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A Click Chemistry Strategy for the Synthesis of Efficient
Photoinitiators for Two-Photon Polymerization

Irene Henning, Adam W. Woodward, Graham A. Rance, Benjamin T. Paul,

Ricky D. Wildman, Derek J. Irvine, and Jonathan C. Moore*

It is reported that efficient photoinitiators, suitable for two-photon
polymerization, can be obtained using the copper catalyzed azide/alkyne
cycloaddition reaction. This click chemistry strategy provides a modular
approach to the assembly of photoinitiators that enables the rapid varia-
tion of key fragments to produce photoinitiators with desirable properties.
To assess the performance of the first-in-class photoinitiators generated
by this approach, a screening method is developed to enable the rapid
determination of polymerization and damage thresholds in numerous pho-
toresists during two-photon polymerization. The degree of consumption
of vinyl groups (DC) and homogeneity of the polymerization are further
assessed by micro-Raman spectroscopy. Finally, more complex structures
are fabricated to demonstrate that the efficient two-photon polymeriza-
tion of stable 3D microarchitectures can be achieved using triazole-based

1. Introduction

The accurate fabrication of micro- and
nanoscale objects of predefined geom-
etry is key to the further progression of a
diverse range of fields including micro-
optics,  electronics,?!  biomedicine,!
microfluidics,  and  microelectrome-
chanical systems.’l Two-photon polym-
erization is the most precise 3D printing
technique, enabling feature sizes below
the diffraction limit of light (<100 nm).?
This approach hinges on the application
of photoinitiators that are able to simul-
taneously absorb two photons (each with
half the energy of the spectral-gap) in

photoinitiators.
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order to reach an excited state. Unlike

single-photon  absorption, two-photon

absorption has a nonlinear dependence

on light intensity, making it possible to
localize photochemically induced polymerization to the focal
point of a laser beam that has been passed through a micro-
scope objective.l% It is well established that a key factor in deter-
mining many important properties of the printing process,
such as feature size and fabrication time, is the efficiency of
the photoinitiator.>”] Despite their importance, the develop-
ment of two-photon absorbing photoinitiators has been much
slower than that of their classical UV counterparts, which have
been widely commercialized. This is due, in part, to limited
academic research, which has been impeded by the lengthy
synthetic sequences that are typically employed for generation
of the required planar 7-systems. This has been highlighted as
a critical obstruction to the further advancement of two-photon
polymerization.®] It is well established that the most successful
motifs for two-photon absorbing materials comprise electron
donating and accepting functionalities, separated by z-bridges,
in various configurations (A-7-B, A-7-B-7-A, B-7-A-7-B, etc.).]
The identity and arrangement of these fragments determines
the photophysical and chemical properties of the photoinitiator
and subsequently, its suitability for different applications.!'%!1
We surmized that a general and straightforward method to
couple these key fragments would constitute a useful method
for the synthesis of two-photon-absorbing photoinitiators
that would overcome the synthetic shortcomings mentioned
above. Such an approach could provide a useful tool for the
rapid development of new photoinitiators to meet specific and
bespoke applications. To achieve these ends, we would require
a robust and reliable method for chemical ligation, features

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 1. Click chemistry-enabled synthesis of A-7-B-7-A and A-7-B
photoinitiators for two-photon polymerization.

that are commonly associated with the copper catalyzed azide/
alkyne cycloaddition (CuAAC) reaction. This reaction has
become almost synonymous with the concept of “click chem-
istry”; a philosophy that aims to develop general, selective, and
high yielding reactions to expedite chemical synthesis.'?l The
CuAAC reaction has seen wide-spread application in organic
chemistry but also in materials science, bioconjugation, and
many other fields.'> There is precedent for using the CuAAC
reaction to generate various organic dyes and fluorophores,['>
including  UV-photoinitiators™® and fluorescent small
molecules!™® and polymers™d that display aggregation induced
emission. Despite this, only a selection of these materials
have been studied for multiphoton processes™ and to the
best of our knowledge, the CuAAC reaction has never been
employed for the synthesis of photoinitiators for two-photon
polymerization.

