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Spherical, micrometer-sized, azide-functional particles were produced through dispersion copolymeriza-
tion of styrene and vinylbenzyl azide (VBA, 1-100 wt% of monomer feed) in ethanol in the presence of
stabilizers. The obtained microspheres were characterized by SEM, disc centrifuge, FT-IR and NMR spectro-
scopy, elemental analysis, DSC, and TGA, had measured azide loadings of up to 5.58 mmol g7, and
average diameters that decreased with increasing azide content from 2.8 to 0.8 um. Microspheres were
irradiated at a wavelength of 254 nm resulting in crosslinking based on azide-to-nitrene decomposition
and subsequent C—H insertion and C=C addition reactions. The conversion of azide functionality was
monitored by FT-IR spectroscopy, elemental analysis, and DSC and was found to roughly follow first-
order kinetics with increased rates found for microspheres with lower azide contents. Photo-crosslinking
preserved shapes and size distributions and, above a crosslinking degree of 10%, prevented microsphere
dissolution in good solvents. By controlling the irradiation time, the amount of azide consumed for
photo-crosslinking could be precisely adjusted. Residual azide groups spared during the irradiation were
shown to be amenable to highly efficient CUAAC click modification with a fluorescent dye, Rhodamine
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B propargyl ester. Given the demand for functional crosslinked microspheres and the inherent difficulties
associated with common synthetic strategies in producing such materials, this methodology based on
two orthogonal chemistries of the azide functionality provides simple access to well-defined micro-

www.rsc.org/polymers spheres with customizable degrees of crosslinking and functional group densities.

materials and is essential for

payloads)."?

immobilizing labels or

Introduction

Spherical, polymer-based, micrometer-sized particles (micro-
spheres) have many applications in materials science and
technology including affinity bioseparation, liquid chromato-
graphy support materials,”® drug and enzyme carriers for
medical applications,” model systems to study rheology and
crystallization of colloidal materials,”” and absorbents.® Apart
from size, type of polymer, and porosity, additional parameters
that are crucial for applicability are crosslinking (which
improves mechanical stability and prevents disintegration in
solvents for the base polymer)*®'" and chemical surface
functionality (which improves compatibility with solvents/host
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A range of protocols for microsphere synthesis is available
and includes the classical dispersion, emulsion, and suspen-
sion techniques,”>™® polymerization-induced self-assembly
(PISA),"*® as well as multistep seed-swelling procedures.® >
Most of these methods, however, are not well suited for the
direct synthesis of crosslinked and functionalized micro-
spheres. Dispersion polymerization, during which a homo-
geneous solution of monomer, initiator, and stabilizers
produces insoluble microspheres, is a well-established and
simple method for the preparation of micrometer-sized, non-
porous, monodisperse particles.”*>° However, this method
has limitations in the preparation of crosslinked particles,
with the presence of crosslinkers during the nucleation step
typically resulting in non-spherical or coagulated particles
while step-wise addition of crosslinkers after nucleation allows
only for relatively low crosslinking densities.""*** Other
methods, seed-swelling suspension polymerizations, for
example, offer excellent control over the crosslinking density
(formulations with 100% crosslinkers are possible),"*** but
the incorporation of functional or reactive comonomers can
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result in the formation of irregular, hollow, or collapsed
particles.”® Crosslinking and/or chemical modification of
microspheres are thus often performed in additional post-
polymerization modification steps.'>>¢36712

An expedient functional group for such post-modification is
the azide functionality. Azide-functional particles (whether
produced through dispersion polymerization or other
methods) are gaining increased attention®>**"*® due to the
versatility and scope of the Cu-catalyzed alkyne-azide cyclo-
addition (CuAAC) click reaction.?” It is worth noting that the
azide functionality is usually installed into pre-made particles
(typically through substitution with sodium azide on chloro-
methyl groups) and that this reaction often suffers from poor
conversions, due, in part, to solubility limitations. Only very
few published reports have used a direct copolymerization of
azide-functional comonomers (such as 4-vinylbenzyl azide) for
the preparation of azide-functional microspheres and, to the
best of our knowledge, dispersion polymerization based on
4-vinylbenzyl azide has not yet been described.?>*%*

The azide functionality also allows for post-synthesis photo-
crosslinking,"**® which has been demonstrated on soluble
polymers®® and polymer films.>"*> This reaction is based on
the decomposition of the azide moiety upon UV-irradiation,
loss of a nitrogen molecule, and formation of a nitrene inter-
mediate. Being highly reactive, the nitrene species can
undergo several reactions with the surrounding material (often
a combination of reaction pathways is found) predominantly
through C-H insertion and C=C addition reactions, which
result in crosslinks. To the best of our knowledge, the azide
photosensitivity has not yet been used for the crosslinking of
polymer microspheres prepared through heterogeneous
polymerization methods.

