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I Zusammenfassung

Die vorliegende Dissertation fasst die im Rahmen eines Cotutelle-Doktorats zwischen der Un-
terreiner-Gruppe (KIT) und der Barner-Kowollik-Gruppe (QUT) durchgefiihrten Forschun-
gen zum Mechanismus der photo-induzierten Polymerisation zusammen. Photo-induzierte
Polymerisationen bieten den Vorteil sowohl einer raumlich-zeitlichen Kontrolle, als auch des
Potentials zur Herstellung hochgradig individualisierter Polymerketten, da man die Initiie-
rung und Effizienz der Polymerisationen wellenlangenabhangig steuern kann. Eine prazise
Steuerung photo-induzierter Polymerisationen auf gezielte Weise ist durch ein tiefgreifendes
Verstandnis des Polymerisationsmechanismus mdglich. Ziel der vorliegenden Arbeitist es da-
her, das Verstandnis des Mechanismus der photo-induzierten Polymerisationen im sichtba-
ren Bereich (Vis) weiter zu vertiefen, angefangen bei den frithesten Ereignissen der Photo-
nenabsorption bis hin zur Bildung des Endprodukts. Des Weiteren erforscht die vorliegende
Arbeit eine Methodik zur Verschiebung der Anregungswellenldnge fir die Initiation von Po-
lymerisationen in Richtung des nahen Infrarot (NIR), da NIR-Licht gegeniiber Vis-Licht ent-
scheidende Vorteile bietet, wie beispielsweise eine geringere Schadlichkeit fiir Gewebe und

eine tiefere Eindringtiefe.

Als Modellsystem wurde die Polymerisation von Methylmethacrylat (MMA), initiiert durch
den Phototoinitiator Ivocerin (para-methoxybisacyldiethylgerman), ausgewahlt. Der Prozess
der photo-induzierten Polymerisation mit Ivocerin wurde beginnend mit der Analyse der Ini-
tiatorspaltung, gefolgt vom Kettenwachstum, der Endprodukte und schliefdlich der Dynamik

des angeregten Zustands von Ivocerin untersucht.

Wie die meisten Photoinitiatoren absorbiert Ivocerin ultraviolettes (UV) und sichtbares Licht
und wurde daher resonant bei 400 nm mit einem femtosekunden (fs) gepulsten Laser ange-
regt, was die erste detaillierte Untersuchung der Polymerisation mit Ivocerin darstellt, die
durch einen fs-Laser im Hz-Bereich ausgeldst wurde. Der erste Schritt beleuchtete den Pro-
zess der Initiatorspaltung und der Radikalbildung. Der Initiatorabbau wurde durch stationare
UV /Vis-Spektroskopie nach Bestrahlung mit 400 nm fs-Laserpulsen unterschiedlicher Ener-
gien bestimmt. Aus den Absorptionsspektren wurde die Initiator-Konzentration (bzw. Um-
wandlung) mithilfe des Gesetzes von Beer-Lambert bestimmt. Ein logarithmischer Plot der
Initiatorumwandlung zeigte eine lineare Beziehung zur Laserflussdichte mit einer Steigung
von 0,97 % 0,05, was auf eine lineare Abhdngigkeit der Initiatorumwandlung von der Photo-

nenzahl hinweist, die typisch fiir eine resonante Ein-Photonen (1P) Anregung ist. Mittels La-



serpuls-induzierter Polymerisation (PLP) wurde der Prozess des Kettenwachstums bei vari-
ierenden Repetitionsraten der fs-Laserpulse dargestellt. Die Produktanalyse mittels Gréf3en-
ausschlusschromatographie (SEC) zeigte, dass die berechneten Propagationsgeschwindig-
keitskoeffizienten von MMA mit den Literaturwerten der IUPAC libereinstimmten, was die
Laserkontrolle iiber die Polymerisation bestitigte. Eine post-mortem Analyse der Polymer-
produkte mittels Elektrospray-lonisations-Massenspektrometrie (ESI-MS) lieferte Informati-
onen liber die Verteilung der Polymerendgruppen und ermoglichte so Einblicke in den Zer-
fallsmechanismus des Initiators nach gepulster fs-Laseranregung. Wahrend acylbasierte
Kombinations- und Disproportionierungsprodukte von Poly(methylmethacrylat) (PMMA) als
dominante Spezies identifiziert wurden, wurden germylbasierte Spezies mit einer geringeren
Haufigkeit von 30 bis 40% relativ zu den Acylprodukten zugeordnet. SchliefRlich wurde zeit-
aufgeloste fs-Absorptionsspektroskopie eingesetzt, um das elektronische Verhalten des Initi-
ators unmittelbar nach der Photoanregung zu analysieren und Einblicke in die initialen Er-
eignisse nach der Photoanregung zu gewahren. Das transiente Spektrum nach Anregung bei
400 nm deutete auf breitbandige, langlebige angeregte Triplettzustinde ohne Riickkehr in
den Grundzustand in der beobachteten Zeit von einer Nanosekunde (ns) hin. Zusammenfas-
send hat sichtbares Licht, welches auf Ivocerin unter Verwendung eines gepulsten fs-Lasers
im kHz-Bereich eingewirkt hat, eine 1P-Polymerisation von MMA nach einem PLP-Mechanis-
mus initiiert, was zu Polymerprodukten fiihrt, die sowohl acyl- als auch germylbasierte Spe-
zies enthalten. Der Initiierungsprozess ist jedoch aufgrund langlebiger Triplettzustiande von

Ivocerin mit einer Radikalbildung von mehr als einer ns eher trage.

Auf der Grundlage des erlangten Wissens iiber gepulste fs-Laser-induzierte Polymerisation
von MMA mit Ivocerin mit sichtbarem Licht, wurde die Anregungswellenldange anschlief3end
in den NIR-Bereich verschoben, mit dem Ziel, Ivocerin iiber einen Zwei-Photonen Absorpti-
onsmechanismus (2PA) bei 800 nm anzuregen. Die Experimente wurden analog zu den 1P-
Experimenten durchgefiihrt, beginnend mit der Analyse des Initiatorabbaus, gefolgt vom

Kettenwachstums, und schlief3lich den Endprodukten.

Ein wesentlicher Aspekt der NIR-induzierten Polymerisation ist die energieabhangige statio-
nare UV /Vis-Spektroskopie, um zu bestatigen, ob der Zerfall von Ivocerin einem Zwei-Photo-
nen (2P) Anregungsmechanismus bei 800 nm folgt. Die Photonenflussdichte abhangige Ivoce-
rin-Umwandlung folgte auf einer doppelt logarithmischen Skala einem linearen Trend mit ei-
ner Steigung von 2,3 * 0,3, was auf eine quadratische Abhangigkeit der Initiatorumwandlung

von der Photonenzahl und einen 2P-Absorptionsprozess hinweist. Um sicherzustellen, dass
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die 2P-Polymerisation (2PP) bei 800 nm ebenfalls laserkontrolliert war, wurde das Ketten-
wachstum der gebildeten Polymere in Abhangigkeit von der Repetitionsrate mittels PLP un-
tersucht. Die daraus resultierenden Propagationsgeschwindigkeitskoeffizienten von MMA
entsprachen erneut den anerkannten Literaturwerten des [IUPAC und bestatigten somit, dass
die NIR-Licht-induzierte Polymerisation bei 800 nm tatsachlich lasergesteuert war. Die Ana-
lyse der Endgruppenverteilung mittels ESI-MS zeigte eine erfolgreiche Polymerisation unter
2P-Bedingungen. Dartiber hinaus wurden die Endgruppenverteilungen der Polymerisationen
nach 1P- und 2P-Anregung verglichen, was auf einen identischen Zerfallsmechanismus hin-
deutete, jedoch eine viel geringere Haufigkeit germylbasierter Polymerspezies mit nur 10-
20% im Vergleich zu den acylbasierten Spezies aufwies. Ziel war es, den Mechanismus der 2P-
Anregung in seinen frithesten Stadien zu beleuchten und diese Erkenntnisse mit denen der
1P-Anregung zu vergleichen. Die 2PP von MMA mit Ivocerin fiihrte zu identischen Produkten
wie die 1P-Polymerisation (1PP), was sowohl durch acyl- als auch germylbasierte Kombina-
tions- und Disproportionierungsprodukte belegt wurde. Im Falle der 2P-Initiierung waren je-
doch die Germyl-Spezies im Vergleich zur 1P-Initiierung weniger hiufig vorhanden. Uberein-
stimmend mit der durch sichtbares Licht ausgeldsten Polymerisation erfolgte auch die durch
2P ausgeloste Polymerisation von MMA unter Verwendung von Ivocerin als Photoinitiator

uber einen PLP-Mechanismus.

Da 2PA-Prozesse hohe Laserintensitiaten erfordern, wurden Goldnanostiabchen (AuNR) ein-
gefiihrt, die als Vermittler in einer alternativen Methode fungieren, um die Polymerisation im
NIR-Bereich des Lichts zu initiieren. Aufgrund plasmonischer Resonanzen im NIR-Bereich
sind AuNRs bekannt dafiir, absorbiertes Licht in Warme umzuwandeln, was hier niitzlich ist,
um thermische Initiatoren zu zersetzen. Abhangig von ihrer molekularen Funktionalisierung
konnen AuNRs wasserldslich sein, was sie fiir Polymerisationsanwendungen in wassrigen o-

der biologischen Umgebungen geeignet macht.

Die AuNRs wurden mit einem wasserloslichen Monomer, N,N-Dimethylacrylamid, und einem
thermischen Initiator, Azobisisobutyronitril (AIBN), gemischt und mit einem fs-Laser bei 800
nm bestrahlt. ESI-MS- und SEC-Analysen bestatigten die erfolgreiche Herstellung von Poly-
meren und stellten fest, dass die Reaktion einem Mechanismus der freien radikalischen Poly-
merisation (FRP) folgte. Da friihere Studien darauf hindeuteten, dass die photochemische Re-
aktivitat nicht immer mit der Absorptivitit tibereinstimmt, wurde die Monomer-zu-Polymer-
Umwandlung als Funktion der Wellenlange von 620 bis 950 nm unter Verwendung eines mo-

nochromatischen ns-Lasers untersucht. Hierbei wurde festgestellt, dass die AuNRs ausrei-
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chend Warme erzeugen, um die Polymerisation zu initiieren, selbst bei der langeren Puls-
dauer eines ns-Lasers. Als entscheidende Erkenntnis zeigte der photochemische Actionplot
eine Verschiebung der Reaktivitat relativ zum Absorptionsspektrum der AuNRs - nach unse-
rem besten Wissen der erste berichtete blauverschobene Actionplot. Nachdem erfolgreich de-
monstriert wurde, dass AuNRs Warme aus einfallendem Licht in Zeitspannen von fs bis ns
erzeugen, bestand der nachste Schritt darin, diese Experimente unter Verwendung von
Leuchtdioden (LEDs) zu wiederholen. Diese Experimente weisen eine praktischere Anwen-
dungsmoglichkeit des von AuNRs angetriebenen NIR-Polymerisationsansatzes auf und eroft-
nen die Moglichkeit, ihn fiir Bildungszwecke zu nutzen, einschliefRlich Experimenten in der

Sekundarstufe.
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II Abstract

The presented thesis summarises the research conducted within the framework of a Cotutelle
PhD between the Unterreiner (KIT) and the Barner-Kowollik group (QUT) into the mecha-
nism of photo-induced polymerizations. Photo-induced polymerizations offer the advantage
of both spatiotemporal control and the potential to produce highly customised polymer
chains, as one can control the initiation and efficiency of polymerizations in a wavelength-
dependent manner. Precise control over photo-induced polymerizations in a targeted fashion
is accessible by a profound understanding of the polymerization mechanism. It is thus the aim
of the current thesis to further deepen the understanding of the mechanism of visible (Vis)
light-induced polymerisations, from the earliest events of photon absorption to end product
formation. Further, the present thesis explores a methodology to shift the excitation wave-
length for the initiation of polymerizations towards the near-infrared (NIR) region, as NIR
light offers key advantages over Vis light, such as being more benign to tissue and penetrating

deeper into it.

As a model system, the polymerization of methyl methacrylate (MMA) initiated with the pho-
toinitiator Ivocerin (para-methoxybisacyldiethylgerman) was chosen. The process of photo-
induced polymerization with Ivocerin was investigated beginning with the initiator decom-
position, then the chain growth mechanism, the end-product analysis and finally the Ivocerin

excited state dynamics.

Like most photoinitiators, Ivocerin absorbs ultraviolet (UV) and Vis light, and was thus reso-
nantly excited at 400 nm with a femtosecond (fs) pulsed laser, constituting the first detailed
study of polymerization with Ivocerin induced by a fs-laser pulsed in the Hz range. Initially,
the initiator decomposition was determined from stationary UV /Vis spectroscopy after irra-
diation with 400 nm fs laser pulses of various energies. From the absorption spectra, the ini-
tiator concentration (or conversion) was determined using the Beer-Lambert’s law. A loga-
rithmic plot of the initiator conversion showed a linear relationship to the laser fluence with
aslope of 0.97 + 0.05, indicating a linear dependence of the initiator conversion on the photon
number, typical for resonant one-photon (1P) excitation. As next step, pulsed laser-induced
polymerization (PLP) was employed to monitor the process of chain growth with varying fs
laser pulse repetition rates. Product analysis using Size Exclusion Chromatography (SEC) re-
vealed that the calculated propagation rate coefficients of MMA aligned with the IUPAC liter-
ature values, confirming laser control over the polymerization. Having explored the mecha-

nism of polymer growth, a post-mortem analysis of the polymer products using Electrospray
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lonization Mass Spectrometry (ESI-MS) provided information on the polymer end group dis-
tribution, thus offering insights into the decomposition mechanism of the initiator after
pulsed fs laser excitation. While acyl-based combination and disproportionation poly(methyl-
methacrylate) (PMMA) products were identified as dominant species, germyl-based species
were assigned with alower abundance of 30 - 40% relative to the acyl-products. Finally, time-
resolved fs absorption spectroscopy was employed to analyze the electronic behaviour of the
initiator immediately after photoexcitation, allowing insights into the initial events following
photoexcitation. The transient spectrum after excitation at 400 nm indicated broadband,
long-lived excited triplet states without ground state recovery in the observed time of one
nanosecond (ns). In conclusion, Vis light triggered Ivocerin using a pulsed fs laser in the kHz
regime initiates 1P polymerization of MMA following a PLP mechanism, resulting in polymer
products containing both acyl- and germyl-based species. The initiation process, however, is
rather sluggish due to long-lived triplet states of Ivocerin with radical formation in more than

one ns.

Based on the obtained knowledge regarding the Vis light pulsed fs laser-induced polymerisa-
tion of MMA with Ivocerin, the excitation wavelength was subsequently shifted to the NIR
region aiming to excite Ivocerin via a two-photon absorption (2PA) mechanism at 800 nm.
The experiments proceeded in an analogue fashion to the 1P experiments, beginning with the
initiator decomposition, followed by the chain growth mechanism and finally the end-product

analysis.

A critical aspect of NIR-induced polymerization is energy-dependent stationary UV /Vis spec-
troscopy, required to confirm whether the decomposition of Ivocerin follows a 2P excitation
mechanism at 800 nm. The fluence dependent Ivocerin conversion followed a linear trend
with a slope of 2.3 £ 0.3 on a double logarithmic scale, indicating a quadratic dependency of
the initiator conversion on the photon number and a 2P absorption process. To ensure that
the 2P polymerisation (2PP) at 800 nm was also laser controlled, the chain growth of the
formed polymers was investigated in a repetition rate dependent fashion via PLP. The result-
ing propagation rate coefficients of MMA were once again consistent with the [IUPAC accepted
literature values, confirming that the NIR light-induced polymerisation at 800 nm was indeed
laser controlled. Analysing the end group distribution via ESI-MS revealed successful
polymerization under two-photon (2P) conditions. In addition, the end group distributions of
both the polymerisations after 1P and 2P excitation were compared, suggesting an identical
decomposition mechanism, however revealing a much lower abundance of germyl-based pol-
ymer species with only 10- 20% relative to the acyl-based species. The goal was to shed light
VI



on the mechanism of 2P excitation at its earliest stages and compare these findings with 1P
excitation. The 2PP of MMA with Ivocerin led to identical products as the one-photon
polymerization (1PP), evidencing both acyl- and germyl based combination and dispropor-
tionation products. In case of 2P initiation, however, the germyl-species were less abundant
compared to 1P initiation. Consistent with the Vis light triggered polymerization, the 2P trig-
gered polymerization of MMA using Ivocerin as photoinitiator was also progressing via a PLP

mechanism.

As 2PA processes require high laser intensities to occur, gold nanorods (AuNR) were intro-
duced, functioning as a mediator in an alternative method to initiate polymerization in the
NIR region of light. Featuring plasmonic resonances in the NIR, AuNR are well known to con-
vert absorbed light into heat, which herein is demonstrated useful to decompose thermal in-
itiators. Depending on their molecular capping layer, AuNRs can be water-soluble, making

them suitable for polymerization applications in aqueous or biological environments.

AuNRs were mixed with a water-soluble monomer, dimethylacrylamide, and a thermal initi-
ator, azobisisobutyronitrile (AIBN), and irradiated with a fs laser at 800 nm. ESI-MS and SEC
analysis confirmed the successful generation of polymers and established that the reaction
followed a free radical polymerization (FRP) mechanism. Since previous studies indicated
that photochemical reactivity is not always congruent with absorptivity, the monomer to pol-
ymer conversion was screened as a function of wavelength from 620 to 950 nm using a mon-
ochromatic ns laser. It was found that AuNRs generate sufficient heat to initiate polymeriza-
tion, even with the longer pulse duration of a ns laser. Critically, a photochemical action plot
displayed a blue shift in reactivity relative to the AuNR absorption spectrum - to our best
knowledge the first reported blue-shifted action plot. Following the successful demonstration
that AuNRs generate heat from incidentlight on timescales ranging from fs to ns, the next step
involved replicating these experiments using Light-Emitting Diodes (LEDs). These experi-
ments establish a more practical application of AuNR NIR driven polymerization approach,
opening the possibility of using it for educational purposes, including in high-school experi-

ments.
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Figure 3.1: Temperature vs time evolution at various distances from the AuNR boundary
after excitation with a 800 nm, 35 fs laser pulse. The black dashed line indicates
the temperature for decomposition of AIBN initiator (60 °C), where the initiators
half-life iS CloSe t0 10 D172 ... sss s 36

Figure 3.2: (Top) 'H-NMR spectrum of pure DMA dissolved in D20 without irradiation. The
resonances are assigned to the protons of DMA; (bottom) 'H NMR spectrum of a
solution of DMA, AIBN, AuNR and CTA dissolved in D0 after irradiation of 30 min.
The resonances are assigned to the protons associated with the DMA monomer
and the generated polymer after fs laser irradiation of 30 min. .....cccevereeneeinennns 40

Figure 5.1: Absorption spectrum of 12 mmol L-! Ivocerin in bulk MMA with a peak absorption
of about OD=1 at 408 nm in the range of 300 - 1200 nm. The small peak between
1100 nm and 1200 nm belongs to MMA. The excitation wavelength for 1P
absorption experiment (400 nm) is indicated by the vertical dotted blue line....61

Figure 5.2: UV/Vis absorption spectra of 12 mmol L-1 Ivocerin in MMA after 90 s irradiation
with various energies at 400 nm (left) and plot showing the corresponding
initiator concentration after each irradiation step (right). Adapted with
permission from ref. 182. Copyright 2022 American Chemical Society. ......c.cecenu. 62

Figure 5.3: Initiator conversion after 90 s irradiation of a solution with 12 mmol L1 Ivocerin
in MMA at 400 nm with various laser beam fluences, plotted on a double
logarithmic scale. A linear regression was used to determine the gradient,
indicating the number of photons contributing to initiator decay. Adapted with
permission from ref. 182. Copyright 2022 American Chemical Society. ......c.ceeen.. 63

Figure 5.4: SEC trace (black) and first derivative of SEC trace (red dashed) of PMMA
generated by 400 nm fs laser pulse triggered Ivocerin fragmentation (¢ = 12 mmol
L-1in bulk MMA) with a repetition rate of 10 Hz where the inflection points of the
distribution are M1 = 24,000 g mol-1, M2 = 46,000 g mol-! and M3= 70,000 g mol-1.
Adapted with permission from ref. 182. Copyright 2022 American Chemical
SOCIELY e ——————————— 64

Figure 5.5: SEC trace (black) and first derivatives of SEC trace (red dashed) of PMMA
generated by 400 nm fs laser pulse triggered Ivocerin fragmentation (¢ =12 mmol
L-1in bulk MMA) with a repetition rate of 20 Hz where the inflection points of the
distribution are M1 = 13,000 g mol-1, M = 25,000 g mol-! and M3 = 38,000 g mol-'.
Adapted with permission from ref. 182. Copyright 2022 American Chemical
SOCIELY e ——————————————— 65

Figure 5.6: SEC trace (black) and first derivative of SEC trace of PMMA (red dashed)
generated by 400 nm fs laser pulse triggered Ivocerin fragmentation (12 mmol L-
1in bulk MMA) with a repetition rate of 50 Hz where the inflection points of the
distribution are M1 = 6,000 g mol!, M= 11,000 g mol-! and M3= 17,000 g mol-'.
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Adapted with permission from ref. 182. Copyright 2022 American Chemical
SOCIELY o —————— 66
Figure 5.7: SEC trace (black) and first derivative of SEC trace of PMMA (red dashed)
generated by 400 nm fs laser pulse triggered Ivocerin fragmentation (12 mmol L-
1in bulk MMA) with a repetition rate of 100 Hz where the inflection points of the
distribution are M; = 3,200 g moll, M2 = 6,300 g mol! and M3 = 8,900 g mol-1.
Adapted with permission from ref. 182. Copyright 2022 American Chemical
SOCIELY e ——————— 67
Figure 5.8: Comparison of experimental ESI-MS spectrum (zoom into one repeat unit) of
PMMA in THF /methanol (3:2) (top) with simulated isotopic pattern (bottom) in
the m/z range of 1010 - 1110. The experimental mass spectrum was obtained
from polymer generated after 15 min irradiation of 12 mmol L-! Ivocerin in MMA
with 400 nm fs pulses with a fluence of 102 pJ cm2 and a repetition rate of 100
Hz. 10 pL of the irradiated solution were dissolved in 2 mL of a THF/methanol
(3:2) solution with 100 UM NATFA. ... sssssesens 69
Figure 5.9: Assigned polymer species obtained from the an Xcalibur simulation of isotopic
pattern corresponding to an experimental polymerization of PMMA after 15 min
irradiation of 12 mmol L1 Ivocerin in MMA with 400 nm fs pulses with a fluence
of 102 pJ cm2 and a repetition rate of 100 Hz: P1-P13 with Ivocerin fragment end
groups; P2, P3 and P7-P10 are acetyl-based disproportionation products, P4-P6
and P11-P12 are germyl-based disproportionation products, P1 and P13 are
COMDINATION PrOAUCES. ..coeereeereerereeees et 70
Figure 5.10: Transient absorption spectra of 12 mmol L1 Ivocerin in MMA (OD 1) after
excitation with 1 yJ fs laser pulses at 400 nm, probed at different delay times in a
range of 350-720 nm. Depending on the pump-probe delay, a broadband ESA was
observed with local maxima at 650 nm, 470 nm, 450 nm, as well as another ESA
below 400 nm and an isosbestic point at 520 nm. The spectral region around 400
nm was greyed out as it was strongly superimposed by pump pulse scattering.73
Figure 5.11: Biexponential DADS of the transient spectra shown in Figure 4.9. The DADS
provides three wavelength-dependent amplitudes A; with associated time
(000 01 7= ¢ Lty TP 75
Figure 5.12: Single transient of Ivocerin in MMA (c=12mmol L-1, OD=1) at the probe
wavelength 470 nm after excitation with 400 nm fs pulses with a pulse energy of
1 pJ. Data points were fitted with the time constants ti and amplitudes Ai
obtained from the global analysis. The inset shows a zoom into the first 50 ps of
the fitted tranSIENT. ..t nen 76
Figure 6.1: Absorption spectrum of 12 mmol L-! Ivocerin in bulk MMA with a peak absorption

of about OD=1 at 408 nm recorded in a 1 mm cuvette. The weak peak between
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1100 nm and 1200 nm is attributed to MMA. The excitation wavelength employed
for the 2PA experiment (800 nm) is indicated by the vertical dotted red line. ....80
Figure 6.2: UV/Vis absorption spectra of 12 mmol L1 Ivocerin in MMA after 30 min
irradiation with various energies at 800 nm (left) and plot showing the
corresponding initiator concentration after each irradiation step (right). Adapted
with permission from ref. 182. Copyright 2022 American Chemical Society.......81
Figure 6.3: Initiator conversion after 30 min irradiation of solution with 12 mmol
L1 Ivocerin in MMA at 800 nm with various laser beam fluences, plotted on a
double logarithmic scale. A linear regression provides the gradient which in turn
indicates the number of photons required for initiator decay. Adapted with
permission from ref. 182. Copyright 2022 American Chemical Society. .....cccoueuu.. 81
Figure 6.4: SEC trace (black) and first derivative of SEC trace (red dashed) of PMMA
generated by 800 nm pulsed fs laser triggered Ivocerin fragmentation (c =
12 mmol L1 in bulk MMA) with a repetition rate of 10 Hz where the inflection
points of the distribution are M1 = 23,000 g mol-1, M> = 45,000 g mol! and M3 =
69,000 g mol-1. Adapted with permission from ref. 182. Copyright 2022 American
Chemical SOCIELY. ..o ——————— 83
Figure 6.5: SEC trace (black) and first derivative of SEC trace of PMMA generated by 800 nm
(red dashed) pulsed fs laser triggered Ivocerin fragmentation (¢ =12 mmol L1 in
bulk MMA) with a repetition rate of 20 Hz, where the inflection points of the
distribution are close to M; = 14,000 g moll, M2 = 28,000 g mol! and Mz =
43,000 g mol-1. Adapted with permission from ref. 182. Copyright 2022 American
Chemical SOCIELY. ... s 84
Figure 6.6: SEC trace (black) and first derivative of SEC trace (red dashed) PMMA generated
by 800 nm pulsed fs laser triggered Ivocerin fragmentation (¢ = 12 mmol L1 in
bulk MMA) with a repetition rate of 50 Hz where the inflection points of the
distribution are close to M; = 6,000 g moll, M, = 12,000 g mol! and M3 =
19,000 g mol-1. Adapted with permission from ref. 182. Copyright 2022 American
Chemical SOCIELY. ... 85
Figure 6.7: SEC trace (black) and first derivative of SEC trace (red dashed) PMMA generated
by 800 nm pulsed fs laser triggered Ivocerin fragmentation (¢ = 12 mmol L1 in
bulk MMA) with a repetition rate of 100 Hz where the inflection points of the
distribution are close to M1 = 3,000 g mol-! and M; = 6,300 g mol-1. Adapted with
permission from ref. 182. Copyright 2022 American Chemical Society. ......ccccreenu. 86
Figure 6.8: SEC trace and first derivative of SEC trace PMMA generated by 800 nm pulsed fs
laser triggered Ivocerin fragmentation (¢ = 12 mmol L1 in bulk MMA) with a
repetition rate of 50 Hz after the laser beam penetrated a slice of bacon. Adapted

with permission from ref. 182. Copyright 2022 American Chemical Society.......88
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Figure 6.9: First derivative of SEC trace PMMA generated 800 nm pulsed laser triggered
Ivocerin fragmentation (¢ = 12 mmol L1 in bulk MMA) with a repetition rate of 20
Hz after the laser beam penetrated through a slice of bacon, where the inflection
points of the distribution are M1 = 13,000 g mol1, M> = 24,000 g mol! and M3 =
36,000 G IMOL ...ttt 89
Figure 6.10: Comparison of an experimental ESI-MS spectrum (zoom into one repeat unit) of
PMMA in THF /methanol (3:2) (top) with a simulated isotopic pattern (bottom) in
the m/z range of 1010 - 1110. The experimental mass spectrum was obtained
from polymers generated after 30 min irradiation of 12 mmol L-! Ivocerin in MMA
with 102 pJ cm fs laser pulses at 800 nm at a repetition rate of 100 Hz. 10 pL of
the irradiated solution was dissolved in 2 mL of a THF /methanol (3:2) solution
With 100 PM NATFA. ..ottt sesssessesess s sssesssss bbb ss s nees 91
Figure 7.1: Extinction of the purchased solution of AuNR in water (55x15 nm, bare citrate,
OD 1) in the range of 200 - 1400 nm. The stationary absorption spectrum was
measured in a 1 cm cuvette. The AuNR solution shows an absorption maximum at
800 nm with an extinction of 1. Adapted with permission from ref. 183. Copyright
2022 WILBY. ..cereueeueesreeseessesssssssessssssessssssssssssssssssessssssss s s s ssss s bbb sssans 97
Figure 7.2: TH-NMR spectrum of pure DMA dissolved in D;0 without irradiation recorded
with a 400 MHz NMR spectrometer. The resonances are assigned to the protons
of DMA (left); 'TH NMR spectrum of a solution of DMA, AIBN, AuNR and CTA
dissolved in D0 after irradiation of 30 min (right). The resonances are assigned
to the protons associated with the DMA monomer and the generated polymer. 99
Figure 7.3: Monomer conversion as a function of reaction time or number of photons; (red)
conversion for the highest monomer concentration ( 6.73 mol L-1), (black)
conversion for the lowest monomer concentration (0.69 mol L-1). The lines are fits

to guide the eye. Adapted with permission from ref. 183. Copyright 2022 Wiley.

Figure 7.4: Monomer to polymer conversion after 30 min irradiation of solutions containing
9 mmol L1 AIBN, 50 puL. AuNR in water, 102 mol L1 CTA and monomer
concentrations ranging from 0.69 - 6.73 mol L-1 with 800 nm fs pulses with an
intensity of 25 GW cm?; the dashed line serves to guide the eye only. Adapted with
permission from ref. 183. Copyright 2022 Wiley. ... 102

Figure 7.5: Monomer to polymer conversion after 30 min irradiation of solutions containing
6.73 mol L'1 DMA, 50 pL. AuNR, 10-2 mol L1 CTA and varying concentration of AIBN
ranging from 0.08 - 9.2 mmol L-1with 800 nm fs pulses with an intensity of 25 GW
cm?; dashed line serves to guide the eye along the data points. Adapted with
permission from ref. 183. Copyright 2022 WIley.......commmnmenenernssssssessssssessnesnes 103

Figure 7.6: Monomer to polymer conversion after 30 min irradiation of solutions containing
9 mmol L1 AIBN, 0.69 mol L1 DMA, 10-2 mol Lt CTA and a varying AuNR volume
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ranging from 150 - 300 pL with 800 nm fs pulses with an intensity of 25
GW cm-2; the dashed line serves to guide the eye along the data points. Adapted
with permission from ref. 183. Copyright 2022 WIley. .....ccocomerrenrernrerneererseensessenns 103
Figure 7.7: (left) Extinction measurement of 1 mm thick slice of bacon. The dashed line at
800 nm to highlight the irradiation wavelength. (right) Comparison of monomer
to polymer conversion after 30 min irradiation of various monomer
concentrations with AIBN and AuNR (black) and identically concentrated samples
with a 1 mm thick slice of bacon placed in front of it, also irradiated for 30 min
(red). Adapted with permission from ref. 183. Copyright 2022 Wiley. ............... 105
Figure 7.8: MWD of PDMA as a function of the monomer concentration: (black)  6.73 mol
L-1DMA, (red) 5.38 mol L'}, (orange) 4.04 mol L-1, (green) 2.69 mol L1, (blue) 1.34
mol L1, (violet) 0.69 mol L1 Inset: Number average molecular weight, My, after
30 min irradiation of solutions containing 9 mmol L-1 AIBN, 50 puL AuNR, 10-2 mol
L1 CTA and varying monomer concentration ranging from 0.69 - 6.73 mol L-t with
800 nm fs pulses with an intensity of 25 GW cm-2. Adapted with permission from
ref. 183. Copyright 2022 WILEY.....omcriiisnssisssssssssssssssssssssssssssssssssssssaes 106
Figure 7.9: MWD of poly(DMA) dependent on the variation of the AuNR concentration:
(black) 300 pL AuNR, (red) 250 pL AuNR, (orange) 200 pL AuNR, (green) 150 pL
AuNR, (blue) 100 pL AuNR. Inset: Number average of molecular weight, My, after
30 min irradiation of solutions containing 9 mmol L-1 AIBN, 0.69 mol L1 DMA,
10-2 mol L1 CTA and varying AuNR volume ranging from 100 -300 uL with 800
nm fs pulses with an intensity of 25 GW cm2. Adapted with permission from ref.
183. Copyright 2022 WILEY...onenirrirrirsnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssens 107
Figure 7.10: MWD of poly(DMA) as a function of the AIBN concentration; (black) 9.2 mmol L-
LAIBN, (red) 4 mmol L1 AIBN, (orange) 1.56 mmol L-1 AIBN, (green) 0.69 mmol L-
L AIBN, (blue) 0.17 mmol L1 AIBN. Inset: Number average of molecular weight
after 30 min irradiation of solutions containing 6.73 mol L-1 DMA, 50 pL AuNR, 10-
2 mol L1 CTA and varying AIBN concentration ranging from 0.08 - 9.2 mmol L1
with 800 nm fs pulses with an intensity of 25 GW cm-2. Adapted with permission
from ref. 183. Copyright 2022 WIley......ccmrnesirsinsnsssssssssssssssssssssssssss 108
Figure 7.11: Comparison of the monomer concentration-dependent number average
molecular weight of a solution with DMA (monomer), 50 uL. AuNR in water, 10-2
mol L't CTA with 9 mmol LT AIBN (blue) and without AIBN (black) after 30 min
irradiation with 25 GW cm2fs pulses at 800 NIM. ... 110
Figure 7.12: Zoom into the range of 1100-1210 m/z of ESI-MS spectrum of PDMA in
THF /methanol (3:2) after 30 min irradiation of a solution of 4.04 mol L-1 DMA,
9 mmol L-TAIBN, 100 pL. AuNR and 10-2 mol L-1 CTA with 25 GW cm fs pulses at
800 nm (top) and assigned polymer species P1-P6 (bottom). Adapted with
permission from ref. 183. Copyright 2022 WIley.....c.coummmmenennnsrsessessssssessnesnes 111
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Figure 7.13: Assigned polymer species P1-P6 obtained from a simulation corresponding to
an experimental mass spectrum generated after 30 min irradiation of 4.04 mol L-
1DMA, 9 mmol L-1AIBN, 100 uM AuNR and 10-2 mol L-1 CTA with 25 GW cm- laser
pulses at 800 nm. 10 pL of the irradiated solution were dissolved in 2 mL of a
THF /methanol (3:2) solution with 100 uM NaTFA (left). Adapted with permission
from ref. 183. Copyright 2022 WIlEY......coreeremererirreeneeseesssssssesssesssessssssssssssesssssnes 112

Figure 7.14: OD of a solution with 4.85 mol L-1 DMA, 3.53 mol L1 isopropanol, 0.01 mol L-!
AIBN, 75 pL AuNR in water without CTA (black) and with 10 pL.  (0.38 mol L1)
CTA (black dashed), corresponding to the experimental polymerization
conditions, as a function of wavelength. Adapted with permission from ref. 285.
Copyright 2023 Royal Society of ChemiStry. ......oeneneenseeeeesseessesessessseesseenes 115

Figure 7.15: Conversion with error bars (blue) of a solution with 4.85 mol L-1 DMA, 3.53 mol
L-1isopropanol, 0.01 mol L-1 AIBN, 75 pL AuNR in water and with 10 uL (0.38 mol
L-1) CTA, after 15 min irradiation with a ns laser at a constant number of photons
(1.61-101%) and OD of this solution without CTA (black curve) and with 10 pL (0.38
mol L1) CTA (black dashed curve), corresponding to the experimental
polymerization conditions, as a function of wavelength. Adapted with permission
from ref. 285. Copyright 2023 Royal Society of Chemistry. ... 118

Figure 7.16: Absorption spectra of a solution of 4.85 mol L-1 DMA, 3.53 mol L isopropano],
75 pL AuNR in water. From dark to pale: Absorption spectrum of the solution
immediately after preparation without irradiation, after 1 min irradiation, after 5
min irradiation, after 10 min irradiation and after 15 min irradiation with 10 ns
pulses at 800 nm with 260 pJ. Adapted with permission from ref. 285. Copyright
2023 Royal Society of ChemiStIy. ... 120

Figure 7.17: Absorption spectra of a solution of 4.85 mol L-1 DMA, 3.53 mol L-! isopropano],
0.01 mol L1 AIBN, 75 pL AuNR in water and 10 pL (0.38 mol L1) 3-
mercaptopropionioc acid. From dark to pale: Absorption spectrum without
irradiation, absorption spectrum after 1 min irradiation, absorption spectrum
after 5 min irradiation, absorption spectrum after 10 min irradiation with 170 fs
pulses at 800 nm with 250 pJ. The black dashed arrow indicates the blue shift of
the absorption maximum during the increasing longer irradiation times. Adapted
with permission from ref. 285. Copyright 2023 Royal Society of Chemistry.....121

Figure 7.18: 3-mercaptopropionic acid (CTA) causes agglomeration of the AuNRs. The
brightfield TEM images in the top row show the dispersion to individual AuNRs in
the reaction solution without CTA. The AuNRs form agglomerates of random
shape and number of NRs upon the addition of CTA (bottom row). Adapted with
permission from ref. 285. Copyright 2023 Royal Society of Chemistry. ............. 122

Figure 7.19: 1H-NMR spectrum of a solution of 2.4 mol L-1 DMA, 4.94 mol L-! isopropanol, 0.01
mol LT AIBN, and 350 pL AuNR in water (bottom row) and without AuNR (top
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row) after 10 min irradiation with two 745 nm LEDs; recorded with a 600 MHz
NMR SPECITOMELET .....curcereereierirres e bbb b s 124
Figure 7.20: 1H-NMR spectrum of a solution of 2.4 mol L-1 DMA, 4.94 mol L1 isopropanol, 0.01
mol L-1 AIBN, and 350 pL AuNR in water after 10 min irradiation with two 650 nm
LEDs; recorded with a 600 MHZ NMR SPeCtrometer. ......rmensnesmessssssessesseens 125
Figure 7.21: 1H-NMR spectrum of a solution of 2.4 mol L-1 DMA, 4.94 mol L-1 isopropanol, 0.01
mol L-1 AIBN, and 350 pL AuNR in water after 10 min irradiation with two 590 nm
LEDs; recorded with a 600 MHZ NMR SPeCtrometer. .....cenemrmmensnessesssssssssessesns 125
Figure 10.1: Experimental mass spectrum of PMMA was obtained from polymer generated
after 15 min irradiation of 12 mmol L-! Ivocerin in MMA with 102 pJ cm-2 laser
pulses at 400 nm. 10 pL of the irradiated solution were dissolved in 2 mL of a
THF /methanol (3:2) solution with 100 uM NaTFA. ... 136
Figure 10.2: Oscilloscope showing the output of a photodiode that detects laser pulses with

a dark time of 0.1 s between the pulses. This corresponds to a repetition rate of

Figure 10.3: Oscilloscope showing the output of a photodiode that detects laser pulses with

a dark time of 50 ms between the pulses. This corresponds to a repetition rate of

Figure 10.4: Oscilloscope showing the output of a photodiode that detects laser pulses with

a dark time of 20 ms between the pulses. This corresponds to a repetition rate of

Figure 10.5: Oscilloscope showing the output of a photodiode that detects laser pulses with
a dark time of 10 ms between the pulses. This corresponds to a repetition rate of
T00 HZ. oot essessse s s s s s bbb 140
Figure 10.6: SEC trace (black) and first derivative of SEC trace of PMMA generated by 400
nm (red dashed) pulsed laser triggered Ivocerin fragmentation (¢ = 12 mmol L1
in bulk MMA) with a repetition rate of 100 Hz where the inflection points of the
distribution are close to M1 = 13963 g moll, M> = 28379 g mol! and M3 =
42756 GIMNOI .o —————————————— 141
Figure 10.7: Incident power on the z-scan photodiode vs. output voltage generated by the
incident 775 NIM PROTONS. ... ssssssssesns 142
Figure 10.8: Normalized transmission curve of an open aperture z-scan measurement of a
10-3 M Rhodamine in ethanol solution (black data point) with nonlinear fit-
1100 0L 10 ) o B =T 1 P 143
Figure 10.9: Photo of a cuvette containing precipitated PDMA forming a white solid after 30
min irradiation of a solution of 9 mmol L-1 AIBN, 2.69 mol L-1 DMA, and 150 pL of
AuNR with 800 nm fs pulses with an intensity of 25 GW cm™........cconvonrerernrerrennns 143
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Figure 10.10: Full ESI-MS spectrum of PDMA in THF /methanol (3:2) after 30 min irradation
of a solution of 4.04 mol L-1 DMA, 9 mmol LT AIBN, 100 pL. AuNR and 10-2 mol L1
CTA with 25 GW cm fs pulses at 800 nm in the range of 1000 - 2000 m/z.....144
Figure 10.11: Superimposed 'H-NMR spectra of solutions with 4.04 mol L- DMA, 9 mmol L-!
AIBN, 50 puL. AuNR and 10-2 mol L1 CTA, dissolved in D20, irradiated with 25 GW
cm? at 800 nm for various times: (black) without irradiation - 0 min, (violet) 1
min, (blue) 2 min, (dark green) 3 min, (pale green) 4 min, (yellow) 5 min, (pale
orange) 10 min, (orange) 15 min, (red) 30 min, (dark red) 45 min........cccesuuunee 144
Figure 10.12: Superimposed 'H NMR spectra of solutions with 4.04 mmol L-1 DMA, 9 mmol
L-1 AIBN, 50 pL. AuNR and 10-2 mol L1 CTA, dissolved in D0, irradiated with 25
GW cm at 800 nm for various times, zoomed into the regions of resonance
associated with the polymer between 1 - 2 ppm: (black) without irradiation - 0
min, (violet) 1 min, (blue) 2 min, (dark green) 3 min, (pale green) 4 min, (yellow)

5 min, (pale orange) 10 min, (orange) 15 min, (red) 30 min, (dark red) 45 min.