Our strategy was to generate alkynyl and azido functional-
ized derivatives of known donor and acceptor units and append
these fragments using CuAAC click chemistry (Scheme 1).
This approach would allow systematic variations in structure
that could be explored to understand the key relationships gov-
erning behavior. The resultant triazole-based photoinitiators
were studied both in terms of their photophysical properties
and for their ability to facilitate efficient two-photon polymeri-
zation with micro- and nanometer feature size. Due to micro-
scopic reaction volumes and fast reaction times, two-photon
polymerization kinetics are generally challenging to study.l®
Thus, a screening assay was developed to expedite the evalua-
tion of 30 photoresist compositions that were used for the micro-
fabrication of 3D architectures. A selection of these structures
were then further analyzed by micro-Raman spectroscopy to
establish the degree of consumption of vinyl groups (DC) and
the homogeneity of the polymerization. Finally, a series of
bucky ball-type domes were fabricated to demonstrate that the
efficient two-photon polymerization of stable 3D microarchitec-
tures can be achieved using this new class of click chemistry-
enabled photoinitiators.
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2. Results and Discussion
2.1. Photoinitiator Synthesis

Based on literature precedent for the design of two-photon
absorbing photoinitiators, we selected the fluorene derivative 2
as the dialkynyl fragment and the N,N-dimethyl and -diphenyl
phenylamines 7 and 8 as the azido components (Scheme 2).["]
The fluorene moiety constitutes a thermally and photochemically
stable analogue of biphenyl, where “locking” the aromatic rings
with a central cyclopentyl unit serves to increase electron delocal-
ization via increased s-orbital overlap.'®l This in turn increases
molecular polarizability. An added feature of the fluorene moiety
is that the 9,9 position can be used to append further function-
ality, such as solubilizing groups, e.g., dioctyl chains. Fluorene
derivatives have seen wide-spread application in a number of
fields related to photonics including bioimaging,"-2! lasing, 2223
and two-photon microfabrication,’?#? where the motif has been
used as both a central corel® and as a zlinker.””! Similarly, N,N-
dialkyl and -diaryl phenylamines, such as 7 and 8 have also been
widely employed in the design of photoinitiators, largely due to
their strong electron donating abilities."%28l

The targeted dialkynyl fluorene 2 was prepared in two-steps
via a two-directional Sonogashira cross-coupling of the corre-
sponding dibromo derivative 1 with trimethylsilyl acetylene?’}
followed by desilylation with potassium carbonate in methanol
(Scheme 2). The azido coupling-partners 7 and 8 were obtained
from the corresponding anilines via diazotization and displace-
ment with sodium azide3% In the case of the N,N-dimethyl
derivative, the commercially available aniline 6 was employed,
whereas the N,N-diphenyl aniline 5 was prepared in two-steps
from 1-fluoro-4-nitrobenzene (3) via substitution with diphe-
nylaminel®! followed by a zinc-mediated nitro-reduction. With
these precursors in hand, we proceeded to investigate conditions
for the CuAAC click chemistry reaction, targeting the mono and
bis-triazoles Me-Mono, Ph-Mono, Me-Bis, and Ph-Bis (Scheme 2).

Initially, we employed the classical procedure, namely
Cu(SOy), as precatalyst and sodium ascorbate as reductant.l%
At room temperature, the reaction of the diyne 2 and the azide
8 gave only a trace of the desired bis-triazole Me-Bis under
these conditions (Table 1, Entry 1). When the reaction was
repeated at 50 °C, Me-Bis was obtained in an improved yield of
64% alongside the unreacted diyne 2 (Table 1, Entry 2). Next, we
investigated Cu(MeCN),PF; as the catalyst, an organic-soluble
and comparatively stable Cu(I) source that negates the need for
a stoichiometric reductant.?3! Pleasingly, with this catalyst the
reaction proceeded at room temperature however a lower yield
of Me-Bis was obtained, with the mono triazole Me-Mono being
formed as the major product (Table 1, Entry 3). The optimal
conditions were found when tris-(benzyltriazolylmethyl)amine
(TBTA) was incorporated into the catalytic system (Table 1,
Entry 4). This ligand’s utility is proposed to be twofold; it accel-
erates catalysis by providing additional electron density to the
metal center and concurrently stabilizes the catalytically active
copper(I) species against oxidation to copper(Il).B¥ Under
these optimized conditions, near quantitative yields of the
targeted photoinitiators Me-Bis and Ph-Bis could be obtained
(96% and 99% yield, respectively) (Scheme 2). Furthermore, by
simply changing the stoichiometry (2 equiv. of diyne, 1 equiv.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 2. Synthetic routes to the key photoinitiator precursors 2, 7, and 8 and their subsequent coupling via the CuAAC click chemistry reaction to
form the targeted mono- and bis-triazole containing photoinitiators Me-Mono, Ph-Mono, Me-Bis, and Ph-Bis.