The purpose of the present study is twofold. Firstly, success-
ful dispersion copolymerization of 4-vinylbenzyl azide (VBA)
with styrene in ratios ranging from 1-100 wt% VBA is demon-
strated to produce microspheres with a tunable azide content.
Compared to our previous work in which azide functionality
was installed into microspheres through postpolymerization
modification of residual vinyl groups of divinylbenzene-based
particles® or through polymerization of VBA inside PS
template spheres,®® the current method leads to much higher
measured azide loadings of up to 5.58 mmol g™ '. It is further
shown that this direct copolymerization is favorable over the
post-synthesis installation of azide into 4-vinylbenzyl chloride
comonomers, because the chloromethyl groups were found to
be susceptible to unwanted nucleophilic substitution by the
solvent ethanol resulting in a loss of reactive groups during
the polymerization step. Secondly, photo-crosslinking of azide-
functional microspheres is demonstrated to yield well-defined
particles that can be dispersed without disintegration in good
solvents. Importantly, we found that the amount of azide
groups consumed for photo-crosslinking can be precisely
tuned through controlling the irradiation time. As a result, the
crosslinking density and the amount of residual azide groups
can be controlled. This residual azide functionality is demon-
strated to be amenable to chemical modification through a
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near-quantitative CuAAC click modification with an alkyne-
functional fluorescent dye, Rhodamine B. This study emp-
hasizes how the azide functionality, as a single functional
group, can be installed, without loss, into well-defined micro-
spheres and can be exploited for both a controllable degree of
crosslinking and for surface modification, providing simple
access to well-defined functional materials expected to facili-
tate many of the aforementioned applications.

Experimental section
Materials

Unless otherwise noted, chemicals were purchased from
Sigma Aldrich, Merck Chemicals, or Acros Organics in analy-
tical grade and were used without further purification. Styrene
(S) was distilled in vacuum to remove inhibitors and impurities
directly before use. 2,2'-Azobis-(2-isobutyronitrile) (AIBN) was
recrystallized from methanol. 4-Vinylbenzyl chloride was of
technical grade (90%) and distilled in vacuum directly before
use. Rhodamine B propargyl ester and 4-vinylbenzyl azide
(VBA) were prepared as published elsewhere.*”

Dispersion polymerization synthesis of poly(styrene-co-4-
vinylbenzyl azide), P(S-co-VBA) microspheres

Reactive, azide containing microspheres were produced follow-
ing a typical literature procedure.*’ Briefly, reactions were per-
formed in 3-necked 250 ml double walled glass reactors
connected to a thermostat and placed on a shaking plate
without additional stirrers. A typical polymerization procedure
is given as follows: solvent ethanol (135 g) and stabilizers poly-
vinylpyrrolidone (PVP-K30, M, = 40 kg mol™', 1.5 g) and
Aliquat 336 (0.6 g) were mixed in a flask overnight and trans-
ferred into a reactor followed by purging with argon for
30 minutes while shaking at 150 rpm. The temperature was
increased to 70 °C. A monomer mixture (15 g total) consisting
of AIBN (0.3 g), styrene, and 4-vinylbenzyl azide (in variable
mass ratios) was purged with argon for 15 minutes in a separ-
ate flask and transferred into the preheated reactor. The
polymerization was run for 24 h with shaking at 150 rpm. The
mixture was cooled to room temperature and the microspheres
were purified by repeated washing-centrifugation steps using
ethanol, hot water, and ethanol again for redispersing before
drying in vacuum. "H NMR (CDCl;) §/ppm = 7.00, 6.50 (bm,
Ph); 4.15 (-CH,N3); 2.28-0.72 (bm, backbone). Molar copoly-
mer compositions were determined by comparison of the inte-
grals of the benzylic protons (2 H) of VBA to those of the
phenylic side chains (5 H for S, 4 H for VBA) and the backbone
(3 H). Results from FT-IR, SEM, DSC, TGA, and elemental ana-
lysis are presented below.

Poly(styrene-co-4-vinylbenzyl chloride) microspheres were
prepared in analogy by substituting VBA for 4-vinylbenzyl
chloride.

Polym. Chem., 2016, 7, 5414-5425 | 5415


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6py00937a

Open Access Article. Published on 11 August 2016. Downloaded on 3/6/2026 4:05:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Microsphere photo-crosslinking

Azide-functional microspheres (0.2 g) were suspended in water
(200 mL) using sonication and stirred mechanically in a
narrow glass cylinder. A Heraeus UV-2 laboratory reactor
system consisting of a cooling tube and dip tube made of
quartz equipped with a TQ 150 immersion emitter (output 150
W, emission maxima at 254, 313, and 366 nm) was dipped
directly into the stirred dispersion. Irradiation was done at
room temperature for a predetermined amount of time before
particles were isolated by centrifugation and washing.