Figure 10.13: Superimposed 'H-NMR spectra of solutions with 50 uL. AuNR, 9
mmol L-1AIBN, 10-2 mol L-! CTA and various monomer concentrations, irradiated
with 25 GW cm2 at 800 nm for 30 min, dissolved in D,0: (black) 6.73 mol L-1 DMA,
(blue) 5.38 mol L-1 DMA, (green) 4.04 mol L' DMA, (yellow) 2.69 mol L1 DMA,
(red) 1.34 MOL LI DMA. ...t esssesssessese st s st sssssans 145

Figure 10.14: Superimposed 'H-NMR spectra of solutions with 50 uL. AuNR, 9
mmol L-1AIBN, 10-2 mol L-1 CTA and various monomer concentrations, irradiated
with 25 GW cm at 800 nm for 30 min, dissolved in D20, zoomed into polymer
peak between 1 - 2 ppm: (black) 6.73 mol L1 DMA, (blue) 5.38 mol L1 DMA,
(green) 4.04 mol L1 DMA, (yellow) 2.69 mol L1 DMA, (red) 1.34 mol L1 DMA.

Figure 10.15: Superimposed 'H-NMR spectra of solutions with 50 pL. AuNR, 6.73
mol L1 DMA, 102 mol L' CTA and various AIBN concentrations, irradiated with
25 GW cm at 800 nm for 30 min, dissolved in D;0: (black) 0.08 mol L-1 AIBN,
(violet) 0.17 mol L1 AIBN, (blue) 0.35 mol L1 AIBN, (dark green) 0.69 mol L1
AIBN, (yellow) 1.56 mol L1 AIBN, (orange) 4 mol L1 AIBN, (red) 9.2 mol L1 AIBN.

Figure 10.16: Superimposed 'H-NMR spectra of solutions with 50 pL AuNR, 6.73 mol L1
DMA, 102 mol L1 CTA and various AIBN concentrations, irradiated with 25 GW
cm2 at 800 nm for 30 min dissolved in D20, zoomed into polymer peak between
1 - 2 ppm: (black) 0.08 mol L-1 AIBN, (violet) 0.17 mol L-1 AIBN, (blue) 0.35 mol L-
LAIBN, (dark green) 0.69 mol L-1 AIBN, (yellow) 1.56 mol L-1 AIBN, (orange) 4 mol
LT AIBN, (red) 9.2 Mol L1 AIBN. ...oereeeeeseessesssesssssesssesssesssessssssessssssssssssssssssessssanes 147

XIV


file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760658
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760658
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760658
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760659
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760659
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760659
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760659
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760659
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760660
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760660
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760660
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760660
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760660
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760660
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760660
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760661
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760661
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760661
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760661
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760661
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760662
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760662
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760662
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760662
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760662
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760662
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760663
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760663
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760663
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760663
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760663
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760663
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760664
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760664
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760664
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760664
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760664
file:///C:/Users/phili/Documents/Uni/PhD/Dissertation/correction/QUT/Thesis_QUT_final_PN.docx%23_Toc163760664

Figure 10.17: Superimposed 'H-NMR spectra of solutions with 0.69 mol L- DMA, 9 mmol L-!
AIBN 10-2 mol L1 CTA and various AuNR concentrations, irradiated with 25 GW
cm2 at 800 nm for 30 min, dissolved in D20: (black) 300 uL AuNR, (blue) 250 pL
AuNR, (yellow) 200 pL AuNR, (red) 150 pL AUNR. . eeseeseseeseeens 147

Figure 10.18: Superimposed 'H-NMR spectra of solutions with 0.69 mol L- DMA, 9 mmol L-!
AIBN 10-2 mol L1 CTA and various AuNR concentrations, irradiated with 25 GW
cm2 at 800 nm for 30 min, dissolved in D20, zoomed into polymer peak between
1 -2 ppm: (black) 300 pL AuNR, (blue) 250 uL AuNR, (yellow) 200 pL AuNR, (red)
150 PL AUNR. oottt s bbb bbb 148

Figure 10.19: : Stacked 1H-NMR spectra of solution with 4.85 mol L-1 DMA, 0.01
mol L-1 AIBN, 3.53 mol L1 isopropanol, 75 pL. AuNR and 10 pL (0.38 mol L-1) CTA,
irradiated with 10 ns pulses for 15 min, with (from dark to pale): 335 pJ at 620
nm, 325 pJ at 640 nm, 315 pJ at 660 nm, 306 yJ at 680 nm, 297 pJ at 700 nm, 289
pJ at 720 nm, 281 pJ at 740 nm, 274 pJ at 760 nm, 267 pJ at 780 nm, 260 pJ at 800
nm, 254 pJ at 820 nm and 248 pJ at 840 NIM. ... 148

Figure 10.20: Stacked 1H-NMR spectra of solution with 4.85 mol L-1 DMA, 0.01
mol L-1 AIBN, 3.53 mol Lt isopropanol, 75 pL AuNR and 10 pL (0.38 mol L-1) CTA,
irradiated with 10 ns pulses for 15 min, with (from dark to pale): 335 pJ at 620
nm, 325 pJ at 640 nm, 315 pJ at 660 nm, 306 yJ at 680 nm, 297 pJ at 700 nm, 289
pJ at 720 nm, 281 pJ at 740 nm, 274 pJ at 760 nm, 267 pJ at 780 nm, 260 pJ at 800
nm, 254 pJ at 820 nm and 248 pJ at 840 nm. Zoom into region 0-3.5 ppm......... 149

Figure 10.21: 'H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol Lt AIBN, 3.53
mol L-Tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D20, irradiated with

620 nm ns laser pulses with 0.87 ] cm-2 at a repetition rate of 20 Hz for 15 min.

Figure 10.22: TH-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol LT AIBN, 3.53
mol L1 isopropanol, 75 uL. AuNR and 10 pL CTA, dissolved in D0, irradiated with

640 nm ns laser pulses with 0.84 ] cm2 at a repetition rate of 20 Hz for 15 min.

Figure 10.23: 'TH-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol LT AIBN, 3.53
mol L-Tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D20, irradiated with
640 nm ns pulses with 0.84 ] cm2 at a repetition rate of 20 Hz for 15 min. ......150
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Figure 10.52: SEC trace of PDMA and DMA after 15 min irradiation of a solution with 4.85
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Figure 10.55: SEC trace of PDMA and DMA after 15 min irradiation of a solution with 4.85
mol L'1 DMA, 3.53 mol L-tisopropanol, 0.01 mol L-1 AIBN, 75 pL AuNR solution and
10 pL 3-mercaptopropionic acid with a ns laser at 680 nNMm. .......cceeeveververrerreressennen. 166
Figure 10.56: SEC trace of PDMA and DMA after 15 min irradiation of a solution with 4.85
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Figure 10.59: SEC trace of PDMA and DMA after 15 min irradiation of a solution with 4.85
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10 pL 3-mercaptopropionic acid with a ns laser at 760 nm. ......ccceceveeererrerreresnennens 168
Figure 10.60; SEC trace of PDMA and DMA after 15 min irradiation of a solution with 4.85
mol L'1 DMA, 3.53 mol L-1isopropanol, 0.01 mol L-1 AIBN, 75 puL AuNR solution and
10 pL 3-mercaptopropionic acid with a ns laser at 780 nm. ......coeeeveverrerrerreresennen. 169
Figure 10.61: SEC trace of PDMA and DMA after 15 min irradiation of a solution with 4.85
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10 pL 3-mercaptopropionic acid with a ns laser at 800 nNM. .....cocveervererrerreeeerrennens 169
Figure 10.62: SEC trace of PDMA and DMA after 15 min irradiation of a solution with 4.85
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IV List of Schemes

Scheme 3.1: Scheme of possible photophysical and photochemical processes after
photoexcitation, shown as Jablonski diagram. Absorption into excited electronic
states (orange) can result in either non-radiative relaxation processes, such as
vibrational relaxation (VR), intramolecular vibrational redistribution (IVR),
internal conversion (IC) and intersystem crossing (ISC) or radiative processes,
fluorescence (green) and phosphorescence (red). Additionally, chemical reaction
or charge transfer (CT) can occur from the excited states. The thick horizontal
lines depict electronic states, e.g. the ground state Sy first excited singlet S; and
triplet T states, as well as higher excited singlet S, and triplet T, states. The thin
lines represent vibrational levels of the electronic states. ... 10

Scheme 3.2: Schematic illustration of a three-level laser system. Electrons are excited into
the pump-level (2) and subsequently relax into laser level (1). The population of
level 1 leads to population inversion. Radiation is amplified by stimulated
emission from the laser level to the lower laser level (ground state). .....cccoceevennee 13

Scheme 3.3: Scheme of sum frequency generation in a nonlinear crystal of second order with
two incident frequencies w1l and w2 and the additional output frequency w3
(left). Scheme of an energy diagram showing the summation of the energy of both
frequencies w1 and w2 equal to the energy of the output frequency w3 (right).17

Scheme 3.4: Scheme of SHG in a nonlinear crystal of second order with incident photons of
identical frequency w and the additional frequency-doubled output 2w (left).
Scheme of an energy diagram showing the summation of the energy of two
photons with frequencies w equal to the energy of one photon with the output
frequency 2w (TIZhT). . 18

Scheme 3.5: Scheme of difference frequency generation in a nonlinear crystal of second order
with incident photons of the frequencies w1 and w2 and the generated photons
with the output frequency w3 as difference of w1 and w2 enhancing the field of
w?2 (left). Scheme of an energy diagram showing the difference of the energy of
two photons with frequencies w1l and w2into a third photon with the output
frequency W3 (TIGNL). . ——————— 18

Scheme 3.6: Scheme showing the principle of difference frequency generation in an optical
parametric oscillator (OPO). Photons of the incident frequencies w1l and w?2
oscillate in a resonator with a nonlinear crystal of second order, generating
photons of w2 and a third frequency w3, thus enhancing the optical field of w2.
Due to the oscillation this process repeats and further enhances w2 and w3. .....19

Scheme 3.7: Principle of two photon absorption; two photons of the frequency w are
simultaneously absorbed via a virtual state, thus exciting electrons into an excited

electronic state, as an excitation with photons of 2. 20
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Scheme 3.8: Possible contributions to the spectrum AA of the transient response after photo
excitation, presented in a simplified Jablonski diagram. The electronic ground
state Sp and excited electronic states S, are shown as thick lines, vibrational states
as thin lines, transitions are implicated as vertical arrows. The possible
photophysical processes are ESA with AA > 0, stimulated emission (SE) with
AA < 0, ground state bleaching (GSB) with AA < 0 (from left to right)......cccccco..... 22

Scheme 3.9: Mechanism of FRP. After thermally or photochemically induced fragmentation
of the initiator molecule [ into free radicals R., chain growth P1. is initiated by the
reaction of radicals with a monomer unit M (chain initiation). The chains grow
Pi+ 1. (chain propagation) until terminated (chain termination) by either
disproportionation Pi+ Pj or combination Pi+ j of polymer chains. When an
additional chain transfer agent S is present, the radical character can also be
transferred from one chain to another R1., leading to termination of the initial
(0] 100 0 PPN 24

Scheme 3.10: Scheme of chain transfer and chain termination via chain combination and
(o N 0) o) 0T ) qtu (0] o - 1 10) o NP 27

Scheme 3.11: Scheme of three-step termination of polymer chains with the center-of-mass
diffusion as the first, the segmental diffusion as the second and the chemical
reaction as the third STeP. ... 28

Scheme 3.12: Principle of photo-induced radical generation of photoinitiators. ........cccccueunee. 29

Scheme 3.13: Simplified Jablonski diagram of photochemically induced initiator
decomposition, showing the quantum yield ¢ of each step of primary free radical
production and the possible competitive channels. After photoexcitation from So
into Sy, the initiator can change its multiplicity from singlet (S1) into triplet (T1)
via ISC. From here, the initiator can either form a radical R or be deactivated, for
example by quenching processes. A step prior to polymer chain growth, radicals
need to initially react with a monomer unit to induce polymerization.
Alternatively, deactivation processes can stop the reaction. ......coceeeerererreesserennens 30

Scheme 3.14: Schematic representation of the structure of azo- and peroxo compound usable
aS thermal INTHATOTS. . es 31

Scheme 3.15: The timescale of the fundamental processes of 47 x 14 nm? gold nanoparticles
after heating with fs laser pulses with 0.47 m] cm2, as a result of a heating

simulation Ben-Yakar and colleagues.3° Reproduced with permission from [39].

Scheme 3.16: Scheme of SEC column with porous material (grey) and polymers of different
hydrodynamic size, large polymers in black, middle-sized polymers in red and
small polymers in blue, elute through the column. ... 38
Scheme 3.17: Principle of charged molecule generation in the vacuum chamber of an

electrospray 10nization apPAratus. ... 41
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Scheme 4.1: Scheme of the setup of the optical chopper to vary the repetition rate for the fs
PLP experiments: The chopper (white) control is either directly triggered by the
repetition rate of the laser via the DG535 or by the frequency halver (grey), which
is connected to various output channels of the DG535. Setting multiple options,
the chopper control triggers the optical chopper, achieving several possible
repetition rate using the inner or outer slits as input reference..........ccocconeeeneerneenes 46

Scheme 4.2: Simplified scheme of the setup for PLP experiments; the laser beam is redirected
from the tabletop to the upside via a 45° mirror and penetrates the sample, which
is placed in a sample holder, from below. The beam energy can be recorded using
P J0 U] =Y 1 10 ) PP 47

Scheme 4.3: Setup of the SHG and THG generation. SHG (blue) from the laser fundamental
wavelength (red) takes place in a BBO crystal. The generation of the THG (pale
blue) takes place in a second BBO by overlapping the fundamental wavelength and
the second harmonic. To do so, the fundamental part is turned in its polarisation
by 90° to achieve a type-1 process in the nonlinear crystal. A dielectric mirror
separates the fundamental and the second harmonic. .....ccennnnesneneinnenessennenns 48

Scheme 4.4: Scheme of the experimental setup of a transient spectrometer. The generated
pulses are split into an excitation and a probe pulse. The excitation pulse can be
tuned to a range of various wavelengths via nonlinear optics, such as SHG, THG or
NOPA. Every second excitation pulse is blocked by an optical chopper and
subsequently turned in its polarization by a A1/2 plate to achieve the magic angle
relative to the probe pulse. The probe pulses are aligned along a computer-
controlled stage to generate a temporal delay relative to the pump pulses. Both
the excitation and the probe pulses are overlapped in the sample in space and
time. A white-light continuum generated in a CaF: crystal and focused via a
focusing lens (FL) is used for broadband probing. After passing the sample, this
WL is separated in its single spectral parts by a prism to be detected by a CCD
[0r 10 1= ir- Voo 54

Scheme 5.1: Proposed decomposition pathway of Ivocerin after photoexcitation. In a first
step, Ivocerin cleaves into an acylgermyl and an acyl radical. In a potential second
step, the acylgermyl radical further cleaves into an acyl radical and a germyl
005> T (o7 ) PP 72

Scheme 6.1: Schematic picture of the through tissue irradiation set-up; the incident 800 nm
laser beam (1) (40 fs, 1 kHz, 25 GW cm2) propagates through a 1 mm thick slice
of bacon (2), which decreases the laser intensity to 10 GW cm-2. Subsequently the
laser beam penetrates a 1 mm cuvette (3). The bacon closely adhered to the
sample holder. The distance between the bacon and the cuvette in the picture only

portrays the weaker laser beam after tissue penetration. .........ccveresrereneeseessesenns 87
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1 Motivation

Photo-induced chemical reactions, including polymerization reactions, have been gaining in-
creasing emphasis in recent years. With advancements in the control of spatiotemporal as-
pects of reactions,! the development of light sources emitting narrow wavelengths,?3 such as
lasers, and the evolution of polymerization techniques,*1¢ it is now possible to generate
highly customized polymers. To design specific polymer products, a deep understanding of
the polymerization mechanism is essential. Numerous experiments have been conducted to
gain insight into various aspects of polymerization processes, ranging from post-mortem anal-
ysis of final polymer products via soft ionization mass spectrometry, Electron Paramagnetic
Resonance (EPR) Spectroscopy, Nuclear Magnetic Resonance (NMR) Spectroscopy to Size Ex-
clusion Chromatography (SEC). To examine initial events on ultrashort time scales, femtosec-

ond (fs) transient absorption spectroscopy has been employed.17-21

Traditionally, ultraviolet (UV) or visible (Vis) light has been exploited to induce polymeriza-
tion, as most known photoinitiators can be excited within this region of the electromagnetic
spectrum, leading to the formation of radicals.18-25 The current thesis aims to advance the
understanding of the underlying mechanism during Vis light-induced free-radical polymeri-
zation using fs pulsed laser irradiation in the Hz and kHz regime, with subsequent exploration
of the earliest events of radical formation via fs transient spectroscopy as well as ultimately

product formation using SEC and 'H-NMR spectroscopy.

In recent decades, near-infrared (NIR) light has gained increasing attention for polymeriza-
tion induction. Prominent examples of NIR light utilization include two-photon polymeriza-
tion (2PP) and direct laser writing (DLW).26-32 [n addition to the in-depth investigation of Vis
light-induced polymerization, a further significant part of the current thesis will evidence that
pulsed laser-induced polymerization (PLP) in the Hz and kHz regime is also accessible via
two-photon absorption (2PA) using the advantageous properties of NIR light, which was hith-
erto mainly used for polymerization in the MHz regime.33-3¢ A detailed analysis of 2PP, in an
identical manner as the Vis light-induced polymerization, aims to better understand NIR-in-
duced 2PP, revealing possible mechanistic differences on the path to polymer formation. NIR
light is known for its ability to penetrate deeply into materials, a phenomenon familiar from
the heating effect of red-light heat lamps. Moreover, red light is less harmful to biological tis-
sues and can penetrate deeper, making red-light-induced chemical reactions highly promising

for applications in biology and medicine.3738 These properties are intended to be exploited



inserting a tissue, here a thin slice of bacon, between the laser beam and the polymerization

sample to highlight that 2PP is even initiated after the light penetrated through tissue.

As mentioned above, NIR light offers several advantages due to its benign nature and pene-
tration depth into biological tissue. In addition to advancing the mechanistic understanding
of photoinitiator-mediated polymerizations, a novel method for NIR light-initiated polymeri-
zation was explored. Instead of relying on the direct excitation and decay of a photoinitiator,
this approach will involve the use of gold nanorods (AuNR). Depending on their dimension,
these nanorods can convert light across the Vis or NIR spectrum into heat,3° which in turn can
trigger the decomposition of a thermal initiator, thus initiating free radical polymerization
(FRP). An initial proof-of-principle experiment using AuNR with a maximum absorptivity at
800 nm, exposed to fs laser irradiation, confirmed that the approach allows the initiation of
NIR light-triggered polymerization as an alternative approach. Subsequently, mapping the
wavelength dependent reaction progress provided insights into the efficiency of the process
at different wavelengths. As previous publications have reported, the reactivity spectrum is
often not identical to the absorption spectrum.1140-44 Therefore, it is mandatory to record the
wavelength-dependent monomer conversion of AuNR using a monochromatic tuneable na-
nosecond (ns) laser and compare it with the absorptivity. Given their low cytotoxicity, AuNR
are highly promising for in vivo NIR-induced polymerization.#> Analogue to the 2PP experi-
ments, a slice of bacon is inserted between the laser beam and the AuNR containing polymer-
ization sample, simulating biological tissue to underpin the strong potential of AuNR-medi-
ated NIR polymerization. The process of plasmonic heat production via AuNR does not re-
quire as much light intensity as 2PP. Therefore, Light Emitting Diodes (LEDs), a more practical
light source than lasers, will be tested to determine whether AuNR still produce sufficient heat
for the decomposition of thermal initiators. Employing LEDs may enable a broader applica-
tion of AuNR for polymerizations in biological environments and a potential setup for a high

school experiment to visualize cutting-edge academic science.



2 Literature Overview

During the last decades, photo-induced chemical reactions - in particular polymerization -
have gained increasing focus, due to their spatiotemporal control.146-49 [n the early days of
photo-induced polymerization, sunlight,>%-53 or broadly emitting lamps>4-62 were used as light
sources. Later, these broadly emitting light source were widely replaced by light-emitting di-
odes (LED),%3-71 with a narrow spectral width as one major advantage,’? allowing a more tar-
geted excitation of photosensitive molecules. LEDs also offer the advantage of high energy
efficiency, defined by a high luminous flux emitted compared to the electrical power con-
verted.”? Moreover, low purchasing costs, low energy consumption and a high durability of
100.000 h or more,”3 make LEDs a very economical light source. Due to their cost-efficiency
and benign nature, LEDs are perfectly suitable for sensitive practical application, such as pho-
topolymerization of oral biomaterials.’4+-77 However, the light divergence and distinct emis-

sion wavelength limit the practicability of LEDs.

The development of light sources with an even more narrow spectral bandwidth and coherent
emission, such as lasers, enabled highly precise photochemical reactions, as well as advanced
applications including wavelength-orthogonal, antagonistic and synergistic polymeriza-
tions.4178-86 Several polymerization techniques, such as reversible addition-fragmentation
chain transfer (RAFT), atom transfer radical polymerization (ATRP) and nitrogen-mediated
polymerization (NMP) have been performed with photoinitiators, seeking milder reaction
conditions and - importantly - fine control over the chain length and dispersity of the gener-
ated polymers.*-16 Light, as trigger for the initiation of polymerization, was also used for
pulsed laser-induced polymerization (PLP); a powerful technique to precisely determine
propagation rate coefficients, first introduced by Olaj and colleagues.8” PLP can also be em-
ployed to customize the chain length of polymers, specifically for mass spectrometric analy-
sis.208889 While an initial pulse stimulates the generation of radicals to initiate polymer chain
growth, subsequent pulses generate new radicals leading to termination of the propagating
polymer chains. PLP has, in many cases, been performed using ultraviolet (UV), nanosecond
(ns) laser pulses,1819.22-25 35 the majority of photoinitiators absorb in this region of the elec-
tromagnetic (EM) spectrum. ns laser pulses, however, act on molecules on a timescale that is
much longer than ultrashort processes (e.g. intersystem crossing (ISC)). Thus, excess energy
can be transferred to vibrational states, potentially inducing competitive channels to ISC,
which can decrease the efficiency of triplet state population and thus radical formation.

Femtosecond (fs) laser pulses are characterized by a remarkably shorter duration, potentially



leading to higher ISC efficiency. Therefore, it is highly interesting to examine fs pulse triggered

PLP.

Radical formation, prior to initiation, is perhaps the most critical step of a polymerization pro-
cess as it dictates the reaction conditions and progress of free radical polymerizations (FRP).
In the course of photo-induced polymerization, photoinitiators, such as carbonyl com-
pounds,199 are increasingly employed as a viable alternative to thermal initiators, typically
peroxo®192 and nitrogen-based??® compounds. Pump-probe spectroscopy is a powerful tech-
nique to examine excited electronic state dynamics after photoexcitation. Eigen, Norrish and
Porter were awarded the Nobel Prize for the first pump-probe measurements in 1949.94
These authors used the discharge of a large condenser in a quartz tube filled with rare gas,
resulting in a pulse duration of 4 ms. However, for the evaluation of chemical reactions it is
necessary to use ultrashort laser pulses. The improvement of laser systems, and the develop-
ment of pulsed lasers, enabled time resolutions that were sufficiently short, such as ns, pico-
seconds (ps)? and even fs.3 Pump-probe measurements have become an essential tool in prob-
ing electron dynamics, so much so that in 1999 Zewail was awarded the Nobel Prize for ap-
plying fs spectroscopy to observe chemical reactions in real time. The commercial availability
of fs lasers has enabled chemists to probe the earliest events of photoexcited molecules. The
technique of fs spectroscopy comprises a higher energy pump pulse followed by a weaker
probe pulse. The pump pulse is used to excite the ground state electrons of the investigated
molecule into an excited singlet state. The probe pulse subsequently probes the excited mol-
ecule at various time intervals after excitation to elucidate the processes and transitions be-
tween the excited states of the molecule. In the past, a plethora of fs spectroscopy experiments
have been performed on photoinitiators, for example on benzoin-,2021 dione-?! acyl-
germane-,171989 and coumarin-based®> compounds. While the carbonyl-based!®-?! com-
pounds preferably form triplet states and cleave into radicals, coumarin-based®> molecules
form excited singlet states and relax to the electronic ground state by fluorescence. As germyl-
based photoinitiators are applied more widely, more research is required to understand how

they can be modified to extend their applicability.

Photochemistry is a critically important process for photolithography,?6-103 adhesives mate-
rials,104-108 dentistry,109-113 tissue engineering!14-117 and biological applications.#8118-122 How-
ever, due to the low penetration depth and possible harmful consequences of UV light, short
wavelengths — as mostly required to excite photoinitiators - are often not suitable for sensitive
applications. Shifting the excitation wavelength to the NIR region of the light broadens the

range of photochemistry, for example enabling spatiotemporal control of biology.#8 Catalysts,



such as metals,123 bacteriochlorophyll,124 or upconverting nanoparticles,125126 make NIR sen-
sitized photo-induced polymerization accessible. Two-photon polymerization (2PP) offers a
powerful alternative technique to directly excite photoinitiators using near-infrared (NIR)
light.127 First theorized by Maria Goeppert-Mayer,!28 a two-photon absorption (2PA) process
is based on the simultaneous absorption of two low energy photons, which collectively deliver
sufficient energy to elevate electrons into excited states. 2PP is a technique enabling direct
laser writing (DLW)26-32 and microfabrication by 3-dimensional (3D) printing,129-134 typically
with repetition rates in the MHz regime.32-3¢ In particular, photopolymerization in 3D printing
realizes high product customization, smooth object surfaces and high precision.13>136 While
3D printing is widely applicable, the high precision, however, is often accompanied by a limi-
tation of the size of products.137 Therefore, 3D printing is mainly used for manufacturing small
objects for jewelry,138 dentistry,139-142 but also for aerospace!43-146 and automotive.#” How-
ever, to date there has been no report detailing how fs 2PP with low repetition rates controls

polymer molecular weight distributions (MWD).

Given that 2PA is statistically significantly less likely to occur than 1P absorption, as it is a
third order nonlinear process, high light intensities are required to observe 2PA events. Such
high intensities tend to be harmful for sensitive environments, such as biological tissue.
Therefore, new techniques are required, which offer high penetration depth and are benign
to biomaterials, such as tissue. Several approaches have been described using organic mole-
cules,148-152 horate dyes!53154 and cyanines,!>> absorbing NIR light and transforming it into
heat, which ultimately induces radical polymerization via the decay of a thermally activated
initiator. However, these approaches are not ideal for aqueous systems. An alternate mecha-
nism that has been employed for NIR photothermal conversion is the use of plasmonic nano-
particles, such as gold nanorods (AuNR). Amongst a plethora of unique electronic and optical
properties,1>6-162 metal nanoparticles are capable of converting light into heat.39163-165 This
photothermal effect is based on the collective oscillation of free electrons in solids, so-called
surface plasmons, first described for spherical nanoparticles by Gustav Miel¢® and extended
for non-spherical particle by Rayleigh and Gans.167.168 The heat generation and transfer to the
surrounding medium was theoretically predicted by EKkici et al.3° presenting a strongly local-
ized source of heat in the direct vicinity of the AuNR. The heating effect of nanoparticles was
not only calculated, but also experimentally probed.163-165169,.170 Kinetic studies by Alivisatos
and coworkers63 revealed that the produced heat dissipates on ultrafast timescales, using
time-resolved fs spectroscopy. Depending on the surface coating, AuNR can be functionalized

lipophilic, hydrophilic and biocompatible.171-175 [n recent years, water-soluble AuNR have



gained increasing popularity, and have been used in biomedical application, such as cancer

cell imaging and treatment via local heat,176-178 or drug delivery.179-181

Previous studies'141-44 on photo-reactive molecules in the Barner-Kowollik group have re-
vealed that absorptivity is no predictor for photochemical reactivity using the so-called action
plot technique.*! Interestingly, the vast majority of experiments, including photoATRP com-
plexes,!1 photo cycloadditions of styrylpyrene#! or poly(ethyleneglycol)-styrylquinoxaline*3
as well as methylarylketones*? and thioethers,** unveil a red-shifted reactivity. The action plot

technique relies on a tunable ns laser capable of emitting nearly monochromatic wavelengths.

Aiming to close the above mentioned literature gaps, the current thesis describes, for the first
time, in-depth Vis light triggered fs PLP experiments®? with Ivocerin. The polymerization
mechanism was investigated by post-mortem analysis via Size Exclusion Chromatography
(SEC) and Electrospray lonization Mass Spectrometry (ESI-MS). To deepen the understanding
of the polymerization mechanism from the earliest events to product formation, the current
thesis introduces the first detailed time-resolved fs spectroscopy analysis of Ivocerin to com-
bine the obtained knowledge of the product formation and the behaviour immediately after
photoexcitation. The shorter pulse duration and higher peak intensity of fs laser pulses may
lead to an increased probability of ultrashort photophysical processes, e.g. ISC into triplet

states and to a higher probability of absorbing photons, compared to longer ns laser pulses.

Shifting focus from the UV /Vis region of the EM spectrum towards the NIR region, the current
thesis introduces chain lengths controlled NIR 2PP using fs PLP techniques, closing a critical
literature gap, following the formation of polymer by means of 1H-NMR spectroscopy and the
PLP generated molecular weight distribution (MWD) via SEC.182 Further, it demonstrates that
the high penetration depth of NIR light is able to induce polymerization even after penetration

through biological tissue.182

Further, the current thesis introduces citrate-functionalized gold nanorods (AuNR) as photo-
thermal converters operating in water, revealing the unique ability of AuNR to mediate NIR-
induced polymerizations in water under mild conditions using a water-soluble monomer and
thermal initiator, with successful polymerization evidenced via H-NMR spectroscopy and

SEC.183

The current thesis also introduces the first action plot analysis exploiting AuNR as a photo-
sensitive species during FRP elucidating the optimum wavelength for heat generation. More-

over, LEDs are introduced as a more practical light source for inducing heat through photo-



excitation of AuNR, thereby initiating polymerization. Utilizing LEDs facilitates the establish-
ment of an educational connection between advanced academic research and potential high
school experiments, offering a means to teach the conversion of light energy into heat by

means of a cutting-edge scientific experiment.

The experiments presented in the current thesis rely on various physical and chemical pro-
cesses. The following chapters explain the fundamental background of these processes to as-

sist the reader with a better understanding of the described experiments.



3 Theoretical Background

3.1 Photophysical and -Chemical Processes in Molecules

Photo-induced chemical reactions and spectroscopic methods for the analysis of electronic
behaviour of excited molecules are based on the interaction of matter with light. Whenever
molecules experience photoexcitation, electrons undergo vibronic transitions, a simultaneous
transition between electronic and vibrational states.184 Vibronic transitions are based on the
Franck-Condon principle,185186 which postulates that the position of the nuclei is constant
during an electronic transition, due to the much higher mass of the nuclei compared to the

electrons.

Transitions are only possible for a non-zero transition dipole moment and the statistical like-
lihood of transitions occurring is given by the square value of the transition dipole moment
|u|?, known as the Franck-Condon-factor.184 The transition dipole moment operator /i con-
tains information on both electronic and nuclear transitions (Eq. 3.1), describing the behav-
iour of the electrons (e) and nucleus (N), respectively. However, since electronic transitions
are considered to be adiabatic, and the mass of an electron is significantly smaller than that
of the nucleus, the nucleus can be regarded as quasi-stationary. According to the Born-Oppen-
heimer-approximation, this allows the separation of contributions from the nuclear and elec-

tronic dipole moments:187

A= fle+ fiy - Eq. 3.1

It has to be considered that transitions are also dependent on the temperature (T) and the
population (N;) of electronic states with the energy (Ej), as well as the Boltzmann constant:188
E.

. -
Nj < N - exp <kBT> .

Eq. 3.2

At ambient temperature, electrons often populate vibrational levels of the electronic ground
state. Depending on the overlap integral, transitions can occur that elevate electrons into
higher vibrational levels within the excited electronic state. Thus, such transitions are called
vibronic transitions.’8* According to the Franck-Condon-principle!85186 3 transition is more
likely, the more the initial and the final wavefunctions overlap corresponding to the highest
value for the transition dipole moment. The absorbance (A) depends on the Franck-Condon-
factors.184 As the absorbance can also be described via the integration of the molar extinction
coefficient €, Eq. 3.3 correlates the transition dipole moment with an experimental determi-

nable measure:184188



A= (52 ) Ny el = [ e@)do Eq.3.3

3-£9"hVLight
In this equation w describes the frequency of the absorbed light, ¢, is the dielectric constant
of vacuum, vy gy, the velocity of light, u. defines the electronic dipole moment and N, the
Avogadro constant. On the macroscopic scale, the absorbance is given by the Beer-Lambert
law, which describes the optical density (OD), defined by the decadic logarithm of the ratio of
incident light (/) and transmitted light (). The intensity of the transmitted light depends on
the molar decadic extinction coefficient €, which can be described as the macroscopic equiv-
alent to the transition dipole moment, as well as the concentration (c) of the molecule of in-

terest and the optical path length (d):18°

0D=A=log(170):c-g-d_ Eq.3.4
Molecules that experience photoexcitation can undergo vibronic transitions, populating ex-
cited electronic states. From these states several processes can occur, either the molecule can
undergo a chemical reaction, it can be heated by non-radiative energy dissipation or the elec-
trons relax to the electronic ground state by radiative energy dissipation producing photolu-
minescence. The likelihood of each of these processes occurring depends on several factors,

including the lifetime of excited states.

According to the transition state theory,190.191 the possible pathways of energy distribution
follow a multi-dimensional energy hypersurface. Due to the complexity of potential hypersur-
faces, a simplified 2-dimensional diagram, known as a Jablonski diagram,°2 is often used to
describe the photophysical and photochemical relaxation pathways. A typical diagram is de-
picted in Scheme 3.1.

Originating from an excited electronic state, a molecule can relax via various physical pro-
cesses. Due to the previously discussed Franck-Condon factors,184 electrons often populate
higher vibrational levels of the excited electronic state after photoexcitation. The energy can
subsequently be distributed via the vibrational degrees of freedom (Intramolecular Vibra-
tional Redistribution, IVR), heating the molecule on a typical ultrashort time scale of 10-11-
10-13 5.193 Besides intramolecular redistribution of energy, molecules can dissipate heat to the
surrounding medium via interactions with the various degrees of freedom of the solvent mol-

ecules (Vibrational Relaxation, VR), which occurs in timescales of 10--10-11 s.187
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Scheme 3.1: Scheme of possible photophysical and photochemical processes af-
ter photoexcitation, shown as Jablonski diagram. Absorption into excited elec-
tronic states (orange) can result in either non-radiative relaxation processes, such
as vibrational relaxation (VR), intramolecular vibrational redistribution (IVR), in-
ternal conversion (IC) and intersystem crossing (ISC) or radiative processes, flu-
orescence (green) and phosphorescence (red). Additionally, chemical reaction or
charge transfer (CT) can occur from the excited states. The thick horizontal lines
depict electronic states, e.g. the ground state Sy first excited singlet S1 and triplet
T states, as well as higher excited singlet S, and triplet T, states. The thin lines
represent vibrational levels of the electronic states.

VR often occurs after a rapid non-radiative transition, given by ultrafast internal conversion
(IC). IC describes non-radiative transitions from higher electronic states to lower electronic
states of the same spin multiplicity, such as transitions from Sn+1 = Sy or Tns+1 = Tn.187 Consid-
ering that the energy gaps between higher excited states are smaller compared to the energy
gap between an excited state and the ground state, IC transitions are usually faster between
higher excited states.1®3 Nonetheless, ultrafast transitions between excited states and the

electronic ground state potentially occur via so-called conical intersections.

A conical intersection is given by a crossing of two or more potential hypersurfaces of elec-
tronic states due to non-adiabatic effects.194-19¢ Since the energy levels are degenerate at this

point, a highly efficient pathway is formed whereby the excited molecule can relax.

Transitions between electronic states of different spin multiplicity are forbidden due to the
selection rules of quantum mechanics. However, spin-orbit coupling can enable such an inter-
system crossing (ISC).187 According to the El-Sayed rules,197 ISC transitions are expected to

last on a long time scale (10-°-10-°s) because of the required change in the spin multiplicity of
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the electrons.1” However, there are literature-known ISC processes that occur within a few

ps.198,198,199

Besides the non-radiative relaxation pathways, molecules can also distribute energy by the
emission of light. Light can either be emitted from singlet states via fluorescence or from a
triplet state by phosphorescence following ISC. According to Kasha’s rule,2%0 emission pro-
cesses typically occur from the lowest vibrational level of either S; or T1. The typical lifetime
of fluorescent emission is 10-°-10-¢ s and sometimes as fast as 10-12 5.187 Phosphorescence is
considered to occur on longer time scales (10-6-103 s) because of the changed spin multiplicity

from T1 — So.187

Molecules can not only undergo photophysical processes, but also cleave bonds as an initial
step for subsequent chemical reactions. Most photo-sensitive molecules that are used as ini-
tiators for photo-induced chemical reactions, such as photopolymerization, initiate bond
cleavage from excited triplet states. These molecules must first undergo an ISC before reach-
ing a triplet state. However, often there is not one definitive pathway that the electrons can
traverse, but competitive relaxation processes resulting in complex channel branching. The
ultrashort lifetime of many relaxation processes immediately after photoexcitation requires
experimental techniques that are capable of resolving these processes, such as ultrafast spec-
troscopy. Even with these techniques, in case of high channel branching several different ex-

periments are often required to resolve all fundamental processes.

Photoexcitation as well as subsequent physical and chemical relaxation processes, for exam-
ple ISC or bond cleavage, are fundamental for the characterization of photoinitiators, such as

Ivocerin, which was used in the present thesis.

3.2 Laser Principle

Experimental techniques that are capable of resolving ultrafast or higher order absorption
processes require ultrafast excitation source emitting highly intense light, such as that pro-
duced from lasers. In the most basic form, a laser consists of three parts: an active medium, a
light source that pumps the active medium and a cavity resonator.201 As the name suggests, a
laser functions by light amplification of stimulated emission produced as the photons oscillate

within the cavity resonator.

