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A B S T R A C T

Synthesis of functionalized organic particles is an expanding area of exploration due to versatile potential ap-
plications including imaging agents, drug delivery vehicles, and supported synthesis. A robust, customizable
method that allows modification of size, degree of cross–linking, identity of the crosslinker, and desired func-
tionality, while retaining particle integrity would be highly advantageous. Here, we report the straightforward,
versatile syntheses of cross-linked carboxy polystyrene (PS) particles ranging from 50 nm to 500 µm in diameter
that retain their morphology in organic solvents. Removal of a protecting group exposed free benzoic acid groups
that were readily functionalized to afford peroxide, ester, or amide moieties. The identity and density of the
crosslinker were also systematically modified to alter the swelling properties of the microparticles. The particles
were rigorously characterized by IR and 13C NMR spectroscopy, SEM, and optical imaging. The methods re-
ported here provide a robust and reliable way to systematically and reproducibly synthesize functionalized cross-
linked PS-based particles spanning a wide range of sizes.

1. Introduction

The synthesis of polystyrene (PS) particles with size control is of
significant interest due to their numerous applications [1,2]. Small
(e.g., 10–700 nm diameter), monodisperse PS particles find applications
as biomedical imaging agents [3], catalytic scaffolds [4], building
blocks for photonic crystals [5], drug delivery agents [6], and binders
for paints and coatings [7]. On the other hand, polydisperse PS resins
that are tens of microns or more in diameter are also useful and serve as
solid-state supports for reagents [8,9] and catalysts [10], as well as
packing materials for ion-exchange columns [11]. A variety of attached
functional groups including hydroxyl, alkyl, amino, and thiol moieties
have been incorporated into these particles [12–17], which enables
their use in such broad and numerous applications.

Although particle synthesis has been an area of research exploration for
nearly a century, reliable methods that achieve control over size and
functionality remain challenging. Many organic nanoparticles (<1 μm
diameter) lose their morphology when suspended in organic solvents, and
particle morphology varies significantly depending on the synthetic method.
Changing internal and external reaction parameters such as concentration,

stir rate, and reaction vessel design significantly alters the resulting particle
size and morphology [18]. In this regard, reported methods for synthesizing
polymeric particles are not always reproducible based on provided proce-
dures. Also, developments in microscopy technology now enable thorough
imaging characterization, often missing from classical and even some con-
temporary publications. Synthesizing particles with control over size,
functionality, and cross-linking density is advantageous for systematic stu-
dies that vary particle characteristics [19,20]. Furthermore, the ability to
attach a variety of functional groups is desirable for tuning particle chem-
istry for specific applications [21,22]. Carboxylic acid groups are amenable
to a variety of coupling techniques; however, maintaining control over size
and functionality while incorporating acid moieties into PS particles and
during subsequent synthetic modification is a persistent challenge [23,34].
For example, Okada et al., recently demonstrated synthesis of hydro-
xyapatite (Ca10(PO4)6(OH)2) nanoparticle-coated PS microspheres utilizing
PS with carboxyl end groups (carboxy-PS), which interact with the calcium
ion of hydroxyapatite during emulsion. The carboxy-PS spheres underwent
dramatic reductions in volume (ca. 99%) following the emulsion, and low
molecular weight spheres experienced significant deformation [23]. Land-
fester et al., reported the preparation of carboxyl- and amino-functionalized
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PS particles via miniemulsion polymerization; however, bimodal size dis-
tributions were observed and latexes synthesized using ionic surfactants
were not resistant to electrolytes [30]. Jamshaid et al., recently described
the synthesis of magnetic carboxyl-functionalized particles ranging from ca.
275–500 nm in size. An oil-in-water magnetic seeded emulsion technique
was used, followed by a second emulsion polymerization with methacrylic
acid to increase the amount of carboxylic acid groups [35].

