the acoustic levitator
is advantageous when coupled to the IM spectrometer since the latter is also characterized by
its modest size. However, the limited space poses certain obstacles to combining additional
devices, as might be required for supporting droplet continuity and direct implementation as a
microreactor to carry out the reaction within the droplet volume for the required time. When
focusing on the ability of an acoustically levitated droplet to operate as a microreactor, the
emphasis needs to be placed on possible interactions of the generated acoustic field with the
droplet volume and hence with the reaction itself. The acoustic field can enhance reaction
within the droplet. Though those properties haven’t been directly considered in the work
presented in chapter 3.1, they were anticipated when designing the system.

The desorption/ionization out of the droplet volume via laser ablation is complex and
represents a critical point for the successful performance of the system. The chosen
wavelength, 2,94 um, allows resonance of the OH bond, hence is especially usable for water-
based solvent systems. As shown, consideration of the parameters of the laser, as well as the
properties of the irradiated sample, are crucial to achieving stable ion formation and a uniform
ion cloud. The laser-based desorption/ionization of a liquid will result in different ion plume
behaviour when performed on a thick water layer of 10 pum compared to a droplet of 5 uL,
with a diameter of 3 mm.[52, 53] In the case of liquid droplets, direct investigation has shown
that plume formation and ejection are spread in time, depending not only on the laser power,
but, most importantly, on the pulse duration. The laser energy and its dissipation within the
laser pulse duration are critical to achieving a well desolvated and spatially confined ion
plume. A high laser energy, confined in a short laser pulse, will result in a rapidly evolving,
erupted, ion plume. The ion plume ejection will be limited in time, while the plume
propagation will result in complex dynamics and high ion solvation. The described complex
dynamics influence the temporal and spatial confinement of the ion plume. The application of
the laser pulse results in the formation of two-phases within the ion plume. It includes fast
propagating and slow propagating, recombined, phases in the plume. The latter significantly
increases the timeframe of plume propagation and its recombination and refocusing, hence
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directly influencing the spatial and temporal quality of the plume (Figuer 2.). The laser energy
injected into the droplet volume results in explosive boiling in which the matter is ejected
rapidly. The time required for the transformation is not sufficient to create a well-desolvated
ion plume. Instead, it results in sizable drops that are retained within the plume and the
creation of some undesirable, non-functional, larger droplets. The sizable drops forming the
plume recombine based on these two-phase dynamics and finally yield a moderately
defined/desolvated ion plume. The overall time required for plume recombination and
refocusing, as well as the original plume solvation that cannot be effectively mitigated,
significantly affects the detected ion signal at the Faraday detector.
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Figure 2. Shadowgraphy images of ablation dynamics following laser excitation with a pulse
width of tp = 6 ns. Inset a) zoom of the vapour front at t= 700 ns, inset b) close up view on
single pixel resolution.

Accordingly, the overall spectrum quality would be hindered without implementation of
additional ion extraction procedures. However, those issues are not evident when using us
laser pulses. Here the energy is dissipated within the droplet volume on a longer timescale,
revealing a rather gentle thermal spraying process instead of explosive boiling and connected
sudden material ejection (Figure 3). The thermal spraying results in simple plume propagation
(dynamics) with no recombination. Hence the overall timescale of plume ejection is
significantly lower. The energy recombination within the droplet volume is much more
efficient, allowing the generation of a well-desolvated ion plume that is directly transferred to
the detection system without further complex dynamics occurring at the interface. This pure
thermal spraying is reflected in the spectra that show better overall confinement.
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Figure 3. Shadowgraphy images of ablation dynamics following laser excitation with a pulse
width of tp = 280 us.