Pumped by an external light source, there are two radiative processes that occur in the active
medium. While most lasers operate on a four-level system, for simplicity a two-level system

is considered here. Initially, a photon with the energy hw = E, — E;, where h represents the
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Planck constant and w the frequency of the incident light, is absorbed to excite electrons from
state E; into state E,. The energy level can either be depopulated by spontaneous emission
or, the preferred process, stimulated emission. Stimulated emission occurs when a photon
with energy equivalent to the electronic transition is incident on an excited medium, leading
to the de-excitation of an excited electron and emission of a second photon, possessing iden-

tical properties to the first.202.203

For stimulated emission to occur, the active medium must first undergo population inversion.
In order to reach equilibrium the rate of change of population of both states E; and E, should
be identical. More importantly, to achieve a population inversion the following condition has

to be satisfied:

N, Eq. 3.5
—>1.
N, >

In practice, this is not possible to achieve for a two-level system in thermal equilibrium, since
each of the transition processes are dependent on the population of the state, the likelihood
of transition becomes lower as the population decreases. To achieve population inversion,
three-level (Scheme 3.2) or four-level systems are required.2%3 In these systems, electrons
are excited into the so-called pump level, which is, however, short-lived and thus quickly de-
populated into the upper laser level. Since the upper laser level is a long-lived state, a popula-
tion inversion can be produced. While in the case of a three-level system, the lower laser level
is identical to the ground state, in a four-level system the lower laser level can be further de-
populated into the ground state E,. Therefore, a three-level system requires much stronger
pumping power to achieve efficient population inversion than a four-level system, which
makes a four-level system advantageous over a three-level system. Regarding the photons as
stationary waves between the end mirrors, the resonator serves as an amplifier. Each photon
within the amplifier travelling through the active medium can stimulate the emission of a sec-
ond photon with the same temporal and spatial phase, thus amplifying the coherent laser

light. One of the end mirrors is semitransparent enabling the coherent light to be decoupled.
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Scheme 3.2: Schematic illustration of a three-level laser system. Electrons are ex-
cited into the pump-level (2) and subsequently relax into laser level (1). The pop-
ulation of level 1 leads to population inversion. Radiation is amplified by stimu-
lated emission from the laser level to the lower laser level (ground state).

3.2.1 Properties of Laser Pulses

Laser pulses are considered to be high intensity wave packets that are identical in spatial and
temporal properties, resulting from the superposition of laser modes.2%* Depending on the
technique of generation, for example Q-switch or mode-locking, laser pulses have a specific
pulse duration 7, (refer to Section 3.2.2 and 3.2.3 for more details), which forms a Fourier
pair together with the spectral width Av of the pulses analogue to Heisenberg’s uncertainty

principle of energy and time:204

T, Av 2 K. Eq. 3.6
This equation is often called time-bandwidth product with Fourier limit K. In many cases, la-
ser pulses can be considered as Gaussian shape. For Gaussian-shaped pulses the Fourier limit
is K = 0.441.204 This has a significant impact on the magnitude of the spectral properties of
laser pulses in case of different pulse durations. Thus, the Fourier limit defines the minimum
achievable spectral width of laser pulses. For example, fs laser pulses have minimum spectral
width in the range of 10 nm. A laser producing ns pulses, has a minimum spectral width in the
range of 10-> nm, which is essentially monochromatic. Therefore, ns lasers are ideal for prob-
ing wavelength dependent processes, such as action plots. Ultrashort pulsed lasers, such as fs
lasers, are more prone to temporal broadening by dispersion while propagating through op-

tical media.
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Since the refractive index n(w) is dependent on the frequency w, the frequency modes within
an ultrashort wave packet possess various phase velocity vy, leading to dispersion, described
in the dispersion relation189204

_ @ _ VLight Eq. 3.7
Uph T T ()

where vy ;g is the speed of light, k the wave vector and n the frequency-dependent refractive
index. The velocity of the entire wave packet consisting of many modes with corresponding
phase velocities is described by the group velocity. Due to the wavelength dependency of the
phase velocity, the group velocity of a wave packet is described as the phase velocity and an
additional contribution, the wavelength-dependent derivation of the phase velocity

dv,y/dA:189204

dv Eq. 3.8
vgr = vph — A dih . q

Propagating through vacuum, the derivation of the phase velocity is zero resulting in equality
of group velocity and phase velocity. However, when propagating through media the group
velocity must be considered. This is particularly important for pump-probe experiments,
where two pulses containing different frequencies will experience a group velocity mismatch

(GVM) given by:205

1 1 Eq. 3.9

GVM =

Vgr,1 Vgr,2

)

which must be accounted for in the experimental design.

3.2.2 Q-Switch

ns laser pulses can be generated by placing a Q-switch in the laser resonator. A Q-switch con-
sists, for example, of an electro-optical crystal, known as a Pockels cell, combined with a po-
larizer. The application of an electric potential to the Pockels cell changes the polarity in the
anisotropic crystal, and hence controlling the transmission through the laser cavity. Initially,
the Q-switch blocks transmission, so that the resonator remains below the oscillation thresh-
old, until a population inversion is achieved in the active medium. At a defined time to the Q-
switch is activated by a change of the applied potential, enabling the electromagnetic waves
to propagate through the resonator and trigger lasing. Thus oscillation is enabled in an abrupt
manner, strongly amplifying the waves in the resonator due to stimulated emission from the
highly populated excited laser level.2¢ The ns pulses emitted by the Coherent Opolette laser

system used for the action plot experiments were generated by a Q-switch.
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3.2.3 Mode-locking
Ultrashort laser pulses can be generated via mode-locking, where numerous modes construc-
tively interfere with each other.29” Every mode i is characterized by an amplitude E;, fre-

quency w; and phase shift ¢;:

E = Eicos(wit + ¢;(1)). Eq.3.10
Constructive interference occurs when modes initially oscillate in phase. However, due to
their different frequencies, they eventually dephase over time and interfere destructively.
Once their phase align again after a certain time, constructive interference is re-established,

leading to the generation of periodic pulses with a repetition rate 7, as given by:208

-_° Eq.3.11
2nL’

Here, n is the refractive index, L the length of the resonator and c the speed of light. The more

n

modes interfere with each other, the shorter the pulses become, which can be explained by

equation;204.207

1 Eq.3.12
PNQS

In this equation, 7, represents the pulse duration, N is the number of modes and 2 is the

T

modulation frequency. There are two primary forms of mode-locking, active and passive. Ac-
tive mode-locking involves the use of optical modulators, such as Pockels cells or Kerr cells,
within the laser resonator.2%° This modulates the intensity of the light wave, generating side-
bands with the frequency w in addition to the carrier frequency w,. To ensure the sidebands
participate in oscillations and are modulated, their frequencies must align with the equation
W= %. This approach amplifies the laser pulses effectively.2%7 In passive mode-locking, a
saturable absorber is placed in front of one of the resonator end mirrors. The active medium
emits photon avalanches for a brief duration once the pumping power exceeds a certain
threshold. Nonlinear saturation of the absorber results in higher light intensities being ab-
sorbed less and, consequently, experiencing greater net gain, resulting is stronger amplifica-
tion.207 Both the Coherent Astrella laser and the Clark-MXR CPA-2210 laser used in this thesis

employ passive mode-locking.
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3.3 Nonlinear Optical Effects

Nonlinear optical effects are fundamental for the generation of high intensity laser light and
the tunability of lasers. They occur by the modification of the optical properties of nonlinear
materials interacting with light of different intensities. This phenomenon is called nonlinear,
because the way the material responds to the light does not depend linearly on the strength
of the applied optical field. The light-induced polarization P(t) inside an optical medium with

the linear susceptibility y can be described mathematically as:189210

P(t) = goxWE(). Eq.3.13
Which is adequate to describe the behaviour under low intensity light. However, when high
intensity fields E (t) are applied, Taylor series expansion of Eq. 3.14 is required to describe

higher-order contributions to the polarization:210

Eq. 3.14
PO = & | D ASVBO) + x§UBED + XEEE(D +
j

The contribution of y® describes the second-order and y® the third-order nonlinear optical
susceptibilities. The indices in Eq. 3.14 define the components in the Cartesian coordinate
system. Second and third order nonlinear processes are considered to be the most important

nonlinear processes for laser pulse generation and wavelength tunability of lasers.

3.3.1 Nonlinear Processes of Second Order
If two optical fields with different frequencies superimpose in a second order nonlinear crys-
tal, such as B-bariumborate (BBO) or lithiumtriborate (LBO), the electrical field can be de-

scribed as:210.211

E(t) = Eje™'@1t 4 E,e~io2t ¢ ¢ Eq.3.15

Substituting this expression into Eq. 3.14 leads to a second order polarization of:210.211

PA(t) = gy P[EZe~2io1t 4 EZe~2l02t 4 2F E,e~i(@1tw2)t 4 2F Fie~i@1-02)t  Eq.3.16
+c.c.|+ 2exP[E,Ef + E,E3] .

Separating Eq. 3.16, there are several terms contributing to the polarization, expressed by

Eq. 3.17. The first and second term are attributed to frequency-doubling 2w, called second

harmonic generation (SHG), the third term describes the summation of two frequencies w,

and w,, known as sum-frequency generation (SFG), and the fourth term difference-frequency
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generation (DFG), a subtraction of w; and w,. The last term, which is independent of frequen-
cies belongs to an effect leading to a static field across the nonlinear crystal, known as optical

rectification;:210.211

SHG: PQw,) = ggx®PE?,

SHG: PQRw,) = oy PEZ,
SFG: P(w, + w,) = 2e0x@E,E,, Eq.3.17
DFG: P(w, — w,) = 2eox PE,ES,
OR: P(0) = 2e0x P (E,E; + E,E}) .

The amplitude of the optical fields of each frequency can be expressed in terms of the wave
vectors l_c)i. The intensity variation of the resulting field with the wave vector Eg is then gov-

erned by the wave vector mismatch Ak:189.201

Aig = I_()l + igz - ig3 . Eq' 3'18

When Ak = 0, the phase matching condition is met and the maximum amplitude is produced.
Sum Frequency Generation
As depicted in Eq. 3.17 the nonlinear polarization of SFG processes is given by:210.211

P(w; + wy) = 2eoxPEE, . Eq.3.19
In case of SFG, photons with two different frequencies w; and w, are superimposed in the
nonlinear crystal, generating photons with the frequency w; = w; + w,. This second order
nonlinear process is schematically shown in Scheme 3.3. Tunable lasers make use of SFG, for

example using two Vis light frequencies to produce radiation in the UV region.

w, w;
— . —
Nonlinear W3=Wwq+w,
W, i , -1l ___
—_—2 | crystal (¥1?) W5=W,+W,
W,

v

Scheme 3.3: Scheme of sum frequency generation in a nonlinear crystal of second
order with two incident frequencies w; and w, and the additional output fre-
quency w5 (left). Scheme of an energy diagram showing the summation of the en-
ergy of both frequencies w; and w, equal to the energy of the output frequency
w5 (right).
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Second Harmonic Generation

SHG describes a special kind of SFG transforming two photons with the same frequency w into

one photon of frequency 2w,?10211 as displayed in Scheme 3.4.

w
w Nonlinear 2w
— _— iy Santien 2w
crystal (¥(@)
w

Scheme 3.4: Scheme of SHG in a nonlinear crystal of second order with incident
photons of identical frequency w and the additional frequency-doubled output
2w (left). Scheme of an energy diagram showing the summation of the energy of
two photons with frequencies w equal to the energy of one photon with the out-
put frequency 2w (right).

In the present thesis SHG was applied for the excitation of Ivocerin in the Vis light-induced fs

PLP experiments.
Difference Frequency Generation

DFG (Scheme 3.5) can be described by the fourth term of nonlinear polarization:210.211

P(w; — wy) = 2e0x PELE; . Eq. 3.20
)
w4
— . - - ¥
Nonlinear W3=W4-W; --r -
W, >

—_—2 | crystal (¥1?)

('Ul (.U3=(.Ul-(.l.}2

r

Scheme 3.5: Scheme of difference frequency generation in a nonlinear crystal of
second order with incident photons of the frequencies w; and w, and the gener-
ated photons with the output frequency w5 as difference of w; and w, enhancing
the field of w, (left). Scheme of an energy diagram showing the difference of the
energy of two photons with frequencies w; and w,into a third photon with the
output frequency w; (right).
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Due to energy conservation, the generation of photons w; = w; — w, as depicted in Scheme
3.5 requires the destruction of input photons of higher frequency w; and the creation of fur-
ther photons of the lower input frequency w, at the same time. This process is initiated when
the higher input frequency photon w, excites an electron to a virtual level within the crystal
band gap, followed by the production of two photons of lower frequencies w, and ws. If de-
sired, one of the frequencies can be enhanced by seeding the crystal with a weak optical field,
known as the signal at lower input frequency w,. The second frequency ws, known as the
idler, is also produced, but it is much weaker. This amplified process is known as optical par-
ametric amplification. The emission process can occur in the absence of the optical field of w,.
However, since the resulting fields are much weaker, this process is known as parametric flu-
orescence. If a nonlinear crystal is placed in an optical resonator (Scheme 3.6), the waves
with the frequencies w; and w, oscillate within the resonator, leading to a strong amplifica-
tion of the optical field of w, and w;. Such a setup is called optical parametric oscillator
(OP0).210 OPOs are often used in tunable lasers, in particular for the generation of Vis and IR
wavelengths. Theoretically, any frequency satisfying the equation w; = w, + w3, can be pro-
duced in an OPO, however practical limitations arise in finding suitable nonlinear crystals

with strong y® in the desired wavelength range.

W,
~ ) _—
Wq=W,+ws —| Nonlinear }——
—_—
+«— crystal (y@) f— Ws
e r —-

Scheme 3.6: Scheme showing the principle of difference frequency generation in
an optical parametric oscillator (OPO). Photons of the incident frequencies w; and
w, oscillate in a resonator with a nonlinear crystal of second order, generating
photons of w, and a third frequency w;, thus enhancing the optical field of w,. Due
to the oscillation this process repeats and further enhances w, and ws.
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3.3.2 Nonlinear Processes of Third Order

Two Photon Absorption

2PA is an intensity-dependent, third order nonlinear process, which describes atoms making
transitions from the electronic ground state to an excited electronic state via a virtual state
by simultaneous absorption of two photons of the same wavelength (Scheme 3.7). This pro-
cess was first discovered by Kaiser and Garrett?12 and described by Maria Goeppert Mayer128
in 1931. The absorption cross-section shows a linear dependency on the laser intensity with

the coefficient as proportionality constant.

Excited state

Ground state

Scheme 3.7: Principle of two photon absorption; two photons of the frequency w
are simultaneously absorbed via a virtual state, thus exciting electrons into an ex-
cited electronic state, as an excitation with photons of 2w.

The nonlinearity of 2PA is expressed by the transition rate R, that scales quadratically with

the intensity [:210
@2 Eq. 3.21
 ho

In this equation, w describes the frequency of the incident light, & the Planck constant h di-

vided by 27 and ¢(® the 2PA coefficient. Vis light photoinitiators, such as Ivocerin, can poten-
tially be excited with high intensity NIR light based on a 2PA process as applied in the NIR-
light fs 2P PLP experiment.

The Optical Kerr Effect

The optical Kerr-Effect is a refractive nonlinear process of third order that enables ultrashort
laser pulses of less than 100 fs. It is based on self-focussing of the laser beam during the prop-

agation through the laser crystal due to the intensity-dependent refraction index:207

n(l) = ny(w) + ny(w) - I. Eq. 3.22
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The radial variation of intensity inherent in a Gaussian-shaped laser beam causes a stronger
focussing effect in the centre of the beam, where the intensity is much higher, and weaker
focussing effect in the lower intensity regions. The result of this is known as self-focussing
and results in an increase in the pulse intensity as light propagates through the nonlinear
medium. Additionally, self-phase-modulation,297 also known as temporal Kerr effect,210 is a
further phenomenon causing pulse compression but in the temporal domain instead of the
spatial domain. At high intensities the nonlinear third-order susceptibility in the refractive
index n, of Eq. 3.22 causes dispersion of the pulse maximum propagating through the me-
dium. Hence, the spectral broadening causes a compression of the pulse duration. Almost
every modern Ti:Sapphire fs laser system, as the one that was used for the current thesis,
makes use of self-phase modulation and the Kerr-Lens-effect in the nonlinear crystal for
mode-locking as a powerful technique for the generation of ultrashort, highly intense laser

pulses.

As self-phase modulation leads to a spectral broadening of highly intense laser pulses, thin
nonlinear crystals with third order susceptibility can be used for the generation of a white
light (WL) continuum focussing laser pulses. Such crystals, for example CaF, are used in tran-

sient fs absorption spectroscopy experiments for the generation of broadband probe pulses.

3.4 Transient Absorption Spectroscopy

In order to characterize and understand relaxation processes after photoexcitation, carefully
designed experiments are necessary to allow a thorough interpretation. Spectroscopic meth-
ods are effective techniques to observe electronic transitions within photoexcited molecules
and immediate electronic processes after excitation. Time-resolved pump-probe experiments
can provide information about the occurring relaxation processes in a photo-excited molecule

and about the channel branching of relaxation pathways.

Transient absorption spectroscopy is a commonly employed method to measure the time-
resolved change in the absorbance of a system. The laser pulse is divided into two pulses, the
excitation pulse and the probe pulse. The excitation pulse is used for photophysical excitation
of the sample with desired wavelengths, for example using a nonlinear optical parametric am-
plifier (NOPA), SHG or Third Harmonic Generation (THG). The probe pulse detects the transi-
ent absorption spectrum after excitation of the sample at defined times t = t4 — t,,, passing a
delay stage. Here t, is the delay time and t, is the time at which the sample is excited. With

the aid of a translation stage, t4 can be varied and both pulses are brought to overlap in space
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and time at the location of the sample. This allows the observation and analysis of the relaxa-
tion dynamics of excited molecules.?13214 Finally, subtracting the ground state absorption

spectrum of the sample without excitation A4, from the transient absorption spectrum

A, (t) results in a differential absorption AA(t, 1) according to equation:

AA(t,A) = Ay, (6, 4) — A, (D). Eq. 3.23
In principle, different processes can be observed in transient absorption spectroscopy
(Scheme 3.8). Ground state bleaching (GSB) describes a depletion of the ground state after
photoexcitation (44 < 0). In stimulated emission (SE, 44 < 0) the probe pulse triggers relaxa-
tion of excited electrons into the ground state by emitting photons. Excited state absorption
(ESA) with A4 > 0 is a process where an already excited electron enters a higher electronically

excited state by absorbing a second photon.

Pump Probe
| | \
Excitation Ground state bleaching Stimulated emission Excited state absorption

(GSB) (SE) (ESA)
AA <0 AA <0 AA >0

s, s, S, 5,

s, s, S 5

- u
S, S S —— So

Scheme 3.8: Possible contributions to the spectrum AA of the transient response
after photo excitation, presented in a simplified Jablonski diagram. The electronic
ground state So and excited electronic states S, are shown as thick lines, vibra-
tional states as thin lines, transitions are implicated as vertical arrows. The possi-
ble photophysical processes are ESA with AA > 0, stimulated emission (SE) with
AA < 0, ground state bleaching (GSB) with AA < 0 (from left to right).

Transient spectra can be analysed by means of a decay associated difference spectrum
(DADS), also known as global analysis. Herein, a parametric model provides a decomposition
basis set of time constants for all probed wavelengths without a priori knowledge of the ex-
cited state processes. Such a model involves one exponential or stretched exponential func-
tion to simultaneously fit all of the recorded transient absorption data, with the correspond-
ing amplitudes resulting in a DADS spectrum. The size of the basis set for the data description

model can be tested for with any desired complexity. However, it is not trivial to find a suitable
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number of parameters for proper fitting. A high number of selected parameters potentially
exceed the actual number of physical processes occurring. Also, the recovery of ultrashort
lifetimes may be limited by instantaneous response functions and coherent artifacts.215>216
Further, multiexponential functions are known to cause problems due to their sensitivity of
initial values, as noise-induced local minima potentially interfere the sum-of-error surface
optimization.217.218 Therefore, to find the best quality fit, it is often better to choose a minimal

descriptive model instead of risking over parameterization using too complex functions.219

In the current thesis, a common set of parameters is obtained, including the rise time t, time
constants 7; and amplitudes A; for photo-physical and photo-reactive process i using the pro-
gram Matlab with a previously developed algorithm at KIT.220 During analysis, every probed
wavelength is analyzed with a multiexponential function using the parameters from the
script. While a positive amplitude describes a decreasing transient response, a negative am-
plitude describes a rising transient response. Subsequently, fitting the probed wavelengths
with a multi-exponential function as expressed in Eq. 3.24 using the obtained time constants

7; and amplitudes A; serves to validate the quality of the parameters:

%(1 +erf (\/(‘HH(Z)) (t— to)/TO)) Z (Aiexp (— t-t) t0)>> . Eq.3.24

Tj

i

3.5 Free Radical Polymerization

FRP entails a mechanism based on the generation of primary radicals R* by either thermal or
photo-induced decomposition of a thermal or photoinitiator I (Scheme 3.9). These primary
radicals subsequently initiate polymer chain growth P; by reaction with the (activated) dou-
ble bond of a monomer M, subsequently leading to chain propagation P;_ ;. In the presence of
transfer agent reactants S, polymer chain growth can be terminated by transferring the radi-
cal position to another polymer chain R;. A recombination of either two radical polymer
chains or polymer chains with free initiator radical (P;,;) as well as disproportionation reac-

tion of radical polymer chains (P; + P;) finally causes termination of polymer chain growth.z2!

23



Radical Formation I ————> 2R
. Kinit .
Chain Initiation R + M —_— Py
: kp .
Chain Propagation PP + M —> Piiq
. ktrans .
Chain Transfer PP + S —_— Ry, + P
: ke
Chain Termination P, + pf —> Py or Pi+P

Scheme 3.9: Mechanism of FRP. After thermally or photochemically induced
fragmentation of the initiator molecule I into free radicals R', chain growth P; is
initiated by the reaction of radicals with a monomer unit M (chain initiation).
The chains grow P;,; (chain propagation) until terminated (chain termination)
by either disproportionation P; + P; or combination P;,; of polymer chains.

When an additional chain transfer agent S is present, the radical character can
also be transferred from one chain to another R;, leading to termination of the
initial chain P;.

In order to execute radical polymerization processes efficiently, it is essential to fundamen-
tally understand the kinetics of each individual polymerization step. However, the determi-
nation of polymerization kinetics can be highly challenging, due to the often complex nature
of polymerization reactions. Each FRP commences with either the thermal or photo-induced
decomposition of an initiator into radicals as schematically shown in Scheme 3.9. The kinet-

ics of the initiator decay are crucial as they define the rate and efficiency of the entire polymer-

N . _ 111 P
ization. The time dependent decay of the initiator concentration % is given by: 221

d[!] Eq. 3.25
= kaisslI]-

Note that - keeping in line with the convention in literature - k is used to indicate rate coeffi-
cients in this subchapter, different to the photon wavenumber in previous chapters. In Eq.
3.25, kg;ss represents the rate coefficient of the dissocation reaction. However, not every ini-
tiator radical automatically reacts with a monomer molecule. It has to be considered that the
radicals are enclosed in a solvent cage, which they must escape before they can react. Moreo-
ver, radicals can not only react with the monomer, but there are also alternative reaction
routes, for example recombination with other initiator radicals. Therefore, a further quantity,
the initiator efficiency y, is introduced, which plays an important role in the initiation reaction

and enables determination of the polymerization rate R4:%%!
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i . Eq.3.26
= = —ZYW = Zykdiss[l] . !

47 de
Regarding the initiation reaction of an initiator radical with a monomer, the addition rates of
symmetric and asymmetric radicals may differ, resulting in different rate coefficients k; and

k, for each individual addition step. The initiation rate is given by the following rate law:221

R, = ky[M][I], Eq.3.27
where [M] represents the monomer concentration, [I'] is the concentration of both types of

radicals I; and I, and k; is the composite of both rate coefficients k; and k,:

~ ki(l) + ki(Z) Eq.3.28
=

Once the rate coefficients of the different steps are known, it is possible to predict the outcome

ki

of polymerizations. To gain knowledge of the kinetics, accurate experiments are the first crit-

ical step, followed by precise analysis of the obtained data.

Following the kinetics of the initiation, the next critical step is to understand the kinetics of

the chain propagation. The propagation rate with the coefficient in) is given by:221

dM] .. Eq. 3.29
—= ka[Ri][M].

Investigation of liquids have shown that molecules collide with a rate of about 101251, while
10° collisions of propagating chain radicals with monomer units are required to successfully
continue propagation reactions. Thus, the propagation reaction in FRP is chemically con-
trolled. This observation is valid up to very high monomer conversions of >80%. At such high
conversions the viscosity of the liquid remarkably increases, decreasing the ability of small
monomer units to move freely. As noted via the index i, klio is also - mildly - dependent on the
chain length of the propagating macroradical. Some studies have suggested that there is a
significant difference in addition rate between the early steps of chain propagation with only
a few monomer units and long radical chains.?22 Steric effects of the chemical structure of the
monomers and the resulting radical chains also affect the rate of chain growth. Conceptually,
it is important to note the antagonistic reactivity of the propagating radical and its corre-
sponding monomer unit - a reactive monomer generates a relatively sluggishly propagating
radical (for example styrene). In any case it is critical that a radical chain needs to live suffi-
ciently long to survive the 109 collisions before it successfully reacts with a further monomer

unit. A practical method to determine the propagation rate coefficient k, is the PLP-SEC

method,87 which is explained in more details in Section 3.6.
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If chain transfer reactants S are present in the polymerization mixture - either inherently or
deliberately added - the propagating chain can abstract a weakly bonded atom, such as hy-
drogen, to generate a more stable radical species. As a consequence, the generated small rad-
ical initiate a new macromolecular growth process, limiting the overall achievable molecular
weight. Kinetically, the transfer rate coefficient is often ratioed with the propagation rate co-

efficient, affording the transfer constant C:221

_ ktrans Eq. 3.30
C= .
kp

The effect of chain transfer on the polymerization depends on the propagation rate coefficient
ky, the reinitiation rate coefficient k.. and the transfer rate coefficient k4,5, which can be

rationalized in four scenarios. In the first case k, > Kirans and k. = kp,, resulting in a de-

p’
crease of the number average molecular weight M, with almost no effect on the polymeriza-
tion rate R. In the second case, kj, < kyans and ke = kp, leading to a significant decrease of
M,, with no measurable effect on R, called telomerozation. In the third case, k, > kians and
k.. < ky. Here, M;, and R decrease at the same time, an effect known as rate retardation. Fi-
nally, in the fourth case k, < kirans and ke < kp, M, as well as R decrease strongly, termed
degenerative chain transfer. In summary, the use of a chain transfer agent (CTA) can cause a
reduction in the average molecular weight of polymer chains, yet also lead to a concomitant
reduction in the rate of polymerization, depending on the characteristics of the CTA and mon-

omer(s). Further, the concentration of the used CTA [S] significantly affects the degree of

polymerization Dp, introduced by the Mayo equation:223.224

1_ I8, 1 Eq.3.31

Dp " [M] Dp,’
where l_)p0 describes the degree of polymerization in the absence of a solvent. As alluded to
above, it is important to note that some chain transfer events cannot be avoided, such as in-
herent transfer to monomer (i.e. the monomer acts as the CTA). Equally, transfer to solvent
can be prevalent as the solvent concentration in solution is usually high. At elevated monomer
to polymer conversions, transfer to polymer can become relevant, resulting in long- and
short-chain branching. Interestingly, transfer to polymer constants are higher than the corre-

sponding transfer to monomer constants.??!

Chain termination is considered as the most complex step in the mechanism of FRP.225> A ter-
mination reaction can either occur via the combination of two propagating chains or via dis-

proportionation, characterized by the abstraction of a hydrogen atom from one chain, forming
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a double bond at the terminus of the corresponding polymer chain, as depicted in Scheme
3.10. In principle both termination reactions are possible, while their relative propensity de-
pends on the structure of the monomer unit. In addition, higher temperatures slightly favour
disproportionation reactions. Generally, the termination kinetics are not affected by the two
termination modes. However, the MWD is affected by the termination modes. Most im-
portantly, the termination rate coefficient critically depends on the viscosity of the system,
the chain length of the terminated polymer, the temperature and pressure and - as a corollary

of its dependence on viscosity - on the monomer to polymer conversion.

Chain Transfer

R, R,
R; k
R, + / 3 trans R, + R;
. HS — n v
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Chain Combination
R, R, R,
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Z R — R R
H
n n n
Chain Disproportionation
Ry R,
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2 R ' R
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R,

Scheme 3.10: Scheme of chain transfer and chain termination via chain combina-
tion and disproportionation.

Termination reactions can generally be described as a three-step process, as shown in
Scheme 3.11: the first step is called center-of-mass diffusion of the polymer chain through
the liquid, the second step is so-called segmental diffusion of the chain ends towards each
other and the third step is the actual chemical reaction. The overall termination reaction is
governed by the slowest step, which is either step 1 or 2. As a diffusion controlled reaction,
the termination rate coefficient ranges between 108 and 10°L mol-! s'.. Determining termina-

tion rate coefficients - including average ones - is highly challenging due to the above noted
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dependencies. Thus, the termination rate coefficient is often reported as an average quantity

(k¢) involving two individual radical species R; and R; as illustrated by Eq. 3.32:

Y3 kO [R[R] Eq. 3.32

N ATAIE

Center-of-Mass Diffusion

Rl . Rl

Scheme 3.11: Scheme of three-step termination of polymer chains with the cen-
ter-of-mass diffusion as the first, the segmental diffusion as the second and the
chemical reaction as the third step.

Pulse-induced laser polymerization (PLP) is a specific type of FRP making use of pulsed laser
systems. The technique was first introduced by 0laj8” in 1987, who reported a laser-based
method to precisely determine the propagation rate coefficient of polymer reactions. A first
initial laser pulse generates radicals through the decomposition of photoinitiator molecules.
These radicals initiate polymer chain growth by reaction with monomer units. Subsequent
pulses generate new radicals, which - in addition to initiating further polymer chains growth
- terminate radical chains that were able to grow in the dark time between consecutive pulses.
Thus, the PLP technique does not only allow determination of propagation rate coefficients,

but also enables a defined length of polymer chains depending on the applied pulse frequency,
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enabling chain length control. The defined chain length (M;) of PLP generated polymers can
be read out from SEC traces. The molecular weights of the polymer chains are multiples of
each other and can be assigned to the inflection points of the SEC traces, which are repre-

sented by the peaks of the first derivative.

Reading out the multiple molecular weight of the polymer chains allows the determination of

the propagation rate coefficient, using the following equation:87

M; = k,cpiv?. Eq. 3.33

The multiple molecular weights M; of the polymer chains are given by the product of the prop-
agation rate coefficient ky,, the initial concentration of the monomer cy and the dark time be-

tween the laser pulses v1.

3.5.1 Photoinitiators

Photoinitiators are photo-sensitive molecules, which often absorb UV or Vis light, followed by
decomposition into radicals. The main advantage of photo-induced reactions is the temporal
control over the start and end point of decomposition via the on-off mechanism of light. In
contrast to thermally activated processes, the rate of polymerization is independent of the
system temperature, but is instead depenedent on the light intensity. The decomposition of

photoinitiators is schematically shown in Scheme 3.12.

0 hv 0
)L J ) ' éz
) R, R, R,

Scheme 3.12: Principle of photo-induced radical generation of photoinitiators.

Typically, photoinitiators can be defined in two types. Type 1 initiators undergo unimolecular
bond breakage, whereas type 2 initiators react with a second molecule to generate radicals.
When choosing an initiator for a reaction there are some critical criteria that need to be taken
into account. The most important aspect to consider is the spectral region where the initiator
absorbs light. In order to optimize polymerization efficiency, it is critical to choose an intiator
that absorbs light at the incident wavelength, whereas the monomer must not absorb.
However, it is not only the ability to absorb, but the initiator should also be charaterized by a
high efficiency of forming radicals. As an illustration, a simplified scheme of the Jablonski

(Scheme 3.13) serves to better explain the efficiency of an initiator.
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Scheme 3.13: Simplified Jablonski diagram of photochemically induced initiator
decomposition, showing the quantum yield ¢ of each step of primary free radical
production and the possible competitive channels. After photoexcitation from So
into Sy, the initiator can change its multiplicity from singlet (S1) into triplet (T1)
via ISC. From here, the initiator can either form a radical R or be deactivated, for
example by quenching processes. A step prior to polymer chain growth, radicals
need to initially react with a monomer unit to induce polymerization. Alterna-
tively, deactivation processes can stop the reaction.

As described in Section 3.1, a molecule needs to be excited by a suitable light source prior to
reaction with a monomer. Most radicals are formed from triplet states, so the spin multiplicity
has to be changed from singlet to triplet via ISC. Due to the affinity of nm* transitions, ketones
are prone to very high ISC quantum yields ®;s. of close to 1.226 Besides generating radicals
with the quantum yield ®g, which can subsequently lead to chemical reactions, there are
multiple competitive processes that can occur, for example quenching of the excited triplet
state by oxygen. This is why samples are usually purged with nitrogen prior to irradiation.
Even if radical generation has been successful, the radical still has to overcome solvent effects
that can lead to deactivation. The quantum yield of the final reaction of a radical with a
monomer is expressed by @y, All these single steps have associated efficiencies. The overall

quantum yield ® can be calculated by:

D =P PPy <1. Eq. 3.34
Considering that the mechanism of initiator decomposition is often more complex, accompa-
nied by the generation of more than one radical species, the kinetics are much more compli-
cated. Even some thermal initiators can serve as UV absorbing, type 1 photoinitiators, under-
going a cis to trans isomerization before bond cleavage. This additional step plays a further

role in the efficiency and kinetics, since it requires more time.
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The available concentration of radicals p induced by the application of light can be calculated
via
p= ZCDnaVbS, Eq. 3.35

with illuminated volume V and the absorbed number of photons221

In Eq. 3.36 E|, represents the deposited energy and E) the energy of one mole of photons at

the irradiation wavelength A. Further ¢ describes the molar extinction coefficient of the initi-
ator molecule as a function of 4, c is the initiator concentration and d the optical pathlength of

the irradiated sample.

3.5.2 Thermal initiators
Thermal initiators are compounds that decompose under the application of heat. Mostly, ther-

mal initiators can be classified as azo- or peroxo compounds (Scheme 3.14).

Azoinitiator Peroxoinitiator

Rl / N\ Rl 0
\N/ R, \0/ \Rz

Scheme 3.14: Schematic representation of the structure of azo- and peroxo com-
pound usable as thermal initiators.

The half time (t, /,), which describes the period that is necessary to decompose the half of the

initial initiator molecules is defined by:

In(2) Eq. 3.37
ly2 = kq

Decomposition temperature of thermal initiators can have a broad range from ambient tem-
perature up to more than 100 °C. Depending on the solvent and the desired reaction condi-
tions, there is a broad range of possible initiators. In Chapter 7 of this thesis a thermally acti-
vated polymerization experiment in aqueous solution was performed. Therefore, a water-sol-

uble azo-compound, azobisisobutyronitrile (AIBN), was chosen.
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3.5.3 Gold Nanorods

Gold, one of the most common precious metals, possesses a range of intriguing properties.
When gold is confined to the size of 10-° m, known as nanostructures, the electronic, optical,
and catalytic characteristics differ significantly from bulk gold.?27.228 This phenomenon arises
due to the substantial increase in the surface area-to-volume ratio, resulting in a higher num-
ber of surface electrons and the spatial confinement of electrons. This confinement leads to
highly interesting properties, including shifts in energy levels, nonlocal dielectric responses,
and enhanced optical transitions. The shape of the nanoparticles plays a crucial role in deter-
mining the optical properties. Gold nanoparticles have experienced a surge in research inter-
est due to their numerous advantageous properties, making them promising candidates for
applications in photonics, electronics, catalysis, and biology.227:22° One of the most fascinating
aspects of metallic nanoparticles is their localized surface plasmon resonance (LSPR), which
are electromagnetic modes related to the collective oscillation of free electrons. When ex-
posed to resonant excitation, metallic nanoparticles exhibit a unique ability to concentrate
free-space optical fields within subwavelength regions, enabling an extreme enhancement of
the electric field. This phenomenon has paved the way for new mechanisms, including plas-
mon-enhanced spectroscopy,?3? high harmonic generation,?31 optical antenna effects,?32 and

photothermal conversion.3%:163-165,169,170,233
Local Surface Plasmon Resonance

Plasmonic resonances are the collective oscillation of free conduction electrons in solids, first

described by Mie.166

The extinction efficiency of a nanoparticle exposed to an EM field can be expressed by the

following equation:234

_ Cext Eq. 3.38
Qext - Tﬂ

where the extinction cross-section Cqy; is defined as the sum of the absorption cross-section

C,ps and scattering cross-section Cy,:234

Cext = Csca + Cabs ’ Eq. 3.39

and G = ma? is the cross-sectional area of a particle with radius a.
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In the case of nanoparticles smaller than the incident wavelength, plasmonic properties can
be described by a quasistatic approximation of Mie,161.235-237 treating the electromagnetic field
as uniform throughout the particle:

ove3/? we, (W) Eq.3.40

Coxt = : ,
ext c [€1 (@) + 2€,,]? + €,(w?2)?

where Vis the volume of the particle, vy g, the speed of light, w the angular frequency of the

incident light, €, the dielectric constant of the medium and &; and ¢, the real and imaginary
part of the dielectric function of the material of the particle. In case of non-spherical nanopar-
ticles, such as AuNR, the absorption cross-section can be described according to the approxi-

mation of Rayleigh and Gans:167.168.234

Caps = aV, Eq. 3.41
with the absorption coefficient @ = (47n;)/A. In this equation n; represents the imaginary

part of the refractive index of the particle.

Although the Mie theory'%® for small nanoparticles is size independent, the quantum mechan-
ical theory of Persson?238 predicts a diameter-dependence of the plasmon bandwidth for non-
spherical nanoparticles, underpinned by experiments by Kreibig and FragsteinZ3? as well as
Link and El-Sayed.?*? For small particles the diameter becomes smaller than the mean free
path of the conduction electrons resulting in a 1/r dependence of the plasmon bandwidth.
Moreover, the extinction of small nanoparticles increases with increasing diameter.167.241
While the absorption dominates over scattering for small diameter, scattering increases more
than absorption for increasing diameters. An increase in the aspect ratio leads to an enlarge-
ment of the extinction cross-section for both the longitudinal and transverse plasmon modes,
resulting in a shift in the plasmon resonance wavelength.242243 However, these shifts differ
significantly, with only a few nm for the transverse mode, but up to a hundred nm for the
longitudinal mode. As the diameter also affects the aspect ratio; a variation of the diameter
shifts the plasmonic resonance wavelength. Notably, as LSPR properties are highly sensitive
to the size and shape of metallic nanostructures, including AuNRs, they offer significant op-

portunities to tailor their properties to specific applications.

The excitation of plasmonic modes can generate electron-hole pairs, thermally heat the lattice
due to Joule heating, or be damped by the emission of photons. Sonnichsen et al.?# reported
that the relaxation pathway of plasmons is strongly influenced by the aspect ratio. As the as-
pect ratio increases, the full width at half maximum of the longitudinal plasmon resonance

quadratically expands, leading to enhanced radiation damping.24> In contrast, nanorods with
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dimensions in the order of the mean free path of electrons are characterized by electron scat-
tering on the surface.?*> Furthermore, Mulvaney and Hartland?4¢ found that small diameters
of about 20 nm of gold nanorods result in relaxation governed by electron surface scattering,

while large diameters tend to lead to photon absorption.
Local Heating of AuNR

One of the most intriguing properties of AuNRs is the plasmonic heating. Ben-Yakar and col-
leagues3? simulated the heating process of 47 x 14 nm? AuNR in aqueous solution after exci-
tation with 250 fs laser pulses with an average fluence of 0.47 m] cm-2, providing a timeline of

the single steps of heat dissipation, shown in Scheme 3.15.

100 fs 1ps 100ps 10ps 1ns

-

electrcn laser irradiation and energy absorption by
heating the electrons

-
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electron-phonon | lattice heating and increase
coupling in particle temperature

- -
-+ -

phonon-phonon heat loss from particle to its
coupling surroundings

Scheme 3.15: The timescale of the fundamental processes of 47 x 14 nm? gold
nanoparticles after heating with fs laser pulses with 0.47 m] cm?, as a result of a
heating simulation Ben-Yakar and colleagues.3® Reproduced with permission
from [39].