Table 1. Development of reaction conditions for the CUAAC click reaction. The reaction was optimized using the diyne 2 and the azide 8 as substrates.

Conditions .
2 + 8 —— > Me-Mono + Me-Bis
(1 equiv.) (2.1 equiv.) (see table)
Entry [Cu] Additive Solvent Temp. Result
1 Cu(SOy), Sodium ascorbate tBuOH:H,O r.t. Trace
2 Cu(SOy), Sodium ascorbate tBuOH:H,0 50 °C 64% (Me-Bis)
3 Cu(MeCN),PFq — DCM rt. 19%
(Me-Mono:Me-Bis=1.6:1)
4 Cu(MeCN),PFq TBTA DCM rt. 96% (Me-Bis)
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Table 2. Photophysical data for the photoinitiators in toluene.

Photoinitiator Agbs [nm] AgM [nm] AL [nm] ([em™) D¢ [%] 7[ns]
Me-Mono 340 394 54 (4030) 50.8 0.96
Me-Bis 338 388 50 (3810) 63.0 0.92
Ph-Mono 343 390 47 (3510) 67.3 1.02
Ph-Bis 352 385 33 (2440) 58.3 0.84

azide), the corresponding mono-triazole products Me-Mono
and Ph-Mono were also accessed in good yield. Me-Mono was
obtained in 84% alongside 14% of Me-Bis (98% overall yield),
whereas Ph-Mono was obtained in 73% yield alongside the
recovered diyne 2 (Scheme 2).

2.2. Photophysical Measurements

Absorption, emission, and excitation spectra were recorded for
the triazole-based initiators Me-Mono, Ph-Mono, Me-Bis, and
Ph-Bis alongside fluorescence quantum yield and fluorescence
lifetime measurements (Table 2; and Table S1, Supporting Infor-
mation). The absorption spectra for the triazole-based initiators
(Figure 1A, solid lines) show close agreement (A% = 340 nm),
with the exception of Ph-Bis (A% = 350 nm) which was attrib-
uted to the two strong donor moieties feeding electrons into the
m-system, increasing the effective conjugation and redshifting
the energy of the electronic transition. The spectra for Ph-Mono
and Ph-Bis display a pronounced shoulder at =300 nm as a
result of this triphenylamine moiety. The emission spectra for
these compounds (Figure 1A, dashed lines) display equal agree-
ment (Aq = 390 nm), indicating that the emission is coming
from the same excited state. Each of the triazole-based initiators
display comparable fluorescence quantum yields (®; = 50.8—
67.3%), and fluorescence lifetimes (7= 0.84-1.02 ns) (Table 2).
Two-photon absorption cross sections were determined for the
compounds using a relative method, comparing the two-photon
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2
©
»
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@
]
®
£04
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upconverted fluorescence of each sample to that of Rhodamine
B (Figure 1B) as permitted by the tuning range of the Ti:sapphire
laser.>! The absorption cross sections calculated for the N,N-
diphenyl derivatives Ph-Mono and Ph-Bis were roughly double
those of the N,N-dimethyl derivatives Me-Mono and Me-Bis.
This is presumably a result of the diphenylamino moiety being
a better electron donating group, allowing for a greater dipole
shift upon excitation.®® It is well established that extended
m-conjugation is a key contributor to the magnitude of a com-
pound’s two-photon cross section.’] Despite this, the bis-triazole
species Me-Bis and Ph-Bis display equivalent two-photon cross
sections to their respective mono-triazole analogues Me-Mono
and Ph-Mono, respectively. This highlights that in this series, the
functionality on the amino donor groups is a more significant
factor in determining two-photon cross section than the extent
of mconjugation. This is likely due to the fact that these com-
pounds lack a strong acceptor moiety to drive the movement of
electron density between the ground and excited states. 374!

2.3. Evaluation of the Initiators’ Performance
in Two-Photon Polymerization

Due to the complex sequence of photochemical and chemical
events that are involved in two-photon polymerization, no indi-
vidual photophysical parameter will display direct correlation to a
compound’s real-life performance as an initiator. For example, the
two-photon cross-section (&p,) is a key parameter but there are

15
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Figure 1. A) Absorption (solid line), and emission (dashed line) spectra and B) two-photon absorption spectra for photoinitiators Me-Mono (black),

Me-Bis (red), Ph-Mono (green), Ph-Bis (blue), in toluene.
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Figure 2. A bright-field image of an exemplar array of 5 x 5 x 5 um cubes fabricated for the rapid determination of the polymerization- and damage
thresholds (Py, and Dy,) for each photoresist composition. Below is a close-up showing the visual determination of Py, and Dy,. To enable quick
assignment of the laser power used, each cube was fabricated with text printed below stating the percentage of the maximum laser power applied

(10-100% laser power with 5% increments equivalent to 2 mW increments).

numerous examples where this value has been shown to corre-
late poorly with an initiator’s performance in two-photon polym-
erization.”>#~ The most direct method of assessing a candidate
photoinitiator for two-photon polymerization is through the fabri-
cation of a series of 3D-test structures.”*? In this way, direct com-
parisons can be made between a series of candidate compounds
in relation to a previously established photoinitiator.