The comparison of IMS performance indicates an unequivocal predominance of the mild
conditions of laser desorption/ionization when applied to acoustically levitated droplets. As is
evident in the drift time spectra, the two-phase dynamics can be recognized and result in the
worst IM spectral quality (Figure 4. lower trace). Though the intensity of the signal, as well as
the area under the peak are higher, the delay used to characterize the plume propagation
indicates a transient change in ion signal with increasing delay. The observed transient change
illustrates the two-phase dynamics that are characteristic of short laser pulses. By following
the evolution of the spectra, it becomes evident that the FWHM and peaks area are
continuously decreasing until the transition point. At this point, the area continues to decrease
since the number of ions constantly decrease. However, their spatial confinement is resolved,
as indicate by FWHM. The higher focusing observed in the second phase of the plume
ejection is connected to capturing only the slow propagating ions.

The situation looks differently for longer laser pulses in the us time range (Figure 4. upper
trace). Here the area under the peak continuously decreases, with the highest number of ions
being ejected in the first several us of the plume duration. As presented, the direct
recombination of the ion plume does not occur. The confinement of the plume is not affected
by the delay used. The ion plume is dissipated in the phase space with increasing delay.
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Figure 4. left column: IMS spectra of perphenazine using laser ablation with (upper trace):
Er:YAG laser and (lower trace): OPO for different extraction time delays. The right column
compares the overall analyte ion signal (area) and temporal width of the analyte peak
(FWHM) for the two selected laser pulses.

The presented investigation indicates that achieving steady and well-confined ion plumes in
acoustically levitated droplet requires mild conditions of laser ablation.

Nonetheless, further distinction of applied laser pulse duration might be necessary due to the
possible occurrence of decomposition reactions if applied for biomolecule analysis. In theory,
both processes, i) laser desorption and ii) laser ejection, with some limitations and
requirements, have been described as effective for processing biomolecules in matrixes. As
summarized by Levis,[54] molecular desorption will occur on a shorter timescale compared to
decomposition reactions if the heating rate is high enough (108 to 10 Ks). The transfer of
the energy needs to be rapid to desorb the molecules intact, not allowing decomposition
reactions to occur. This point is valid for pulsed laser sources. In the case of us laser with a
long pulse duration of ~280 us the heat is dissipated within the pulse width leading to
constant heating of the droplet wvolume. This may lead to possible
decomposition/conformational changes in biomolecules. Hence, the process of desorption of
biomolecules out of the liquid droplet via us laser pulses should be further investigated.

To realize the coupling of acoustically levitated droplet to the drift tube IM spectrometer, the
ns laser has been chosen as the reference ionization method. The performance of the ns laser,
when coupled to an IM spectrometer has been already thoroughly investigated.[52, 53, 55] To
facilitate the development stage, the coupling of a novel sample introduction system, as well
as a well-defined/functioning laser desorption/ionization source were of importance.
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The successful coupling of levitated droplets to IM spectrometer requires the application of
additional ion optics to transfer the ions ejected out of the droplet surface to the IM
spectrometer entrance. The ions are ejected from the droplet at ambient pressure, outside the
IM spectrometer instrument. The separation occurs in the low electric field prevailing in the
IM spectrometer. Therefore, the gap in the ion carrier between their ejection and arrival at the
IM spectrometer entrance (operating at 5,5 kV), requires incorporation of two electrostatic
lenses. The electrostatic lenses generate an electrostatic field around the levitated droplet and
the IM spectrometer entrance. The physical simplicity, however, does not follow the technical
requirements of the system. Application of two electrostatic lenses at high voltage, between 6
and 10 kV, at the intersection with an acoustic field, constrains miniaturization of the system
to avoid discharges between the lenses and parts of the acoustic trap. Hence, the primary
approach was consistent with the two bent metal wires to which the high voltage was applied.
This solution has allowed the manipulation of the lenses in the vicinity of the droplet and
avoids its interaction with the propagating laser beam.

Acoustic IMS inlet Faraday
levitator 5.0 kV detector

-
P p—

Amplifier
D CaF, lens

!

R - Repeller Uy =8.25 kV Digital

E - Extractor Ug = 6.25 kV osciloscope
!