Click modification of partially photo-crosslinked P(S-co-VBA)
microspheres

Partially photo-crosslinked microspheres containing residual
azide functionality (100 mg) were dispersed in a mixture of
DMF (5 mL), N,N,N',N-tetramethylenethylendiamine (TMEDA),
CuBr, and triethylamine (approx. 1 eq. each with regards to
azide functionality) and the mixture was purged with argon for
5 min. Rhodamine B propargyl ester (3 eq. with regards to
azide functionality) was added, the reaction flask sealed and
stirred for 24 h at 50 °C. Modified microspheres were isolated
by filtering and washing with DMF, water, ethanol, and
acetone (25 mL each) until washings remained colorless, fol-
lowed by drying in vacuum. Analytical data is presented and
discussed in the main text.

Characterization

Surface morphology and uniformity of particles were deter-
mined by scanning electron microscopy (SEM, LEO1525). Par-
ticles were dispersed in ethanol with sonication and spread
onto an aluminum specimen stub. After drying, samples were
coated with a thin layer of carbon in vacuum. Number-average
particle diameters (d,) and diameter dispersities (Py) were cal-
culated by measuring at least 100 particles using image J soft-
ware. The coefficient of variation (CV), weight- (d,,) and
number-average (d,) diameters were calculated using the
following equations where n; is the number of particles of
diameter d; and N is the total number of particles.*®>*

Qo — >ondy’
v Znidﬁ

(S @-ar)iov-v) "

Ccv =
dn

X 100

Chemical transformations of microspheres were monitored
by FT-IR spectroscopy on an ATR-FT-IR spectrometer Nicolet
iS10 (Thermo Fisher Scientific). Spectra were baseline cor-
rected for easier interpretation.
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Solution NMR spectra were measured on a Bruker Avance
400 spectrometer using CDCl; as solvent and the internal
solvent signal §(CHCl3) = 7.26 ppm as reference. Solid state
NMR experiments were performed on a Bruker Avance 400
spectrometer, equipped with a 4 mm double resonance probe.
3C cross polarization (CP) magic angle spinning (MAS)
spectra were acquired using ramped polarization transfer at an
operating frequency of 100.66 MHz. The experimental con-
ditions were: "H 90° pulse length 4.0 ps, contact time 2 ms,
repetition delay 5 s, and spinning rate 14 kHz. Two-phase
modulation (TPPM) decoupling was used during the acqui-
sition. All the measurements were carried out at room
temperature.

CHN elemental analysis was performed on EuroVector Euro
EA and Elementar Vario EL III instruments. Combustion gases
were detected by a gas chromatography (Euro EA) or a head
conductivity detector (Vario EL III).

Differential scanning calorimetry (DSC), performed on a
Mettler Toledo DSC 1 Star System, was used to determine glass
transition temperatures (7,) and the thermal behavior of the
polymer samples. The heating rate was 10 °C min~' and
experiments were done under nitrogen atmosphere with a flow
rate of 20 mL min~".

Thermogravimetric analysis (TGA) of samples was per-
formed on a Mettler Toledo TGA 1 Star System thermo-
gravimeter with a heating rate of 10 °C min™" in a nitrogen
atmosphere with a flow rate of 20 mL min™".

Results and discussion

This study comprised the synthesis of azide functional par-
ticles, their partial photo-crosslinking, and the click-modifi-
cation of residual azide functionality, Scheme 1.

Microsphere synthesis

Styrene-based microspheres were prepared by dispersion
polymerization using ethanol as solvent, AIBN as initiator, and
PVP-K30 and Aliquat 336 as stabilizers in fixed mass ratios
relative to monomers.>®> As mentioned above, arguably the
most common method to introduce azide functionality into
microspheres is the postpolymerization reaction of vinylbenzyl
chloride groups with sodium azide. Following this protocol, a

R
partial N =
n photo- [ 3] m<n CuAAC N\NzN m<n
crossllnklng -
R—=

R—= = o N

\/N
(]
COO™%
O
(e}
Scheme 1 Reaction scheme.
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series of chloride-functional microspheres was prepared
through dispersion copolymerization of styrene (S) and 4-vinyl-
benzyl chloride (VBC) with S:VBC mass ratios ranging from
99:1 to 0:100. Uniform microspheres of 2-3 pm diameter
were obtained as evidenced by SEM imaging (Fig. S1 in the
ESIt). However, '"H NMR analysis run on CDCl; solutions of
the copolymers, Fig. S2,f suggested that up to 16% of chloro-
methyl functionality was lost to nucleophilic substitution with
the solvent ethanol, as judged by the appearance of a broad
signal at 6 = 3.51 ppm attributed to the benzylic ethyl ether
(Ar-CH,-OR) (see Scheme 2) and as confirmed through 2D
NMR analysis (not shown).