For this study, polyethylene glycol diacrylate (PEGDA, Mn 700)
and pentaerithrityl triacrylate (PETA) were selected as the mono-
mers as they represent two of the simplest and most commonly
employed di- and tri-acrylate systems, respectively, for two-photon
lithography. The commonly employed and commercially avail-
able photoinitiator Irgacure369 (I369) was used as a reference
compound.”##] Arrays of 5 x 5 x 5 um cubes were fabricated
using three different photoinitiator concentrations (0.8 X 1073 M,
4% 107 M, and 8 x 10~ m), while applying a range of laser powers
(4-40 mW) and scanning speeds (10, 20, and 30 mm s7). It should
be noted that these concentrations approximately equate to
0.1 wt%, 0.5 wt%, and 1 wi%, respectively. Following fabrication,
the polymeric structures were imaged using bright field micro-
scopy. This allowed rapid evaluation of the photoinitiators’ per-
formance through comparison of the polymerization and damage
threshold powers (Py, and Dy,) at a wide range of microfabrication
parameters (Figure 2). Py, was defined as the laser power at which
polymerized material could be observed®! and Dy, was defined
as the minimum laser power at which the destructive effects of
heat formation became visible.*¥! The threshold values Py, and
Dy, determine the polymerization window, which is defined
as the range of laser powers and scanning speeds that allow
efficient two-photon polymerization. Wide polymerization win-
dows are critical for high throughput in mass production and
ensure reproducible results by buffering natural fluctuations in
photoresist compositions.”® Using the described method, it was
possible to rapidly assess the polymerization characteristics and
determine the polymerization windows in 30 different photoresist
compositions. All repeats exhibited low standard deviations
(SDpax = 0.8 = coefficient of variation = 0.33).

Adv. Funct. Mater. 2020, 2006108
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Initially, Py, and Dy, were determined at three different
photoinitiator concentrations, using a laser scanning speed
of 20 mm s}, and applying laser powers from 4 to 40 mW
(Figure 3A,B). When using PEGDA as the monomer, we were
pleased to observe that all four of the novel triazole-based ini-
tiators were found to be active for two-photon polymerization.
Furthermore, Me-Mono and Ph-Mono displayed comparable
processing windows to the commercial initiator 1369 with both
PEGDA and PETA at 4 x 10~ M and 8 x 1073 M concentrations.
Impressively, both Me-Mono and Ph-Mono were also active
at 0.8 x 1073 M, whereas 1369 was completely inactive at this
concentration. This is significant, as low photoinitiator concen-
trations are often desirable, particularly in biomedical applica-
tions due to the cytotoxicity and optical interferences caused by
residual photoinitiator in the polymerized structures.l®!

In PEGDA polymerizations, the results obtained with
Me-Mono and Ph-Mono followed the expected trend, with
Py, reducing as photoinitiator concentrations increased
(Figure 3A).P4 Specifically, as the initiator concentration was
increased from 0.8 x 1073 M to 4 x 10~ M, a decrease in Py, of
30% and 20% was observed for Me-Mono and Ph-Mono, respec-
tively. A further increase in concentration from 4 x 1073 m to
8 x 1073 M led to smaller reductions in Py, of 8% and 6%, respec-
tively. In comparison, with 1369 the Py, decreased by 20% when
the concentration was increased from 4 x 107 M to 8 X 1073 M,
which further demonstrates that the optimal concentration for
1369 is considerably higher than it is for the novel triazole-based
initiators. Interestingly, when Me-Bis and Ph-Bis were evalu-
ated with PEGDA, an increase in photoinitiator concentration
from 4 x 10 M to 8 X 10 M led to increased Py’s and Dy’s
(Figure 3A). This was ascribed to solubility issues; at 8 x 107 M
the photoresists containing Me-Bis and Ph-Bis (which were clear
and colorless on preparation) were observed to become turbid after
standing for prolonged periods, which indicates poor solubility
at this concentration. Following precipitation, the true concentra-
tion of initiator in solution would of course be reduced, which is
consistent with the observed increase in Py, and Dy, (Figure 3A).