Desorption laser PC
OPO, t;=6ns

Figure 5. Schematic of the experimental setup representing applied ion optics composed of
two electrostatic lenses.

The Figure 6. represents the modelled electrostatic field, generated by utilizing two
electrostatic lenses, one before and one after the levitated droplet, at a distance of 5 mm. The
simulation results indicate the generation of a steep electrostatic field gradient between the
parts of the system. The electrostatic field generated around the levitated droplet allows
focusing of the ion plume and its transfer under ambient conditions. Since the droplet
irradiation occurs at a right angle to the IM spectrometry entrance, the applied field
overcomes the original propagation of the ion plume aligned to the propagation direction of
the laser beam.
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Figure 6. Simion simulation representing behaviour of the field at the acoustic trap — IMS
entrance interface. Simulation represents the 3D potential profile of optimised system: A)
Repeller electrode operated at 8.25 kV, B) Extractor electrode operated at 6.5 kV

The manipulation of the potentials applied to the electrostatic lenses has allowed optimum
system performance conditions to be established based on the peak intensity, broadening, and
dimer formation (Figure 7.). Further investigation has been focused on demonstrating real
analytical possibilities. However, due to the simplified arrangement of the IM spectrometer,
the obtained resolution was not sufficient to achieve mixture analysis. Moreover, the
oscillations in the droplet volume, as well as minor migration of the droplet in the z-direction,
combine with the initial ion plume and are reflected in the rise of the peak in the spectrum and
the tp of the analyte signal. The simplified construction of the IM spectrometer, particularly
the lack of a desolvation cell, results in further broadening of the signal that is inherent to
systems lacking features compensating for poorly desolvated ions. Emphasis must be placed
on the proper characterization of the ionization method and its influence on the spectrum
quality. Though the work has been focused on desorption/ionization via a ns laser beam
providing a well-characterized ion plume, its further manipulation is required to increase the
overall quality of the separation.
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Figure 7. IMS performance. Top row: schematic; center row: potential gradient along the
propagation towards the IMS entrance; bottom row: resulting IMS drift time spectra. Left
column: optimization of repeller electrode voltage; right column, optimization of extractor
potential.

In order to show a real-world application of the system, a model photochemical reaction has
been chosen and its performance assessed using 'H NMR to establish reaction kinetic
baseline. The focus of this part of the work was to carry out the same reaction in a
microreactor and monitor it using on-line techniques to evaluate the reaction rate. This step
was necessary to characterize the chemical system, its reactivity, and its performance. Due to
the possible influence of the acoustic field on the volume of the levitated droplet, which can
interact with the reaction at an early stage of the coupling, evaluating the reaction
reproducibility was of importance. The thiol-ene coupling was chosen as the model reaction.
The kinetics were initially analysed using high field *H NMR as well as an IHM approach,
allowing calibration-free measurements to be carried out.

| eqiv. 2.5 eqiv.
o 0.1M DMPA 0
CH,
H3C\O NHBoc  + HO/V —b-. HSC\O NHBoc
ACN / DMSO /DMF
A= 365 nm
SH t= 60 min HO/\/\S
A B C

Figure 8. Model photochemical reaction for proof-of-principle studies. The reaction
performance was established using on-line detection via *H NMR.

The reaction between N-Boc cysteine methyl ester and allyl alcohol, photochemically
activated at A = 365 nm, proceeds to completion within one hour, demonstrating that it is
optimal for the conditions required by the NMR setup. Under these conditions, the S-H bond
is completely converted by coupling with allyl alcohol. The reaction was carried in 3 solvents
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to investigate reaction propagation dependence. Reaction in ACN solvent results in the fastest
reaction rate. The presented concentration-time profiles indicate that high-quality results can
be achieved for a single scan method utilizing IHM in combination with a highly linear
response of the spectrometer. Moreover, with this approach, the amount of time for
subsequent analysis is reduced.
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Figure 9. Reaction propagation based on *H NMR studies and hard sphere modelling.