The observed percentage of chloride-ethanol substitution
of 12-16 mol% did not depend strongly on the VBC feed
content but was reduced to 9 mol% in a trial experiment run
without Aliquat 336 (a quaternary ammonium bromide
species) as stabilizer, suggesting that the bromide anion may
facilitate the substitution reaction through formation of a
bromide intermediate, Fig. S3.t

These results encouraged us to investigate the direct copoly-
merization of 4-vinylbenzyl azide (VBA) and styrene under the
same experimental conditions (including the use of Aliquat
336 as stabilizer). Ten microsphere samples with S:VBA co-
monomer feed ratios between 99: 1 and 0 : 100 wt% were prepared
and characterized visually and by 'H solution NMR spectro-
scopy, scanning electron microscopy (SEM), CHN elemental
analysis (EA), FT-IR spectroscopy, thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC), see
Scheme 2B and Table 1.

Dried microspheres presented as powders that were color-
less (low VBA content) to yellow (higher VBA content), see
Fig. S4.F

"H NMR spectroscopic analysis of microspheres dissolved
in CDCl;, Fig. 1, showed the expected signals of the aromatic
region (6 = 7.20-6.40 ppm) and backbone (1.90-1.10 ppm), and
indicated the successful incorporation of VBA units through
the appearance of a signal at 4.22 ppm, attributed to the
Ar-CH,N; resonance. Notably, "H NMR spectra gave no evidence
of side reactions with the solvent and the integration of the

EtOH, AIBN,
PVP-K30, [
Allquat 336

Cl ] n-z

70°C, 24 h
OEt],

B =z =z EtOH, AIBN,

PVP-K30, I N3] n

+ Aliquat 336
—_—

70°C,24h
N3
Scheme 2 (A) Side reaction through ethanolysis during the synthesis of
chloromethyl-functional microspheres (which can serve as precursors

for azide-functional microspheres) and (B) microsphere synthesis
through dispersion polymerization of VBA and styrene.
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Table 1 Overview of microspheres samples
Feed SEM analysis
CHN analys1s
Styrene  VBA d,“ CV° Azide?
Code [Wt%] [wt%] [um] BPg’ [%] [mmol g7
MS, 99 1 2.77 1.002 0.12
MS, 98 2 2.63 1.005 7.3 0.17
MS;5 95 5 2.59 1.004 6.4 0.36
MS;, 90 10 2.49  1.002 4.6 0.66
MS,o 80 20 2.12 1.07 23.1 1.31
MS;q 70 30 1.68 1.28 52.8 1.95
MS,, 60 40 1.96 1.16 40.45  2.55
MSs, 50 50 1.34  1.06 25.9 3.19
MS;s5 25 75 1.28 1.08 29.07 4.26
MS100 0 100 0.84  1.08 29.6 5.58

“ Number-average particle diameter. ” Dispersity of the dparticle dia-
meter. © Coefficient of variation of the particle diameter. “ Molar azide
content calculated from elemental nitrogen analysis.

T T T T T T T M
| 1%
— 2%
— 5%
—10%
— 20%
44 4.2 4.0
n 1 n 1 " 1 N 1 1 1 1 1 n 1 N
8 7 6 5 4 3 2 1 0

3 [ppm]

Fig. 1 'H NMR spectra of dissolved P(S-co-VBA) microspheres with the
signals associated with the azidomethyl groups enlarged for micro-
sphere samples with varying VBA feed contents.

benzyl groups and comparison with the aromatic and backbone
signals agreed well with the S: VBA comonomer feed ratios.

SEM analysis, Fig. 2 and 3, showed spherical particles for
all S-VBA compositions and typical diameters of approx.
2.7 pm. For VBA contents below 20 wt%, microspheres were
highly regular with monomodal size distributions and size dis-
persities as low as 1.002 (Table 1). For VBA contents above
20 wt%, samples showed bimodal size distributions featuring
large particles of approx. 2.8 pm diameter and a population of
smaller spheres with diameters around 1 pm, see Fig. 4 for two
representative size histograms. At very high VBA feed ratio, the
average microsphere diameter dropped to 0.8 pm with the
larger particles in sample MS;,, measuring approx. 1.2 pm in
diameter. A small degree of particle agglomeration was
observed for samples of highest VBA content. Several factors
have been shown to influence particle sizes and distributions

Polym. Chem., 2016, 7, 5414-5425 | 5417
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Fig. 2 SEM images of microsphere samples (a) MS;; (b) MSs (two
images); and (c) MSy.