© 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

A PEGDA, scanning speed =20 mm s

Me-Bis Ph-Bis Me-Mono Ph-Mono 1369
40 =] 1 1 --- Il (il [l 1 11

5 ) NS N ©
Q,V‘b Q,V‘b Q,V‘b Q‘b\‘b Q_v%

Concentration [mM]

(03 PEGDA + 4 mM photoinitiator

Me-Bis Ph-Bis Me-Mono Ph-Mono 1369
40 sl &E = e
Al ]
= 30 ||
% 25 -
g |
0 20 - ] ] ||
o - | ]
% 1547 u | H
o = L
| =
10 1
5
= Q.90 Q
OPS OPS OPS PP OPS

Scanning speed [mm s]

www.afm-journal.de

B PETA, scanning speed =20 mm s

Me-Bis Ph-Bis Me-Mono Ph-Mono 1369

W W
S &
I

Laser power [mW]

a o NN
o o o O O
1 1 1 1 1

® %

2 . NS NS
Q,V‘b Q,V‘b Q,v‘b Q,V‘b S

Concentration [mM]

D PETA + 4 mM photoinitiator

Me_—Bi_s Iﬂ\fii Me-Mono Ph-Mono 1369

SHS OHS SPS OO

Scanning speed [mm s1]

SRS

Figure 3. Comparison of polymerization and damage power thresholds (Py, Dy, ) for the triazole-based initiators and Irgacure369 (1369). No
polymerization is indicated in gray, the polymerization window is marked green and damaging conditions are red. A,B) Py, and Dy, in dependence
of the photoinitiator concentration for PEGDA and PETA. C,D) Py, and Dy, in dependence of the laser scanning speed at a constant photoinitiator

concentration of 4 x 107 m.

In PETA polymerizations, the results obtained for Me-Mono
and Ph-Mono were similar to those previously described with
PEGDA (Figure 3A,B). Reductions in Py, of 20% and 14%,
respectively, were observed when increasing the photoini-
tiator concentration from 0.8 x 10 M to 4 x 10~ M and fur-
ther reductions of 8% and 6%, respectively, were observed
when the concentration was increased to 8 X 1073 m. It is widely
accepted that higher concentrations of polymerizable functional
groups increase the reactivity of monomer solutions. Accord-
ingly, PETA requires less energy to polymerize and features
significantly lower damage thresholds for all photoinitiators.
This results in smaller polymerization windows of around

Adv. Funct. Mater. 2020, 2006108
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half the magnitude of those obtained with PEGDA. Lower
polymerization thresholds are favorable to enable high fabri-
cation speeds for small feature sizes and also for photoresists
that are susceptible to strong local heating and microexplo-
sions (e.g., those containing metals).”?! The aforementioned
solubility issues associated with Me-Bis and Ph-Bis were con-
siderably more pronounced in PETA; even at the lowest concen-
tration of 0.8 x 10~* m the resists were not fully homogeneous
and poor results were obtained during microfabrication with
these initiators (Figure 3D).

In general, it can be expected that increased scanning
speeds lead to increased Py’s due the reduced exposure dose of

© 2020 The Authors. Published by Wiley-VCH GmbH
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photons. Indeed, this trend can be observed with both PEGDA
and PETA for all photoinitiators (Figure 3C,D). Interestingly
however, these effects were less pronounced in the resists
containing the triazole-based initiators than in those con-
taining 1369. This was particularly evident with PEGDA, where
the Py, increased by no more than 4-8% with each stepwise
increase in scanning speed for the triazole-based initiators,
while an increase of 18% was observed for 1369. This demon-
strates that the triazole-based initiators are more efficient than
1369; requiring lower energy doses to achieve the same poly-
merization. Accordingly, the triazole-based initiators can enable
microfabrication at higher scanning speeds, thus reducing the
required fabrication time when compared to 1369.