They describe the heating process with a two temperature model for the particles including a
temperature for the electron gas T, and a temperature for the lattice T;. Depending on the ab-
sorption cross-section Cy,, the electrons of the nanoparticles absorb photons with the energy

E,ps when exposed to laser light with the fluence Fyse- The relationship can be described

mathematically by Eq. 3.42:3°

Eabs = Caps * Fpulse . Eq. 3.42

Thus, the kinetic energy of the electrons is increased due to increasing temperature. As the

conductive electrons absorb the laser energy and subsequently thermalize the lattice, the in-
itial heating of gold electrons with the heat capacity C,:24”

e

drT.
Ce% =g(h—T)+

Eabs Eq. 3.4’3
Vp " Tpulse .
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Here the particle volume is given by V,, Tpuise is the pulse duration, T, and T the temperature
of the electrons and the lattice, respectively. Further, g describes a coupling factor,39247.248
which is critical to calculate the heat transfer between electrons and the lattice. Collisions
between the electrons distribute the photonic energy, reaching equilibrium after 10-50 fs.3°
During this ultrashort time scale, there is no energy exchange between the electron and the
lattice of the particle. Subsequently, the hot electrons dissipate their energy to the lattice by
electron-phonon coupling, heating the lattice with the heat capacity C; according to Eq.
3.44:39.247

O Eq. 3.44

¢ _ (T, — T)

Q,, describes the rate of heat loss to the surrounding medium via the surface of the particles

Agurfaces Which is given by:39

Qw = Asurace " G * (Ty — Tws) - Eq.3.45
0., is dependent on the conductance of the particle-medium interface (G) and the water tem-
perature at the surface of the particles (T, ;). Usually, the lattice heating process occurs on a
time scale of 10-50 ps. The energy is subsequently distributed from the particle to the sur-
rounding medium by phonon-phonon coupling. Equilibrium between the particle and the sol-
vent is reached in 100 ps up to 1 ns, ceasing the temperature increase of the gold nanoparti-
cles. The heat distribution in the surrounding water, featuring the specific heat capacity ¢, w
and density py can be described with cylindrical coordinates, due to the cylindrical geometry

of the AuNRs with the thermal conductivity k:3°

oT,, 0d ( 0T, 10 oT,, Eq. 3.46
w1 = 2 (k5 ) 7 (4 51
Following the simulations by Ben-Yakar and colleagues,3° as a precursor to this work, collab-
orators at the Queensland University of Technology (QUT)183 theoretically calculated the heat
transfer of AuNR with dimensions of 55 x 15 nm?2 under theoretical exposure of 40 fs laser
pulses. Initially, the absorption cross section of the AuNR was quantified by means of finite
element model simulations in COMSOL Multiphysics®.24° These served as the foundation for
the calculation of the temperature increase in the AuNR and the surrounding medium after
excitation with 800 nm fs laser pulses. Due to the ultrashort pulse duration and the fact that
the electron gas thermalises on a shorter time scale than external heat diffusion, the simula-
tion used a one-temperature model, ignoring the electron gas temperature, in contrast to the
two-temperature model used by Ben-Yakar and colleagues.3? Instead, this simulation consid-

ered the optical power absorbed by the electron gas and transferred to the lattice increasing
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the temperature of the particle. The particles cool by dissipating the heat to the surrounding
medium. In the heat dissipation process, the thermal interface resistance, also known as Ka-
pitza resistance,1%® between the AuNR and the medium causes a temperature discontinuity.
The simulated thermal evolution of the temperature of the AuNR and the surrounding water
is shown in Figure 3.1. As indicated by the black curve, the initial AuNR temperature is more
than 1100 K, but it cools on an ultrafast timescale, indicating that the heat transfer occurs on
atimescale of hundreds of ps. The medium in the direct vicinity of the AuNR significantly rises
in temperature, reaching just over 60 °C at a distance of 10 nm from the AuNR. However, as
demonstrated by Ben-Yakar and coworkers,3? the bulk medium is not significantly affected by
the temperature increase, but only the region within a few nm of the AuNR. Thus the produced

heat is strongly localized.
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Figure 3.1: Temperature vs time evolution at various distances from the AuNR
boundary after excitation with a 800 nm, 35 fs laser pulse. The black dashed line
indicates the temperature for decomposition of AIBN initiator (60 °C), where the
initiators half-life is close to 10 h.172

The heat transfer of AuNR is not only probed with theoretical calculations, but also experi-
mentally. Alivisatos and colleagues!®3 have recorded NIR excited time-resolved IR spectra of
AuNR. Since heat can be detected as radiation in the IR region, their experiment tracked the
heat production and distribution of AuNR. The transient spectrum shows a negative response
in the IR region with a minimum at 2150 cm-1 (4650 nm) after a few hundred ps, which can
be assigned to the emission of heat due to heat transfer from the AuNR to the surrounding

medium. Further, Alivisatos and coworkers163 conducted Kinetic studies on the AuNR heat
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transfer at various excitation energies to determine the heat transfer time. These authors var-
ied the intensity in a range of 0.3 - 3 GW cm, showing that the heat is distributed faster in
case of higher intensities, due to the higher temperature difference of AuNR and medium.
Consequently, their experiments highlight that the rate of heat transfer can be tuned via the

incident light intensity. For each intensity, however, the heat is fully distributed within 2 ns.

The choice of surface coating for AuNRs depends on the intended application and the polarity
of the solvent. AuNRs can be synthesized with a diverse range of functionalized groups to en-
hance their stability. The most common form of functionalization involves cetyl trime-
thylammonium bromide (CTAB)-capped AuNRs, which are suitable for use with organic sol-
vents. In this configuration, ammonium groups bind to the gold surface,?>02>1 while the carbon
chain is hydrophobic, rendering the particles insoluble in water. However, the double-layered
structure of CTAB makes it hydrophilic, as the second carbon chain points toward the gold
surface, resulting in a positive charge on the outside. Alternatively, AuNRs can be functional-
ized using polyethylene glycol (PEG) that offers advantages in terms of high stability and bio-
compatibility. PEG-functionalized AuNRs can be dispersed in water and polar organic sol-
vents. For applications requiring excellent biocompatibility and low cytotoxicity, PEG- or cit-

rate-based functionalization is recommended.45252.253

Exploring the strongly localized heat and ultrafast heat dissipation to the surrounding me-
dium, as well as the tunability of plasmonic wavelength, the current subchapter highlights
why AuNR are ideal for use in NIR light-induced polymerization. The AuNR-mediated heat
production can be used for the decomposition of thermal initiators, thus initiating polymer
chain growth. The potential solubility in aqueous environment makes AuNR an exciting pro-

spect for polymerization in biomedical application.

3.6 Size-Exclusion Chromatography

SEC is a method used for the determination of the average molecular weight and MWD of
polymers. It was originally developed by Porath and Flodin,254255 in 1959, which required
several hours to a full day for operation. However, modern SEC systems can measure MWD

and all statistical moments of polymer distribution within just half an hour.

The operating principle of SEC relies on the separation of particles based on their hydrody-
namic size when dissolved in a suitable solvent. The essential components of an SEC setup
include columns packed with porous material of defined pore size. In this setup, the polymer,
typically dissolved in a solvent identical to the mobile phase within the column, flows through

the system (as schematically shown in Scheme 3.16).
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Larger polymers cannot pass through the pores and thus elute quicker through the column.
In contrast, polymers with smaller sizes and lower molecular weights can penetrate the pores,
leading to longer elution times. Consequently, the elution time is directly proportional to the
polymer size. This results in the larger polymers being detected first, followed by the smaller

polymers.256

Elution(—ﬁ

Scheme 3.16: Scheme of SEC column with porous material (grey) and polymers
of different hydrodynamic size, large polymers in black, middle-sized polymers in
red and small polymers in blue, elute through the column.

3.7 Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy is based on the interaction between the magnetic moments of nuclei and
magnetic fields. This effect was first discovered by Purcell and Bloch.?57.258 In this context, the
magnetic moment is associated with the spin of the nucleus. Nuclei with an even number of
protons and neutrons possess no spin, while those with an odd number of protons and neu-
trons have a half-integer spin. Magnetic moments arise exclusively from nuclei with non-zero
spins. Certain nuclei, such as 1H, 13C, 1>N, and 31P, exhibit a spin of %. When exposed to a mag-
netic field, the magnetic moments of nuclei tend to align with the direction of the magnetic
field to minimize their energy. However, this alignment is disturbed by the thermal energy of
the nuclei, resulting in random deviations from the perfect alignment of the magnetic mo-

ment. The application of a static magnetic field causes the summation of all magnetic mo-

-
ments, resulting in a magnetization vector By;. As the magnetic moments reach equilibrium,

the magnetization aligns itself with the direction of the applied magnetic field. The interaction
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between the applied magnetic field B and the magnetization can be expressed by the follow-
ing equation:2>°
dM

—— = —yByxB=-Mxa.
dt Ybm w

In this equation, y represents the gyromagnetic constant, describing the ratio of the nuclear

Eq. 3.47

magnetic moment to the angular momentum, and w is the angular frequency. When By aligns
with the magnetic field of the induction §0 (in equilibrium), the vector product becomes zero.
However, if §M and EO are not parallel, EM precesses with a frequency w, known as the Lar-
mor frequency. The detection of magnetization for spectroscopic purposes is only possible
when §M is precessing and not static. According to Faraday's law, a non-static magnetization
induces an electromotive force in a coil, which is proportional to the rate of change of §M with
respect to time.2>° Therefore, the magnetization must be tilted away from equilibrium, often
achieved through an external force, in order to be detectable. An electric current passing
through a coil around the sample can induce a radiofrequency magnetic field §1 perpendicu-

lar to EO momentarily disturbing the equilibrium and causing §M to precess. This results in a

decaying electromotive force that can be detected as an NMR signal.2>?

Interestingly, nuclei of the same species may exhibit different resonance frequencies due to
their local electron environments. Depending on the specific electron surroundings, the ap-
plied magnetic field induces a counter magnetic field caused by the motion of electrons, which
weakens the field experienced by the nuclei. This shielding effect is dependent on the chemi-

cal structure and is therefore characteristic of specific chemical fragments. Since this shield

effect is proportional to Eo, a new field-independent parameter, known as the chemical shift

8, was introduced to account for these variations in resonance frequency:2>?

_ (w - wref) Eq 3.48

Wref

)

In this equation, w represents the resonance frequency of the measured component, and w,¢
is the resonance frequency of a reference component, measured under the same magnetic
field conditions. In most cases, the reference component used is tetramethylsilane (TMS). In
this thesis, TH-NMR spectroscopy was employed to determine the monomer conversion in a
polymerization reaction. As the chemical shift is unique to the local chemical environment,
TH-NMR spectroscopy serves as a method to quantitatively identify molecules. Thus, the mon-
omer conversion can be determined via the ratio of detected monomer and polymer protons.

Typically, gravimetry is a more commonly used technique for this purpose. However, in the
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case of the monomer DMA, it evaporates extremely slowly due to its low vapor pressure. Con-
sequently, gravimetry is not effective in this context, making 'H-NMR spectroscopy the pre-
ferred technique. Monomer conversion can be calculated by comparing the ratio of the inte-
gral of the peak assigned to the polymer protons to the sum of the integrals assigned to both

the polymer and the monomer protons.

Figure 3.2 illustrates an example of TH-NMR spectra obtained from the AuNR experiments
(see Chapter 7) both without polymer (top) and with polymer (bottom). In the graph without
polymer, all peaks, except of the water peak at 4.87 ppm, can be distinctly attributed to the
monomer protons. The peaks ‘a’ and ‘b’ with a chemical shift around 5.7 ppm and 6.2 ppm,
and ‘c’ at 6.75 ppm, represent the protons of the double bond. The peaks ‘d’ and ‘e’ at 3 ppm
are associated with the 3 protons of each methyl group. However, in the TH-NMR spectrum
containing polymer, two additional peaks arise labelled as 'g' at 1.5 ppm and 'f' at 2.5-3 ppm,
which can be assigned to the protons of the polymer backbone repeating unit. It is worth not-
ing that the monomer conversion cannot be accurately calculated using the polymer reso-
nances close to 2.5-3 ppm, as they overlap with the monomer peaks at 3 ppm. In contrast, the
polymer peak at 1.5 ppm is well-separated from the monomer peaks and is therefore suitable
for calculating the monomer conversion. Since the resonances labelled as 'a' and 'b' in the
monomer spectrum correspond to analogous protons to those in resonance 'g' of the polymer
spectrum, the monomer conversion can be calculated by taking the ratio of the resonance 'g'

and the sum of resonances 'a’, 'b" and 'g'.

[(9) . Eq. 3.49
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Figure 3.2: (Top) 'H-NMR spectrum of pure DMA dissolved in D20 without irra-
diation. The resonances are assigned to the protons of DMA; (bottom) 'H NMR
spectrum of a solution of DMA, AIBN, AuNR and CTA dissolved in D20 after irra-
diation of 30 min. The resonances are assigned to the protons associated with
the DMA monomer and the generated polymer after fs laser irradiation of 30 min.
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3.8 Electrospray Ionization Mass Spectrometry

Amongst a plethora of ionization techniques, electrospray ionization (ESI), as schematically
shown in Scheme 3.17, stands out as a gentle method employed to transfer molecules from a
solution into the gas phase. ESI operates on a principle that does not require a vacuum, but
instead accomplishes the transformation of molecules into the gas phase under atmospheric

pressure conditions.

Skimmer

Charged droplet
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oo @ explosion 0® .+ Charged molecule

Scheme 3.17: Principle of charged molecule generation in the vacuum chamber
of an electrospray ionization apparatus.

Electrostatic
potential

The primary advantage of ESI, when compared to other more aggressive ionization methods,
lies in its ability to generate intact, undamaged analytes. Consequently, ESI is suitable for a
wide variety of samples, including large molecules. In ESI, samples are injected into a first
chamber at a relatively low flow rate, typically around 1 to 20 pL/min, through a fine hypo-
dermic needle.?%0 An applied voltage of a few kilovolts to the liquid generates an electric field
on the surface of the solution, leading to the dispersion of the sample into a spray composed
of charged droplets. These charges result from Coulomb forces acting on the charged surface.
An applied potential of 3-4 kV261 on the chamber wall creates an electric field that accelerates
the charged droplets. Within the chamber, a flow of bath gas at a temperature of 350 K and a
pressure of 800 torr initiates the evaporation of the solvent, reducing the size of the drop-
lets.260 Thus, this process enhances the charge density on the surface of the droplets. As the
droplets traverse the chamber, this evaporation process iterates, causing the droplets to
shrink until they reach the Rayleigh limit.269.262 At this point, the Coulomb forces outweigh the
surface tension, leading to the rupture of the droplets into smaller ones. This effect, known as
Coulomb explosion, occurs sequentially, resulting in a significant increase the electric field
strength in the droplets. Eventually, this extreme charge density leads to the desorption of

small ions from the tiny droplets.2¢® This phenomenon was first described by Iribane and
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Thomson.263 The ions are subsequently propelled towards the end of the chamber wall
through the applied electric field. The following zone constitutes the first vacuum region,
serving to remove any residual solvent from the ions. Additionally, it acts as a lens, focusing

the ion beam, by the use of an electric gradient.264

3.8.1 C-Trap

Orbitrap mass analyzers are immensely powerful instruments known for their high-perfor-
mance mass-to-charge ratio (m/z) analysis capabilities. However, they are extremely sensi-
tive to precise ion injection and require a high vacuum environment to ensure the longevity
of transients. Achieving high-quality results hinges on the correct positioning of ions concern-
ing the electrodes and their angle during injection. In addition to ion position, factors such as
injection velocity, timing, and the duration of ions in the analyzer are crucial considerations.
The c-trap, driven by a quadrupole, plays a pivotal role in preparing and controlling ions be-
fore their final injection into the Orbitrap. This trap is filled with low-pressure nitrogen,
where collision with the bath gas dampens the kinetic energy of ions. This kinetic damping is
necessary to maintain ion stability within the instrument. In the last stage, ions are ejected by
short, high-voltage electric pulses in a meticulously controlled manner to meet the stringent
requirements of the Orbitrap. Due to the c-shaped geometry of the c-trap, all ions exit along
converging paths, ensuring they are precisely centered at the entrance of the Orbitrap ana-

lyzer.265

3.8.2 Orbitrap Mass Analyzer

An Orbitrap mass analyzer comprises a spindle-like central electrode and a cylindrical outer
coating with a radius that gradually decreases toward the outer edges. lons are injected into
the mass analyzer tangentially to the central electrode of the spindle, with an applied electro-
static potential. The trajectories of these ions are governed by the complex interaction of
forces, including the centrifugal force generated by the central wire and the electrostatic
forces arising from the field between the cylinder and the wire.26> Such an electric field,
U(r, z), necessary for trapping and storing ions in the mass analyzer can be expressed as fol-

lows:266

U( )_K 5 x2 +K( )1 [x]+Z Eq. 3.50
rz)=z\z > 5 ()" In - .

Here, x and z represent cylindrical coordinates, k is the field curvature, 1, is the radius, and

Z is a constant.
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This electric field compels ions to follow trajectories with harmonic axial oscillations with a

frequency w that depends on their charge g and mass m:266

Y= (%)1/2 | Eq.3.51

Due to the preceding ion injection method, all ions possess the same amplitude, but differ in
their oscillation frequencies. As these propagating ions induce an image current, the harmonic
axial oscillation can be detected by the outer electrodes, generating a sine wave for each m/z

ratio via Fourier transformation. The image current I(t, r) is defined as:267

Az Eq. 3.52

I(t,r) = —qNw o) sin(wt),

where N is the number of trapped ions, Az the axial amplitude and Q(r) a monotonically de-

crease function, which depends on the geometry.
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4 Experimental Methods

This chapter will explore the materials and experimental methods utilized throughout this
thesis to gain a comprehensive understanding of how the experiments were conducted. At the
beginning, the fs laser setup will be introduced, which played a pivotal role in conducting both
one-photon (1P) and 2P PLP experiments. Following this, the initial proof-of-principle exper-
iments that showcased the feasibility of AuNR-mediated fs polymerization and the fs transient
spectrometer will be presented. Subsequently, the ns laser experiment that was used for the
action plot measurements will be introduced. This will be followed by an exploration of how
the AuNR experiments were carried out using LEDs as irradiation source. To complete the
understanding of the experimental framework, an overview of the instruments SEC, TH-NMR
spectrometry and ESI-MS used for the thorough analysis of the polymer samples generated in

these experiments will be provided.

4.1 Materials

Methyl-methacrylate (MMA, 99%, contains < 30 ppm monomethyl ether hydroquinone
(MEHQ) as inhibitor), Ivocerin® (Kindly provided by Ivoclar Vivadent) N,N-dimethylacryla-
mide (DMA, 99%, contains 500 ppm MEHQ as inhibitor, Sigma-Aldrich), azoisobutyronitrile
(AIBN, 98%, Sigma-Aldrich), 3-mercaptopropionic acid (99%, Sigma-Aldrich), gold nanorods
(AuNRs, 800 nm, OD=1, bare citrate, Nanocomposix), basic aluminium oxide 90 (Activision

grade 1, Carl Roth), Deuterium oxide (Carl Roth).

4.2 The fs Laser System

The laser system is composed of various components designed to generate and amplify laser
pulses. It all begins with the Verdi-G CW-Solid State Laser, which serves as the pump source
for the Vitara-S Ti:Sapphire oscillator. This laser system is capable of producing an output

power of 3.2 W at a central wavelength of 532 nm.

Employing mode-locking techniques, the Vitara-S Ti:Sapphire oscillator generates 800 nm
pulses. These pulses have a power output of approximately 460 mW and pulses are produced
at a high repetition rate of 80 MHz. To ensure the safety of the optics and minimize the risk of
damage caused by the high pulse intensity, the generated pulses are then subjected to a pulse

stretching unit, involving the use of two optical gratings.

Subsequently, the stretched pulses are directed into the regenerative amplifier collinear with
the pump pulse generated by the Revolution pump laser. The Revolution pump laser is a di-

ode-pumped Nd:YLF laser that incorporates a Q-switch and intra-cavity frequency-doubling.
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As a result, this laser system is capable of producing 131 ns pulses with an energy output of
approximately 40 m]. These ns pulses have a wavelength of 527 nm and are generated at a

repetition rate of 1 kHz.

To effectively control the pulse amplification and trigger the polarization angle, two Pockels
cells are integrated into the amplifier setup. These Pockels cells play a crucial role in achieving

the desired pulse characteristics and enable the decoupling of the laser pulses.

In the final stage of the laser system, the pulses are compressed into ultrashort output pulses
featuring a pulse duration of 35 fs, a repetition rate of 1 kHz, and an energy output of 7 m] at
800 nm. To mitigate the impact of their high intensity, the pulses are divided into multiple
laser beams, three of which with a maximum energy of 1 m]. This division is crucial to prevent

nonlinear effects within the experimental optics.

4.3 Frequency Variation with Optical Chopper

The laser pulse frequency played a pivotal role in all experiments conducted in this study. In
the context of transient spectroscopy experiments, it is essential to divide the pulse repetition
rate of the excitation beam by a factor of two relative to the pulse frequency of the probe
beam. This adjustment is necessary to satisfy the requirements of the Eq. 3.23 and thereby
generate a transient spectrum. Furthermore, in the case of PLP experiments, the length of the

polymer chains is contingent on the pulse repetition rate.

Given that the laser system emits pulses at a fixed repetition rate of 1 kHz, the experiments
require a method to manipulate the pulse frequency. An optical chopper is a practical device
for externally modulating the pulse frequency by selectively blocking and transmitting pulses
based on the configuration of the chopper blade. Chopper blades are circular metal compo-
nents equipped with periodic slits, as illustrated in Scheme 4.1. By applying an external fre-
quency, the blade rotates, causing an alternation between pulse-transmitting slits and pulse-
blocking metal sections. The chopper is synchronized using an external frequency delay gen-
erator (DG) (Stanford Research Systems DG535). Additionally, a frequency divider can be in-
terposed between the DG and the chopper to reduce the applied repetition rate by a factor of

two. Scheme 4.1 provides a visual representation of the chopper setup.

Depending on the desired repetition rate, each experiment requires a specific chopper blade
in conjunction with the appropriate DG settings. For the transient spectroscopy experiment,

a MC1F10 blade (Thorlabs) with alternating equal sized slits and metal parts was triggered
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by a 500 Hz signal. To obtain a 500 Hz trigger signal, the 1 kHz output of the DG535 was con-

nected to the frequency divider.

Trigger input Trigger output

Opitcal chopper

‘ ‘ . Trigger input chopper

. Chopper control

Scheme 4.1: Scheme of the setup of the optical chopper to vary the repetition rate
for the fs PLP experiments: The chopper (white) control is either directly trig-
gered by the repetition rate of the laser via the DG535 or by the frequency halver
(grey), which is connected to various output channels of the DG535. Setting mul-
tiple options, the chopper control triggers the optical chopper, achieving several
possible repetition rate using the inner or outer slits as input reference.

For the PLP experiments, the MC1F10 chopper blade was replaced with one featuring two
distinct frequency input sensors: an inner reference circle and an outer reference circle with
a frequency 50 times higher than that of the inner circle (blade Thorlabs MC1F2P10). When
combined with the programmable delay generator, utilizing either the outer slits or the inner
slits as references, a diverse array of repetition rates became accessible. In the context of the
PLP experiments, both 1000 Hz (standard) and 100 Hz were employed. To achieve a 100 Hz
pulse frequency, which was the highest frequency required for the PLP experiments, the
100 Hz output from the DG is directly applied to the inner reference of the chopper blade.
Consequently, a pulse frequency of 50 Hz is generated by connecting the 100 Hz DG output to
a frequency divider, which was then linked to the inner reference of the chopper. When using
the 1000 Hz output in combination with the outer reference, the chopper applies a repetition
rate of 20 Hz to the inner reference circle due to the 50-fold increase in frequency between
the outer and inner circles. Finally, the lowest applied repetition rate of 10 Hz was set by uti-
lizing a 500 Hz signal generated by the frequency divider, which is then applied to the outer
reference circle of the chopper, resulting in an inner reference frequency of 10 Hz. Figure
10.2 - Figure 10.5 in the appendix show an oscilloscope display confirming the pulse fre-

quency for each setting of the chopper.
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4.4 One-Photon PLP

For the 1P PLP experiments a custom-built sample holder consisting of an elevated metal
block with a central hole, which was adjustable parallel to the table plane, functioned to ena-
ble a sample to be irradiated from below to ensure maximum illumination (Scheme 4.2). A
45° dichroic 400 nm mirror redirected the laser beam from the tabletop up into the vial. Each
sample, containing 12 mmol L1 of the photoinitiator Ivocerin dissolved in the monomer MMA,
was taken from a bulk solution and transferred to a capped laser vial with a transparent base.
Each sample was flushed with nitrogen to avoid quenching by oxygen, and placed in the hole
of the metal block. As described in more detail in Section 5.1 the samples were triggered with
400 nm fs laser pulses, which closely matched the absorption maximum of Ivocerin. To
achieve this, the fundamental wavelength of 800 nm emitted by the laser system described in
Section 4.2 was divided into multiple segments using beam splitters, as shown in Scheme
4.3. The portion of the beam designated for 1P PLP experiments was frequency doubled via a
second-order nonlinear Beta Barium Borate (BBO) crystal, resulting in the generation of 400
nm photons with a maximum average energy of 56 pJ (250 pJ cm-2). Given that the polymer
chain length was expected to be frequency-dependent via the PLP mechanism, various repe-
tition rates (10 Hz, 20 Hz, 50 Hz, and 100 Hz) were applied. To do so, an optical chopper (refer
to Section 4.3 for details) was positioned between the incident laser beam and the 400 nm

mirror.

1
‘_

Scheme 4.2: Simplified scheme of the setup for PLP experiments; the laser beam
is redirected from the tabletop to the upside via a 45° mirror and penetrates the
sample, which is placed in a sample holder, from below. The beam energy can be
recorded using a detector.

For each repetition rate, the irradiation time was adjusted to maintain an identical number of
incident photons for each experiment. As a result, the irradiation time decreased with higher

frequencies, with the sample solution being irradiated for 900 s at 10 Hz, 450 s at 20 Hz, 180 s
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at 50 Hz, and 90 s at 100 Hz. The same setup and beam path were also employed for the flu-
ence-dependent UV/Vis/NIR spectroscopy easily adjusting the incident energy in a range of

5 - 20 pJ by varying the vertical position of the BBO crystal.

800 nm 400 nm

Sample

BBO 267 nm

BBO

Scheme 4.3: Setup of the SHG and THG generation. SHG (blue) from the laser fun-
damental wavelength (red) takes place in a BBO crystal. The generation of the
THG (pale blue) takes place in a second BBO by overlapping the fundamental
wavelength and the second harmonic. To do so, the fundamental part is turned in
its polarisation by 90° to achieve a type-1 process in the nonlinear crystal. A die-
lectric mirror separates the fundamental and the second harmonic.

Sample preparation

For each experiment, an aliquot of 500 uL was taken from a stock solution containing
12 mmol L1 Ivocerin (kindly provided by Ivoclar Vivadent) in bulk MMA (Sigma-Aldrich) and
transferred into a capped glass vial with a diameter of 7 mm. The purchased MMA was inhib-
ited with monomethyl ether hydroquinone (MEHQ) as protective group to prevent undesired
polymerization. This protective group was removed, and the monomer was activated by fil-
tering it in a plastic syringe with a polytetrafluoroethylene (PTFE) filter filled with basic alu-
minium oxide. The samples were flushed with nitrogen to avoid oxygen quenching during the
reaction. To do so, two needles were inserted into the rubber-capped vial, one was immersed
in the solution, while the other remained in the atmosphere between the solution and the cap
for reasons of pressure compensation. The needle in the solution was then connected to a
Schlenk line allowing to adjust the nitrogen pressure such that the volatile monomer did not

evaporate excessively. Each sample was flushed for a duration of 5 min.

4.5 Two-Photon PLP

The setup for 2P PLP experiments shares fundamental similarities with the 1P PLP experi-
ments (see Scheme 4.2); irradiating the sample from below using the elevated metal block.
However, the 400 nm dichroic mirror was replaced by an 800 nm dichroic mirror to redirect
the beam into the sample and an 800 nm beam path was employed for these experiments. As
described in detail in Section 3.3.2, 2PA is a nonlinear 34 order process, and the likelihood
of absorption is directly proportional to the square of the laser intensity. There are two pri-

mary ways to modulate laser intensity: by varying the beam diameter and by adjusting the
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beam energy. In this particular experiment, the beam energy was controlled using a Glan-
Taylor polarizer. This approach was chosen because decreasing the beam diameter was ac-
companied of two significant challenges. If the beam had been focused into the sample, it
would have significantly increased the volume fraction of the solution, which did not match
the 2PA conditions, resulting in non-uniform excitation within the solution and an extremely
low polymer yield. By using a high-energy beam, both illumination homogeneity and a suffi-
ciently high polymer yield were ensured. For the NIR 2P PLP experiments, a beam energy of
650 pJ (5.5 mJ cm2) was employed. To maintain comparability with the 1P PLP experiments,
the same repetition frequencies (10 Hz, 20 Hz, 50 Hz, and 100 Hz) were applied. A Glan-Taylor
polarizer was utilized to adjust the beam energy in a range of 25 - 70 pJ (1.6 to 4 m] cm-2),
allowing for the verification of the quadratic dependency of 2PP via energy-dependent UV /Vis

spectroscopy.
Sample Preparation

The samples for 2P PLP were prepared identically to the 1P PLP samples. For each experi-
ment, an aliquot of 500 pL was taken of a stock solution containing 12 mmol L-1 Ivocerin
(kindly provided by Ivoclar Vivadent) in bulk MMA (Sigma-Aldrich) and transferred into a
capped glass vial with a diameter of 7 mm. The purchased MMA was inhibited with a protec-
tive group to prevent undesired polymerization. This protective group was removed, and the
monomer was activated by filtering it in a plastic syringe with a PTFE filter filled with basic
aluminium oxide. The samples were flushed with nitrogen to avoid oxygen quenching during
the reaction. To do so, two needles were inserted into the rubber-capped vial, one was im-
mersed in the solution, while the other remained in the atmosphere between the solution and
the cap for reasons of pressure compensation. The needle in the solution was then connected
to a Schlenk line allowing to adjust the nitrogen pressure such that the volatile monomer did

not evaporate excessively. Each sample was flushed for a duration of 5 min.

4.6 Proof-of-Principle Polymerization with Gold Nanorods

The citrate-functionalized AuNR in water (55x15 nm, OD 1) exhibit resonant plasmonic ab-
sorption in the NIR region, peaking at 800 nm. Given that electron heating occurs within fs,
the fs laser system operating at 800 nm (as detailed in Section 4.2) was exceptionally well-
suited for conducting proof-of-principle experiments on thermally induced polymerization
mediated by AuNR. In this experiment, a 250 yJ laser pulse with a diameter of 5 mm, resulting
in a laser intensity of approximately 25 GW cm-?, was employed to excite the AuNR. The reac-

tion solution was placed in a 1 mm cuvette and inserted into a sample holder for an irradiation
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period of 30 min. Subsequently, the product was transferred to an NMR tube and diluted with
250 pL of D20 for TH-NMR spectroscopy analysis to determine the monomer-to-polymer con-

version.
Sample Preparation

The monomer used in this study, DMA, was initially purchased with MEHQ as an inhibitor. To
enable the initiation of the polymerization reaction, it was necessary to remove the inhibitor
from DMA. This protective group was removed, and the monomer was activated by filtering

itin a plastic syringe with a PTFE filter filled with basic aluminium oxide.

For the initial proof-of principle experiment, a solution containing 9 mmol L1 AIBN,
2.69 mol L' DMA, 150 pL of AuNR and 10-2 mol L1 3-mercaptopropionic acid as CTA was pre-

pared and transferred to a 1mm glass cuvette.

For the systematic variation of parameters in the experiments, bulk solutions were prepared,
allowing the preparation of individual samples a variable concentration of one component
while keeping the concentrations of all other components constant (refer to Table 4.1). A
defined volume of the bulk solution was transferred into a 1 mm cuvette and filled up with
the variable chemical or water to achieve the desired parameter concentration. All concentra-
tions were calculated for a cuvette volume of 350 pL and then scaled up based on the number
of samples required for the variation experiment. Table 4.1 provides a summary of the prep-

aration procedure for the series of monomer variation experiments.

Every bulk solution was prepared for seven samples, one more than required to account for
any potential issues. For the monomer variation experiment, the bulk solution consisted of
3.5 mg AIBN dissolved in 350 pL solution of an AuNR and DMA. From this bulk solution,
100 uL was extracted for each sample and topped up with precise amounts of DMA and dis-
tilled water. This process ensured that each sample had an identical concentration of AIBN
and AuNR, but varying concentrations of DMA. As shown in the Table 4.1, the proportion of
additional DMA was systematically increased by 50 pL, while the amount of added water was
decreased step by step by 50 pL. This resulted in a gradual increase in DMA concentration
across the sample sequence, starting from an initial concentration of 0.69 mol L-1 DMA and

reaching 6.73 mol L-1 DMA in the final sample, where no water was added.
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Table 4.1: Overview of sample preparation for the monomer variation experi-
ment.

Bulk solution 0.69 mol L* 1.34 mol L? 2.38 mol L* 4.04 mol L*? 5.38 mol L 6.73 mol L*

DMA DMA DMA DMA DMA DMA
350 pL AuNR 100 pL bulk 100 pL bulk 100 pL bulk 100 pL bulk 100 pL bulk 100 pL bulk
in water, + 250 pL wa- + 50 pL DMA + 100 pL + 150 pL + 200 pL + 250 pL
350 pL DMA, ter + 200 pL wa- DMA DMA DMA DMA
3.5 mg AIBN ter + 150 pL wa- +100 pL wa-  + 50 pL water

ter ter

In the case of the AuNR variation experiments, the initial bulk solution was prepared follow-
ing the same procedure as the DMA variation sequence. However, in this case, the DMA con-
centration remained constant, and the 100 pL bulk solutions were filled up with AuNR and
distilled water to vary the AuNR concentration (refer to Table 4.2). For the first sample,
250 pL of water were added to 100 uL of the bulk solution to achieve a final volume of 50 pL
of AuNR in a 350 pL solution. Subsequently, the additional water volume was reduced by
50 pL, while the additional AuNR volume was increased by 50 pL for each concentration step.
Finally, the 100 pL bulk solution was adjusted with 250 pL of AuNR solution to achieve a final
volume of 300 uL of AuNR in a 350 uL solution.

Table 4.2: Overview of sample preparation for the AuNR variation experiment.

Bulk solution 50 uL AUNR 100 uL AuNR 150 uL AuNR 200 uL AuNR 250 uL AuNR 300 pL AuNR
350 pL AuNR 100 pL bulk 100 pL bulk 100 pL bulk 100 pL bulk 100 pL bulk 100 pL bulk

in water, +250 upL wa-  + 50 pL AuNR + 100 pL + 150 pL + 200 pL + 250 pL
350 pL DMA, ter + 200 pL wa- AuNR AuNR AuNR AuNR
3.5 mg AIBN ter + 150 pL wa- +100 uL wa-  + 50 pL water

ter ter

The preparation of the samples for the AIBN variation experiments faced some challenges. It
was difficult and not sufficiently precise to directly dispense the required amount of AIBN for
each concentration step into the cuvette. Consequently, an initial bulk solution (containing
0.014 mg of AIBN in 350 pL of DMA) was prepared. However, since the total solution volume
was always 350 pL for each sample, simply adding an identical volume of the initial bulk so-
lution to each sample would have resulted in the same AIBN concentration throughout. To
achieve varying AIBN concentrations, while keeping other parameters constant, it was neces-
sary to withdraw different volumes from the stock solution and supplement them with AuNR
and water. Notably, as DMA served as the solvent for the bulk solution, altering the volume of

DMA also affected its concentration. Consequently, different specific amounts of DMA had to
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be added to the various sample volumes to decrease the AIBN concentration while maintain-

ing all other parameters unchanged. The details of this procedure are provided in Table 4.3.

Table 4.3: Overview of sample preparation for the AIBN variation experiment.

Bulk solution 0.69 mol L* 0.35mol L*? 0.17 mol L* 0.08 mol L*
AIBN AIBN AIBN AIBN
0.014 mg AIBN, 100 uL bulk 50 L bulk 25 L bulk 12.5 pL bulk

350 pL DMA, + 50 pL AuNR + 50 uL DMA + 75 yL DMA + 87.5 uyL DMA
+ 200 pL water + 50 puL AuNR + 50 pL AuNR + 50 pL AuNR
+ 200 pL water + 200 pL water + 200 pL water

4.7 Transient fs Absorption Spectroscopy

Transient absorption Spectroscopy (Scheme 4.4) makes use of two laser pulses, a pump and
aprobe pulse, that are overlapped in a sample in space and time. The fundamental laser pulses
(800 nm) for this experiment were generated using the laser system described in Section 4.2
and split into four different beam lines to avoid damaging of the optics due to high intensities.
One beamline was further split into two pulses, one for excitation and the other for probing
of the sample. A charge-coupled device (CCD) camera detected a sequence of probe pulses.
Finally, a self-written LabView program from former PhD students of the Unterreiner group

recorded the data for subsequent analysis.

The excitation pulse wavelength was tuned using experimental setups with the functionality
based on nonlinear effects, such as SHG, THG and NOPA. An optical chopper with alternating
equal sized slits and metal parts (MCB2000EC with MC1F10 blade, Thorlabs) operated at
500 Hz blocking every second pump pulse to match the Eq. 3.23 allowing the generation of a
transient spectrum (as described in Section 3.4). The chopper was triggered by the frequency
divider, which received the repetition rate of the laser as input signal aiming for the chopper
to be synchronized with the laser frequency at 1 kHz. Prior to the excitation of the sample, the
pump pulse passed through a 1/2 waveplate (Alphalas) modulating the polarization by a de-
gree of 54.7, referred to as magic angle, aiming to mitigate pump-induced anisotropic effect
in the sample. The 1/2 plate featured a spectral range of 150-6000 nm, a diameter of 24 mm,

and a thickness of 2.5 mm.

For WL generation used as the probe pulse, a portion of the laser pulse (2-3 pJ) was tempo-
rally delayed using an automated 300 mm long travel stage (Thorlabs LTS 300) with an accu-
racy of 2 um (equivalent to 13.3 fs) for each step. By delaying the probe pulses it was possible

to study the sample at various time intervals after excitation. After the delay stage, the probe
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pulse was focused into a nonlinear CaF; crystal (1”, Nortus Optic) to generate a WL contin-
uum. The incident energy on the crystal could be controlled using a neutral density (ND) filter
and an aperture. To maintain the correct intensity, an achromatic antireflective (AR, 50-
1150 nm) double lens was used to focus the beam into the 2 mm thin CaF> crystal. WL gener-
ation relies on self-phase modulation and is strongly intensity-dependent. Therefore, the lens
was positioned on a manually adjustable stage to control the intensity. To prevent damage
due to high intensity, the crystal was secured in a motor-driven mount with 20 rotations per
minute. This technique ensured uniform motion of the crystal without prolonged exposure to
one point. A concave mirror positioned behind the crystal was installed to collimate the con-
verging beam. A further mirror redirected the WL to a UV-enhanced Al mirror, focusing the
beam onto the sample, reaching a diameter of approximately 50 um in the sample. While the
excitation pulse was blocked after passing through the sample, the probe pulse was dispersed
into its spectral components by a prism (SF10-lead glass, Brewster, Newport) before being
detected by a CCD camera (Linescan Series2000, 512 pixels, Si-detector, Stresing). A filter
(BG18, 1 mm, Schott) in front of the camera sorted out the fundamental wavelength of the
laser. Both the camera and the optical chopper were externally triggered using a frequency
delay generator DG535 (Stanford Research Systems) to synchronize with the laser pulses.
Control of the translation stage and the camera was facilitated through an inhouse written
LabView program, which recorded the data for subsequent analysis. Each spectrum was rec-
orded moving the stage in steps of 19 x 0.2 ps, 135 x 0.02 ps, 50 x 0.2 ps, 50 x 5 ps and 14 x 60
ps. In pursuit of enhancing the signal-to-noise ratio, the data points were subjected to an av-
eraging process, typically 1000 spectra were recorded and averaged at a given delay position.
Due to different GVM of the single wavelengths of the WL continuum caused by the glass cu-
vette containing the sample, the transient spectra were corrected via a Sellmeier plot prior to

data analysis.
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Scheme 4.4: Scheme of the experimental setup of a transient spectrometer. The
generated pulses are split into an excitation and a probe pulse. The excitation
pulse can be tuned to a range of various wavelengths via nonlinear optics, such as
SHG, THG or NOPA. Every second excitation pulse is blocked by an optical chopper
and subsequently turned in its polarization by a 4/2 plate to achieve the magic
angle relative to the probe pulse. The probe pulses are aligned along a computer-
controlled stage to generate a temporal delay relative to the pump pulses. Both
the excitation and the probe pulses are overlapped in the sample in space and
time. A white-light continuum generated in a CaF; crystal and focused via a focus-
ing lens (FL) is used for broadband probing. After passing the sample, this WL is
separated in its single spectral parts by a prism to be detected by a CCD camera.