and include stabiliser molecular weight, stabiliser concen-
tration, and solvent polarity.* In the present case, the
observed sizes and size distributions are likely caused by the
polar nature of VBA (compared to S) and a presumed in-
compatibility of the growing S-co-VBA oligomers with the
ethanol-S-VBA solvent mixture which would lead to earlier
precipitation and a larger number of smaller particles.””*%>*
Disc centrifuge measurements, Fig. S5, expectedly indi-
cated narrow particle size distributions for samples with low to
medium VBA contents. For higher VBA contents, however,
results were inconclusive, presumably due to a slight cross-
linking of polymers through thermal azide degradation and
nitrene-based coupling reactions during polymerization.>®
Indeed, solubility tests of samples with more than 50 wt% VBA
in THF (a good solvent for the base copolymers) resulted in
the swelling (rather than dissolution) of particles suggesting
crosslinking. With 20-50 wt% VBA, microsphere samples dis-
solved partially with insoluble components forming a swollen
gel. With less than 20 wt% of VBA, on the other hand, micro-
spheres dissolved fully in THF and CDCl;. In order to estimate
the amount of azide loss and degree of crosslinking formed
during the polymerization with higher certainty than through
'"H NMR analysis, elemental analysis was performed of all
microsphere samples. Taking into account the molar masses
of monomers (and the amount of nitrogen contributed by the

View Article Online
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Fig. 4 Size distribution histograms of (a) MS;, and (b) MS3y.

cyanopropyl initiating group originating from AIBN), the
measured nitrogen content was used to calculate microsphere
azide loadings (Table 1) and the ratio of found-to-expected
azide content. These values, plotted in Fig. 5, ranged between
0.93 and 1.00 corroborated an, albeit small, loss of azide func-
tionality during polymerization for samples of higher VBA
content, in agreement with previous studies on thermal azide
degradation in soluble polymer samples.>® With regards to the
synthesis of azide-functional microspheres, we recently
described the preparation of porous microspheres through a
templated copolymerization of S, VBA, and divinylbenzene
inside PS seed particles, which lead to found-to-expected azide
content ratios as low as 0.37 and below 0.70 for most samples.
In spite of some loss (and associated slight crosslinking)
observed in the present study, dispersion (co)polymerization
of VBA presents a viable avenue toward microspheres with

Fig. 3 SEM images of microsphere samples (a) MS;q; (b) MS,40 and (c) MSg0.
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Fig. 5 Ratio of azide content found by elemental analysis of micro-
spheres to expected azide content calculated from the feed ratio in
dependence of VBA feed.

measured azide loadings as high as -1

(see Table 1).

As eventual photo-crosslinking of particles was intended, a
low degree of crosslinking for the VBA-rich samples was not an
impediment. It is, however, for sake of synthetic scope, briefly
mentioned that we additionally performed dispersion
polymerization syntheses of azide-rich particles (up to 100%
VBA) at 30 °C using 2,2-azobis(4-methoxy-2,4-dimethyl valero-
nitrile) (V-70) as low-temperature radical initiator under
otherwise unchanged reaction conditions.’® All of these micro-
spheres dissolved in THF and chloroform, indicating the
successful synthesis of microspheres with very high azide load-
ings without any observed crosslinking.

FT-IR analysis of microspheres, Fig. S6,f showed the
expected spectra of the P(S-co-VBA) base material including a
strong band at 2095 cm™" associated with the N=N=N asym-
metric stretching and characteristic bands at v/em™ = 1246,
1050, 878, 816 and 755 that varied with the comonomer feed
ratio. The azide band served as an expedient means for the
quantification of the azide content (see below).

Given this first dispersion-based synthesis of microspheres
with very high azide contents, their potential in the materials
science field, and the known thermal lability of the azide func-
tionality, the thermal properties of all samples were character-
ized by DSC and TGA. DSC was used to determine glass
transition temperatures, T,, and the energy, E, released as
exothermic heat flow during the thermal decomposition of the
azide groups of all samples. A representative DSC curve,
measured of sample MSs,, is given in Fig. 6 (bottom curve)
and values of T, and E are plotted vs. VBA feed ratio in Fig. 7.
The glass transition temperature showed a linear dependence
on the S-VBA composition, decreasing from 102 °C found for
sample MS; (close to the literature value of 100 °C for homo-
PS)*” to 66 °C measured for sample MS;,0, presumably due to
increased sterical hindrance associated with the azidomethyl
groups and less compact packing of polymer chains. The
measured heat flow during azide decomposition varied in a

5.58 mmol ¢
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Fig. 6 Representative DSC (bottom curve, left axis) and TGA (top curve,
right axis) data of MSsy showing the glass transition temperature (DSC,
inset), the exothermic azide decomposition around 250 °C, the polymer
decomposition at 380-480 °C, and a residue of approx. 20 wt% at
900 °C (TGA).
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Fig. 7 Glass transition temperatures (T, squares, right axis) and
exothermic heat flow (E, circles, left axis) during azide decomposition
measured by differential scanning calorimetry vs. VBA feed.

linear fashion with azide content, increasing from 20 J g~* for
sample MS; to 1299 J g~ for sample MS;4o. Importantly, this
data was used as a calibration and allowed for the estimation
of azide contents in microspheres after partial crosslinking
(see below). Above 350 °C, the onset of an endothermic peak
indicated the decomposition of the polymer.