2.4. Micro-Raman Spectroscopic Analysis of Microstructures

To further evaluate the success of the triazole-based initiators
in two-photon polymerization, micro-Raman spectroscopy was
performed on the surface of the microfabricated cubes. From
this analysis, the degree of consumption of vinyl groups (DC)
from monomer to polymer was determined by measuring
the change in the ratio of peak areas associated with the C=C
(=1638 cm™) and C=0 (=1728 cm™) bonds before and after
polymerization, according to Equation (1)

DC = [1—(7’4‘5{/ Aco Hx 100 (1)
AC:C/AC=0

where Ac—c, Ac=o0, A'c=c, and A’c— are the integrated inten-
sities of Raman peaks related to the C=C and C=0 moieties
in the polymerized and the monomeric resins (Figure 5).54
Under this framework, it is assumed that the C=C bond order
is reduced, i.e., to C—C, as a consequence of attachment of radi-
cals to the C=C bonds of the monomer during polymerization
and crosslinking, resulting in a decrease in the intensity of the
C=C peak; as C=0 bonds do not participate in these radical
reactions, the intensity remains constant and therefore C=0
acts as an internal reference. It is additionally assumed that the
Michael addition transformation does not induce the dispropor-
tionation of C=C bonds; yet, as this process is likely, the deter-
mined DCs represent an estimate of the lower limit.[>>-]

We were pleased to observe that the DCs in both PETA and
PEGDA were either comparable or better when the triazole-
based initiators Me-Mono and Ph-Mono were employed in
comparison to those achieved with 1369. In general, the DCs
in PETA samples were broadly consistent with that observed
previously,”® with the following order of effectiveness of the
photoinitiators: Ph-Mono > 1369 > Me-Mono. The DC values in
PETA are limited to a maximum achievable level of less than
50% due to the restricted mobility of the oligomers and the
reduced structural flexibility in the 3D network that is produced
on polymerization.® Interestingly, the DCs in PEGDA samples
(which can reach a maximum of 100%) followed the opposite
trend in initiator efficiency: Me-Mono > 1369 > Ph-Mono, which
is likely due to differences in solubility between the initiators in
the two resins. The homogeneity of DC was also confirmed by
spectroscopic mapping (Figure 4), where only 3% variation in
DC (standard deviation as a function of the mean) was observed

Adv. Funct. Mater. 2020, 2006108
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Monomer Initiator DC/%
PETA 1369 28.6+0.6
Me-Mono 23.4+1.5
Ph-Mono 31.3+0.5
PEGDA 1369 87.2+0.9
Me-Mono 93.5+1.0
Ph-Mono 82.9+0.9

Figure 4. Micro-Raman spectroscopic analysis of the 5 x 5 x 5 um cubes
microfabricated with 4 X 107> m photoinitiator at 20 mm s™ applying a
laser power of 18 mW for PETA and 27 mW for PEGDA. Top: Raman
mapping of the DC confirms the homogeneity of monomer conversion;
Bottom: DC in the printed structures (N = 3). To account for the strong
overlap of peaks from the monomer/polymer and the photoinitiators, the
spectra were fit with mixed Gaussian—Lorenzian peak shapes to enable
accurate deconvolution and quantification of areas.

from 441 spectra collected from a 5 x 5 um area. In summary,
the micro-Raman spectroscopy demonstrates that comparable
or even higher DCs can be achieved using the triazole-based
initiators when compared to the reference compound 1369 and
importantly these DCs were also shown to be uniform across
the microfabricated structures.

2.5. Fabrication of Complex 3D Microarchitectures

To further evaluate the triazole-based initiators, the fabrication
of more complex 3D microarchitectures was next investigated.
Specifically, a series of bucky ball-type domes was produced
(Figure 5). Optimal printing parameters were derived from the
previously determined polymerization windows (Figure 3A). To
allow for direct comparison of the microstructure quality, all
photoresists were processed using the same scanning speed
and laser power (20 mm s}, 27 mW). Me-Bis and Ph-Bis, which
were poorly soluble in PEGDA, resulted in collapsed 3D-struc-
tures after development (Figure 5B,C). Better results were
obtained with Me-Mono and Ph-Mono (Figure 5D,E), which
is consistent with their improved solubility and broader poly-
merization windows (Figure 3A). With Ph-Mono in particular,
good structural integrity and comparable feature-resolution was

© 2020 The Authors. Published by Wiley-VCH GmbH
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Me-Mono

Figure 5. Scanning electron micrographs of microfabricated bucky ball-type domes. A) 3D design of bucky ball dome, B-F) Structures fabricated from
PEGDA with 4 x 1073 M photoinitiator at a 20 mm s™' and a laser power of 27 mW.

observed in comparison to the reference initiator. This further
demonstrates the quality of microstructures that be fabricated
using triazole-based initiators.