Sample preparation

A solution of 12 mmol L1 Ivocerin in MMA was filled in a 1 mm glass cuvette. As the purchased
MMA was inhibited with a protective group to prevent undesired polymerization. This pro-
tective group was removed first by filtering the monomer in a plastic syringe with a PTFE
filter filled with basic aluminium oxide. The sample was flushed with nitrogen using the afore-
mentioned method to avoid oxygen quenching during the reaction. The sample was flushed

for a duration of 5 min.

4.8 Tunable ns Laser

Previous publications141-44 have demonstrated that the absorptivity of photoinitiators and
their reactivity do not necessarily align. The experimental technique, a so-called action plot,
precisely determines the wavelength-dependent conversion making use of a light source with
a narrow spectral width. Tunable ns lasers are ideal for such experiments due to their quasi-
monochromatic properties (refer to Section 3.2.1), allowing for the assessment of monomer

conversions at specific wavelengths.
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The action plot was conducted using a Coherent Opolette 355 tunable OPO laser that operates
within a wavelength range of 210 nm to 2400 nm. This laser emits pulses with a duration of
7 ns at a repetition rate of 20 Hz. The output beam from the laser was expanded using a tele-
scope comprising two lenses. A manual stage allowed for adjusting the telescope to tailor the
beam diameter, which, for this thesis, was approximately 6 mm. Subsequently, a right angle-
prism redirected the beam upward through a cylindrical hole in a custom-built sample holder,
within which a glass vial containing the samples was placed. Since the refractive index of dis-
persive media varies with wavelength, the transmission angle of the prism differed slightly
for each applied wavelength. As a result, the horizontal and vertical angles of the prism rela-
tive to the incident beam had to be aligned via screws for each experiment involving various
wavelengths. To ensure comparability of the absorption efficiency, the incident number of
photons into the sample remained constant across all experiments. The number of photons
was controlled using a calculated pulse energy specific to each wavelength and a shutter po-
sitioned between the telescope and the prism, allowing for precise control of the irradiation

time. The number of photons, represented as n,,, for a monochromatic light source is deter-

mined by the Planck-Einstein equation:®%®

n. = Dpuise? Eq. 4.1
p h'C'NA.

In this equation, E}, ;s represents the energy of the laser pulses, 4 denotes the wavelength, h
is known as Planck constant, ¢ stands for the speed of light, and N, represents the Avogadro
constant. Using this equation, the required energy for each wavelength can be calculated to
achieve a defined number of photons. This approach ensures a consistent number of photons
entering the sample for each experiment at varying wavelengths. However, it is important to
note that the energy was measured before inserting the sample vial. As glass vials can atten-
uate the light, meaning the beam energy may decrease as it penetrates the samples. The "ef-

fective" energy within the sample is then given by:

g =Te Nathc Eq. 4.2
7 k-Ty-r
introducing the transmittance T
E
T, = E_n’ Eq.4.3
0

with E, as energy per pulse with calibration vial in the sample holder.
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The transmittance was calibrated prior to the measurements by using several empty glass
vials. This calibration involved measuring the energy on top of the sample holder both with
and without the empty vials in place using a pyroelectric energy sensor in combination with
a digital energy meter. Typically, one would need to consider the absorption of the solution at
a specific wavelength when performing such measurements. However, in the case of the ac-
tion plot experiments involving AuNRs, the OD was relatively low (0.25 OD), and the solution
height in the vial with a diameter of 7 mm was only 7.8 mm. Consequently, the effect of the
absorption of the solution on the transmittance was approximately negligible as the entire

solution was illuminated sufficiently.
Sample preparation

Prior to preparing bulk solutions of 1.5 mg AIBN dissolved in 450 uL. DMA for each triplicate
recorded data point, the monomer containing MEHQ as inhibitor was activated by filtering
through a syringe with basic aluminium oxide. 150 pL aliquots were taken from this bulk so-
lution and transferred to a laser vial with 7 mm diameter and filled up with 75 puL AuNR solu-
tion, 75 pL isopropanol and 10 pL CTA, such that each sample featured a concentration of
0.01 mol LT AIBN, 4.85 mol L-1 DMA, 3.53 mol L1 isopropanol, 0.38 mol L-1 CTA and 75 uL of
AuNR.

4.9 LED Polymerization

To set up the LED experiment for irradiating the solution, a vertical row of three clamps was
positioned on a tripod. The central clamp was used to secure two 10 W chip-on-board (COB)
LEDs with identical emission wavelengths, maintaining a distance of 1 cm between them. This
arrangement allowed for the placement of a 1 cm glass cuvette, held by the upper clamp, be-
tween the two LEDs without any gaps, ensuring that the solution would be uniformly illumi-

nated by the LEDs.

The LEDs were connected to a power supply to regulate the applied voltage and current,
providing control over the LED operation. To prevent excessive heating and minimize any
potential impact on the thermal initiator, a fan was attached to the lower clamp, facilitating
ventilation from below. Additionally, the entire setup was enclosed within an opaque box to
protect the eyes of the operator from scattered light, given the high intensity of the LEDs. Im-
portantly, the power supply was positioned outside the box, allowing for continuous control

over the applied voltage as needed (1V, 5.14 A).
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Sample Preparation and Experimental Procedure

In the LED polymerization experiment, DMA was activated by a thermal initiator in the pres-
ence of AuNR in a water solution, leading to the conversion of the incident radiation from the
LEDs into heat. Isopropanol was also included in the reaction mixture to reduce thermal con-
ductivity. The purchased DMA monomer was inhibited with the protective group MEHQ to
prevent undesired reactivity. The first step involved removing this protective group to enable
polymerization. To achieve this, the monomer was filtered through a syringe containing acti-
vated basic aluminium oxide and a PTFE filter. For each experiment, a new syringe with fresh

aluminium oxide was used to ensure proper activation of the monomer.

In the first experiment, 1.5 mg of the thermal initiator (AIBN) was accurately weighed and
placed in a 1 cm glass cuvette. The AIBN was then dissolved in 250 pL of activated DMA
through careful shaking followed by the addition of 350 uL of isopropanol and 350 pL of dis-
tilled water. Once the solution was prepared, the cuvette was sealed with a suitable PTFE cap.
Two 745 nm LEDs were secured in the experimental setup, with the cuvette placed in between
them. After closing the protective enclosure, both LEDs were set to 1 V and 5.14 A, and the

solution was illuminated for 10 min.

The second experiment followed the same procedure as the first, but instead of distilled wa-
ter, AuNR solution was added to the mixture (consisting of 1.5 mg AIBN, 250 uL. DMA, 350 uL
isopropanol, and 350 pL. AuNR solution).

For the third experiment, the solution composition was identical to the second experiment,
but the 745 nm LEDs were replaced with 590 nm LEDs (1 V, 5.14 A), and the solution was

irradiated for 10 min.

4.10 Size-Exclusion Chromatography

At the KIT, SEC measurements were conducted using polymers generated by PLP. These
measurements were carried out on a SECurity2-GPC-System 1260 Infinity II, which included
an autosampler, two PL HFIPgel columns (7.5 x 300 mm), an UV detector, and a differential
refractive index detector. The eluent used was tetrahydrofuran (THF), and the measurements
were performed at 40 °C with a flow rate of 1 mL min-1. The SEC system was calibrated using
linear poly(methyl-methacrylate) standards with molecular weights ranging from 800 to
2,200,000 Da. It is important to note that the reported molecular weights in the manuscript
and the Supplementary Information were provided by the SEC software. However, the overall

accuracy of directly calibrated SEC may have an error of about 20%.
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For the polymers generated by thermal initiation with AuNR, SEC measurements were con-
ducted on the same SECurity2-GPC-System 1260 Infinity II. This system included an au-
tosampler, a GRAM Lux 5 pm column (8 x 50 mm), a GRAM Lux 1000A 5 pm column (8 x
300 mm), and a GRAM Lux 100,000A 5 pm column (8 x 300 mm). It also featured a UV detector
and a differential refractive index detector. Dimethylacetamide (DMAc) was used as the elu-
ent, and the measurements were performed at 70 °C with a flow rate of 1 mL min-1. The SEC
system was calibrated using linear poly(methyl methacrylate) standards with molecular

weights ranging from 800 to 2,200,000 Da.

At the QUT, SEC measurements for the AuNR-induced action plot experiments were con-
ducted using a PSS SECurity2 system. This system comprised a PSS SECurity Degasser, a PSS
SECurity TCC6000 Column Oven, and a PSS GRAM Column Set with 8 x 150 mm 10 pm Pre-
column and 8 x 300 mm 10 pm Analytical Columns. Additionally, it included an Agilent 1260
Infinity Isocratic Pump, an Agilent 1260 Infinity Standard Autosampler, an Agilent 1260 In-
finity Diode Array detector, and a refractive index detector. The solvent used was HPLC-grade
DMAc with 0.01 M LiBr, and the flow rate was set at 1 mL min-L. A poly(methyl methacrylate)

standard was employed for calibration.

4.11 Nuclear Magnetic Resonance Spectrometry

Atthe KIT, TH-NMR experiments were carried out using a Bruker Ascend 400 MHz instrument.
Deuterium oxide (D20) was used as the solvent, and it served as the reference for the calibra-
tion of delta shifts. The detected resonances were reported in parts per million (ppm) relative

to TMS.

Atthe QUT, 1H-NMR spectra were recorded using a Bruker Ascend 600 MHz instrument. Deu-
terium oxide (D20) was used as the solvent, similar to the setup at KIT. Additionally, deuter-
ated methanol (CD30D) was used for these experiments. Resonances in the spectra were also

reported relative to TMS.

4.12 Electrospray lonization-Mass Spectrometry

ESI-MS spectra were acquired using an LTQ mass spectrometer manufactured by Thermo
Fisher Scientific, based in San Jose, CA, USA. The instrument underwent calibration within the
mass-to-charge ratio (m/z) range of 195 to 1822. This calibration utilized a solution contain-
ing SDS, sodium taurocholate, and Ultramark 1621 dissolved in an acetonitrile-methanol-ace-

tic acid mixture.
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During the measurements, a constant spray voltage of 3.8 kV was applied, and nitrogen was
utilized as the sheath gas with a dimensionless sheath gas flow rate set to 5. The capillary
temperature was maintained at 320°C. For direct infusion ESI-MS experiments, a solution of
THF /methanol in a 3:2 volume-to-volume ratio was employed. This solution also contained
100 puM of sodium trifluoroacetate (NaTFA). The polymer concentration utilized in these

measurements was 0.03 mg mLL
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5 Visible Light-Induced Polymerization with Ivocerin

In the following chapter, Ivocerin-initiated polymerization of MMA, from photon absorption
to end-product formation, is comprehensively analyzed. Free-radical polymerization was
triggered by fs laser pulses operating at a repetition rate in the Hz range using an optical chop-
per, as described in more detail in Section 4.3. Stationary absorption spectroscopy was ini-
tially used to study the absorption behaviour of Ivocerin, thus providing information on the
spectral region where electronic transitions occur. Initiator conversion was monitored by re-
cording absorption spectra of Ivocerin after laser fluence-dependent exposure at a suitable
wavelength with the fs laser. By varying the repetition rate of the pulsed laser, the frequency-
dependent chain growth of MMA was analyzed using SEC. This method was employed to con-
firm the underlying PLP mechanism via the propagation rate coefficients of MMA, thus evi-
dencing laser control over the polymerization reaction. Having explored the mechanism of
chain growth, the next step included a post-mortem analysis of the polymerization products
of MMA using ESI-MS. The analysis of the polymer mass spectrum provided insights into the
distribution of initiator fragment end groups, elucidating the decomposition mechanism of
the photoinitiator. Finally, time-resolved fs absorption spectroscopy was employed to exam-
ine the electronic behaviour and potential radical formation of Ivocerin immediately after
photoexcitation, which is directly linked to the observed end groups in the mass spectrum,

for the first time.

5.1 Stationary UV/Vis/NIR Absorption Spectroscopy

Initially, the absorption spectrum of Ivocerin, dissolved in MMA, was measured in a 1 mm
quartz glass cuvette within the wavelength range of 300 nm to 1200 nm, as illustrated in Fig-
ure 5.1, using a Varian Cary 500 spectrometer. The spectrum exhibits a broad absorption
peak around 400 nm, consisting of two transitions, a HOMO-LUMO at 425 nm and a HOMO-
LUMO+1 at 410 nm.26° Both correspond to an n-m* S-Sy transition, typical for carboxyl com-
pounds.270271 A further small peak was observed between 1100 and 1200 nm, which is liter-
ature-known as the third harmonic stretching vibration of the C-H bond (v cy) of MMA.272
For this particular experiment, Ivocerin was dispersed in MMA to a concentration of

12 mmol L, resulting in an OD of approximately 1 at 400 nm.

Given that MMA absorbs light in the spectral region below 300 nm, excitation of the solution
in this wavelength region can potentially lead to direct excitation of the monomer and unde-

sired, self-initiated polymerization.273274 To ensure that the polymerization is induced by the
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radical formation of Ivocerin, and not self-initiation of MMA, 400 nm was chosen as the exci-
tation wavelength (represented by the blue dotted line in Figure 5.1). This wavelength falls
within the absorption band of Ivocerin, readily accessible through frequency-doubling the

fundamental wavelength of the Ti-Sapphire laser at 800 nm and is far removed from the ab-

sorption of MMA.
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Figure 5.1: Absorption spectrum of 12 mmol L1 [vocerin in bulk MMA with a peak
absorption of about OD=1 at 408 nm in the range of 300 - 1200 nm. The small
peak between 1100 nm and 1200 nm belongs to MMA. The excitation wavelength
for 1P absorption experiment (400 nm) is indicated by the vertical dotted blue
line.

In the following step, UV /Vis spectroscopy was employed to analyze the Vis light-induced de-
composition of the photoinitiator Ivocerin. Thus, the OD of Ivocerin was measured as a func-
tion of the incident beam fluence. Since 400 nm photons excite Ivocerin in its resonant, one-
photon absorption (1PA) band, one would anticipate a linear dependence of the initiator de-

composition on the variation of the laser pulse energy.

For these measurements, a stock solution containing 12 mmol L-! Ivocerin in MMA was pre-
pared. 250 pL aliquots were taken from the stock solution and filled into a vial to be irradiated
from below using a metal block with a hole in the center for the vials, as described in the
experimental Section 4.4. Each sample was irradiated for 90 s with various pulse energies
(5-20 pJ) at 400 nm (35 fs, 100 Hz). After irradiation, the solutions were transferred from the

vial into a 1 mm cuvette in order to record stationary absorption measurements. The concen-
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tration of Ivocerin remaining in each sample after irradiation was determined from the ab-
sorption spectra using the molar decadic extinction coefficient and Beer-Lambert law, as in-
troduced in Eq. 3.4. Since both the initiator concentration and the pathlength of the cuvette
are known, the concentration for each wavelength can be calculated by Eq. 3.4 utilizing the
OD given by the absorption spectrum (Figure 5.2, left). The final concentration was deter-
mined by averaging the concentration (Figure 5.2, right) over the range from 380 - 440 nm
after each step of irradiation. As expected, the concentration of [vocerin remaining in the sam-

ple decreased with increasing pulse fluence.

Finally, the conversion of the Ivocerin concentration, relative to the reference measurement
without irradiation, was graphed as a function of pulse fluence (Figure 5.3). The gradient was
extracted using regression analysis and indicates the number of contributing photons to Ivo-
cerin photocleavage. Plotting these data points on a double-logarithmic scale, a linear trend

withm = 0.97 £+ 0.05 was obtained, confirming a dominant 1P absorption process.
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Figure 5.2: UV/Vis absorption spectra of 12 mmol L-1 Ivocerin in MMA after 90 s
irradiation with various energies at 400 nm (left) and plot showing the
corresponding initiator concentration after each irradiation step (right). Adapted
with permission from ref. 182. Copyright 2022 American Chemical Society.
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Figure 5.3: Initiator conversion after 90 s irradiation of a solution with
12 mmol L1 Ivocerin in MMA at 400 nm with various laser beam fluences, plotted
on a double logarithmic scale. A linear regression was used to determine the
gradient, indicating the number of photons contributing to initiator decay.
Adapted with permission from ref. 182. Copyright 2022 American Chemical
Society.

5.2 Size Exclusion Chromatography

Having presented the decomposition of the photoinitiator Ivocerin as critical process prior to
the initiation reaction of a polymer chain growth initiation, the following section aims to
demonstrate laser control over the polymer chain growth in the Vis light region via PLP mech-
anism. To do so, 500 pL aliquots were taken from a 12 mmol L-! stock solution of Ivocerin in
MMA and filled in a capped laser vial. Each sample was flushed with nitrogen to avoid oxygen
quenching of the excited electronic states of the initiator. The vial was subsequently placed in
an elevated metal block containing a central hole, enabling exposure of the sample from be-
low. The solutions were irradiated with 400 nm fs laser pulses with a pulse energy of 56 pJ
varying the pulse repetition rates (10 Hz, 20 Hz, 50 Hz, and 100 Hz) using a chopper at the
laser repetition rate of 1 kHz prior to analysis via SEC (for detailed experimental procedure
refer to Section 4.4). According to Olaj et al.,8” a reliable indicator of the PLP structure and,
consequently, the laser-controlled reaction, can be elucidated from the MWD of the polymer.
Using this analytical approach, which ultimately provides the first derivatives of the SEC dis-
tributions, the laser pulse frequency can be correlated with the molecular weight M; of the

polymer chains. This correlation enables the determination of the propagation rate coefficient
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(refer to Section 3.5). Figure 5.4 - Figure 5.7 depict the MWD and their first derivatives for
PMMA synthesized with laser pulse frequencies of 10 Hz, 20 Hz, 50 Hz and 100 Hz. These plots
are displayed on a logarithmic scale ranging from 3.5 (5,000 g mol-1) to 6 (1,000,000 g mol-1).

The SEC trace shown Figure 5.4 (10 Hz) exhibits multiple peaks between 10,000 g mol-! and
100,000 g mol-!, indicating the formation of polymer chains with distinct molecular weights,
characteristic of PLP behaviour. To further support this observation, it is critical to analyze
the first derivative of the SEC trace, according to the theory outlined in Section 3.5. The peaks
in the first derivative trace, corresponding to the inflection points of the SEC trace, can be
directly associated with the molecular weights of polymer chains that have grown between
laser pulses. The assigned molecular weights M; = 24,000 g mol™!, M, = 46,000 g mol™?,
and M5 = 70,000 g mol~?! are approximately multiples of each other, which is a typical feature
of PLP behaviour. Table 5.1 provides an overview of the molecular weights M; of the polymer
chains. Notably, the calculated propagation rate coefficients (Eq. 3.33) are within 10% devi-
ation from the literature-accepted value for MMAZ275 (267 L mol! s1), as shown in Table 5.2.
This deviation falls within the SEC instrument error of approximately 20%, providing clear
evidence that the polymer chain growth of PMMA at a pulse frequency of 10 Hz follows the

PLP mechanism.
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Figure 5.4: SEC trace (black) and first derivative of SEC trace (red dashed) of
PMMA generated by 400 nm fs laser pulse triggered Ivocerin fragmentation
(c=12 mmol L1 in bulk MMA) with a repetition rate of 10 Hz where the inflection
points of the distribution are M1 = 24,000 g mol-l, M, = 46,000 g mol! and M3 =
70,000 g mol-1. Adapted with permission from ref. 182. Copyright 2022 American
Chemical Society.
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Furthermore, the SEC traces following polymerization at 20 Hz and 50 Hz were subjected to
detailed analysis to confirm that the polymerization is indeed fully laser-controlled according
to the PLP mechanism. Figure 5.5 displays the SEC trace and first derivative of the 20 Hz
experiment. Similar to the SEC trace at 10 Hz (Figure 5.4), the SEC trace at 20 Hz also exhibits
multiple peaks of well-defined molecular weights. It was anticipated that changing the repe-
tition rate from 10 Hz to 20 Hz (as described in the theory Section 4.3) would result in poly-
mer chains with approximately half the molecular weight. This prediction is confirmed by the
molecular weights M; (Table 5.1) assigned to the peaks in the first derivative (Figure 5.5).
Once again, the molecular weights M; = 13,000 g mol™*, M, = 25,000 gmol~! and M; =
38,000 g mol~! are approximately multiples of each other, and as expected, are approxi-
mately half the molecular weight of the corresponding polymer chains formed at 10 Hz. The
propagation rate coefficients (refer to Table 6.2) align with the value documented in the IU-
PAC literature,?’> with a maximum deviation of 16.9%. As the kp deviations are within the
instrument error limit of 20%, this validates the quality of the experiments. These findings

emphasize that altering the laser repetition rate yields the anticipated outcomes in line with

the PLP mechanism.
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Figure 5.5: SEC trace (black) and first derivatives of SEC trace (red dashed) of
PMMA generated by 400 nm fs laser pulse triggered Ivocerin fragmentation
(¢ =12 mmol Lt in bulk MMA) with a repetition rate of 20 Hz where the inflection
points of the distribution are M1 = 13,000 g mol!, M = 25,000 g mol! and M3 =
38,000 g mol. Adapted with permission from ref. 182. Copyright 2022 American
Chemical Society.
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To further ensure that the current polymerization experiment is laser-controlled, a third ex-
periment at 50 Hz (Figure 5.6) was performed. In line with the previously presented PLP
experiments (Figure 5.4 and Figure 5.5), Figure 5.6 depicts the SEC trace of PMMA gener-
ated at 50 Hz with multiple peaks. The peaks of the first derivative can be assigned to poly-
mers with the assigned molecular weight M; = 6,000 g mol™*, M, = 11,000 g mol™*, and
M; = 17,000 g mol~! (Table 5.1). Considering the deviation of only 4.9%, the calculated k;
values related to the M; at 50 Hz show the highest consistency with the literature value com-
pared to the other frequencies. The higher deviation of k, at 10 Hz and 20 Hz likely arises from

a systematic error of the SEC instrument up to 20%.
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Figure 5.6: SEC trace (black) and first derivative of SEC trace of PMMA (red dashed)
generated by 400 nm fs laser pulse triggered Ivocerin fragmentation (12 mmol L1 in
bulk MMA) with a repetition rate of 50 Hz where the inflection points of the distribu-
tion are M1= 6,000 g mol-1, M= 11,000 g mol-* and M3= 17,000 g mol-1. Adapted with
permission from ref. 182. Copyright 2022 American Chemical Society.

The analysis of the SEC trace obtained for a laser pulse frequency of 100 Hz (Figure 5.7)
served to complete the series of repetition rate variation experiments, revealing laser control
over the polymerization reaction. The peaks of the first derivative were associated to polymer
chains with the molecular weight of M; = 3,200 gmol™! , M, =6,300 gmol™! and
M; = 8,900 g mol~. With a deviation of only 0.7 - 8%, the calculated k;, values for 100 Hz are

well-consistent with the IUPAC literature27> value of 267 L. mol-! s'1 (see Table 6.2). Given the
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certainty that Ivocerin, triggered with 400 nm fs laser pulses in the Hz regime, is able to initi-

ate laser controlled polymerization, the final product formation was examined in the next

subchapter using ESI-MS.
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Figure 5.7: SEC trace (black) and first derivative of SEC trace of PMMA (red dashed)
generated by 400 nm fs laser pulse triggered Ivocerin fragmentation (12 mmol L1 in
bulk MMA) with a repetition rate of 100 Hz where the inflection points of the distri-
bution are M; = 3,200 g mol-1, M>= 6,300 g mol-! and M3 = 8,900 g mol-1. Adapted with
permission from ref. 182. Copyright 2022 American Chemical Society.

Table 5.1: Overview of molecular weight of the polymer chains M; at the inflection
points in the first derivative of the SEC trace generated by 400 nm fs laser pulse trig-
gered Ivocerin fragmentation (¢ = 12 mmol L in bulk MMA) with various repetition

rates.
f/Hz M; / g mol! M; / g mol! M3z / g mol!
10 24,000 46,000 70,000
20 13,000 25,000 38,000
50 6,000 11,000 17,000
100 3,200 6,300 8,900
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Table 5.2: Overview of the propagation rate coefficients (Eq. 3.33) of MMA cal-
culated for polymer chains with the assigned molecular weight M; generated by
400 nm fs laser pulse triggered Ivocerin fragmentation (¢ = 12 mmol L1 in bulk MMA)
with arepetition rate of 50 Hz and compared to the IUPAC literature?’> propagation
rate coefficient of MMA (267 L mol! s1).

Repetitionrate / k, (M1) /Lmolls1 k,(M:)/Lmolls! k,(M3)/Lmolls1

Hz

10 242 247 244
20 239 222 224
50 267 254 257
100 290 283 269

5.3 Electrospray lonization-Mass Spectrometry

In the previous Chapters 5.1 and 5.2 the Vis light fs pulse-induced polymerization was step-
wise explored, beginning with the initiator decomposition, followed by the laser controlled
chain growth of the polymers. The next sub-chapter will take the final step towards the anal-
ysis of the polymer products. Prior to the examination of the polymerization product for-
mation via end group distribution analysis, a solution containing 12 mmol L-1 Ivocerin in MMA
was prepared and subsequently transferred to a capped vial to flush the sample with nitrogen.
Analogue to Section 4.2, the sample was exposed from below with 400 nm pulses with an
energy of 56 yJ per pulse from below (for detailed description of the experiment refer to Sec-
tion 4.5). Applying a frequency of 100 Hz for a total irradiation time of 15 min, resulted in a
cumulative incident pulse count of 90,000 and an overall energy input of 5.04 J. Under these
reaction conditions, the polymer chain growth relies on the PLP mechanism, as highlighted in
detail in the previous Section 5.2, resulting in polymer chains with 10 - 30 monomer units
and molecular weights ranging from 1000 to 3000 g mol-1, synthesized as predicted by Eq.
3.33, making them suitable for analysis via ESI-MS. After irradiation, each sample was trans-
ferred from the laser vial into a small aluminium pan for the monomer to evaporate and the
dissolved polymer to precipitate. The synthesized polymer was subsequently dissolved in a
3:2 v/v mixture of THF and methanol to a molarity of 0.03 mg mL-1, adding 30 puL of a 100 uM
NaTFA and then injected into the direct injection (DI)-ESI-MS instrument for analysis. The
complete acquired mass spectrum, spanning the range of 1000 to 2000 m/z, is depicted in the
Appendix Section 10.1, Figure 10.1. For clarity, only one repeating unit, from 1010 to

1110 m/z, is presented here to enable a more detailed assessment of the polymer species dis-
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tribution (Figure 5.8). To analyze the isotopic patterns of the generated polymers, the spec-
trum was simulated using Xcalibur (Thermo Fisher), assuming Gaussian-shaped peaks with a

resolution (mass resolving power) of 60,000. This simulation method facilitated the identifi-

cation of individual polymer species within the recorded repeating pattern.

Using the simulation, a total of 13 distinct polymer species were identified (Figure 5.9). These
species predominantly consisted of combination or disproportionation products associated
with sodium or potassium counter ions. The polymer species were identified based on their
mass-to-charge ratios (m/z), as depicted in Figure 5.8, and each exhibit distinct characteris-

tics, which are outlined below.
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Figure 5.8: Comparison of experimental ESI-MS spectrum (zoom into one repeat
unit) of PMMA in THF /methanol (3:2) (top) with simulated isotopic pattern (bottom)
in the m/zrange of 1010 - 1110. The experimental mass spectrum was obtained from
polymer generated after 15 min irradiation of 12 mmol L1 Ivocerin in MMA with
400 nm fs pulses with a fluence of 102 pJ cm2 and a repetition rate of 100 Hz. 10 pL
of the irradiated solution were dissolved in 2 mL of a THF/methanol (3:2) solution
with 100 uM NaTFA.
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Figure 5.9: Assigned polymer species obtained from the an Xcalibur simulation of iso-
topic pattern corresponding to an experimental polymerization of PMMA after 15 min
irradiation of 12 mmol L Ivocerin in MMA with 400 nm fs pulses with a fluence of
102 pJ cm-2 and a repetition rate of 100 Hz: P1-P13 with Ivocerin fragment end groups;
P2, P3 and P7-P10 are acetyl-based disproportionation products, P4-P6 and P11-P12
are germyl-based disproportionation products, P1 and P13 are combination products.

P1 (1025 m/z) corresponds to a PMMA polymer with an acylgermyl end group in the a-posi-
tion and an acyl end group in the w-position. P13 (1093 m/z) is identical to P1, except the
acylgermyl end group is replaced with an acyl end group. P7 (1057 m/z) and P8 (1059 m/z)
represent disproportionation products. In P7, an acyl end group is located at the a-position,
while an MMA unit with a double bond is at the w-position. On the other hand, P8 features a
MMA unit with a hydrogen atom at the w-position. P2 (1041 m/z) and P3 (1042 m/z) are
MMA chains with an acyl group, as well as a double bond, at the a-position (P2) and a hydro-
gen atom at the w-position (P3), respectively, both bound to two sodium counter ions. P4
(1053 m/z), P5 (1055 m/z) and P6 (1057 m/z) can be described as germyl-centered dispro-
portionation products. While P4 is characterized by terminal MMA units with double bonds
at each end, P5 and P6 are characterized by both an MMA unit with a double bond terminus
and one with a hydrogen terminus as well as an MMA unit with added hydrogen at both ter-
minal MMA units. P11 (1089 m/z) and P12 (1091 m/z) are disproportionation species with

an additional acyl fragment terminus on one side of the polymer chain. P9 (1073 m/z) and
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P10 (1075 m/z) represent polymer products identical to P7 and P8, however, bound to po-
tassium counter ions instead of sodium. Among these species, three were notably prevalent,
specifically P7 and P8, disproportionation species with an acyl fragment terminus as well as

P13, identified as combination product with two acyl end groups.

Table 5.3: Overview of the exact mass, resolution and relative abundance X of the assigned
species in the recorded and simulated spectrum of the PMMA after PLP of MMA with Ivo-
cerin triggered by 400 nm fs pulses with a fluence 102 p]J cm2 and a repetition rate of
100 Hz.

Species Ionization (m/z)r (Da) (m/z)s™ (Da) A(m/z) X
P1 Na* 1025.395 1025.394 0.001 0.4
P2 2 Na* 1041.009 1041.007 0.002 0.05

2 Na* 1091.035 1091.034 0.001 0.05
P3 2 Na* 1042.016 1042.014 0.002 0.05

2 Na* 1092.041 1042.040 0.001 0.05
P4 Na* 1053.465 1053.458 0.007 0.3
P5 Na* 1055.461 1055.465 0.004 0.3
P6 Na* - 1135.677 0.3
P7 Na* 1057.500 1057.494 0.006 1
P8 Na* 1059.515 1059.512 0.003 1
P9 K+ 1073.474 1073.472 0.002 0.05
P10 K+ 1075.488 1075.487 0.001 0.05
P11 Na* 1089.447 1089.453 0.006 0.4
P12 Na* 1091.464 1091.459 0.005 0.4
P13 Na* 1093.499 1093.498 0.001 0.8

The significant difference in the abundance of acyl- and germyl-based polymer species sug-
gests a difference in the channel branching of the initiation mechanisms, while the fundamen-
tal cleavage mechanism remains unchanged. Scheme 6.1 depicts the proposed photo-induced
decomposition of Ivocerin. In an initial step, the incident 400 nm laser pulses cause cleavage
of at least one C-Ge bond in Ivocerin generating an acyl and an acylgermyl radical. Further,
the cleavage of the acylgermyl radical into another acyl and a germyl radical is presumably
caused by either thermally or photo-induced fragmentation. A thermally driven fragmenta-
tion would require a sufficient amount of excess energy in vibrationally hot states. However,
due to the short duration of fs laser pulses, a high excess energy input seems to be rather

unlikely. As mono-para-methoxybenzoyldiethylgermyl has a chemical structure similar to
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that of mono-para-methoxyacyldiethylgermane, both featuring a nt* band,?7¢ which absorbs
in the Vis light region, the formation of a germyl species as a secondary radical is rather likely
via the absorption of a second photon. Neshchadin et al.?”” reported the formation of radicals
from bisacylgermane, slightly shifting towards the red-edge of the absorption maximum of
bisacylgermane. Considering Ivocerin as a para-substituted bisacylgermane, it is plausible
that a radical originating from Ivocerin may also appear red-shifted to the absorption peak of
Ivocerin at 410 nm. Presuming that acylgermyl can still be excited at the fringe of the absorp-
tion band using 400 fs laser pulses, conceivable pathways for generating secondary germyl
fragments include direct cleavage of the C-Ge bond of primary acylgermyl radicals via 2PA or
the consecutive cleavage of an acyl radical subsequent to the reaction of the acylgermyl radi-
cal with a monomer unit. However, the germyl fragments may be deactivated by quenching
before they can participate in the diffusion-controlled initiation reaction with the monomer,
resulting in a short lifetime of the biradicals formed. Instead, a different mechanism channel
is proposed. The stabilized acylgermyl radical initiates macromolecular growth with a subse-
quent C-Ge bond cleavage triggered by a second photon, forming a germyl-centered two-

armed polymer chain.

Ivocerin acylgermyl radical acyl radical
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Scheme 5.1: Proposed decomposition pathway of Ivocerin after photoexcitation.
In a first step, Ivocerin cleaves into an acylgermyl and an acyl radical. In a poten-
tial second step, the acylgermyl radical further cleaves into an acyl radical and a
germyl biradical.

Since ESI-MS analysis is not sufficient to provide a final explanation for the channel branching
during radical formation. The following section will explore the electronic behaviour of the
excited states of Ivocerin after photoexcitation via fs transient absorption spectroscopy. Using
this powerful technique, potentially enables a comprehensive understanding of the relaxation

channels on short time scales prior to radical formation.
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5.4 Transient Absorption Spectroscopy

Previous studies have highlighted that the progress of polymerization can be predicted by
understanding the process of initiator cleavage, as this initial reaction strongly contributes to
the reaction conditions for the overall polymerization.2! It is therefore critical to deepen the
understanding of the earliest steps after photoexcitation. A pump-probe transient absorption
spectrometer was employed to investigate the electronic dynamics of a 12 mmol L-! sample
of Ivocerin in MMA (4,4 = 408 nm, 0D = 1) in a 1 mm cuvette. A 400 nm beam served as
the pump to resonantly excite the nt* band of Ivocerin with an energy of 1 pJ. A second beam
probed the pump-induced absorption changes at regular intervals using a CaF;-generated WL

continuum in the range of 350-720 nm.
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Figure 5.10: Transient absorption spectra of 12 mmol L-! Ivocerin in MMA (OD 1)
after excitation with 1 pJ fs laser pulses at 400 nm, probed at different delay times
in a range of 350-720 nm. Depending on the pump-probe delay, a broadband ESA
was observed with local maxima at 650 nm, 470 nm, 450 nm, as well as another
ESA below 400 nm and an isosbestic point at 520 nm. The spectral region around
400 nm was greyed out as it was strongly superimposed by pump pulse scattering.

The transient spectrum presented in Figure 5.10 depicts a dominant broadband ESA over the
entire observed wavelength range with local maxima around 650 nm, 470 nm, 450 nm and in
the UV range below 400 nm. In addition, an isosbestic point was observed at ~ 525 nm from

10 - 50 ps. An isosbestic point usually implies no change of the stoichiometry and notably, no
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secondary processes (see IUPAC Gold Book?78 for references). An isosbestic point between
singlet ESA and stimulated emission is usually characterized by a crossing at zero AOD. How-
ever, the isosbestic point at a positive AOD at ~525 nm between two local maxima of a broad-
band ESA was assigned to a transition into different higher excited states at 450 nm and 650
nm. The spectral region around 400 nm has been greyed out as it is superimposed by strong
scattering from the 400 nm pump pulse. The transient response below 400 nm reaches its
maximum within one ps, followed by a long-lived component, similar to that at 470 nm and
450 nm, respectively. However, being at the edge of the WL spectrum, it was not properly
resolved and was not further analyzed. The transient response around the local maximum at
650 nm rises within tens of ps with subsequent long-lived behaviour, which does not relax to

zero in the observed time of 1 ns.

The transient spectra were analysed using a Matlab algorithm written by a colleague?20 at KIT
to generate a decay-associated difference spectra (DADS, Figure 5.11). DADS results from
multi-exponential fitting of all probed wavelengths with one set of parameters (for more de-
tails, refer to Section 3.4). Such an analysis provides information about the time constants
and associated amplitudes over a wide range of probed wavelengths. A negative amplitude A;
in the DADS spectrum is related to an increase in the transient spectra, a positive amplitude
to a decrease, an amplitude crossing zero AOD indicates an isosbestic point. The calculated
time constants and amplitudes fitted the probed wavelength well, as exemplarily shown in
Figure 5.12 using a biexponential fit function. Given 7, < 1 ps, the transients were inter-
preted rising ultrafast into an excited singlet state. The amplitude A: switches the sign from
positive to negative, representing a decrease in the transient spectrum from 430 - 530 nm
with a local maximum at 470 nm as well as a rising transient response in the spectral range
from 530 nm beyond 700 nm showing a local maximum at 650 nm. A; exhibits a broadband
positive amplitude with local maxima at 450 nm and 650 nm, which was associated with the
decrease of a long-lived ESA with a time constant of more than the maximum delay time of

1 ns, with an estimated value of 7, > 3 ns.

Further, the amplitude spectrum indicates a blue-shift from the local maximum of A; at
470 nm to the local maximum of Az at 450 nm within 7, = 9.2 ps, likely indicating either an
IVR, the transition from a singlet to a triplet state via ISC or a radical formation. Since the blue-
shift in the transient spectrum in Figure 5.10 is not gradual, but rather abrupt, an IVR was
practically ruled out. Ultrafast radical formation within a few ps is feasible, as know from ben-

zoin.2! However, Neshchadin?’’ reported a radical formation in the transient spectra of
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bisacylgermane at 500 nm, thus red-shifted to the ESA at 470 nm. Given that Ivocerin is struc-
turally similar to bisacylgermane, it was assumed that any potential radical formation would
also be red-shifted to the ESA at 470 nm in the transient spectrum of Ivocerin. As no such new
bathochromic band was observed, the blue-shift was attributed to ISC from an excited singlet
state to a triplet state. The isosbestic point of A1 at ~ 525 nm confirms the assumption that
450 nm and 650 nm are related to the same excited state. Therefore, the positive part of A;
was interpreted as a depopulation of the excited singlet state, while the negative part of A1
described the rise of a triplet state after ISC with a lifetime of 7; = 9.2 ps. Consequently, A;
was attributed to broadband triplet ESA with local maxima at 450 nm and 650 nm in the tran-

sient absorption spectrum, consistent with the literature.2””

— A, (1, =9.2ps)
0.003
—A,(1,>1ns)
. 0.002 -
3
[0
]
S 0001
=
S
<
0.000
-0.001 -
T T T T T T
450 500 550 600 650 700
Alnm

Figure 5.11: Biexponential DADS of the transient spectra shown in Figure 4.9. The
DADS provides three wavelength-dependent amplitudes A; with associated time
constants ;.
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Figure 5.12: Single transient of Ivocerin in MMA (c=12mmol L1, 0D=1) at the probe
wavelength 470 nm after excitation with 400 nm fs pulses with a pulse energy of 1 pJ.
Data points were fitted with the time constants 7; and amplitudes A; obtained from
the global analysis. The inset shows a zoom into the first 50 ps of the fitted transient.

While the global fit of Ivocerin in MMA provides an ISC time of 7; = 9.2 ps, Neshchadin et al.?”77
measured a time of 30 ps for the ISC of bisacylgermane in toluene and 50 ps in acetonitrile.
Remarkably, the ISC lifetime of Ivocerin is ~ 3 - 5 times lower compared to bisacylgermane.
As aresult, the triplet states appear to be populated between three and five times faster in the
case of Ivocerin compared to the unsubstituted bisacylgermanes. In accordance with this re-
lationship, the lifetime of the triplet states of Ivocerin decreases by a factor of about 5. Report-
edly,277 the triplet state lifetime of bisacylgermane is approximately 14 - 16 ns, depending on
the solvent. In correlation with the previous findings of the current chapter, these results un-
derpin the hypothesis that Ivocerin is a high potential photoinitiator with efficient triplet state
formation. This hypothesis is further supported by a photobleaching study of Ivocerin by
Frithwirt et al.,2’ who reported a quantum yield of 0.86 indicating that the population of tri-
plet states with subsequent radical formation represents the main photophysical channel of
photoexcited Ivocerin. However, since initiation reactions are governed by various parame-
ters, such as radical formation, reaction conditions, diffusion and solvents, as described in
Section 3.5, further systematic in-depth studies on the initiation efficiency of Ivocerin will be

required (refer to Section 9).