A representative decomposition curve obtained by TGA is
shown in Fig. 6 (top curve) and curves of all samples are
shown in Fig. S7.1 In agreement with DSC, the loss of the
azide group was observed between 200-280 °C through a mass
loss corresponding to approximately two thirds of the nitrogen
content, in agreement with the loss of one N, molecule per
-N; group. With higher azide contents, the temperature of
highest azide decomposition rate decreased from around
270 °C to 240 °C (see ESIt), making high-concentration azide
microspheres somewhat more susceptible to thermal
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crosslinking at temperatures above 200 °C. This high tempera-
ture range is in agreement with the only small degree of azide
decomposition found during polymerization at 70 °C. A
massive mass loss above 350 °C indicated the decomposition
of the polymer material under nitrogen atmosphere. This
polymer decomposition temperature increased with initial
content of azide groups (which, at temperatures above 350 °C,
were expected to have undergone crosslinking reactions). Inter-
estingly and although the material was fully organic, a con-
siderable percentage of mass that increased with azide content
to over 25 wt%, remained at 900 °C (Fig. S77), suggesting con-
siderable thermal stability conferred by the nitrene-based
crosslinking.

Controlled photo-crosslinking

With a set of well-defined azide-functional microspheres in
hand, their crosslinking through controlled UV irradiation was
studied next. Upon irradiation, the azide group sheds a mole-
cule of nitrogen and forms a highly reactive nitrene group
which can undergo several addition and insertion reactions
with nearby molecules forming covalent crosslinks between
different polymer chains. Main expected reaction pathways for
the crosslinking of azide-functional microspheres are shown
in Scheme 3.%' Notably, most of these reactions do not rely on
dimerization (as do other common photo-crosslinkers) but
offer universal attachment to nearby groups.

A UV lamp emitting a wavelength of 254 nm, ideal for the
formation of nitrenes from azides®® and designed for
irradiation of liquid samples, was dipped directly into a stirred
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Scheme 3 Possible reactions of the singlet nitrene formed after azide
irradiation:®* (a) addition to double bond; (b) nitrene—nitrene coupling;
and (c) C-H bond insertion (shown at benzylic position) leading to
crosslinking and (d), (e) H abstractions not leading to crosslinking.
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suspension of particles in water which was kept at room temp-
erature through a cooling tube dipped into the solution.
Irradiation times were varied between 30 s and 1 h and the
conversion based on the amount of residual azide functional-
ity was determined by three methods: (i) FT-IR spectroscopy,
through integration of the azide vibrational band at 2095 cm™
and calibrating the absorbance of samples before irradiation
to 100% (Fig. S6t1); (ii) elemental analysis by determining the
nitrogen content and taking into account the original nitrogen
content before irradiation and the expected remainder of a
third of this mass after quantitative reaction (Scheme 3); (iii)
DSC by measuring the exothermic heat flow during the
thermal degradation of residual azide groups using the above
data (Fig. 7) for calibration. As a representative example, the
azide conversion for the irradiation of sample MSs, as deter-
mined by IR, EA, and DSC is shown in Fig. 8. Under the reac-
tions conditions, a conversion of 50% of azide groups was
achieved in 3 minutes, a conversion of approx. 95% was found
after 20 min of irradiation, and essentially complete reaction
was confirmed after 60 min. Importantly, the data from all
three analytical methods was in excellent agreement, confirm-
ing the reliability of each technique, which was also apparent
through repeated experiments. Additionally, this agreement
also indicated that the penetration depth of the UV light
during irradiation was sufficient to perform reactions inside
the microspheres.

For microsphere samples of varying azide loadings, the
observed reaction rate increased with decreasing azide
content, Fig. 9. For sample MS,,, for example, (near-) complete
reaction was found after 5 minutes of irradiation, while
sample MS;,, required 30 min to reach approx. 98% conver-
sion. Exponential fitting of data suggested first order kinetics
for the azide decomposition of sample MS;,, though notably,

T T T T T T T
10 F ——a
08} _
c 06F -
kel
g) 4
[0]
2 04l 4
[e]
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02}t -
= R
o EA |]
0.0} A DsC|
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Fig. 8 Azide decomposition (conversion = 1 — residual azide) vs. time
during the irradiation of P(S-co-VBA) microsphere sample MSs, deter-
mined by FT-IR spectroscopy (squares), elemental analysis (circles), and
differential scanning calorimetry (triangles). The curves are exponential
fits of the data to guide the eye.
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Fig. 9 Comparison of azide conversion during the irradiation of micro-
sphere samples MS;o, MSs0, and MS;o¢ determined by IR spectroscopy.

other samples deviated from first order kinetics with observed
reaction rates generally lower than predicted by first-order
theory, Fig. S8.1 The azide decomposition rate may be influ-
enced by several factors including UV absorbance by the azide
itself and the polystyrene matrix leading to lower flux of light
inside particles, and a matrix absorptivity that depends on the
crosslink density.