3. Conclusion

It has been demonstrated that the copper catalyzed azide/
alkyne cycloaddition (CuAAC) reaction can enable the syn-
thesis of efficient photoinitiators for two-photon induced
polymerization. This provides a new and robust method for
the expedient synthesis of novel photoinitiators via a click
chemistry strategy. In this study, four novel triazole-based
initiators were synthesized using this approach and these
compounds were characterized by one and two-photon spec-
troscopy. The triazole-based initiators were then shown to
effectively induce two-photon polymerization of the common
acrylate resins PETA and PEGDA. When compared to the com-
monly employed commercial initiator Irgacure369 (I369), the
triazole-based initiators Me-Mono and Ph-Mono were shown
to have comparable or higher sensitivity and to better tolerate
microfabrication at increased scanning speeds. Finally, surface
analysis of the fabricated microstructures by micro-Raman
spectroscopy demonstrated that a high degree of consumption
of vinyl groups and good homogeneity can be obtained using
the triazole-based initiators. Due to the reliable and high-
yielding nature of the CuAAC reaction, and the efficiency of
the resulting photoinitiators, we are confident that this rapid
and modular approach will find utility in the synthesis of new
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photoinitiators for various applications related to microfabrica-
tion via two-photon polymerization.

4. Experimental Section

Representative Procedure for the Synthesis of Triazole-Based Initiators:
4,4’-(4,4-(9,9-Dioctyl-9H-fluorene-2,7-diyl) bis (1H-1,2,3-triazole-4,1-diyl))
bis(N,N-dimethylaniline) (Me-Bis)

The diyne 2 (100 mg, 0.228 mmol, 1.0 equiv.), 4-azido-N,N-
dimethylaniline (8) (78 mg, 0.479 mmol, 2.1 equiv.) and TBTA (tris[(1-
benzyl-1H-1,2,3-triazol-4-yl) methyl]amine) (6.0 mg, 0.0114 mmol, 5 mol%)
were combined and then dissolved in CH,Cl, (10 mL). The solution was
degassed with argon for 5 min before the addition of Cu(MeCN),PFg
(4.2 mg, 0.0114 mmol, 5 mol%). The reaction mixture was stirred for 18 h,
concentrated under reduced pressure and then purified by silica gel column
chromatography (eluting with 0-2% MeOH in CH,Cl,) to yield the title
compound (168 mg, 0.220 mmol, 96%) as an off-white amorphous solid.

IR (neat)/cm™: 2917, 2843, 1614, 1462, 1342; TH NMR (400 MHz,
CDCl;) 57.97 (2H, app br d,  1.0), 7.85 (2H, dd, J 7.8, 1.5), 7.78 (2H, app
brd,J7.9),7.68-7.61 (4H, m), 6.84 (4H, d, J 8.6), 3.05 (12H, s), 2.15-2.03
(4H, m), 1.21-0.96 (20H, m), 0.77 (6H, t, J 7.0), 0.73-0.61 (4H, m); 13C
NMR (126 MHz, CDCls) & 151.9, 150.8, 148.6, 141.0, 129.6, 127.0, 124.7,
122.2, 120.2 (2 resonances), 117.9, 112.5, 55.7, 40.7 (2 resonances), 31.9,
30.2, 29.4, 29.4, 24.0, 22.7, 14.2; HRMS (ESI) Calculated for ChoHg;Ng
[M+H]* 763.5170, found 763.5167.

Photophysical Measurements: One-photon UV-vis spectra were
recorded on a Mettler Toledo UV5Bio spectrophotometer using 10 mm
path length quartz cuvettes with concentrations =107 m in spectroscopic
grade solvents. Steady state emission and excitation spectra were
recorded on an Edinburgh Instruments FP920 Phosphorescence Lifetime
Spectrometer equipped with a 450 W steady state xenon lamp and
interchangeable EPL pulsed diode lasers excitation sources, and a red
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sensitive photomultiplier in Peltier (air cooled) housing (Hamamatsu
R928P). Lifetime data were recorded following excitation with an EPL
laser using time correlated single photon counting. Fluorescence
quantum yields were determined with an integrating sphere, using a
solvent blank to establish the absorption. Lifetimes were determined
using a reconvolution fit with the instrumental response function on
the data obtained, and quality of fit judged by minimization of reduced
x-squared and residuals squared.