The current sub-chapter on fs time-resolved absorption spectroscopy with Ivocerin expanded

the investigation of photo-induced polymerization with Ivocerin from the product formation,
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followed by polymer chain growth towards the earliest events after photoexcitation. This the-
sis, in particular, revealed the earliest events in the photo-induced decomposition of Ivocerin

prior to radical formation for the first time.

5.5 Summary

In this chapter, the mechanism of the photopolymerization of MMA using Ivocerin as photoin-
itiator was mapped from the earliest events through to polymer formation. Initially, station-
ary absorption spectroscopy served to study the absorption behaviour of Ivocerin prior to
monitoring the fs laser beam fluence-dependent initiator conversion recording absorption
spectra. Employing SEC analysis after fs PLP experiments at 400 nm in the Hz regime con-
firmed the generation of polymers and demonstrated laser control over the polymerization
reaction via the underlying PLP mechanism by varying the repetition rate of the incident fs
laser pulses was varied. The next step included a post-mortem analysis of the polymerization
products using ESI-MS. Analyzing the end group distribution in the mass spectrum allowed
for drawing conclusions on the initiator fragmentation and thus the decomposition mecha-
nism of the initiator. Finally, to expand the time scale from product formation to the earliest
events, time-resolved fs absorption spectroscopy experiment served to examine the elec-

tronic behaviour of Ivocerin immediately after photoexcitation.

In the realm of recording energy-dependent absorption spectra, initially one non-irradiated
sample was analyzed, followed by several samples irradiated in the range between
25 pJ cm2 and 102 pJ cm2 at 400 nm. The initiator concentration after each experiment was
determined from the absorption spectra and plotted on a double-logarithmic scale dependent
on the laser beam fluence. The data points of the experiment at 400 nm excitation followed a
linear function with a slope of 0.97 £+ 0.05, underpinning a linear initiator decay at resonant

absorption, as expected for photoexcitation of Ivocerin in this spectral region.

The fs PLP experiments were excited at 400 nm with various repetition rates, 10 Hz, 20 Hz,
50 Hz and 100 Hz and the generated polymers were subsequently analyzed using SEC. By
means of a method developed by Olaj et al.8? (refer to Section 3.5), multiples of the polymer
molecular weight were assigned to the inflection point of the SEC traces, or the repeating
peaks of the first derivatives, respectively. Eq. 3.33 served to calculate the propagation rate
coefficient k, of the propagating polymer chains M; at each repetition rate, which was con-
sistent with the [IUPAC accepted literature value (267 mol Lt s-1),275 unambiguously evidenc-

ing that polymerization at 400 nm in the Hz regime followed the PLP mechanism.
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The end group distribution of the isotopic pattern recorded via ESI-MS revealed a total
amount of 13 acyl-based and germyl-based combination and disproportionation products,
being part of a pool of expected polymer products. In general, it was evident that the acyl-
based species are more abundant compared to the germyl-based species, with the germyl-
based products only occurring with a relative abundance of about 30 - 40% of the acyl-based
products. Based on the observed end group distribution a two-step initiator cleavage was
proposed generating both an acyl and an acylgermyl radical with cleavage of the biradical

germyl species in a second step.

The transient spectrum of Ivocerin was dominated by a broadband ESA over the entire ob-
served wavelength range from 350 - 720 nm. The electronic behaviour was likely character-
ized by ultrafast absorption into excited singlet states with subsequent ISC within 9.2 ps into
broadband long-lived triplet states (t > 1 ns) with local maxima at 450 nm and 650 nm in the
probed range. From these triplet states, radicals can be potentially generated by initiator
bond cleavage. The ultrafast ISC was in line with reported ISC lifetime of 2 - 4 ps for other
acylgermanes.'” However, the extrapolated triplet state lifetime of ~ 3 ns indicated a compa-
rably fast radical formation, a conclusion that is supported by the theoretical rate coefficient
for radical formation of k,,; = 7- 107 s~ and triplet lifetime of 14 - 16 ps of the unsubsti-
tuted bisacylgermane.2’7 [vocerin proved to be an efficient photoinitiator, which was further

underlined by the reported photobleaching quantum yield of 0.86.27°
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6 NIR Light-Induced Polymerization with Ivocerin

The following chapter reports the first detailed study of the polymerization of MMA initiated
by the 2PA induced decomposition of Ivocerin into radicals using fs NIR laser pulses. The 2PP
is investigated using an identical analytical procedure as that outlined in Section 5. Initially,
stationary absorption spectroscopy is employed to determine the dependence of initiator de-
cay on photon flux. This is followed by a study of the generation of polymers via SEC. This
method also allows the verification of the underlying PLP mechanism - and thus laser-control
of the polymer chain growth - by employing various repetition rates. Taking advantage of the
well-known penetration depth of NIR light and its benign nature to tissue,3”:38 2PP through
tissue will be demonstrated. The generation of polymers is again highlighted using SEC anal-
ysis. Subsequently, post-mortem end group analysis of the generated polymer products evi-
dences the initiator fragment distribution, which informs the decomposition mechanism of

the initiator.

6.1 Stationary UV/Vis/NIR Absorption Spectroscopy

The NIR fs PLP experiments were conducted with a solution of 12 mmol L1 Ivocerin in MMA,
identically concentrated as in the Vis light fs PLP experiments. The absorbance was measured
in a 1 mm cuvette in the range from 200 to 1200 nm with a Varian Cary 500 spectrometer and
is shown in Figure 6.1. The spectrum shows an n-m* transition of Ivocerin around 400 nm
with a HOMO-LUMO transition at 425 nm and a HOMO-LUMO+1 transition at 410 nm, as well
as a stretching vibration of a C-H bond of MMA at 1100-1200 nm (for more details refer to
Chapter 5.1). The solution was prepared at a concentration (12 mmol L1) to achieve an OD
of 1 at 400 nm. Since Ivocerin was intended to be excited in the NIR range via 2PA, 800 nm
was employed as the excitation wavelength. This wavelength is far from the n-m* band, thus
not enabling resonant absorption. In addition, this wavelength was readily accessible, as 800

nm is the fundamental emission wavelength of the Ti-Sapphire laser.
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Figure 6.1: Absorption spectrum of 12 mmol L-1 Ivocerin in bulk MMA with a peak
absorption of about OD=1 at 408 nm recorded in a 1 mm cuvette. The weak peak
between 1100 nm and 1200 nm is attributed to MMA. The excitation wavelength
employed for the 2PA experiment (800 nm) is indicated by the vertical dotted red
line.

The NIR-induced decomposition of Ivocerin was subsequently examined using UV /Vis spec-
troscopy. For this, the absorbance of Ivocerin was recorded as a function of the incident fs
laser beam fluence at 800 nm. As 2PA processes depend quadratically on the light intensity, a
quadratic dependence of the initiator conversion on the variation of the laser pulse energy is
expected. To ascertain 2P-induced cleavage of Ivocerin, identical samples (12 mmol L1 in
MMA) were irradiated for 30 min with various pulse energies (25-70 puJ) at 800 nm and a
repetition rate of 100 Hz. Similar to the experiments conducted at 400 nm (refer to Sec-
tion 5.1), 250 pL aliquots were taken from a 12 mmol L-! stock solution, placed in transparent
vials and irradiated from below, as described in the experimental section. Figure 6.3 presents
the fluence-dependent stationary absorption spectrum. The bulk solution initially featured an
OD of close to 1 at the absorption maximum, which decreased with increasing incident energy.
The recorded spectra were used to determine the concentration of Ivocerin in each sample
utilizing the wavelength-dependent extinction coefficient calculated from the OD of the bulk
solution and Beer-Lambert's law. The final concentration was determined by averaging the
concentration (Figure 6.3, right) over the range from 380-440 nm after each step of irradia-
tion as in Section 5.1. These results are plotted in Figure 6.3. Finally, the concentration of
Ivocerin was analyzed as a function of pulse fluence on a double-logarithmic scale, with the
data points showing a quadratic trend with a gradient of m = 2.3 + 0.3 (Figure 6.2). This gra-

dient indicates that on average, 2.3 photons contribute to the photo-induced decay of Ivocerin
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at 800 nm, meaning the decay can predominantly be attributed to a 2P process. This result
aligns with a previous publication by Batchelor et al.,28° who reported using Ivocerin as a suit-
able 2P NIR-triggered photoinitiator in three-dimensional laser lithography, demonstrating
its ability to fragment after NIR light exposure. In the current thesis, however, the NIR light-

induced decomposition of Ivocerin was examined in detail for the first time, evidencing 2PA.
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Figure 6.3: UV/Vis absorption spectra of 12 mmol L1 Ivocerin in MMA after
30 min irradiation with various energies at 800 nm (left) and plot showing the
corresponding initiator concentration after each irradiation step (right). Adapted
with permission from ref. 182. Copyright 2022 American Chemical Society.

100
-
©
E m,=2.3£0.3 _ e
hi -
(=) Fd
-~ -
- ~
I~ &
(=] -
‘S 10 e
S o "
> -7
S -7
(X] e
1. rd
o ]
3
=
£
1 2 3 4 5

Fluence / 10 J cm?

Figure 6.2: Initiator conversion after 30 min irradiation of solution with
12 mmol L1 Ivocerin in MMA at 800 nm with various laser beam fluences, plotted
on a double logarithmic scale. A linear regression provides the gradient which in
turn indicates the number of photons required for initiator decay. Adapted with
permission from ref. 182. Copyright 2022 American Chemical Society.
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6.2 Size Exclusion Chromatography

The following subchapter demonstrates that the 2P excitation of Ivocerin, when exposed to
NIR light in bulk MMA, both initiates polymer chain growth and that the polymerization is
laser controlled following a PLP mechanism. Analogous to Section 5.2, the experimental
method for the determination of propagation rate coefficients of monomers by means of the
repetition rate of a pulsed laser developed by Olaj et al.8” was employed. Aliquots of 500 pL
were taken from a bulk solution of Ivocerin (12 mmol L) in MMA and placed in transparent
laser vials and purged of oxygen by nitrogen percolation. The samples were irradiated from
below with fs laser pulses at 800 nm (5.5 m] cm2), varying the pulse repetition rate (10 Hz,
20 Hz, 50 Hz, and 100 Hz) in an identical manner as described in Section 5.2 using an optical
chopper. Figure 6.4 to Figure 6.7 depict the MWD obtained from SEC traces, and first deriv-
atives, for the generated PMMA at 10 Hz, 20 Hz, and 50 Hz, plotted on a logarithmic scale
ranging from 3.5 (5,000 g mol1) to 6 (1,000,000 g mol-1).

The SEC trace in Figure 6.4 (10 Hz) reveals multiple peaks between 10% g mol-! and 10> g
mol! indicating the formation of polymer chains with discrete molecular weights, a charac-
teristic feature of PLP behaviour. To substantiate this observation, the first derivative was
analyzed in accordance with the procedure described in the theoretical Section 3.5. The
peaks in the first derivative, corresponding to the inflection points of the SEC trace, can be
directly associated with the kinetic chain length during macromolecular growth. The molec-
ular weights M; = 23,000 g mol™!, M, = 45,000 gmol~!, and M; = 69,000 g mol™! are ap-
proximately multiples of each other, which is typical of PLP behaviour. An overview of the
molecular weights M; of the polymer chains is provided in Table 6.1. Notably, the calculated
propagation rate coefficient (Eq. 3.33) for these M; values at 10 Hz, reported in Table 6.2,
aligns with the IUPAC-accepted literature value for MMA (267 L mol-! s1),275 with a deviation
of 7-10%. This result provides clear evidence that the polymer chain growth of PMMA at a

pulse frequency of 10 Hz follows a PLP mechanism.
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Figure 6.4: SEC trace (black) and first derivative of SEC trace (red dashed) of
PMMA generated by 800 nm pulsed fs laser triggered Ivocerin fragmentation
(¢ =12 mmol L1 in bulk MMA) with a repetition rate of 10 Hz where the inflection
points of the distribution are M1 = 23,000 g mol-1, M> = 45,000 g mol! and M3 =
69,000 g mol-1. Adapted with permission from ref. 182. Copyright 2022 American
Chemical Society.

In addition, the SEC traces obtained after polymerization at 20 Hz and 50 Hz were subjected
to an identical detailed analysis to ensure that the polymerization process is indeed fully con-
trolled by the laser and follows the PLP mechanism. Figure 6.5 presents the SEC trace and
the first derivative of polymer generated during the 20 Hz experiment. Similar to the SEC trace
of polymer generated at 10 Hz (Figure 6.4), the SEC trace at 20 Hz also exhibits a multiple
peak distribution with well-defined molecular weights. As expected, changing the repetition
rate from 10 Hz to 20 Hz using the chopper (refer to experimental Section 4.3) results in
polymer chains with approximately half the molecular weight, which is confirmed by the mo-
lecular weights M; (refer to Table 6.1) assigned to the peaks via its first derivative (Figure
6.5). Once again, the molecular weights M; = 14,000 gmol~!, M, = 28,000 gmol™!,
and M; = 43,000 g mol~! are approximately multiples of each other and align with the pre-
dicted values. The calculated propagation rate coefficient (Eq. 3.33) for these M; at 20 Hz
closely matches the IUPAC literature value?’> with a deviation of 3 -5%, further confirming
that the molecular weights M; (Table 6.2) correspond to the growth of PMMA chains via the
PLP mechanism. These results evidence that changing the laser repetition rate indeed leads

to the expected outcomes consistent with the PLP mechanism.
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Figure 6.5: SEC trace (black) and first derivative of SEC trace of PMMA generated
by 800 nm (red dashed) pulsed fs laser triggered Ivocerin fragmentation
(c=12 mmol L1 in bulk MMA) with a repetition rate of 20 Hz, where the inflection
points of the distribution are close to M= 14,000 g mol-1, M>= 28,000 g mol-! and
M3 = 43,000 g mol-l. Adapted with permission from ref. 182. Copyright 2022
American Chemical Society.

To ensure that the current polymerization experiment is indeed laser-controlled, a third ex-
periment at 50 Hz (Figure 6.6) was conducted. Similar to the previously presented PLP ex-
periments (Figure 6.4 and Figure 6.5), Figure 6.6 illustrates the SEC trace of PMMA gener-
ated at 50 Hz, displaying multiple peaks similar to the SEC traces at 10 Hz and 20 Hz. The
peaks in the first derivative can be associated with polymers possessing molecular weights of
M, = 6,000 g mol™1, M, = 12,000 g mol™1, and M; = 19,000 g mol~!. With regard to the
calculated propagation rate coefficient, the 50 Hz experiment closely aligns with the litera-
ture2’> value of 267 L mol! s-1 with a deviation of only 1-7% (refer to Table 6.2). Given that
all three experiments at various repetition rates follow the PLP mechanism, and the propaga-
tion rate coefficients remain consistent with the literature27> (see Table 6.2), providing clear

evidence of laser control in Vis light fs polymerization using Ivocerin as the photoinitiator.
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Figure 6.6: SEC trace (black) and first derivative of SEC trace (red dashed) PMMA
generated by 800 nm pulsed fs laser triggered Ivocerin fragmentation
(c = 12 mmol Lt in bulk MMA) with a repetition rate of 50 Hz where the inflection
points of the distribution are close to M;= 6,000 g mol-t, M, = 12,000 g mol! and M3 =
19,000 g mol-1. Adapted with permission from ref. 182. Copyright 2022 American
Chemical Society.

Finally, the 100 Hz SEC experiment completed the repetition rate variation series. Although
the SEC trace in Figure 6.7 only displays a weak PLP structure, its first derivative trace was
used to assign the molecular weight M; = 3,000 g mol~! and M, = 6,300 g mol~? to the prop-
agating polymer chains. In contrast to the previous frequencies M; was not resolved with suf-
ficient quality to be analyzed. Nonetheless, the presence of M; and M,, as well as the minor
deviation of the calculated k, values the IUPAC literature by only 1.8 - 5.9%, were considered
sufficient evidence to verify laser control over the 100 Hz polymerization. Consequently, the
800 nm 2PP of MMA using Ivocerin as photoinitiator is fs laser pulse controlled for all applied

frequencies. In a following step, the final product formation was explored in the next subchap-

ter using ESI-MS.
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Figure 6.7: SEC trace (black) and first derivative of SEC trace (red dashed) PMMA
generated by 800 nm pulsed fs laser triggered Ivocerin fragmentation
(c =12 mmol L1 in bulk MMA) with a repetition rate of 100 Hz where the inflection
points of the distribution are close to M; = 3,000 g mol! and M; = 6,300 g mol-.
Adapted with permission from ref. 182. Copyright 2022 American Chemical
Society.

Table 6.1: Overview of molecular weight of the polymer chains M; at the inflection
points in the first derivative of the SEC trace generated by 800 nm pulsed fs laser trig-
gered Ivocerin fragmentation (¢ = 12 mmol L1 in bulk MMA) with various repetition
rates.

f/ Hz M / g mol! M: / g mol! M3 / g mol!
10 23,000 45,000 69,000
20 14,000 28,000 43,000
50 6,000 12,000 19,000
100 3,000 6,300 -
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Table 6.2: Overview of the propagation rate coefficients (Eq. 3.33) of MMA cal-
culated for polymer chains with the assigned molecular weight M; generated by
800 nm pulsed fs laser triggered Ivocerin fragmentation (¢ = 12 mmol L! in bulk
MMA) with a repetition rate of 50 Hz and compared to the IUPAC literature?’> prop-
agation rate coefficient of MMA (267 L mol! s1).

Repetition rate k, (M1) /Lmol- k, (M:) /Lmol- kp(M3) /L mol- ky(Lit.) /L

/ Hz 1g1 g1 g1 mol1 s1
10 242 247 248 267
20 256 255 258 267
50 267 266 288 267
100 272 283 - 267

6.3 Polymerization through Tissue

NIR light features advantageous properties, such as deep penetration depth and benign na-
ture to tissue. This is especially significant when comparing to UV and Vis light, which are
typically used in most conventional photo-induced initiation mechanisms of polymerization.
Therefore, the current thesis aimed to illustrate the ability of NIR light to trigger 2PP after
propagation through biological tissue using fs laser pulses. Subsequent SEC analysis con-
firmed polymer generation and laser control of the polymerization. To conduct this experi-
ment, a thin slice (1 mm) of bacon was positioned in the path of the laser beam just in front of
the sample. Bacon, due to its natural structure, scatters the laser beam as it penetrates the
tissue. Placing the bacon slice directly in front of a 1 mm cuvette helped minimize the scatter-

ing effects, and better mimic in vivo conditions.

Scheme 6.1: Schematic picture of the through tissue irradiation set-up; the incident
800 nm laser beam (1) (40 fs, 1 kHz, 25 GW cm-2) propagates through a 1 mm thick
slice of bacon (2), which decreases the laser intensity to 10 GW cm-2. Subsequently
the laser beam penetrates a 1 mm cuvette (3). The bacon closely adhered to the sam-
ple holder. The distance between the bacon and the cuvette in the picture only por-
trays the weaker laser beam after tissue penetration.
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Using the above setup (Scheme 6.1), the generation of polymer was investigated after irradi-
ating a solution of Ivocerin in MMA (12 mmol L) with a fluence of 10 GW cm-2 (which was
reduced to close to 10 GW cm by passing through the tissue) at a repetition rate of 20 Hz.
The SEC trace (Figure 6.8, black curve) suggests a PLP structure, which is further confirmed
by the first derivative trace (Figure 6.8, red curve) and peak assignments (Figure 6.9). The
molecular weights of the polymer chains, specifically M; = 13,000 gmol™ , M, =
24,000 g mol~! and M; = 36,000 g mol~?, deviate 8-17% from the molecular weights of the
polymer chains M; generated without the presence of tissue (Table 6.3). Calculating the prop-
agation rate coefficient k, with Eq. 3.33 results in propagation rate coefficients with a devia-
tion of 12-19% from the IUPAC literature value,?’> presented in Table 7.4. As the kj values

are within the limit accuracy (~20%) of the SEC instrument, the experiment was considered

as laser controlled through biological tissue.
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Figure 6.8: SEC trace and first derivative of SEC trace PMMA generated by 800 nm
pulsed fs laser triggered Ivocerin fragmentation (¢ = 12 mmol L-! in bulk MMA) with
a repetition rate of 50 Hz after the laser beam penetrated a slice of bacon. Adapted
with permission from ref. 182. Copyright 2022 American Chemical Society.
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Figure 6.9: First derivative of SEC trace PMMA generated 800 nm pulsed laser trig-
gered Ivocerin fragmentation (¢ = 12 mmol L-! in bulk MMA) with a repetition rate of
20 Hz after the laser beam penetrated through a slice of bacon, where the inflection
points of the distribution are M; = 13,000 g moll, M, = 24,000 g mol! and M3 =
36,000 g mol-L.

Table 6.3: Overview of molecular weight of the polymer chains M; at the inflection
points in the first derivative of the SEC generated trace at 800 nm with a repetition
rate of 20 Hz, after the penetration of thin tissue and without tissue.

A/nm M; / g mol! M; / g mol! M3z / g mol!
800 (tissue) 13,000 24,000 36,000
800 (no tissue) 14,000 28,000 43,000

Table 6.4: Overview of the propagation rate coefficients (Eq. 3.33) of MMA cal-
culated for polymer chains with the assigned molecular weight M; generated by
800 nm (red dashed) pulsed fs laser triggered Ivocerin fragmentation
(c = 12 mmol L1 in bulk MMA) with a repetition rate of 20 Hz after penetration
through tissue and compared to the IUPAC literature?’> propagation rate coeffi-
cient of MMA.

Repetition k, (M1) /Lmol- k, (M2) /Lmol- k, (Ms3) / L mol ky, (Lit) /L

rate / Hz g1 1g1 1g1 mol-1s1

20 (with tissue) 237 218 216 267
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6.4 Electrospray lonization-Mass Spectrometry

The previous Chapters 6.1 and 6.2 highlighted the ability of high intensity NIR light to trigger
2PA in Ivocerin with subsequent cleavage into primary radical species, enabling the laser con-
trolled initiation of polymerization. Moreover, Chapter 6.3 demonstrated that 2PP is even
initiated after the incident NIR light propagated through biological tissue. As a next step, in
the current chapter the generated polymer products are examined in detail via ESI-MS, fol-
lowed by a comparison of the end group distribution with the one given by the Vis light fs PLP

experiment in Section 5.3.

A stock solution of 12 mmol L-! Ivocerin in MMA was prepared and 500 pL aliquots were sub-
sequently transferred to a capped transparent vial, allowing oxygen removal by percolation
with nitrogen gas. The vial containing the solution was placed in an elevated metal block and
exposed to 800 nm fs pulses from below with an energy of 650 pJ (5.5 m]J cm-2). For more
experimental details refer to Section 4.5. Applying a chopper-controlled repetition rate of
100 Hz during an irradiation time of 30 min, the solution was exposed to 180,000 laser pulses
resulting in an overall incident energy of 117 J. As the polymer growth is laser-controlled un-
der the given condition, which was confirmed in Chapter 6.2, the chains grew to a size of 10 -
30 monomer units according to Eq. 3.33. Thus, a molecular weight of 1000 - 3000 g mol-! was

achieved, well suitable for ESI-MS analysis.

Transferring the irradiated solutions from the vials to small aluminium pans enabled the sol-
vent (MMA) to evaporate, resulting in the isolation of the generated polymer. For ESI-MS anal-
ysis, the synthesized polymer was dissolved in a mixture of THF and methanol with a volume
ratio of 3:2, such that a molarity of 0.03 mg mL-! was achieved. After adding of 30 pL of a
100 pM NaTFA containing THF solution, the mixture was injected into the ESI-MS instrument.
The mass spectrum was recorded in the m/z range of 1000 to 2000. Figure 6.10 depicts a
zoom into one unit from 1010 - 1110 m/z. serving as the basis for a detailed assignment of
polymer species. To analyze the isotopic patterns of the generated polymers, the spectrum
was simulated using Xcalibur (Thermo Fisher), assuming Gaussian-shaped peaks with a res-
olution of 60,000. This simulation method facilitated the identification of individual polymer

species within a single repeating pattern.
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Figure 6.10: Comparison of an experimental ESI-MS spectrum (zoom into one repeat
unit) of PMMA in THF/methanol (3:2) (top) with a simulated isotopic pattern (bot-
tom) in the m/z range of 1010 - 1110. The experimental mass spectrum was obtained
from polymers generated after 30 min irradiation of 12 mmol L-! Ivocerin in MMA
with 102 pJ cm-2 fs laser pulses at 800 nm at a repetition rate of 100 Hz. 10 L of the
irradiated solution was dissolved in 2 mL of a THF/methanol (3:2) solution with
100 uM NaTFA.

Overall, 13 polymer species were identified (Table 7.5), including the three main species P1,
P7 and P8, P11- P13 with a remarkably high abundance of 50% as well as some minor species
P4 - P6 with 20% and P2, P3, P9 and P10 in traces with only 2% relative to the main species.
P1 (1025 m/z) represents a combination product of an acylgermyl fragment at one terminus
and an acyl fragment at the opposite terminus of the polymer chain. The products P7
(1057 m/z) and P8 (1059 m/z) are one-sided acyl-terminated disproportionation species.
P11 (1089 m/z) and P12 (1091 m/z) are characterized by the same end groups as P7 and P8,
but form a germyl centred two arm polymer. A combination product with both ends termi-
nated by an acyl group was assigned to product P8 (1093 m/z). P2 (1041 m/z) and P3
(1042 m/z) are acyl-terminated disproportionation products with two Na* counter ions. The
species P4 (1053 m/z), P5 (1055 m/z) and P6 (1057 m/z) can be described as double-sided
disproportionation products. While P4 features terminal MMA units with a double bond at
both ends, P5 and P6 feature one terminal MMA unit with a double bond at the a- and a hy-

drogen at the w-position (P5) as well as two terminal MMA units with a hydrogen at both the
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a- and w-position (P6). P9 (1073 m/z) and P10 (1075 m/z) are identical polymers as P7 and

P8, but bind K* instead of Na* counter ions.

The polymer species identified in the mass spectrum of PMMA generated via fs 2P PLP (Fig-
ure 6.10) are essentially the same as those assigned in the pattern of the fs 1P PLP, as shown
in Figure 5.9. A comparison of the relative abundances of the species assigned in the fs 2P
PLP and the fs 1P PLP is provided in Table 6.6. In both experiments the acyl-based species
P7 and P8 are the most abundant. The germyl-based, two-arm disproportionation products
P4, P5 and P6 occur with a slightly different abundance of 20% in the fs 2P PLP and 30% in
the fs 1P PLP. Regarding the germyl-based disproportionation products with one terminal
acyl group P11 and P12, these species were slightly more abundant in the NIR fs PLP with
50% compared to 40% in the fs 1P PLP. A more significant difference was observed for P1,
which showed an equivalent abundancy as the main products in the 2PP, but only 40% rela-
tive abundance in the one-photon polymerization (1PP). Moreover, in contrast to the 1P-in-
duced PLP, which produced a uniform distribution of P1, P11 and P12, the formation of P1
is favoured in the NIR PLP. As P1 features both an acyl and an acylgermyl end group and P11
and P12 are germyl-based two arm polymers, it was assuming that the germyl fragment is

preferred not be cleaved from the acylgermyl radical.

Table 6.5 Overview of the exact mass, resolution and relative abundance of the as-
signed species in the recorded and simulated spectrum of the PMMA after PLP of MMA
with Ivocerin triggered by 800 nm fs pulses with a fluence of 5.5 mJ cm-2 and a repe-
tition rate of 100 Hz.

Species Ionization (m/z)* (Da) (m/z)s™ (Da) A(m/z) X
P1 Na* 1025.395 1025.394 0.001 1
P2 2 Na* 1041.009 1041.007 0.002 0.02

2 Na* 1091.035 1091.034 0.001 0.02
P3 2 Na* 1042.016 1042.014 0.002 0.02

2 Na* 1092.041 1042.040 0.001 0.02
P4 Na* 1053.465 1053.458 0.007 0.2
P5 Na* 1055.461 1055.465 0.004 0.2
P6 Na* - 1135.677 0.2
P7 Na* 1057.500 1057.494 0.006 1
P8 Na* 1059.515 1059.512 0.003 1
P9 K* 1073.474 1073.472 0.002 0.02
P10 K* 1075.485 1075.487 0.002 0.02
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Species Ionization (m/z)e* (Da) (m/z)s™ (Da) A(m/z) X

P11 Na+ 1089.447 1089.453 0.006 0.5
P12 Na* 1091.464 1091.459 0.005 0.5
P13 Na* 1093.499 1093.498 0.001 0.5

Table 6.6: Comparison of the relative abundances X of the assigned polymer spe-
cies Piin the mass spectra after irradiation of 12 mmol L-! Ivocerin in MMA with
800 nm fs laser pulses under 1P conditions (5.5 mJ cm2) and with 400 nm fs
pulses under 2P conditions (102 pJ cm-2).

Species X (NIR fs PLP) X (Vis fs PLP)

P1 1 0.4
P7 1 1

P8 1 1

P4 0.2 0.3
P5 0.2 0.3
P6 0.2 0.3
P11 0.5 0.4
P12 0.5 0.4
P13 0.5 0.8

Although differing slightly, both the 2PP fs PLP and 1P fs PLPs are characterized by similar
distributions of the abundances of end groups. Thus, similar channel branching of the initiator
cleavage can be assumed (for more details refer to Scheme 5.1). An initial 800 nm pulse is
proposed to cleave the C-Ge bond of Ivocerin via 2PA leading to the generation of primary
acyl and acylgermyl radicals. Moreover, the observed germyl centered species indicate the
presence of secondary germyl radicals. A cleavage of acylgermyl radicals into acyl and germyl
radicals is presumably caused by either thermally or photochemically. Thermal activation
however, was deemed unlikely as excess energy would be required in the excited vibrational
states. Given the structural similarity between mono-para-methoxybenzoyldiethylgermyl
and mono-para-methoxyacyldiethylgermane, both featuring an n-m* band,?7¢ which absorbs
within the Vis range, the formation of a germyl species formation as a secondary radical in a
photo-induced cleavage via subsequent 2PA is relatively likely. Since radical formation usu-

ally occurs on a timescale of ps to ns, the cleavage of primary radicals into secondary radicals,

93



induced by fs pulses, is unlikely. Therefore, it is more likely that secondary radicals are gen-
erated by consecutive pulses. Neshchadin et al.?”” reported of radical formation from bisacyl-
germane occurring slightly red-shifted to the absorption maximum of bisacylgermane. Con-
sidering that Ivocerin is a para-substituted bisacylgermane, a radical originating from Ivo-
cerin may also be observed red-shifted to the absorption maximum of Ivocerin (410 nm). As-
suming that acylgermyl can still be excited at the edge of the absorption band using 400 nm
fslaser pulses, plausible pathways of generating secondary germyl fragments are direct cleav-
age of the C-Ge bond of primary acylgermyl radicals via 2PA or consecutive cleavage of an acyl
radical following the reaction of the acylgermyl radical with a monomer unit. Germyl frag-
ments are biradicals characterized by high reactivity and propensity for quenching, and thus
are unstable. In contrast, acylgermanes, which are more stable, may be capable of reacting
with a monomer unit and initiating macromolecular growth with subsequent cleavage of the

acyl fragment induced by consecutive 2PA of the acylgermyl end group.

6.5 Summary

In summary, this chapter presented the first detailed study of the 2PP of MMA using NIR fs
laser pulse triggered Ivocerin as photoinitiator encompassing the initiator decomposition to
the polymer product formation. Commencing with stationary absorption spectroscopy, the
absorption behaviour of Ivocerin was screened, followed by determination of the fluence-de-
pendent initiator conversion via recorded absorption spectra post-exposure to 800 nm fs la-
ser pulses. SEC analysis subsequent to fs 2P PLP experiments operating at 800 nm in the Hz
regime affirmed the generation of polymers and demonstrated precise laser control over the
polymerization applying various laser repetition rates. As a next step, a thorough examination
of the polymer products using ESI-MS provided insights into end group distribution, thus fa-

cilitating drawing conclusions of the decomposition mechanism of Ivocerin.

To verify that the excitation of Ivocerin with 800 nm fs pulses followed the 2PA mechanism,
indeed, the initiator conversion was monitored via stationary UV /Vis spectroscopy. Following
a sequence of irradiation experiment with a fluence ranging from 1.6 mJ cm to 4 mJ cm-?, the
initiator concentration was determined from the absorption spectra after each step and sub-
sequently plotted on a double logarithmic scale in dependence of the laser beam fluence. As
the data point followed a linear regression with a slope of 2.3 + 0.3, the decomposition of

Ivocerin proceeded quadratically, thus evidencing 2PA of Ivocerin at 800 nm.

The 2P PLP experiments were initiated with 800 nm fs pulses with various repetition rates of

10 Hz, 20 Hz, 50 Hz and 100 Hz with subsequent analysis of the generated polymers via SEC.
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An experimental technique introduced by Olaj et al.,87 outlined in Section 3.5, was employed
to assign multiples of the polymer molecular weight to the peaks of the first derivatives of the
SEC traces. Eq. 3.33 was utilized to determine the propagation rate coefficient k, of the prop-
agating polymer chains with molecular weight M; at each repetition rate. Being consistent
with the accepted literature value established by IUPAC27> (267 mol Lt s1), the calculated
coefficients unequivocally demonstrated laser control over the 2PP at 800 nm according to

the PLP mechanism.

The analysis of the end group distribution of the 800 nm triggered 2PP via ESI-MS unveiled a
comprehensive set of 13 polymer species dominated by acyl-based and germyl-based combi-
nation and disproportionation products. Notably, a predominance of the acyl-fragmented spe-
cies was observed. Specifically, the relative abundance of germyl-fragmented products was
about 20% compared to the more prevalent acyl-based species. As a plausible mechanism, a
two-step initiator cleavage was proposed, comprising of the generation of an a-cleavage into
an acyl- and an acylgermyl radical in a first, followed by cleavage of a germyl biradical in a
second step. These were identical to the previously assigned species of the 1P PLP, thus part
of a pool of expected polymer products. Apart from slight differences in the relative abun-
dances, the comparison of the 1P fs PLP and 2P fs PLP revealed matching polymer products.
Consequently, a consistent initiator cleavage mechanism was assumed for both excitation

mechanisms.
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7 NIR Light-Induced Polymerization with Gold Nanorods

The previous Section 6 shed light on the advantageous properties of NIR light by means of
2PA of the photoinitiator Ivocerin to synthesize polymers. However, as high light intensities
are required to enable 2PA processes, this method is suboptimal for some applications includ-
ing sensitive materials, such as organic tissue. As an alternative route to initiate polymeriza-
tion using long wavelengths, an alternative method of NIR-induced polymerization will be
presented in the current chapter - exploiting the plasmonic properties inherent to AuNR. Us-
ing AuNR offers an exciting and innovative approach to polymerization by converting light
into thermal energy under mild conditions. This process facilitates the cleavage of thermal
initiators, thus providing an alternative avenue for photo-induced polymerizations. Given that
the plasmonic characteristics of AuNRs are contingent upon their geometric properties, these
particles can be finely tuned to absorb light at specific wavelengths tailored to distinct appli-
cations. Theoretical3?183 and experimentall®3 reports delved into the distinctive attributes of
AuNRs, exploring their exceptional heat generation capabilities and elucidating why they are
exceptionally well-suited for mediating polymerization processes induced by NIR light. Sum-
marizing the most important aspects, these reports highlight the ability of AuNR to absorb
light and transfer it into a short-lived strong heat. Further, this heat is strongly localized in
the interface of the AuNR and the surrounding solution combined with negligible temperature
increase in the bulk medium. Since the heat transfer to the direct vicinity of the AuNR is suf-
ficient to decompose thermal initiators for the initiation of radical polymerizations, AuNR are
highly promising as photothermal converters for an alternative routine for initiating NIR
light-induced polymerization under mild reaction conditions. These findings served to eluci-

date the rationale behind the selection of AuNRs for the present thesis.

Initially, a proof-of-principle experiment underlining the successful approach of the AuNR-
mediated NIR-induced polymerization using 'H-NMR spectroscopy. Knowing that the heat
generated by AuNR triggers the initiation of thermal polymerization, the ability to initiate
polymerization through tissue was explored. Subsequent experiments aimed at understand-
ing the effect of reactant concentration variation on the polymerization outcome via TH-NMR
spectroscopy and SEC analysis, showing that the polymerization followed the kinetics of FRP
according to the Mayo equation.?23224 Further, ESI-MS served to elucidate the polymer chain
structure. As is known from previous studies,'141-44 absorptivity of photo-sensitive molecules
and their photochemical reactivity are not congruent. Thus, it was of particular interest to
examine the wavelength-dependent monomer conversion, which is directly related to the

heat production by AuNR, in comparison to the absorptivity of the AuNR. Such an experiment,
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a so-called action plot, was conducted using the quasi-monochromatic properties of a tunable
ns laser. Having demonstrated that AuNR-mediated polymerization is accessible using both
fs and ns lasers, the final subchapter demonstrates that AuNR even produce sufficient heat to

initiate thermal polymerization when introducing LEDs as a more practical light source.

7.1 Stationary Absorption Spectroscopy

AuNRs were selected as a photothermal converter primarily for their remarkable plasmonic
properties in the NIR regime. Furthermore, the citrate functionalization of these nanorods
maintains good solubility in water and low cytotoxicity, compared to other surface coatings
such as CTAB.*> Given that the absorption characteristics of these nanorods are contingent
upon their geometry, AuNR with dimensions of 55 nm x 15 nm? were specifically chosen and
acquired, as they exhibit strong absorption at 800 nm. The absorption spectrum of the em-
ployed AuNR in an aqueous environment is depicted in Figure 7.1. The spectrum exhibits a
minor peak around 500 nm, corresponding to the transverse plasmonic absorption band, and
a more prominent peak around 800 nm, corresponding to the longitudinal plasmonic reso-
nance band. The gradual increase in absorption in the IR region beyond 1100 nm can be at-
tributed to vibrational overtones of water.281 Given that plasmonic heating is initiated on a fs
timescale (as elucidated in Section 3.5.3), these particular AuNRs are exceedingly well-suited
for conducting proof-of-principle NIR-polymerization experiments, inducing plasmonic heat

generation via 800 nm fs laser pulses.
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Figure 7.1: Extinction of the purchased solution of AuNR in water (55x15 nm, bare
citrate, OD 1) in the range of 200 - 1400 nm. The stationary absorption spectrum was
measured in a 1 cm cuvette. The AuNR solution shows an absorption maximum at
800 nm with an extinction of 1. Adapted with permission from ref. 183. Copyright
2022 Wiley.
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7.2 1TH-NMR Spectroscopy

Intending to initiate polymerization via NIR light-induced AuNR-mediated heat production as
an initial experiment, the thermal initiator AIBN was dissolved in the water-soluble monomer
DMA (containing 9 mmol Lt AIBN, 2.69 mol L' DMA, and 150 pL of AuNR dispersion). The
reaction mixture was exposed to irradiation in the presence of AuNRs using 800 nm fs laser
pulses (35 fs, 1 kHz). It has previously been discussed that the rate of heat transfer from AuNR
to the surrounding medium increases with higher pulse intensities (for more details refer to
Section 3.5.3). Therefore, a high laser intensity of 25 GW cm2 was selected to ensure rapid
heat transfer enabling efficient decomposition of AIBN When the reaction solution was irra-
diated within a 1 mm cuvette, a white solid precipitate quickly formed. This observation is
indicative of polymer formation, as further illustrated by the cuvette containing a white solid
in Figure 10.9 in the appendix. To substantiate the assumption that the polymerization ac-
tivity is indeed linked to the heat dissipation from the AuNRs, the experiment was repeated
under identical conditions with only AIBN and DMA. Without AuNRs, no white solid precipi-

tate was observed, confirming the hypothesis.

The white solid produced after irradiation could neither be separated properly from the cu-
vette, nor dissolved in a suitable solvent for analysis. The limited solubility of the solid poly-
mer implies that high molecular weight polymers have indeed formed, possibly due to a rela-
tively low number of primary radicals generated through the heating effect of the AuNR. To
facilitate the solubility of the generated polymer for further analysis, a water-soluble CTA,
namely 3-mercaptopropionic acid, was introduced to reduce the length of the polymer chains.
Traditionally, polymers are analyzed after solvent precipitation. However, in case of DMA
evaporation did not work efficiently, as the vapour pressure of DMA at ambient temperature
is very low (65 Pa). Therefore, TH-NMR analysis was chosen as alternative method to prove
the formation of PDMA. A cuvette containing 350 pL solution (9 mmol L1 AIBN, 2.69 mol L1
DMA, 150 pL of AuNR and 10-2 mol L-1 CTA) was exposed to 800 nm fs pulses with an intensity
of 25 GW cm-2. After 30 min irradiation, 50 pL were taken from the solution and transferred
to an NMR tube. The sample was topped up with 500 pL of D20 and measured using a Bruker
Ascend 400 MHz.