The local concentration of azides has also been shown to
influence the preferred reaction pathway of the nitrene inter-
mediates (Scheme 3) with crosslinking through nitrene-
nitrene coupling typically only found for high azide concen-
trations and pathways (a) and (c) (Scheme 3) being the most
common crosslinking reactions at low or intermediate azide
concentration.” Notably, some possible reaction pathways
involving H abstraction from a C-H bond without combination
with the C-centered radical do not lead to crosslinking reac-

Table 2 Overview of partially and fully crosslinked microsphere samples
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tions. FT-IR measurements and '*C solid state NMR spectro-
scopy were run on samples MS;,, MSs,, and MS;,, before
and after exhaustive crosslinking. Both measurements con-
firmed the disappearance of the azide group (disappearance of
the N=N=N vibration at 2095 cm™" in the IR spectrum and of
the "*C NMR resonance assigned to the -CH,N; group at
54.6 ppm, Fig. S9t). However, the results were inconclusive
with regards to identifying preferred nitrene reaction pathways
as shown in Scheme 3. While reaction pathway (a) (leading to
crosslinking through C=C addition) was expected to prevail, it
was not possible to determine the exact crosslinking density
from the azide conversion.

Notably, most published examples on azide-functional
microspheres, films, or other architectures describe exhaustive
irradiation and crosslinking. Significantly, the combination of
a reproducible experimental setup, and use of either IR, EA, or
DSC analysis described herein enabled the partial crosslinking
of microspheres by sparing a defined and predetermined
amount of azide functionality which can then be available for
further modification. This protocol thus allows for tuning of
the initial azide content (Table 1) and the proportion of azide
functionality used for crosslinking. Taking advantage of this,
microspheres with different extents of crosslinking and
residual azide functionality were prepared and characterized
by SEM imaging and swelling studies, Table 2.

SEM analysis of irradiated microspheres showed that the
spherical shapes, particle diameters, and particle size distri-
butions were not affected by the photo-crosslinking. In fact,
for most samples, SEM images showed no differences to the
images recorded before crosslinking, see Fig. 10 and average
particle diameters and dispersities given in Table 2. For two
samples, MSs, and MS;q0, both with high azide loadings,
however, exhaustive crosslinking for 60 minutes was found to
result in particles being ‘glued’ together as observed by SEM,
Fig. 11. Presumably, microspheres aggregated in their aqueous

SEM analysis before  Crosslinking Residual azide

crosslinking extent” loading” SEM analysis after crosslinking
Microsphere  d,, ¢ cv/ d,® o\
sample [pm]  Dg° [%]  [%] [mmol g™'] [um] Bg”® [%]  Appearance Solvent behavior”
MS;, 2.49  1.002 4.6 50 0.33 2.57 1.001 2.5 Individual particles Swelling and dissolution
of particles
100 0 2.55 1.001 2.9 Individual particles swelling and light
agglomeration
MSs, 1.34 1.06 25.9 50 1.68 1.34  1.06 23.8 Individual particles Swelling, with no gelation
or disintegration
100 0 1.26  1.05 22.8 Some particles glued n.d.
together
MSi40 0.84 1.08 29.6 50 0 094 1.07 27.2  Individual particles Swelling, with no gelation
or disintegration
100 3.06 0.89 1.07 24.5 Some particles glued n.d.

“Percentage of azide functionality used during irradiation determined through FT-IR analysis of the residual azide band at 2095 ecm™".

together

1

b Estimated from initial azide loading, azide decomposition and average molar mass. °Crosslinked microspheres were kept in THF for 24 h.
4 Number-average particle diameter. ° Dispersity of the particle diameter.” Coefficient of variation of the particle diameter.
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Fig. 10 SEM images of photo-crosslinked microspheres after irradiation
(left images) and after stirring in THF for 24 h showing swelling (right
images) of samples (a) MS;, after 100% azide conversion; (b) MSso with
50% of azide functionality used for crosslinking and (c) MS;oo with 50%
of azide functionality used for crosslinking. Photo-crosslinking was not
found to affect the size dispersity of microspheres while swelling of par-
ticles with a low degree of crosslinking was observed in THF.

suspension during the irradiation and nitrene reactions
formed covalent links between particles.

Successful crosslinking was demonstrated by adding irra-
diated microspheres into THF (a good solvent for the poly-
styrene-based copolymers that dissolves non-crosslinked
particles). The sample with the lowest crosslinking density,
MS;, after using 100% of azide functionality for crosslinking
swelled considerably with particles sticking together as seen by
SEM analysis, Fig. 10 (top right). For all other samples,
particles did not disintegrate in THF indicating sufficient
crosslinking to prevent dissolution. These observations
suggested that more than 10 wt% VBA feed were necessary to

Fig. 11 SEM images of microspheres (a) MSso and (b) MS;o0 each after
UV irradiation for 60 min leading to some extent of particle
agglomeration.
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ensure adequate crosslinking and that for samples containing
50 wt% or more of VBA, irradiation times should be kept
below 60 min under these reaction conditions to prevent
particle agglomeration.