Two-photon absorption spectra were determined in the 700-750 nm
range using the relative two-photon fluorescence method on 107™* m
toluene solution of the dyes in 10 mm quartz cuvettes.> The samples
were excited using a Spectra-Physics Mai Tai Ti:sapphire laser, 100 fs
pulse width and 80 MHz repetition rate, focused onto the sample using
a microscope objective (10x, NA 0.25); spectra were recorded using
an Ocean Optics QE650000 compact CCD spectrometer. Two-photon
absorption cross sections were calculated relative to rhodamine B[®% in
methanol using the equation

2 2

< Fsam > ”samcref(brefpre(
2 2

< Fref > ”refcsamcbsampsam

6sam = 5ref (2)

Where ref and sam describe the reference and the sample,
respectively; <F> is the average fluorescence intensity integrated from
the two-photon fluorescence spectrum; n is the refractive index of the
solvent; C is the concentration of the solution; ® is the fluorescence
quantum yield; and P is the laser power. The quadratic dependence of
the luminescence intensity on the excitation power was checked for
each sample at all wavelengths, indicating that the measurements were
carried out in intensity regimes where saturation or photodegradation
did not occur.

Two-Photon Polymerization: All microstructures were fabricated on a
commercially available 2PP system (Nanoscribe Photonic Professional,
GmBH, Germany). The set-up is equipped with a near infrared (NIR)
fiber laser, a high-sensitivity microscope camera for real time observation
of the printing process and an ultraprecise piezo mode for arbitrary 3D
trajectories (FBMS) as well as the high-speed galvo mode (MBFS) for
fast structuring in a layer-by-layer fashion. The laser features a center
wavelength of 780 nm with a pulse repetition rate of 80 MHz and pulse
duration of =100 fs. The laser beam was focused using a 63x microscope
objective (Zeiss, NA 1.4 with oil immersion media) mounted on a linear
stage for vertical positioning. All 3D structures were designed using the
computer aided design software Spaceclaim (Ansys Inc) and printing
parameters were set by the Describe software.

Sample Development: Glass coverslips (22 X 22 mm?, thickness
n.1.5) served as the substrates for 2PP microstructures. They were first
rinsed with acetone (299.9%, Sigma-Aldrich) followed by isopropanol
(IPA) (anhydrous 99.5% Sigma-Aldrich) and blow-dried with nitrogen.
The coverslips were then fixed to the provided sample holders using
sticky tape (Photonic Professional GT, Nanoscribe GmbH). A drop of
immersion oil was applied on the bottom of the substrate and 40 pL of
photoresist were pipetted on the top side of the substrate.

Visualization of 2PP Structures: The bright field microscope Eclipse
LVIOOND (Nikon) with the NIS-Elements Imaging software was used
to determine polymerization- and damage- thresholds with 20x and 50x
objectives (Zeiss, NA 0.45 and NA 0.8).

Scanning electron microscopy (SEM) was used to obtain 3D images
of the 2PP microstructures by tilting the sample 0°-45° and to resolve
microscopic features. All samples were dried overnight and sputter
coated with platinum to a nominal thickness of about 10 nm to provide
a conducting layer for SEM imaging. They were imaged using a table-top
SEM by Hitachi TM3030.

Micro-Raman Spectroscopy: Micro Raman spectroscopy and imaging
was performed using a Horiba Jobin Yvon LabRAM HR Raman
microscope equipped with an automated xyz stage (Mirzhiuser).
Spectra were acquired using a 785 nm laser at 24 mW power, a 100x
objective and a 50 um confocal pinhole. To simultaneously scan a
range of Raman shifts, a 300 lines mm™ rotatable diffraction grating
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along a path length of 800 mm was employed. Spectra were detected
using a Synapse CCD detector (1024 pixels) thermoelectrically cooled
to =60 °C. Before spectra collection, the instrument was calibrated
using the zero-order line and a standard Si (100) reference band at
520.7 cm™. The spectral resolution in this configuration is better than
1.7 cm™. For single point measurements, spectra were acquired over the
range 100-4000 cm™ with an acquisition time of 15-120 seconds and
4 accumulations to automatically remove the spikes due to cosmic rays
and improve the signal to noise ratio. Spectra were collected from at
least three random locations and averaged to give a mean spectrum.
For multispectral imaging, spectra were acquired over the range
800-2130 cm™ at 1 um steps within a square 20 X 20 um (a total of
441 spectra). As each individual spectrum was collected for 60 s,
repeated once, the whole map required =15 h of acquisition time. To
calculate the degree of consumption of vinyl groups (DC), spectra were
extracted within the range 1550-1800 cm™', baseline corrected using
second-order polynomial fitting models and peaks deconvoluted using
mixed Gaussian-Lorenzian (50:50) shapes.
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