Reaction in ACN, monitored via *H NMR, shows 79% conversion within the first 20 minutes.
This means that the proposed reaction can be, carried out in acoustically levitated droplets and
directly analysed via the IM spectrometry detection scheme without any limits. The high
reproducibility of the studied chemical system is especially important in the case of
establishing new couplings with a higher dimension of complexity. The chemical system
utilized for on-line *H NMR can be directly applied to at-line, and in the ultimate potential
application, to real-time investigation of reaction via gas-phase detection schemes.
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5. Summary

The presented work demonstrates possible lab-on-a-drop developments utilizing acoustically
levitated droplets coupled to IM spectrometer for gas-phase detection. The set of results
illustrate the feasibility of the designed set up as well as suggest possible improvements to
increase the sensitivity of the system. A major part of the work is focused on defining the
technical constraints that must be evaluated and resolved to achieve successful operation of
the system. Application of the proper laser pulse duration, as well as the focusing of the ions
in the ambient atmosphere, is vital to achieving an optimal ion signal in the Faraday plate
detector of the IM spectrometer. Hence, the presented design of the ion optics, in combination
with application of ns laser pulses, demonstrates potential for providing moderate results. The
applied ns laser source has been used as reference ionization technique typically utilized, till
now, in combination with IM spectrometry. The defined complex plume ejection and ion
transport has been compensated by the surrounding electrostatic field, generated via two
electrostatic lenses, guiding the ions into the IM spectrometer.

By modifying the conditions of laser irradiation and lensing, the temporal and spatial spread
of the ion plume can be compensated to some extent. The achieved quality of the plume
allows detection of a well confined ions packet at the Faraday detector, yielding sufficient
signal for unambiguous identification of single analytes. Nonetheless, the presented detection
system is not capable of categorical characterization of mixture composition. The signal was
judged to be the maximum achievable given state of the experimental design. The design
imposes certain constrains limiting further improvement of signal quality that would be
necessary to unambiguously identify constituents of samples having moderate to complex
composition. To further increase the signal intensity, the IM spectrometer needs to be
enhanced by the addition of a desolvation cell. A desolvation cell is expected to achieve
further spatial and temporal resolution of the ion plume. Additional desolvation of the ions
should allow differentiation of the ions by size and time of arrival at the Faraday detector,
enhancing resolution of the system.

The proposed model reaction satisfies all requirements necessary to demonstrate the
feasibility of carrying out the reaction in a levitated droplet. These include i) a high reaction
rate (significant degree of completion within 20 minutes), ii) reaction in a medium that can be
directly applied as the acoustic droplet volume, iii) the chosen desorption/ionization source is
capable of ionizing an appreciable portion of the mixture with/without post ionization, and
finally iv) the analytes can be detected via gas phase detection schemes like MS and IM
spectrometry.

Further, comprehensive studies performed by on-line 'H NMR, allowed characterization of
the rection and definition of its kinetics in 3 different solvents.

Though the presented work still shows potential for further improvements, the basic
principles has been demonstrated. The acoustically levitated droplet can be coupled to IM
spectrometer with a high degree of success and used as a direct sample introduction/ionization
system. The entire experimental setup operates at atmospheric pressure, not requiring costly
vacuum pumps. The introduced ion optics, though simple in design, effectively compensate
for plume dissipation and can be easily upgraded. Current improvements in IM spectrometer
design and application illustrate the increasing importance of the IM spectrometry technique
and motivate research into new applications. The innovative experimental design presented
illustrates newly emerged options in the field of real time reaction interrogation. The system
has shown numerous advantages, including, i) a small reaction volume, ii) no wall
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confinement, iii) as well as simple and cost-effective detection technique, where numerous
ionization techniques can be incorporated. The latter are then defined based on the analyte
chemistry.
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