Figure 7.2 depicts the TH-NMR spectrum of the irradiated solution (bottom row) compared
to an identical solution without irradiation (top row). The upper part of Figure 7.2 shows the
TH-NMR spectrum of pure DMA in D;0. The doublets ‘a’ and ‘b’ with a chemical shift around
5.7 ppm and 6.2 ppm, and the triplet ‘c’ at 6.75 ppm, represent the protons of the double bond.
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The singlet at 3 ppm is associated with the 3 protons of each methyl group. Further reso-
nances arise between 1 - 2 ppm as well as 2.5 - 3 ppm, which are associated with the protons
‘f” and ‘g’ of the C-C bond of the polymer backbone. As the assigned polymer peaks were con-
sistent with literature,?82 this served as clear evidence for polymer formation. However, since
the polymer resonance of protons ‘f’ overlaps with the monomer resonance at 3 ppm, these
were not useful for further analysis, such as determining monomer conversion. The reso-
nance peak of proton ‘g’ was well separated, making it suitable for the calculation of the mon-

omer conversion (for further details refer to Section 3.7).
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Figure 7.2: 1TH-NMR spectrum of pure DMA dissolved in D20 without irradiation
recorded with a 400 MHz NMR spectrometer. The resonances are assigned to the
protons of DMA (left); TH NMR spectrum of a solution of DMA, AIBN, AuNR and
CTA dissolved in D20 after irradiation of 30 min (right). The resonances are as-
signed to the protons associated with the DMA monomer and the generated poly-
mer.
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The initial proof-of-principle experiment, followed by 'H-NMR spectroscopy analysis, suc-
cessfully demonstrated that polymer chain growth can indeed be initiated by NIR light when
utilizing the water-soluble monomer DMA and AIBN as a thermal initiator in the presence of
AuNRs. The thermal polymerization reaction, catalyzed by the plasmonic heating effect of
AuNRs, is anticipated to follow the mechanism of FRP as the heat generated radicals initiate
polymer chain, followed by successively adding monomer units to the propagating polymer.
Therefore, the instantaneous degree of polymerization as a function of monomer and radical
concentration can be described using the Mayo equation (Eq. 3.31).223224 To further investi-
gate the kinetics of the reaction and map the degree of polymerization, a study was conducted
using two monomer concentrations, one high (6.73 mol L1) and one low (0.69 mol L-1), and

varying the irradiation time (or number of photons). The results are illustrated in Figure 7.3.

While the time-dependent conversion exhibits a similar trend for both concentrations, the
increase in conversion differs notably between them. Both polymerizations are remarkably
fast, achieving high conversions within just 5 min. In the case of the higher monomer concen-
tration (6.73 mol L-1), the conversion increase is extremely rapid, reaching its maximum of
65% after 15 min and then progressing more slowly. For the lower concentration
(0.69 mol L1), the conversion increase is less pronounced and reaches its peak, close to 50%,
within 45 min. According to the standard FRP kinetics (Eq. 3.31),223224 in a conventional ther-
mally activated FRP, the instantaneous degree of polymerization scales directly with the mon-
omer concentration. Considering the nearly one-order-of-magnitude difference in concentra-
tion, the significant contrast in the initial slope aligns with expectations. In the case of the low
DMA concentration, the monomer conversion remains below 1% after 2 min of irradiation. In
contrast, for the higher monomer concentration, the conversion already exceeds 15%, which
aligns with expectations from the degree of polymerization equation.223224 This trend persists
after 3 min of irradiation, with the low concentration achieving a conversion of 2.5% and the
high concentration reaching 37%. For longer irradiation times, the conversions tend to con-
verge, resulting in a difference of less than one order of magnitude. Initially, the abundance of
monomer units allows for a rapid conversion. However, as the available monomer units de-
crease over time due to ongoing polymerization, the conversion rate naturally decreases. This
deceleration continues until a plateau is reached, representing the point at which the conver-
sion has maximized given the available reactants. Since the conversion is inherently limited
by the available starting materials, it is to be expected both trends eventually converge. The
observed conversion plateau may also be co-associated with a potential deactivation of the

AuNR over time.
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Figure 7.3: Monomer conversion as a function of reaction time or number of pho-
tons; (red) conversion for the highest monomer concentration (6.73 mol L), (black)
conversion for the lowest monomer concentration (0.69 mol L-1). The lines are fits to
guide the eye. Adapted with permission from ref. 183. Copyright 2022 Wiley.

In a follow up study the monomer conversion was mapped varying the concentration of one
reactant while keeping the concentration of the other reactants constant. The concentration
variation procedure is described in more detail in Section 4.6. Each sample was exposed to
800 nm fs pulses with a beam intensity of 25 GW cm2 for 30 min. Figure 7.4 shows that the
monomer conversion of a solution of 9 mmol L-1 AIBN, 50 pL AuNR and 10-2 mol L-1 CTA with
gradually increasing monomer concentration from 0.69 mol L1 to 6.93 mol L-1. Beginning
from 27% conversion for the lowest monomer concentration reaching its asymptotic limit
slightly above 70%. These results confirm that AuNR mediated thermal polymerization of
DMA follows FRP kinetics. The variation of the concentration of the other reactants was ex-
pected to affect the polymerization as well. Next, the effect of varying the concentration of
AIBN and AuNR content on the monomer conversion was explored, while keeping the light

exposure time constant at 30 min.

In line with the predictions of the Mayo equation,223224 a]] reactants (DMA, AIBN, AuNR) ex-
hibit the same effect of gradual increasing the monomer conversion as their concentration
was increased, as shown in Figure 7.4 - Figure 7.6. As the concentration of AIBN directly
affects the amount of generated radicals the monomer conversion aligns with the variation of
AIBN concentration. Varying the concentration of AuNR indirectly results in an increase or
decrease of the radical concentration proportional to the amount of produced heat. Both in-

creasing the AIBN, as well as the AuNR, concentration led to higher monomer conversion.
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The monomer conversion of a solution containing 0.69 mol L1 DMA, 50 uL AuNR,
102 mol L1 CTA and a low AIBN concentration (ranging from 0.17 mmol L1 to 1.5 mmol L1)
increases very rapidly to about 70% within 2 min and then remains nearly constant (Figure
7.5). This phenomenon may be attributed to an inadequate heating effect by the AuNRs, which
may not activate initiator molecules effectively beyond the 1.5 mmol L-! concentration range.
As described previously, the elevated temperature of the local medium surrounding the
AuNRs contributes to the generation of more radicals, subsequently leading to increasing
monomer conversion from 32% to slightly more than 50%, as demonstrated in Figure 7.6.
However, the higher the number of initiator molecules, the more heat is required to decom-
pose the molecules into radicals. Thus, the concentration of AuNR defines the potential
amount of radicals formed due to the limit in heat production. Although no clear conversion
limit was observed within the presented range of AuNR concentration, an asymptotic conver-

sion limit is expected to occur if further increasing the AuNR concentration.
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Figure 7.4: Monomer to polymer conversion after 30 min irradiation of solutions
containing 9 mmol L1 AIBN, 50 pL AuNR in water, 10-2 mol L-* CTA and monomer
concentrations ranging from 0.69 - 6.73 mol L-1 with 800 nm fs pulses with an inten-
sity of 25 GW cm2; the dashed line serves to guide the eye only. Adapted with
permission from ref. 183. Copyright 2022 Wiley.
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Figure 7.5: Monomer to polymer conversion after 30 min irradiation of solutions
containing 6.73 mol L-t DMA, 50 pL AuNR, 10-2 mol L-* CTA and varying concentration
of AIBN ranging from 0.08 - 9.2 mmol L-1 with 800 nm fs pulses with an intensity of
25 GW cm-2; dashed line serves to guide the eye along the data points. Adapted with
permission from ref. 183. Copyright 2022 Wiley.
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Figure 7.6: Monomer to polymer conversion after 30 min irradiation of solutions
containing 9 mmol L-1 AIBN, 0.69 mol L-1 DMA, 10-2 mol L-! CTA and a varying AuNR
volume ranging from 150 - 300 pL with 800 nm fs pulses with an intensity of
25 GW cm2; the dashed line serves to guide the eye along the data points. Adapted
with permission from ref. 183. Copyright 2022 Wiley.
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7.3 Polymerization through Tissue

The combination of water solubility, low toxicity, and the ability to generate plasmonic local
heat when exposed to NIR light makes AuNRs highly intriguing and promising for use in bio-
logical media. To demonstrate that the polymerization reaction in an aqueous environment
can also be initiated through biological tissue, a slice of bacon was positioned between the

laser and the cuvette.

The absorption spectrum of the bacon sample was recorded using a 1 mm slice of bacon and
found to exhibit an OD of approximately 1 at the incident wavelength of 800 nm. Given this
result, one would expect the tissue to absorb around 90% of the incident light. However, when
measuring the laser intensity immediately after the laser beam passed through the slice of
bacon (as shown in Scheme 6.1), a value of 10 GW cm2 was obtained, corresponding to an
absorption rate of only 60%. The discrepancy can be understood by taking into account the
natural structure of bacon tissue that light strongly scatters and diffuses during penetration.
In the laser experiment, the detector was placed in close proximity to the tissue, while in the
spectrometer, the detector is positioned at a greater distance from the tissue. As described in
Section 3.1 the OD is defined by the logarithm of the ratio of the output intensity of the light
source [, and the incident light intensity on the detector I. Consequently, as the scattering ef-
fects of the bacon likely decrease the detected light intensity, this leads to a higher observed
OD for the bacon. To assess the impact of tissue on the conversion compared to identical ex-
periments conducted without tissue, the results were compared. Figure 7.7 demonstrates
that polymers were generated even after the laser beam propagated through tissue, under-
pinning the potential of AuNR to be used in biological applications. Since the tissue absorbs a
significant portion of the incident light, the AuNRs were activated with less energy, resulting
in reduced heat production. Consequently, the formation of radicals was reduced, providing
an explanation for the observed lower conversion for each data point when tissue was pre-

sent.
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Figure 7.7: (left) Extinction measurement of 1 mm thick slice of bacon. The dashed
line at 800 nm to highlight the irradiation wavelength. (right) Comparison of mono-
mer to polymer conversion after 30 min irradiation of various monomer concentra-
tions with AIBN and AuNR (black) and identically concentrated samples with a 1 mm
thick slice of bacon placed in front of it, also irradiated for 30 min (red). Adapted with
permission from ref. 183. Copyright 2022 Wiley.

7.4 Size Exclusion Chromatography

In addition to highlighting the effect of the concentration variation of each reactant on the
monomer conversion (Section 7.2), mapping the degree of polymerization while varying pa-
rameters such as monomer concentration, AIBN concentration, and the quantity of AuNRs via
SEC was undertaken. To this end, solutions were prepared with the concentration of one re-
actant systematically varied — while keeping the other concentrations constant. Each solution

was then exposed to 800 nm fs laser pulses with an intensity of 25 GW cm for 30 min.

Figure 7.8 displays the MWD alongside the number average molecular weight, My, as a func-
tion of the monomer concentration, spanning from 0.69 mol L-! to 6.73 mol L-1in a solution
with 9 mmol L-1 AIBN, 50 pL. AuNR and 10-?2 mol L-1 CTA (Table 7.1). Increasing the monomer
concentration shifts the MWD toward higher molecular weights, consistently elevating the
M, (from 1500 g mol! to 5000 g mol1). According to the Mayo equation (Eq. 3.31),223.224 the
instantaneous degree of polymerization scales with the monomer concentration, predicting
higher molecular weights when increasing the monomer concentration. The observed behav-
iour aligns well with the expected outcomes, considering that a higher number of monomer
molecules results in both increased polymer chain growth and a higher likelihood of initiation

by surrounding primary radicals.
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Figure 7.8: MWD of PDMA as a function of the monomer concentration: (black)
6.73 mol L-1 DMA, (red) 5.38 mol L, ( ) 4.04 mol L1, (green) 2.69 mol L', (blue)
1.34 mol L1, (violet) 0.69 mol L-1. Inset: Number average molecular weight, M, after
30 min irradiation of solutions containing 9 mmol L-1 AIBN, 50 pL AuNR, 10-2 mol L1
CTA and varying monomer concentration ranging from 0.69 - 6.73 mol L1 with
800 nm fs pulses with an intensity of 25 GW cm-2. Adapted with permission from ref.
183. Copyright 2022 Wiley.

Table 7.1: Overview of the M, values, dispersity, after 30 min irradiation of solu-
tions containing various monomer concentrations and 50 pL AuNR, 9 mmol L!
AIBN and 102 mol L'! CTA with 800 nm fs pulses with an intensity of 25 GW cm2.

c (DMA) / mol L1 M, / g mol1! Dispersity
0.69 1500 1.7
1.34 2500 2.0
2.69 3300 2.0
4.04 4200 1.9
5.38 4700 1.7
6.73 5000 1.6

It was a significant aspect to investigate the impact of the AuNR quantity in the solution, given
that the initiation system fundamentally relies on their heating properties. It is critical to em-
phasize that no polymer formation occurs in the absence of AuNRs, as previously mentioned
at the beginning of Section 7.2. For this experimental sequence, solutions containing

9 mmol L1 AIBN, 0.69 mol L-1 DMA, 102 mol L-! CTA and a variable volume of AuNR in the
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range of 150 - 300 pL were prepared. In contrast to the effects observed with increasing mon-
omer concentration, an increase in the AuNR content leads to a shiftin the MWD toward lower
molecular weights, as illustrated in Figure 7.9. Furthermore, M, (2000 gmol! to
1000 g mol-1) exhibits a clear decrease with increasing AuNR concentration (Table 7.2). This
decline can be attributed to increased heating on the surrounding aqueous solution resulting
from an increased AuNR quantity. With more AuNRs present, a larger fraction of initiator mol-
ecules experiences the resultant temperature increase, leading to an increase in the number
of radicals formed. Consequently, the molecular weight of the polymer chains is lower due to
an increased number of initiated chains per monomer units and an increased likelihood of
chain termination reactions, a trend that aligns with the predictions of the Mayo equation (Eq.
3.3 1).223,224
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Figure 7.9: MWD of poly(DMA) dependent on the variation of the AuNR concentra-
tion: (black) 300 pL AuNR, (red) 250 puL AuNR, ( ) 200 pL AuNR, (green) 150 pL
AuNR, (blue) 100 pL AuNR. Inset: Number average of molecular weight, M,, after
30 min irradiation of solutions containing 9 mmol L1 AIBN, 0.69 mol L1 DMA,
10-2 mol L-* CTA and varying AuNR volume ranging from 100 -300 pL with 800 nm fs
pulses with an intensity of 25 GW cm-2. Adapted with permission from ref. 183.
Copyright 2022 Wiley.
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Table 7.2: Overview of the M, values, dispersities and monomer conversion after
30 min irradiation of a solution with various AuNR concentrations and
9 mmol L1 AIBN, 6.73 mol L-1 DMA and 10-2 mol Lt CTA with 800 nm fs pulses
with an intensity of 25 GW cm-2.

V (AuNR) / pL M, / g mol1! Dispersity
100 2000 1.4
150 1600 1.5
200 1400 1.4
250 1300 1.4
300 1000 1.4

A similar impact is observed when varying the concentration of the initiator AIBN from
0.08 mol Lt to 9.2 mol L1, while keeping the concentration of DMA at 4.04 mol L1, CTA at
10-2 mol L1 and the volume of AuNR solution at 150 pL. An increase in the initiator concen-
tration leads to a higher concentration of primary radicals, akin to the effect seen with a higher
AuNR content, causing a shift in the MWD toward lower molecular weights (Figure 7.10).
However, there is a distinctive characteristic when examining the conversion in relation to

AIBN concentration.
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Figure 7.10: MWD of poly(DMA) as a function of the AIBN concentration; (black)
9.2 mmol L1 AIBN, (red) 4 mmol L1 AIBN, ( ) 1.56 mmol L1 AIBN, (green)
0.69 mmol L AIBN, (blue) 0.17 mmol L-1 AIBN. Inset: Number average of molecular
weight after 30 min irradiation of solutions containing 6.73 mol L- DMA, 50 uL AuNR,
10-2 mol L1 CTA and varying AIBN concentration ranging from 0.08 - 9.2 mmol L-!
with 800 nm fs pulses with an intensity of 25 GW cm-2. Adapted with permission
from ref. 183. Copyright 2022 Wiley.
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Table 7.3: Overview of the M, values, dispersities, and monomer conversion after
30 irradiation of a solution with various AIBN concentrations and 50 pL AuNR,
6.73 mol L' DMA and 1072 mol L'! CTA with 800 nm fs pulses with an intensity of

25 GW cm=2,

¢ (AIBN) / mmol L1 M, / g mol1! Dispersity
0.08 - -
0.17 2500 1.7
0.35 - -
0.69 2300 1.7
1.56 2200 1.6

4 1900 1.7

9.2 1100 2.4

The beginning of the current section established that the presence of AuNR is critical for pol-
ymer generation. An intriguing observation, however, is that the thermal initiator AIBN is not
always mandatory; polymers can be generated even without AIBN, as depicted in Figure 7.11.
The strong local heating effect of the AuNR appears to be sufficient to activate the spontane-
ous self-initiation of DMA, a phenomenon well-documented in the literature.?’3 Although
AIBN is not mandatory for the polymer reaction, it still impacts the polymerization. Figure
7.11 compares the number average molecular weight (M, listed in Table 7.4) of polymer
reactions with various monomer concentrations, both with and without AIBN. It clearly
shows that M, reaches higher values, on average 27% higher, in the absence of AIBN. This is
due to the additional AIBN-derived radicals when AIBN is present. This in turn enhances the
number of initiated monomer units per primary radical, and hence termination reactions.
Further evidence of the significant effect of AIBN on the polymerization will be presented in

the following.
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Figure 7.11: Comparison of the monomer concentration-dependent number av-
erage molecular weight of a solution with DMA (monomer), 50 pL. AuNR in water,
10-2 mol L1 CTA with 9 mmol L1 AIBN (blue) and without AIBN (black) after
30 min irradiation with 25 GW cmfs pulses at 800 nm.

Table 7.4: Overview of monomer concentration-dependent M, of a solution with
DMA, 50 uL AuNR in water, 10-2 mol L-* CTA with 9 mmol L-1 AIBN and without
AIBN after 30 min irradiation with 25 GW cm-2fs pulses at 800 nm.

c (DMA) / mol L1 0.69 1.34 2.69 4.04 5.38 6.73
M, aiBN / g mol? - 1300 2200 3700 3400 4200
M, no a1BN / g mol-t 1500 2500 3300 4200 4700 5000

The results of Chapters 7.2 and 7.4 evidence control over monomer conversion and molecu-
lar weight of the polymers according to the predictions of the Mayo equation?23.224 of the de-
gree of polymerization of a FRP. In the following subchapter, the polymer product formation

will be examined using ESI-MS.
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7.5 Electrospray Ionization Mass Spectrometry

Using AuNR as plasmonic heat generator to initiate thermal polymerization, polymers within
the molecular weight range of 1000 to 3000 g mol-! were successfully obtained, making them

well-suited for analysis via ESI-MS.

Figure 7.12 displays one repeat unit within the 1000-2000 m/z range of a typical recorded
mass spectrum. This spectrum resulted from a 30 min irradiation of a solution containing
4.04 mol L-1 DMA, 9 mmol L-1 AIBN, 100 pL AuNRs, and 10-2 mol L-1 CTA, using 800 nm fs laser
pulses. The figure also includes the assigned species for clarity and underscores that the
polymerization reaction is - not surprisingly given the presence of the CTA - predominantly
controlled by transfer processes. Somewhat surprisingly, despite the use of AIBN as a thermal
initiator, no cyanoisopropyl end groups were observed, as demonstrated by the assigned spe-
cies P1-P6 (Figure 7.13). As noted, this outcome is not entirely unexpected, given the pres-
ence of a chain transfer mechanism, which predominantly terminates polymer chains with

thiol end groups.
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Figure 7.12: Zoom into the range of 1100-1210 m/z of ESI-MS spectrum of PDMA
in THF /methanol (3:2) after 30 min irradiation of a solution of 4.04 mol L-1 DMA,
9 mmol L-TAIBN, 100 pL AuNR and 10-2 mol L-1 CTA with 25 GW cm fs pulses at
800 nm (top) and assigned polymer species P1-P6 (bottom). Adapted with
permission from ref. 183. Copyright 2022 Wiley.

The detailed assignment of species within the 1100 - 1210 m/z range, as depicted in Figure
7.12, was accomplished using Xcalibur as the isotopic pattern simulation software. However,
few minor peaks could not be assigned, as no matching polymer species were found. By means

of the m/z ratio of the simulated polymer products, four primary species were successfully
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assigned to the isotopic pattern in the recorded mass spectrum. For a comprehensive over-
view of all assigned species, refer to Figure 7.13 and Table 7.5. Notably, the species P1-P4
share the same end group composition, featuring hydrogen at the a-terminus and a thiol func-
tionalization at the w-terminus. Nevertheless, there is a distinction in the counter ion associ-
ated with each polymer species. The peaks near 1119 m/z correspond to polymer species P1
with a single counter ion. Furthermore, the doubly charged species P2 and the triple charged
P3 can be identified at 1116 m/z and 1166 m/z, as well as at 1115 m/z, 1148 m/z, and 1181
m/z, respectively. The species at 1196 m/z can be attributed to the polymer product P4, which
carries an H*-counter ion. Another polymer species, P5, featuring both a hydrogen and a thiol-
functionalized end group along with an additional water molecule, can be found at 1142 m/~.
Additionally, a species denoted as P6 was assigned to a product with a peak at 1135 m/z,

exhibiting a structure similar to P1 but with an oxidized sulphur atom.
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Figure 7.13: Assigned polymer species P1-P6 obtained from a simulation corre-
sponding to an experimental mass spectrum generated after 30 min irradiation of
4.04 mol L1 DMA, 9 mmol L1 AIBN, 100 uM AuNR and 10-2 mol L? CTA with
25 GW cm-2 laser pulses at 800 nm. 10 uL of the irradiated solution were dissolved in
2 mL of a THF/methanol (3:2) solution with 100 uM NaTFA (left). Adapted with
permission from ref. 183. Copyright 2022 Wiley.
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Table 7.5: Overview of the exact mass, resolution and relative abundance of the as-
signed species in the recorded and simulated mass spectrum of PDMA 30 min irradi-
ation of 4.04 mol L-1 DMA, 9 mmol L-1AIBN, 100 uL. AuNR and 10-2 mol L1 CTA with
25 GW cm-2 laser pulses at 800 nm.

Species Ionization (m/z)exr (Da) (m/z)s™ (Da) A(m/z)
P1 Na* 1119.681 1119.682 0.001
P2 2 Na* 1116.712 1116.713 0.001

2 Na* 1166.247 1166.248 0.001
P3 3Na* 1115.724 1115.724 0.000
3 Na* 1148.746 1148.747 0.001
3 Na* 1181.769 1181.769 0.000
P4 H* 1196.768 1196.769 0.001
P5 H* 1142.757 1142.758 0.001
P6 Na* 1135.677 1135.677 0.000

The end group distribution of polymers products generated AuNR-mediated thermal
polymerization is governed by fragments of the CTA. Although AIBN functioned as thermal
initiator, no cyanoisopropyl fragments were assigned to the isotopic pattern. This observa-
tion, however, aligns with the SEC results in Section 7.4, highlighting the ability of polymeri-
zation of DMA thermally initiated via the heat production of the AuNR even without the pres-
ence of AIBN. As plausible explanation, the produced heat was assumed to cause spontaneous
self-initiation of polymerization of the monomer, which potentially terminates by abstraction
of a H-atom from the CTA. Next, the generated radical CTA initiated and terminated polymer
chain growth. As the presence of AIBN decreases the molecular weight of polymers, as de-
picted in Figure 7.11, AIBN, however, obviously affects the polymerization. Conceivably, cy-
anoisopropyl radicals abstract H-atoms from the CTA, thus increasing the amount of CTA rad-

icals. Further, the presence of oxygen presumably enabled the oxidation of sulphur.

7.6 Action Plot

In the proof-of-principle studies on the polymerization with AuNR and the subsequent analy-
sis outlined earlier in the current chapter, an irradiation wavelength of 800 nm was used as
this is close to the absorption maximum of AuNR and easily accessible due to the fundamental
wavelength of the fs laser available. However, previous studies'141-44 from the Barner-Kowol-

lik group have shown that the reactivity and the absorption curve of photoreactive molecules
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are often not aligned. These studies, so-called action plots, involved the screening of the mon-
omer to polymer conversion as a function of wavelength compared to the absorptivity of the
photoinitiator. Due to their quasi-monochromatic properties, ns lasers are ideally suited for
such experiments, as molecules can be excited in a wavelength-resolved manner. As the
photo-induced heat generation by AuNR operates on a different mechanism than the photo-
sensitive molecules investigated in previous action plots,1141-44 it was particularly interesting
to conduct an action plot experiment with the AuNR and closely inspect the wavelength-de-

pendent heat generation.

The experimental set-up employed for action plot measurements was different to that de-
scribed in Sections 7.2 - 7.5. Here, an elevated metal block, with a central hole to place a glass
vial, enabled the sample to be irradiated from below. This apparatus is comparable to the set-
up described in Sections 5 and 6. AuNR in water were added to a solution containing DMA as
and AIBN. As mentioned previously, CTA was added to the reaction solution in order to con-
trol the polymer chain length. To ensure solubility of the polymer for analysis, CTA was added
in high concentration of 0.38 mol L-1. However, high CTA concentrations were found to affect
the rearrangement of the AuNRs. This is because thiols have a high binding affinity to Au and
act as linkers between the AuNRs.283 Evidence of this phenomenon can be seen in the absorp-
tion spectrum shown in Figure 7.14. For comparison, an absorption curve of the reaction
solution without CTA (black) and with CTA (black dashed) is shown. In the solid curve, the
plasmonic absorption band is essentially identical to the AuNR solution (Figure 7.1), but the
absorption maximum is lower due to dilution. The dotted curve, on the other hand, shows a
broadening of the absorption band into the IR range, due to a two-step mechanism that links
the AuNRs into chains.?®3 In the first step, the CTA binds to the AuNR, due to the high binding
affinity of gold and sulfur, serving as a linker by forming H-bridges and binding other AuNRs

that are linked to the acid, resulting in a broadband absorption in the IR range.
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Figure 7.14: OD of a solution with 4.85 mol L1 DMA, 3.53 mol L-! isopropanol,
0.01 mol L1 AIBN, 75 uL. AuNR in water without CTA (black) and with 10 pL
(0.38 mol L) CTA (black dashed), corresponding to the experimental polymeri-
zation conditions, as a function of wavelength. Adapted with permission from ref.
285. Copyright 2023 Royal Society of Chemistry.

The action plot was measured in the spectral range of 620-950 nm, with measurements taken
in steps of 20 nm. It is essential to maintain a constant photon number at each wavelength to
ensure that the comparison between different wavelengths is meaningful. How the photon
number can be adjusted is described in Section 4.8. Since ns laser pulses will produce differ-
ent thermal conditions in the vicinity of the AuNR, compared to fs laser pulses, it was neces-
sary to first determine suitable reaction conditions to ensure that polymerization was initi-
ated primarily by the local heat generation. For each sample, 150 pL aliquots were taken from
a stock solution of AIBN dissolved in DMA and filled up with 75 pL. AuNR in water, 75 pL iso-
propanol and 10 uL CTA, such that each sample featured a concentration of 0.01 mol L-1 AIBN,
4.85 mol L-1 DMA, 3.53 mol L1 isopropanol, 0.38 mol L1 CTA and 75 pL of AuNR. Identical to
the previous experiments, an initial irradiation duration of 30 min was chosen, however,
which was problematic as polymer formation was observed after 30 min even without the
addition of AuNR. The increased energy input of the longer pulse duration was found to be
sufficient to significantly heat the reaction solution and initiate a reaction. By reducing the
exposure time to 15 min, it was possible to activate polymerization only when AuNR were

added. The initial experimental conditions involved an irradiation time of 15 min at 800 nm

115



with an energy input of 260 pJ. A simulation, similar to the one for the proof-of-principle ex-
periment and conducted by a collaborator at the QUT ,183 indicated that these reaction condi-
tions are conducive for initiating radical formation followed by polymerization.*! The simula-
tion method utilized in this study, developed by Metwally et al.,284 focuses on the absorption
of optical power by the electron gas within the AuNR, subsequently transferred to the lattice,
leading to a rise in temperature. The resultant heat diffuses into the surrounding medium,
influencing the temperature of the medium, an essential factor in initiating polymerization.
Notably, the key difference from the previous simulation (refer to Section 3.5.3) is the dura-
tion of the incident laser pulses. As the pulse duration extends from the fs regime to 5 ns, the
evolution of electron gas, lattice and medium temperature becomes interrelated. Unlike prior
findings, where the initial temperature change in AuNR denoted the maximum temperature
shift, the longer pulse duration prevents an analytical calculation of this change. Instead, a
source term based on the laser fluence was employed in the diffusion equation within the NR,
subsequently resolved numerically, following a methodology similar to that detailed in the
report of Metwally et al.?8% The maximum temperature of the AuNR in the case of the ns irra-
diation is 350 K. Consequently, the local environment experiences a modest temperature in-
crease, reaching a maximum rise of approximately 24 K. Nonetheless, considering that the
thermal decomposition of AIBN commences at around 40 °C, this temperature increase
should be sufficient to initiate the desired reactions. Based on these reaction conditions, a
satisfactory conversion of about 30% was achieved when irradiating at 800 nm (Figure 7.15).
These conditions were subsequently used as a reference point, facilitating the calculation of

the required energy levels for further experiments (as summarized in Table 7.6).

Table 7.6: Overview of wavelength-dependent energy for the action plot.

Wavelength / nm Energy / W
950 219
840 248
820 254
800 260
780 267
760 274
740 281
720 289
700 297
680 306
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Wavelength / nm Energy / W

660 315
640 325
620 335

Figure 7.15 presents the results of the action plot with the conversion measured in triplicate
at each wavelength to ensure both reproducibility and to provide an error estimate (refer to
Table 7.7). The reactivity of the system was observed within the spectral range of 620 nm
and 950 nm. Surprisingly, the reactivity maximum does not align with the absorption maxi-
mum, which is observed close to 800 nm. Instead it exhibits a significant blue-shifted maxi-
mum occurring at approximately 760 nm accompanied by a substantial conversion of 37%.
Notably, no polymerization was detected below 620 nm and above 950 nm. This observation
is intriguing for two reasons: on the one hand, it implies that wavelengths above 950 nm do
not generate sufficient heat, despite having a higher OD in this spectral region compared to
the highly reactive zone (Figure 7.14). On the other hand, the remarkable aspect of this action
plot is that it displays a blue shift concerning the absorption maximum, contrary to previous
action plots that typically demonstrated red shifts.1141-44 The observed discrepancy might
arise from the end-to-end stacking phenomenon, which enhances the OD, but may not neces-
sarily contribute to light absorption that can be converted into heat, rather, it might be linked
to scattering effects. As described in Section 3.5.3, it is well established that the properties of
AuNR are geometry-dependent and that the plasmonic absorption band shifts with changes
in the aspect ratio.240.246 A plausible hypothesis for the deviation between reactivity and ab-
sorption is geometrical reshaping induced by cumulative heating of the AuNR. However, the
action plot simulation!®3 argues against this notion, particularly as the relatively low temper-
atures achieved by the AuNR practically eliminates reshaping via melting as a plausible mech-

anism.
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Figure 7.15: Conversion with error bars (blue) of a solution with 4.85 mol L1
DMA, 3.53 mol L1 isopropanol, 0.01 mol L-1 AIBN, 75 puL. AuNR in water and with
10 pL (0.38 mol L) CTA, after 15 min irradiation with a ns laser at a constant
number of photons (1.61-101%) and OD of this solution without CTA (black curve)
and with 10 pL (0.38 mol L-1) CTA (black dashed curve), corresponding to the ex-
perimental polymerization conditions, as a function of wavelength. Adapted with
permission from ref. 285. Copyright 2023 Royal Society of Chemistry.

Table 7.7: Overview of the wavelength-dependent triplicate conversions and av-
erage conversion as well as the error determined by standard deviation of the ac-
tion plot.

A/ nm Conversion Conversion Conversion Average Error /%
1/% 2/ % 3/% Conversion
/%

620 0 0 0 0 0

640 8.5 7.7 8.1 0.6
660 12.9 11.4 12.2 1.1
680 14.4 11.4 8.5 11.4 2.9
700 11.4 17.2 14.3 4.1
720 24.9 229 19.4 22.4 1.4
740 34.9 30.0 37.4 34.2 3.0
760 36.3 38.9 35.4 36.8 1.5
780 32.0 34.5 27.9 31.4 33
800 33.3 23.5 25.6 30.4 4.2
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A/ nm Conversion Conversion Conversion Average Error /%
1/ % 2/% 3/% Conversion
/ %
820 25.2 19.5 23.5 22.7 2.9
840 11.8 11.8 11.4 11.7 0.2
950 0 0 0 0 0

To confirm that heating effects are not contributing to the blue-shifted reactivity spectrum,
time-dependent UV /Vis spectroscopy was employed. An initial measurement was conducted
on a reference specimen concentrated with 4.85 mol L1 DMA, 3.53 mol L isopropanol,
0.01 mol L-1 AIBN, 0.38 mol L1 CTA and 75 pL AuNR without irradiation and then subsequent
measurements were carried out with 260 pJ ns laser pulses (0.67 ] cm2) at intervals of up to
15 min. Figure 7.16 measured by a collaborator at QUT?8 confirms the absence of a blue-
shiftin the absorption spectrum, thereby corroborating the theoretical predictions. It is worth
noting that El-Sayed?42243 reported AuNR reshaping in response to both ns and fs laser irra-
diation. However, it is essential to highlight that their ns laser experiment involved signifi-
cantly higher laser fluence (0.64 - 16.7 ] cm-2). As reported by Ben-Yakar,3° AuNRs begin melt-
ing at temperatures exceeding 1337 K. Given that the simulation for the fs experiment with
AuNR estimated an initial temperature surpassing 1000 K (refer to Section 3.5.3), this pro-
vided an opportunity to demonstrate that the fs system behaves in a manner consistent with
established knowledge under the specified conditions. Thus, the reaction mixture
(4.85 mol L1 DMA, 3.53 mol L isopropanol, 0.01 mol L-* AIBN, 0.38 mol I CTA and 75 pL
AuNR) was monitored over time using 800 nm fs pulses with 25 GW c¢m-, as given in Sec-
tion 7.2. Figure 7.17 presents the time-dependent UV-vis spectra, revealing a pronounced

blue shift of approximately 90 nm after 10 min.
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Figure 7.16: Absorption spectra of a solution of 4.85 mol L-1 DMA, 3.53 mol L-! iso-
propanol, 75 uL. AuNR in water. From dark to pale: Absorption spectrum of the solu-
tion immediately after preparation without irradiation, after 1 min irradiation, after
5 min irradiation, after 10 min irradiation and after 15 min irradiation with 10 ns
pulses at 800 nm with 260 pJ. Adapted with permission from ref. 285. Copyright
2023 Royal Society of Chemistry.
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Figure 7.17: Absorption spectra of a solution of 4.85 mol L-1 DMA, 3.53 mol L1 iso-
propanol, 0.01 mol L-t AIBN, 75 uL. AuNR in water and 10 pL (0.38 mol L-1) 3-mercap-
topropionioc acid. From dark to pale: Absorption spectrum without irradiation, ab-
sorption spectrum after 1 min irradiation, absorption spectrum after 5 min irradia-
tion, absorption spectrum after 10 min irradiation with 170 fs pulses at 800 nm with
250 pJ. The black dashed arrow indicates the blue shift of the absorption maximum
during the increasing longer irradiation times. Adapted with permission from ref.
285. Copyright 2023 Royal Society of Chemistry.

Cumulative heating from consecutive ns pulses, which had initially been considered as a pos-
sible cause of the observed blue shift in reactivity, has been effectively eliminated as a con-
tributing factor. However, there is another plausible explanation for the observed blue shift
in reactivity, as detailed earlier in the current chapter. The end-to-end aggregation of AuNRs,
as shown via transmission electron microscopy (TEM) in Figure 7.18 recorded by a collabo-
rator at QUT,2%5 increases the light scattering intensity due to the excitation of bonding and
anti-bonding modes of the stacked AuNR.?8¢ As a result, the scattering potentially dominate
over absorption.161 Although the aggregation of AuNRs leads to a higher OD at longer wave-
lengths (refer to Figure 7.14), it is proposed that the increase is primarily attributed to scat-
tering effects, which dominate over absorption, but do not lead to photothermal conversion.
This, in turn, would hinder monomer conversion at higher wavelengths and potentially ac-
count for the first action plot with an observed blue shift in reactivity. Deconvoluting absorp-

tion and scattering events in nanoparticles is a non-trivial exercise?87 and is outside the scope

of this thesis.
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Figure 7.18: 3-mercaptopropionic acid (CTA) causes agglomeration of the AuNRs.
The brightfield TEM images in the top row show the dispersion to individual AuNRs
in the reaction solution without CTA. The AuNRs form agglomerates of random shape
and number of NRs upon the addition of CTA (bottom row). Adapted with
permission from ref. 285. Copyright 2023 Royal Society of Chemistry.

7.7 Polymerization with LEDs

Sections 7.2 - 7.6 have effectively demonstrated that AuNR-mediated NIR-induced polymer-
ization can be initiated using both fs and ns lasers. Moreover, these sections have explored
the optimal excitation range for achieving maximum monomer conversion. Based on this
knowledge, LEDs, which are no longer quasi-monochromatic, will be introduced as a more
practical light source to activate plasmonic heating of AuNRs, thereby initiating thermal
polymerization. The LED experiment was designed to not only provide fundamental insights,
but also to showcase its practical applicability, for example, to bridge advanced research and
higher education of students. It serves as an illustrative example of the conversion of light

energy into heat, making it a valuable educational tool.

Given the success of previous experiments using DMA as a monomer and AIBN as a thermal
initiator in conjunction with heat-generating AuNRs, these same reactants were employed
preparing solutions with 2.4 mol L-1 DMA, 0.01 mol L-1 AIBN, 350 puL. AuNR and 4.94 mol L1
isopropanol for the LED-induced polymerization experiment. Two variations of the experi-
ment were conducted. First, the polymerization was carried out with the addition of the CTA,
enabling polymer analysis using TH-NMR spectroscopy. Second, the polymerization was per-
formed without the CTA, which facilitated better visual detection of polymer formation by the
naked eye. The latter aspect is particularly valuable for educational purposes, making it suit-

able for school experiments, as the increased viscosity resulting from long-chain polymers
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enhances their visibility. To ensure a sufficiently robust heat generation from the AuNRs,
which is required to activate the thermal initiator AIBN, commercially available 10 W high-
power COB LEDs with an emission area of approximately 1x1 cm?, resulting in a light intensity
of 10 W cm2 directly on the LED surface, were utilized. A 1 cm glass cuvette was lateral at-
tached in direct contact to the LED minimizing divergence to ensure uniform illumination of

the solution.

In line with the experiments conducted using fs and ns lasers, it was imperative to demon-
strate the essential role of AuNRs in initiating polymerization when employing LEDs. Since
the action plot from the ns laser experiments indicated that maximum monomer conversion
occurs at approximately 760 nm, LEDs with an emission wavelength of 745 nm were selected
for this purpose. Additionally, 650 nm LEDs and 590 nm LED were utilized to showcase
polymerization at the edge of the absorption band and that polymerization does not occur
when AuNRs are irradiated with light outside the plasmonic absorption band. This experi-
mental sequence further emphasized the critical role of the plasmonic properties of AuNRs in

the polymerization process.