Click modification of partially crosslinked microspheres

As mentioned above, the chemical modification of micro-
spheres is crucial for many applications and the Cu-catalyzed
azide-alkyne cycloaddition (CuAAC) reaction has been docu-
mented to be amenable to the modification of azide (and
alkyne)**-functional microspheres. Herein, after demonstrat-
ing the preparation of microspheres with a tunable degree of
crosslinking and a tunable amount of residual azide function-
ality through partial photo-crosslinking, the chemical accessi-
bility of the residual azide groups was demonstrated through
CuAAC-modification with an alkyne-functional fluorescent dye,
Rhodamine B propargyl ester, Scheme 1. This alkyne was
chosen because of the obvious visual confirmation of success-
ful modification, the importance of fluorescent microspheres
as probes for optical measurements, but also because, as a
larger, sterically hindered alkyne, it represents a suitable way
of probing the accessibility of the azide groups with challen-
ging alkyne reagents. As substrate, a sample of MSs,, photo-
crosslinked for 3 min and with 48% of residual azide function-
ality (as determined by IR-spectroscopy), was chosen. Rhoda-
mine B propargyl ester was provided in 3-fold excess to azide
groups and CuBr, N,N,N',N'-tetramethylethylendiamine, and
triethylamine were used as the catalytic system in DMF as
solvent at room temperature.”>*® After intensive washing of
the dye-modified microspheres until washings were colorless,
the product was obtained as a deeply purple powder, Fig. 12.
IR spectroscopy, Fig. 13, indicated a remainder of approx. 9%
of the initial azide content. As CuAAC represents the only
viable reaction that diminishes the azide concentration, this
data suggested that after 52% of azide groups had been used
for crosslinking, another 39% of initial azide groups were
modified through CuAAC, or that 81% of the azide groups
spared during photo-crosslinking were successfully conjugated

Fig. 12 Photograph of microspheres MSso as synthesized, featuring
azide-functionality and presenting as an off-white powder (left); after
partial photo-crosslinking, presenting as slightly more yellow powder
(middle); and after modification of the residual azide groups with Rho-
damine B propargyl ester showing bright purple color (right).

This journal is © The Royal Society of Chemistry 2016
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Fig. 13 FT-IR spectra of microspheres MSs, (a) as synthesized, (b) after
partial photo-crosslinking for 3 min sparing 48% of azide functionality,
and (c) after CUAAC modification with Rhodamine B propargyl ester
after which 9% of initial azide functionality remained. The N=N=N
asymmetric stretch of the azide group and characteristic vibrations of
the dye are marked.

to the fluorescent dye—a fairly high reaction efficiency when
comparing to the literature and considering the bulky nature
of the dye alkyne.>®>*® The IR spectrum run on the dye-
modified microsphere sample additionally showed character-
istic vibrations of the Rhodamine dye, qualitatively confirming
its presence in the modified particles.

Conclusions

This study exploited several key characteristics of the azide
functionality for the preparation of crosslinked and functiona-
lized polystyrene-based microspheres: (i) while the benzyl
chloride functional group was found to undergo nucleophilic
substitution with the alcoholic solvent during polymerization,
the benzyl azide functional group was found to be stable
under the same reaction conditions. This allowed for a first
description of dispersion (co-)polymerizations based on vinyl-
benzyl azide to give well-defined microspheres with tunable
azide loadings. (ii) Upon irradiation at 254 nm, the azide
group forms a highly reactive nitrene intermediate that can
undergo a combination of reactions with nearby C-H and
C=C bonds. This was exploited to crosslink the microspheres
while preserving their sizes and size distributions. (iii) As
documented in the literature for the modification of micro-
spheres, the azide group is amenable to highly efficient
copper-catalyzed cycloaddition reactions with alkynes, which
was used herein to conjugate residual azide functionality to a
fluorescent dye. The pivotal point of this work is that the
photo-crosslinking can be done under controlled conditions
that allow for the conversion of a predetermined amount of
azide functionality and that this conversion can be easily
monitored by FT-IR spectroscopy, elemental analysis, and
differential scanning calorimetry. As a result, the degree of

This journal is © The Royal Society of Chemistry 2016
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crosslinking and the amount of unreacted azide functionality
can be tuned and the azide group, as a single functionality,
can be exploited for both photo-crosslinking and click-modifi-
cation. Given the inherent difficulties in producing crosslinked
and functional microspheres associated with many common
synthetic strategies, the presented methodology offers a
simple, robust, and versatile avenue toward well-defined micro-
sphere materials that can be customized depending on appli-
cation requirements.
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