Analogue to the AuNR-mediated polymerization with fs and ns laser, IH-NMR spectroscopy
served to clearly evidence the generation of polymers using LEDs, a crucial point for academic
science. The upper portion of Figure 7.19 displays the 1TH-NMR spectrum of the reaction so-
lution (2.4 mol L-1 DMA, 0.01 mol L-1 AIBN, 350 pL AuNR and 4.94 mol L-! isopropanol) after
irradiation with 10 W cm2 at 745 nm in the absence of AuNRs. The spectrum exhibits the
monomer peaks at 3 ppm as well as 5.7 ppm, 6.2 ppm and 6.75 ppm. However, the polymer
resonances at 1.5 ppm and 3 ppm are absent. The spectrum provides clear evidence that pol-
ymer formation does not occur in the absence of AuNRs. The lower part of Figure 7.19 pre-
sents the TH-NMR spectrum of an identical experiment, yet with the addition of AuNRs. In
contrast to the upper spectrum, the polymer associated resonances are distinctly Vis, con-
firming the crucial role of AuNRs in polymerization. Notably, there are no monomer reso-
nances at 5-7 ppm, indicating complete monomer conversion. Remarkably, the continuous
energy input from the LEDs to the solution presumably results in more pronounced macro-
scopic heating of the solution compared to the fs and ns laser pulses, which is, for example,
expressed by a sensible heat of the cuvette. However, as AuNRs are critical initiators of the
reaction, it appears that the heating by the LEDs alone is not sufficient for initiation. Local

heat generation by the AuNRs is thus essential for activating the thermal initiator.
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Figure 7.19: tH-NMR spectrum of a solution of 2.4 mol L-1 DMA, 4.94 mol L-! iso-
propanol, 0.01 mol L-T AIBN, and 350 uL. AuNR in water (bottom row) and without
AuNR (top row) after 10 min irradiation with two 745 nm LEDs; recorded with a
600 MHz NMR spectrometer.

As high schools usually do not have access to an TH-NMR spectrometer, the experiment was
slightly adapted. When the reaction is conducted without the CTA, successful polymerization
was directly observed due to increased viscosity of the solution within the cuvette. Given that
successful polymerization has already been confirmed via TH-NMR spectroscopy using the
745 nm LEDs in the presence of AuNRs, the clearly noticeable increase in viscosity can be
confidently attributed to the formation of polymers. In contrast, observing no change in vis-

cosity, provides a qualitative indication for the absence of polymer formation.

Figure 7.20 displays the TH-NMR spectrum of the solution with the CTA after irradiation with
650 nm LEDs. In this spectrum, the polymer peak at 3 ppm is Vis, although it appears smaller
in comparison to the spectrum in Figure 7.19. Furthermore, the monomer peaks at 5-7 ppm
remain clearly Vis, suggesting that the monomer did not undergo complete reaction in this
case. Consequently, the polymerization appears to be weaker when using the 650 nm LEDs in
contrast to the 745 nm LEDs, in line with expectations since 650 nm falls at the edge of the
absorption band of the AuNRs, and the action plot (refer to Section 7.6). This result clearly
indicates a significant reduction in monomer conversion with 650 nm irradiation compared
to the 745 nm LED. Therefore, it can be concluded that the 650 nm LEDs still generate suffi-
cient local heat to initiate polymerization reactions, but this heat generation is notably lower

than that achieved with the 745 nm LEDs.
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Figure 7.20: 1H-NMR spectrum of a solution of 2.4 mol L-1 DMA, 4.94 mol L-! iso-
propanol, 0.01 mol L-1 AIBN, and 350 pL AuNR in water after 10 min irradiation
with two 650 nm LEDs; recorded with a 600 MHz NMR spectrometer.

Figure 7.21 underscores that no polymer is generated when using the 590 nm LEDs. This
outcome is expected since the emission wavelength falls outside the longitudinal absorption
band of the AuNRs. Consequently, the photons do not excite the plasmons of the AuNRs, pre-
venting heat generation. Even though the solution is heated by the LEDs, the heat produced is

not sufficient to initiate polymerization due to the absence of local heat from the AuNRs.
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Figure 7.21: 1H-NMR spectrum of a solution of 2.4 mol L-1 DMA, 4.94 mol L1 iso-
propanol, 0.01 mol L-1 AIBN, and 350 pL AuNR in water after 10 min irradiation
with two 590 nm LEDs; recorded with a 600 MHz NMR spectrometer.
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The current subchapter highlighted that AuNR-mediated thermal polymerization is accessi-
ble using LEDs as light source, thus offering a practicable approach for academic science as
well as illustrative example of the conversion of light energy into heat as educational tool in

high school.

7.8 Summary

The current chapter discussed a proof-of-principle experiment using NIR-absorbing plas-
monic AuNR as photothermal converter to mediate the initiation of thermal polymerization
as an alternative to NIR-induced 2PP. Theoretical and experimental publications were ini-
tially presented to establish the use of AuNR for NIR-induced polymerizations prior to evi-
dencing polymer generation via 'H-NMR spectroscopy after exposure to 800 nm fs laser
pulses. As AuNR-mediated polymerization was estimated to follow the kinetics of standard
according to the prediction of the Mayo equation,?23224 the degree of polymerization was
mapped by varying the concentrations of both monomer and radicals using 'H-NMR Spectros-

copy and SEC.

Featuring low cytotoxicity, thus being benign to tissue, paired with the high penetration depth
of NIR light into tissue, makes AuNR highly promising for light intensity-sensitive application.
Therefore, the generation of polymer was documented by placing a thin slice of bacon, simu-

lating biological tissue, in front of a sample.

Previous studies have revealed that absorptivity does not automatically align with chemical
reactivity. An action plot, screening the wavelength-dependent monomer conversion using a
quasi-monochromatic ns laser, was applied to examine the optimum heat production of the

AuNR.

AKkinetic study highlights that the time-dependent monomer conversion behaves as expected,
rising rapidly at short times, decelerating and eventually reaching a plateau for advanced
times. As predicted by the Mayo equation,?23224 the monomer conversion differs depending
on the used monomer concentration. Moreover, different parameters, such as monomer con-
centration, initiator concentration, and AuNR concentration were varied, followed by the
analysis of the MWD using SEC and conversion using 'H-NMR spectroscopy to further empha-
size control over the polymerization reaction. An increase of the monomer concentration
caused an elevation in the molecular weight of the generated polymers, as well as an increase
in conversion. With more monomer units available, the polymer can grow to a higher chain
length and a higher amount of monomer unit can be initiated to commence polymerization.

In principle, increasing the initiator concentration or the AuNR concentration causes the same
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result. A higher amount of initiator molecules increases the likelihood of termination reac-
tions, which leads to shorter polymer chains and thus lower molecular weight. At the same
time, more monomer units can be activated, increasing the monomer conversion. The en-
hanced heat production, caused by a higher AuNR amount, leads to enhanced radical for-

mation, thus to a higher rate of termination reactions and to a higher conversion.

ESI-MS issued an isotopic pattern with the m/z ratio of the generated polymer providing val-
uable information of the end group distribution. Although the polymerization was transfer
controlled resulting in predominantly CTA fragment end groups, the thermal initiator AIBN
has a definite impact on the polymerization as it causes a decrease of the molecular weight of

the polymer chains as well as an increase of the monomer-to-polymer conversion.

In addition to the use of fs lasers to initiate polymerization via the heat generated by AuNR, it
was demonstrated that polymers can also be produced using ns lasers. An action plot show-
casing wavelength-dependent reactivity was recorded, revealing a noteworthy blue shift con-
cerning absorbance. The reactivity reached its peak at 760 nm, while absorbance showed its
maximum at around 800 nm. This intriguing observation prompted the exploration of poten-
tial explanations. Initially, a hypothesis involving AuNR deformation due to heat-induced
melting towards spherical particles was considered. However, this hypothesis was essentially
ruled out via experimental control experiments and simulations. As highlighted by the ab-
sorption spectrum in Figure 7.14, the AuNRs are subject to end-to-end aggregation due to
the CTA. This phenomenon results in an increased scattering cross section and shifting the
spectrum towards longer wavelengths with scattering becoming dominant over absorption,
thus supressing polymer conversion. This promises to be a plausible explanation for the ob-
served blue-shift. Currently, however, there is no definitive explanation for this observed phe-

nomenon.

Furthermore, LEDs were employed to polymerize AuNR, demonstrating the versatility of dif-
ferent light sources and their influence on polymerization. This approach also aimed to show-
case practical applications for AuNR, including their potential use in educational settings and
school experiments. Similar to the action plot results, the LED experiments confirmed that
monomer-to-polymer conversion is wavelength-dependent. Polymers were only generated

when an excitation wavelength within the absorptive band was selected.
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8 Conclusion

The current thesis introduces the first in-detail mechanistic study of Vis light fs PLP in the Hz
and kHz regime. Shifting focus from the Vis spectral region to the NIR region, chain length
controlled NIR 2PP was introduced using a fs PLP technique. As a new approach, NIR light-
absorbing plasmonic AuNR were introduced as photothermal converter to mediate thermal

polymerizations in water under mild reaction conditions.

Chapter 5 demonstrated that Ivocerin decomposes linearly dependent on the excitation en-
ergy when exposed to 400 nm pulses, which is a clear indicator for a 1P mechanism. SEC anal-
ysis served to verify the successful generation of polymer and to calculate the propagation
rate coefficient at various pulse frequencies, underlining the tunability of polymer chain
length via the laser repetition rate.82 Thus, polymerizations in the regime of 10-100 Hz are
laser controlled. Further, the analysis of the polymer products highlighted the generation of
acyl fragments as major and germyl fragments as minor species indicating a potential 2-step
decomposition mechanism of Ivoverin based on a Ge-C bond cleavage.18? Time-resolved fs
spectroscopy, which allowed for the investigation of the earliest steps after photoexcitation,
showed long-lived triplet states after ISC from an excited singlet state. The formation of triplet
states likely represented the main relaxation channel within the observed time of 1 ns due to
the absence of dominating deactivation channels. Therefore, Ivocerin potentially features a
high yield of radical formation as the bond cleavage of photoinitiator usually originates from
triplet states, a hypothesis which is supported by a reported photobleaching quantum yield
of Ivocerin of 0.86.272 Remarkably, the ISC lifetime of Ivocerin is only 9.2 ps, which is a factor
of 3-5 lower than the ISC lifetime of non-substituted bisacylgermane.?’” As an efficient ISC is
fundamental for photoinitiation,?! the gained knowledge about the short lifetime of the dom-

inating ISC helps to understand why Ivocerin is an efficient triplet photoinitiator.

In addition to the Vis light-induced fs PLP experiments, Chapter 6 explored the accessibility
of fs PLP in the Hz regime with Ivocerin as photoinitiator via two photon absorption (2PA)
making use of NIR light. Milder reaction conditions due to less energy and a deeper penetra-
tion depth into tissue make NIR light advantageous over UV and Vis light, thus making it better
suitable for biomedical application. Initial initiator decomposition experiments using UV /Vis
spectroscopy evidenced the ability of Ivocerin to decompose under exposure of NIR light
when absorbing two photons simultaneously. Underpinned by the quadratic relation of the
initiator conversion and the incident beam energy, the initiator decomposition was inter-
preted to follow a 2PA process. Analogous to the Vis light fs PLP experiments, SEC analysis

clearly showed the generation of polymer and allowed the determination of the propagation
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rate coefficients for different laser repetition rates.182 The consistency of the calculated prop-
agation rate coefficient with IUPAC literature data?’> confirmed that the NIR light induced 2P
fs PLP was laser controlled. Further, the polymer products assigned via high resolution mass
spectrometry showed identical end groups as to Vis light fs PLP experiment,!82 involving the
acyl fragment and the germyl fragment. Although slightly different to the Vis light fs PLP ex-
periment, the end group distribution of the 2PP fs PLP experiment led to the conclusion that
the initiator decomposition followed a 2 step mechanism based on the cleavage of Ge-C bonds,
such as proposed for the 1PA process. The 2PP experiments reveal a potential alternative to
the 1PP experiments. In particular, 2P processes are useful for applications that require high
spatial precision. Moreover, Chapter 6 demonstrates the ability of Ivocerin to initiate
polymerization even after the incident laser beam penetrated through a thin slice of bacon -
as an example of biological tissue — which may be a key finding for potential application in
biological environments. However, it needs to be considered that 2PA processes require high

light intensities, which may limit the applicability of 2PP with Ivocerin.

Using plasmonic AuNR as photothermal converter appears to be a valuable alternative to 2PP,
enabling NIR light-induced polymerization without focusing of the incident light. Here, an in-
itial proof-of-principle experiment, heating the AuNR with a fs laser, confirmed that AuNR are
capable of producing sufficient heat to decompose a thermal initiator, which in turn initiates
polymer chain growth. Moreover, mapping the molecular weight of the polymer chains and
monomer to polymer conversion via SEC and 'H-NMR spectroscopy using various concentra-
tions of the monomer, thermal initiator and AuNR clearly showed that the polymerization
reaction is controllable.183 The isotopic pattern of the recorded mass spectrum was governed
by end groups containing thiol fragments. As a chain transfer agent was added to decrease the
molecular weight of the polymer chain enabling a proper molecular weight for mass spec-
trometry, it was not surprising that the assigned polymer species were dominated by the
transfer agent fragment.!83 In a similar experiment as in Chapter 6, using a thin slice of bacon,
highlighted that polymer can also be generated with AuNR that were exposed to 800 nm fs
pulses after the laser beam propagated through tissue. A key finding was the high spatio-tem-
poral resolution of the polymerization reaction as the produced heat by the AuNR is strongly
localized dissipating only 10-20 nm from the AuNR within less than 1 ns without heating the
bulk medium,32183 which is a critical aspect for sensitive applications. Although the 2PP tech-
nique allows more spatial precision due to focusing and thus smaller structures, AuNR offer
several advantages over 2PP using Ivocerin, as the reaction conditions required are much

milder and AuNR can be functionalized such that they can operate in aqueous environment.
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Thus, AuNR are highly promising for use in polymerization of biomedical applications. Ex-
panding the light sources from the fs laser to a ns laser and LEDs underpins the versatility of
the AuNR-mediated NIR light-induced polymerization. A photochemical action plot, screening
the wavelength-dependent reactivity with a quasi-monochromatic ns laser, established that
the heat production can be controlled by tuning the wavelength, with a maximum in heat pro-
duction blue-shifted relative to the maximum absorptivity of the reaction mixture. This intri-
guing observation constitutes the first known blue-shifted action plot.28> The blue-shift was
interpreted to originate from the presence of the transfer agent, leading to aggregation of the
nanoparticles. Such aggregation broadens the absorptivity of the AuNR towards the NIR re-
gion due to an increases aspect ratio and increases scattering effects.240.246.286 Therefore, scat-
tering may dominate over absorption in the NIR region, resulting in less heat production rel-
ative to the blue-shifted wavelength, which in turn leads to a blue-shifted reactivity maximum.
Demonstrating that polymers can also be generated using LEDs as light source underlined the
high versatility of AuNR and offers the chance to develop an experimental setup that would
allow the demonstration of plasmonic heating in high school curricula. The major aspect of
the LED-induced photothermal polymerization using AuNR is the potential for practical and

low-cost application in academic research.
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9 Outlook

In Chapter 5, Ivocerin was excited at 400 nm as this wavelength was close to the absorption
maximum and experimentally simple to access. However, considering the insights from the
previous photochemical action plot analyses,11.2540-4244 the highest absorptivity of photosen-
sitve molecules does not automatically align with its maximum reactivity. The first recording
of an action plot using Ivocerin was conducted with a ns laser. As the variation of laser pulse
durations potentially affects the excited state dynamics, future studies may include an action
plot with Ivocerin in MMA using a fs laser to explore the effect of different light sources on the

wavelength-dependent conversion of MMA.

Further, a systematic fs pulse triggered wavelength-dependent study on Ivocerin in MMA an-
alyzing the end group distribution via post-mortem ESI-MS analysis and the earliest events
after photoexcitation via transient absorption spectroscopy offers a key opportunity to fur-
ther deepen the fs PLP study with Ivocerin. As a wavelength-dependent number of radicals is
expected to be caused by a different relaxation behaviour, the end-group distribution may be
different to the current ESI-MS results after 400 nm excitation. Varying the excitation wave-
length, while keeping the reaction concentrations constant, a higher monomer conversion in-
dicates a more efficient radical formation, potentially expressed by shorter ISC and triplet
state lifetimes, which can be observed using transient absorption spectroscopy. For the sake
of comparability with the current results from the 1P PLP experiments with Ivocerin, using

identical concentrations, as given in Section 5, is recommended.

The comparison of the results of the current fs 1P PLP experiments with the results reported
by Neshchadin et al.?’7 indicate that the population and lifetime of triplet states does not only
depend on the substitution of bisacylgermanes, but most likely also on the solvent. Therefore,
it would be worthwhile expanding the wavelength-dependent fs PLP studies with Ivocerin
using further monomers and solvents. As a variation of excited state relaxation lifetimes po-
tentially affects the end-group distribution, ESI-MS would serve to identify the end-group dis-
tribution of the generated polymer products of a solution with identical concentration of Ivo-
cerin (12 mmol L), however using different monomers and solvent post-exposure to fs
pulses. A potential decrease of the lifetime of the earliest events, such as ISC and triplet state

lifetimes can be observed using fs transient spectroscopy.

The 2P fs PLP experiments reported in Chapter 6 have revealed that a 2P polymerization

with Ivocerin as photoinitiator is controllable using fs laser pulses in the Hz regime. However,
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in contrast to 1P PLP, there has been no approach to conduct the wavelength-dependent mon-
omer conversion of MMA yet. For an in-depth understanding of the 2PP with Ivocerin, it is
essential to exploit further excitation wavelengths, for example screening the reactivity in an
action plot ranging from 700 - 900 nm, in a future project. Subsequently, the product for-
mation at each single wavelength can be examined via ESI-MS to highlight potential differ-
ences in the end group distribution. Aiming to understand the product distribution in detail
requires knowledge about the decomposition mechanism of the photoinitiator. Therefore, the
earliest events of excited state dynamics need to be identified, using fs transient absorption

spectroscopy.

Employing a fs NIR transient spectrometer as a subsequent project offers the chance to visu-
alise the 2P transient absorption, thus enabling the observation of the first steps of 2P excited
Ivocerin. Measuring 2PA transient absorption is experimentally challenging, as 2PA cross-
sections (10-59 cm* s) are orders of magnitude smaller than 1PA extinction coefficients (102-
105 L mol? cm-1). Thus, the likelihood of electronic transitions via 2PA is strongly decreased
compared to 1PA. As explored in Section 3.3.2, the likelihood of 2P-induced transitions is
proportional to the intensity of the incident laser beam. Aiming to increase the probability of
an electronic transition, the pump pulse was strongly focussed (in the order of magnitude of
pum) into the sample. Usually, the pump pulse diameter is larger than the probe pulse diameter
to avoid probing non-excited molecules. Otherwise, the transient response may be decreased
due to a smaller amount of excited molecules being probed. However, as described, the pump
pulse diameter is smaller in case of 2PA resulting in shrinking of the voxel of excited mole-
cules, which is problematic as this setup potentially leads to a higher number of non-excited
molecules. Therefore, the transient response, which is potentially decreased due to the small
2PA cross-section, may be further decreased. Carrying out future experiments with high
pump pulse intensities is a feasible option in order obtain sufficiently strong transient re-
sponses. High beam intensities, however, involve the risk of undesired nonlinear effects, such
as white light generation in the cuvette or solvent. It would be valuable to conduct time-re-
solved fs absorption spectra measurements on well-established and strong 2P photoinitia-
tors. In particular, selecting photoinitiators known for high 2PA coefficients, for example Rho-
damine B, can function as ideal reference materials. Comparing the behaviour of Ivocerin to
Rhodamine B under similar experimental conditions could help place the response of Ivocerin
into context and provide insights into its photophysical and maybe photoreactive relaxation

pathway under 2P conditions.
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Understanding the 2P absorption behaviour of Ivocerin is fundamental to optimize the initia-
tion reaction of 2PP. Analog to the linear extinction coefficient ¢, the 2P absorption coefficient
p can be determined, providing information about the likelihood of transition after 2P excita-
tion. However, the determination £ is not as trivial as it is for €. Rentzepis and coworkers re-
ported of different techniques allowing to determine £, such as 2P-induced fluorescence
(2PIF), nonlinear transmission (NLT) and 2P transient spectroscopy.28¢ Another technique is
the so-called z-scan, first introduced by Van Stryland and coworkers,?8° an experimental setup

to measure the nonlinear absorption or nonlinear refractive index.

In the course of the current thesis, a z-scan experiment was started to be set up conducting
initial test measurements with the literature known?2°° 2P reference dye Rhodamine B to test
and optimise the setup. Optimization includes a correct adjustment of the setup, alignment of
the beam path as well a well a proper detection of the transmitted beam of the photodiode. If
adjusted properly, the recorded transmission curve and calculated 2PA cross-section needs
to align with literature-reported data. Although this setup is relatively simple, the measure-
ment of 2-photon absorption cross-sections is not trivial, but poses some serious challenges.
Firstly, a z-scan does not measure the probability of 2PA, but also higher orders of nonlinear
absorption. It is not immediately obvious to distinguish between these processes. The absorp-
tion cross-sections of 21d order are generally very low (in the range of 10->0 cm* s), thus non-
linear absorption can only be achieved at very high intensities. Although 34 order absorption
cross-sections are even smaller than 2" order, such high intensities can also lead to nonlinear
absorption processes of higher order. Another phenomenon that can occur at very high inten-
sities is the so-called nonlinear saturated absorption,291292 which can distort the recorded
transmission or absorption curve and thus ultimately the evaluation. Therefore, it is a chal-
lenge to adjust the amount of light incident on the photodiode so that it operates in the linear
range. To identify the linear operating range of the photodiode, the output voltage of the de-

tector was plotted against the incident intensity (Appendix Section 10.2 Figure 10.7).

The initial measurements involved the use of Rhodamine B to assess the functionality of the
setup and ascertain whether the outcomes align with the existing literature. In this experi-
ment, a 1 mm cuvette was employed, containing a solution of 10-3 mol L' Rhodamine B dis-
solved in ethanol. An automated 300 mm stage positioned the cuvette in the z-direction along
a laser beam, which was focused through a lens to achieve a focal point of approximately 130
um. To provide an insight into the results, the transmission and absorption curves have been
included in Appendix Section 10.2, accessible in Figure 10.8. These curves offer a visual

representation of the data collected under the stipulated conditions. In the scope of a thesis
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of Kim,293 the experiments yielded a 2PA cross section of 86.8 GM, which differs ~ 62 + 20%
from the literature value??0 of 140 + 20 GM. Building on this initial fundament, it would be
valuable to carry out further work with the z-scan and, for example, to determine the 2PA of

Ivocerin in order to establish correlations with the transient absorption spectrum.

Chapter 7 has demonstrated the feasibility of AuNR-mediated polymerization using various
light sources, fs and ns laser as well as LEDs. Due to their characteristics, such as low cytotox-
icity, mild reaction conditions required and controllability of the polymerization reaction,
AuNR are highly promising for utilization in sensitive practical applications. Considering the
localized heat production and applicability in water, AuNR are predestined for NIR light-in-
duced polymerization in biomedical applications. Here, dental procedures, such as curing of
fillings, represent a prominent example. Further, AuNR offer the potential for the targeted and
strongly localized synthesis of biological macrostructure within organic tissue. For practica-
ble application, LEDs are particularly interesting, as they are easily accessible, practical to use
and cheap. However, conducting an AuNR-mediated polymerization as benign and applica-
tion specific as possible, requires further knowledge of how to access the optimum of wave-

length-tunable heat production dependent on the light source.

As the exact cause of the blue-shift observed in the ns action plot remains unresolved, further
experiments are required to delve deeper into its origin. To gain a comprehensive under-
standing of the behaviour and geometry of the AuNR, absorption spectra should be recorded
both before and after irradiation at each measured wavelength. In addition, due to the poten-
tially significant impact of the CTA-induced linkage effect on AuNRs, it would be advantageous
to capture absorption spectra as well as TEM images before and after each irradiation, offer-
ing a more precise means of tracking the morphology of the AuNRs in solution and potentially

shed light on the observed behaviour.

The heat production of AuNR strongly depends on the pulse duration of the radiation source,
as shown by the simulations from a collaborator at QUT.183.285 Thus, performing an action plot
with identical concentrated solution as in the current thesis (refer to Section 7.6) also using
a fs laser will be highly valuable to further explore the background of the wavelength-depend-
ent heat production of the AuNR. Again, gathering absorption spectra and TEM images before
and after each irradiation will support to comprehensively understand the observed behav-

iour and enable comparison to the ns laser action plot with AuNR.

As indicated in the LED experiments, the extent of monomer conversion varies depending on

the wavelength of the irradiating light. Leveraging this observation, an action plot could be
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generated using LEDs, enabling the comparison of reactivity to absorption at different wave-
lengths. Such an investigation would contribute to a deeper understanding of the polymeri-
zation process and the influence of different light sources on its outcomes. Future projects
also require a wavelength-dependent end-group analysis of the generated polymers via ESI-
MS post-exposure to each light source, fs and ns laser and LEDs, aiming to understand the
AuNR-mediated polymerization in detail. thus, the wavelength-dependent heat production

and the product formation can be correlated.

135



10 Appendix

10.1 Chapter 5
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Figure 10.1: Experimental mass spectrum of PMMA was obtained from polymer gen-
erated after 15 min irradiation of 12 mmol L-! Ivocerin in MMA with 102 pJ cm2 laser
pulses at 400 nm. 10 pL of the irradiated solution were dissolved in 2 mL of a
THF/methanol (3:2) solution with 100 uM NaTFA.
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Figure 10.2: Oscilloscope showing the output of a photodiode that detects laser
pulses with a dark time of 0.1 s between the pulses. This corresponds to a repeti-
tion rate of 10 Hz.
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Figure 10.3: Oscilloscope showing the output of a photodiode that detects laser
pulses with a dark time of 50 ms between the pulses. This corresponds to a repe-
tition rate of 20 Hz.
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Figure 10.4: Oscilloscope showing the output of a photodiode that detects laser
pulses with a dark time of 20 ms between the pulses. This corresponds to a repe-
tition rate of 50 Hz.
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Figure 10.5: Oscilloscope showing the output of a photodiode that detects laser
pulses with a dark time of 10 ms between the pulses. This corresponds to a repe-
tition rate of 100 Hz.
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Figure 10.6: SEC trace (black) and first derivative of SEC trace of PMMA gener-
ated by 400 nm (red dashed) pulsed laser triggered Ivocerin fragmentation (c =
12 mmol Lt in bulk MMA) with a repetition rate of 100 Hz where the inflection

points of the distribution are close to M1 = 13963 g mol-1, M> = 28379 g mol-! and
M3=42756 g mol-l.
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10.2 Chapter 6
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Figure 10.7: Incident power on the z-scan photodiode vs. output voltage gener-
ated by the incident 775 nm photons.
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Figure 10.8: Normalized transmission curve of an open aperture z-scan measure-
ment of a 10-3 M Rhodamine in ethanol solution (black data point) with nonlinear
fit-function (red).

10.3 Chapter 7

Figure 10.9: Photo of a cuvette containing precipitated PDMA forming a white
solid after 30 min irradiation of a solution of 9 mmol L-1 AIBN, 2.69 mol L-1 DMA,
and 150 pL of AuNR with 800 nm fs pulses with an intensity of 25 GW cm-2.
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Figure 10.10: Full ESI-MS spectrum of PDMA in THF /methanol (3:2) after 30 min
irradation of a solution of 4.04 mol L-1 DMA, 9 mmol L1 AIBN, 100 uL AuNR and
10-2 mol L1 CTA with 25 GW cm2 fs pulses at 800 nm in the range of 1000 - 2000
m/z.
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Figure 10.11: Superimposed 'H-NMR spectra of solutions with 4.04 mol L-1 DMA,
9 mmol L-1 AIBN, 50 puL AuNR and 10-2 mol L-t CTA, dissolved in D;0, irradiated with
25 GW cm2 at 800 nm for various times: (black) without irradiation - 0 min, (violet)
1 min, (blue) 2 min, (dark green) 3 min, (pale green) 4 min, (yellow) 5 min, (pale or-
ange) 10 min, (orange) 15 min, (red) 30 min, (dark red) 45 min.
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Figure 10.12: Superimposed 'H NMR spectra of solutions with 4.04 mmol L1 DMA,
9 mmol L1 AIBN, 50 pL AuNR and 10-2 mol Lt CTA, dissolved in D;0, irradiated with
25 GW cm2 at 800 nm for various times, zoomed into the regions of resonance asso-
ciated with the polymer between 1 - 2 ppm: (black) without irradiation - 0 min, (vi-
olet) 1 min, (blue) 2 min, (dark green) 3 min, (pale green) 4 min, (yellow) 5 min, (pale
orange) 10 min, (orange) 15 min, (red) 30 min, (dark red) 45 min.
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Figure 10.13: Superimposed 'H-NMR spectra of solutions with 50 pL AuNR,
9 mmol L-1 AIBN, 10-2 mol L-1 CTA and various monomer concentrations, irradiated
with 25 GW cm-2 at 800 nm for 30 min, dissolved in D,0: (black) 6.73 mol L1 DMA,
(blue) 5.38 mol L-1 DMA, (green) 4.04 mol L-1 DMA, (yellow) 2.69 mol L-1 DMA, (red)
1.34 mol L' DMA.
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Figure 10.14: Superimposed 'H-NMR spectra of solutions with 50 pL AuNR,
9 mmol L-1 AIBN, 10-2 mol L1 CTA and various monomer concentrations, irradiated
with 25 GW cm-2 at 800 nm for 30 min, dissolved in D,0, zoomed into polymer peak
between 1 - 2 ppm: (black) 6.73 mol Lt DMA, (blue) 5.38 mol L DMA, (green)
4.04 mol L-1 DMA, (yellow) 2.69 mol L-t DMA, (red) 1.34 mol L-1 DMA.
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Figure 10.15: Superimposed 'H-NMR spectra of solutions with 50 pL AuNR,
6.73 mol L-1 DMA, 10-2 mol L-! CTA and various AIBN concentrations, irradiated with
25 GW cm2 at 800 nm for 30 min, dissolved in D,0: (black) 0.08 mol L-1 AIBN, (violet)
0.17 mol L-t AIBN, (blue) 0.35 mol L-t AIBN, (dark green) 0.69 mol L-t AIBN, (yellow)
1.56 mol L-1 AIBN, (orange) 4 mol L-1 AIBN, (red) 9.2 mol L-1 AIBN.
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Figure 10.16: Superimposed 'H-NMR spectra of solutions with 50 pL AuNR,
6.73 mol L-1 DMA, 10-2 mol L-1 CTA and various AIBN concentrations, irradiated with
25 GW cm-2 at 800 nm for 30 min dissolved in D20, zoomed into polymer peak be-
tween 1 - 2 ppm: (black) 0.08 mol Lt AIBN, (violet) 0.17 mol Lt AIBN, (blue)
0.35 mol L1 AIBN, (dark green) 0.69 mol L1 AIBN, (yellow) 1.56 mol L-1 AIBN, (or-
ange) 4 mol L't AIBN, (red) 9.2 mol L-t AIBN.
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Figure 10.17: Superimposed 'H-NMR spectra of solutions with 0.69 mol L-1 DMA,
9 mmol L-1 AIBN 10-2 mol L-1 CTA and various AuNR concentrations, irradiated with
25 GW cm2 at 800 nm for 30 min, dissolved in D;0: (black) 300 pL AuNR, (blue)
250 pL AuNR, (yellow) 200 pL AuNR, (red) 150 pL AuNR.
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Figure 10.18: Superimposed H-NMR spectra of solutions with 0.69 mol L1 DMA,
9 mmol L-1 AIBN 10-2 mol L1 CTA and various AuNR concentrations, irradiated with
25 GW cm2 at 800 nm for 30 min, dissolved in D,0, zoomed into polymer peak be-
tween 1 - 2 ppm: (black) 300 pL AuNR, (blue) 250 uL AuNR, (yellow) 200 pL AuNR,
(red) 150 pL AuNR.
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Figure 10.19: : Stacked 1H-NMR spectra of solution with 4.85 mol L1 DMA,
0.01 mol L' AIBN, 3.53 mol L isopropanol, 75 pL. AuNR and 10 pL (0.38 mol L-1) CTA,
irradiated with 10 ns pulses for 15 min, with (from dark to pale): 335 pJ at 620 nm,
325 pJ at 640 nm, 315 pJ at 660 nm, 306 yJ at 680 nm, 297 yJ at 700 nm, 289 yJ at
720 nm, 281 yJ at 740 nm, 274 yJ at 760 nm, 267 puJ at 780 nm, 260 pJ at 800 nm,
254 pJ at 820 nm and 248 pJ at 840 nm.
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Figure 10.20: Stacked 1H-NMR spectra of solution with 4.85 mol L1 DMA,
0.01 mol L- AIBN, 3.53 mol L-! isopropanol, 75 uL. AuNR and 10 pL (0.38 mol L-1) CTA,
irradiated with 10 ns pulses for 15 min, with (from dark to pale): 335 pJ at 620 nm,
325 yJ at 640 nm, 315 pJ at 660 nm, 306 yJ at 680 nm, 297 pJ at 700 nm, 289 pJ at
720 nm, 281 pJ at 740 nm, 274 pJ at 760 nm, 267 pJ at 780 nm, 260 pJ at 800 nm,
254 pJ at 820 nm and 248 pJ at 840 nm. Zoom into region 0-3.5 ppm.
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Figure 10.21: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-1isopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D;0, irradiated with
620 nm ns laser pulses with 0.87 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.22: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-1 AIBN,
3.53 mol L-tisopropanol, 75 pL AuNR and 10 uL CTA, dissolved in D,0, irradiated with
640 nm ns laser pulses with 0.84 | cm-2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.23: 1H-NMR spectra of solutions with 4.85 mol L' DMA, 0.01 mol L- AIBN,
3.53 mol L-1isopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D;0, irradiated with
640 nm ns pulses with 0.84 | cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.24: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-1 AIBN,
3.53 mol L-tisopropanol, 75 uL. AuNR and 10 pL CTA, dissolved in D20, irradiated with
660 nm ns pulses with 0.81 ] cm-2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.25: 1H-NMR spectra of solutions with 4.85 mol L' DMA, 0.01 mol L1
AIBN, 3.53 mol L-! isopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradi-
ated with 660 nm ns pulses with 0.81 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.26: 'H-NMR spectra of solutions with 4.85 mol L't DMA, 0.01 mol L-!
AIBN, 3.53 mol Lt isopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradi-
ated with 680 nm ns pulses with 0.79 | cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.27: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-1 AIBN,
3.53 mol L-tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
680 nm ns pulses with 0.79 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.28: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-t AIBN,
3.53 mol L-tisopropanol, 75 uL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
700 nm ns pulses with 0.77 ] cm2 at a repetition rate of 20 Hz for 15 min.

Figure 10.29: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-1 AIBN,
3.53 mol L-1isopropanol, 75 pL. AuNR and 10 puL CTA, dissolved in D,0, irradiated with
700 nm ns pulses with 0.77 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.30: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-t AIBN,
3.53 mol L-! isopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
720 nm ns pulses with 0.75 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.31: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-1isopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D;0, irradiated with
720 nm ns pulses with 0.75 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.32: 'H-NMR spectra of solutions with 4.85 mol L; DMA, 0.01 mol L-1 AIBN,
3.53 mol L-tisopropanol, 75 uL. AuNR and 10 uL CTA, dissolved in D0, irradiated with
720 nm ns pulses with 0.75 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.33: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-1isopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D;0, irradiated with
740 nm ns pulses with 0.73 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.34: 1H-NMR spectra of solutions with 4.85 mol L-: DMA, 0.01 mol L-t AIBN,
3.53 mol L-tisopropanol, 75 uL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
740 nm ns pulses with 0.73 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.35: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
740 nm ns pulses with 0.73 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.36: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-t AIBN,
3.53 mol L-tisopropanol, 75 uL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
760 nm ns pulses with 0.71 ] cm-2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.37: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
760 nm ns pulses with 0.71 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.38: 1H-NMR spectra of solutions with 4.85 mol L' DMA, 0.01 mol L-1 AIBN,
3.53 mol L-tisopropanol, 75 uL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
760 nm ns pulses with 0.71 ] cm-2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.39: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
780 nm ns pulses with 0.69 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.40: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L1 AIBN,
3.53 mol L-1isopropanol, 75 pL AuNR and 10 uL CTA, dissolved in D;0, irradiated with
780 nm ns pulses with 0.69 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.41: 'H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
780 nm ns pulses with 0.69 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.42: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-t AIBN,
3.53 mol L-tisopropanol, 75 uL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
800 nm ns pulses with 0.67 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.43: 'H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
800 nm ns pulses with 0.67 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.44: H-NMR spectra of solutions with 4.85 mol L DMA, 0.01 mol L-1 AIBN,
3.53 mol L-tisopropanol, 75 puL AuNR and 10 uL CTA, dissolved in D0, irradiated with
800 nm ns pulses with 0.67 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.45: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L- AIBN,
3.53 mol L-1isopropanol, 75 pL. AuNR and 10 puL CTA, dissolved in D;0, irradiated with
820 nm ns pulses with 0.65 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.46: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L1 AIBN,
3.53 mol L-tisopropanol, 75 uL. AuNR and 10 pL CTA, dissolved in D20, irradiated with
820 nm ns pulses with 0.65 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.47: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L- AIBN,
3.53 mol L-1isopropanol, 75 pL AuNR and 10 puL CTA, dissolved in D;0, irradiated with
820 nm ns pulses with 0.65 ] cm2 at repetition rate of 20 Hz for 15 min.
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Figure 10.48: 1H-NMR spectra of solutions with 4.85 mol L't DMA, 0.01 mol L1 AIBN,
3.53 mol L-tisopropanol, 75 puL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
840 nm ns pulses with 0.63 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.49: 1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-* AIBN,
3.53 mol L-tisopropanol, 75 pL. AuNR and 10 pL CTA, dissolved in D0, irradiated with
840 nm ns pulses with 0.63 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.50:1H-NMR spectra of solutions with 4.85 mol L-1 DMA, 0.01 mol L-1 AIBN,
3.53 mol L-tisopropanol, 75 pL AuNR and 10 uL CTA, dissolved in D0, irradiated with
840 nm ns pulses with 0.63 ] cm2 at a repetition rate of 20 Hz for 15 min.
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Figure 10.51: Stacked SEC traces of PDMA and DMA after 15 min irradiation of a so-
lution with 4.85 mol L-1 DMA, 3.53 mol L-! isopropanol, 0.01 mol L-* AIBN, 75 pL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a 10 ns laser with (from dark to
pale) 335 yJ at 620 nm, 325 pJ at 640 nm, 315 pJ at 660 nm, 306 pJ at 680 nm, 297 yJ
at 700 nm, 289 yJ at 720 nm, 281 pJ at 740 nm, 274 yJ at 760 nm, 267 yJ at 780 nm,
260 pJ at 800 nm, 254 pJ at 820 nm and 248 pJ at 840 nm.
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Figure 10.52: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L-1 DMA, 3.53 mol L1 isopropanol, 0.01 mol L1 AIBN, 75 pL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 620 nm.
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Figure 10.53: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L' DMA, 3.53 mol L isopropanol, 0.01 mol L-t AIBN, 75 puL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 640 nm.
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Figure 10.54: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L-1 DMA, 3.53 mol L1 isopropanol, 0.01 mol L1 AIBN, 75 pL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 660 nm.
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Figure 10.55: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L' DMA, 3.53 mol L-tisopropanol, 0.01 mol L-1 AIBN, 75 pL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 680 nm.
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Figure 10.56: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L-1 DMA, 3.53 mol L isopropanol, 0.01 mol L1 AIBN, 75 uL AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 700 nm.
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Figure 10.57: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L-1 DMA, 3.53 mol L1 isopropanol, 0.01 mol L-1 AIBN, 75 pL. AuNR
solution and 10 puL 3-mercaptopropionic acid with a ns laser at 720 nm.
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Figure 10.58: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L' DMA, 3.53 mol L1 isopropanol, 0.01 mol L1 AIBN, 75 pL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 740 nm.
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Figure 10.59: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L1 DMA, 3.53 mol L1 isopropanol, 0.01 mol L1 AIBN, 75 pL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 760 nm.
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Figure 10.60; SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L' DMA, 3.53 mol L1 isopropanol, 0.01 mol L1 AIBN, 75 pL. AuNR
solution and 10 puL 3-mercaptopropionic acid with a ns laser at 780 nm.
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Figure 10.61: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L1 DMA, 3.53 mol L1 isopropanol, 0.01 mol L1 AIBN, 75 pL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 800 nm.
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Figure 10.62: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L-1 DMA, 3.53 mol L1 isopropanol, 0.01 mol L-T AIBN, 75 uL. AuNR
solution and 10 puL 3-mercaptopropionic acid with a ns laser at 820 nm.
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Figure 10.63: SEC trace of PDMA and DMA after 15 min irradiation of a solution
with 4.85 mol L1 DMA, 3.53 mol L1 isopropanol, 0.01 mol L1 AIBN, 75 pL. AuNR
solution and 10 pL 3-mercaptopropionic acid with a ns laser at 840 nm.
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