While carboxy-PS resins and nanoparticle solutions are available
commercially [36], customized variations in the degree of cross–-
linking, identity of the crosslinker, and desired functionality are
somewhat limited. To address these challenges, we systematically tuned
the polymerization method and reliably synthesized cross-linked car-
boxy-PS particles with size control to access particles spanning four
orders of magnitude in diameter (Scheme 1). The polymerization
methods comprise emulsion, surfactant-free emulsion, dispersion, and
suspension polymerization, which collectively provide a series of
functionalized particles of varying sizes. The incorporation of a cross-
linker allows the particles to be manipulated in organic solvents while
retaining morphology. Usage of an acid-protected comonomer (tert-
butyl-4-vinylbenzoate) afforded robust particles that can be functio-
nalized to esters, amides, and peroxides following removal of the pro-
tecting group post polymerization. Finally, the degree of cross-linking
and cross-linker moiety was varied to afford microparticles that exhibit
differences in their ability to swell in organic solvents.

2. Experimental

2.1. Materials

The 500mL three-neck flasks and stirrer bearing were purchased
from Chemglass Life Sciences (24/40 joints, item numbers: CG-1524-05

(flask) and CG-2071 (stirrer bearing)). The 300mL three-neck flasks and
glass stirrer shaft were purchased from Wilmad-LabGlass (24/40 joints,
product numbers: LG-7331-184 (flask) and LG-9500-100 (stirrer)). The
Teflon stir blades were purchased from VWR (catalog number:
89062064). A Glas-Col GT Series mechanical stirring system (catalog
number: 099D GT31, 333 rpm end was used) and an IKA digital me-
chanical stirrer (model number: RN20 D2M.n S1) were used for the
polymerization reactions. Unless otherwise stated, all reagents were ob-
tained from commercial suppliers and used without further purification.
Water was obtained from a Millipore (Billerica, MA) Milli-Q water pur-
ification system. The inhibitors were removed by passage through basic
alumina. The tert-butyl 4-vinylbenzoate comonomer (1) was prepared as
reported (see Supplementary Information (SI)) [37,38].

2.2. Synthesis of nanoparticles below 100 nm in diameter via emulsion
polymerization (2A)

In a 500-mL three-neck flask, water (250mL), sodium dodecyl sul-
fate (SDS, 0.35 g, 1.2mmol), potassium persulfate (KPS, 0.775 g,
2.87mmol), styrene (19.0 g, 182mmol), and divinylbenzene (DVB,
0.96 g, 7.4 mmol) were stirred at ca. 180 rpm by a Glas-Col GT Series
mechanical stirrer (motor speed set to 60%). The flask was purged with
nitrogen for 15min and then heated to 70 °C. After 1 h, a mixture of 1
(2.3 g, 11mmol) and DVB (0.21 g, 1.6 mmol) was added to the reaction
mixture by syringe, and the mixture was heated for an additional 12 h.
After cooling to room temperature, the particles were isolated by cen-
trifugation at 6000 rpm for 15min. The particles were redispersed in
tetrahydrofuran (THF, 15mL), precipitated by addition of ethanol
(EtOH, 35mL), and centrifuged at 6000 rpm for 15min. This process
was repeated an additional four times. The particles were dried in vacuo
to give a white solid (18.2 g, 82% yield).

Scheme 1. Methods for the synthesis of cross-linked PS particles spanning a range of sizes.
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2.3. Synthesis of nanoparticles ca. 600 nm in diameter via surfactant-free
emulsion polymerization (2B)

In a 500-mL three-neck flask, water (144mL), methanol (MeOH,
18.0 g, 22.8 mL), KPS (0.225 g, 0.83mmol), and styrene (16.1 g,
155mmol) were stirred at ca. 180 rpm by a Glas-Col GT Series me-
chanical stirrer (motor speed set to 60%). The flask was purged with
nitrogen for 15min and then heated to 70 °C. After 1 h, a mixture of 1
(2.0 g, 9.8 mmol) and DVB (0.20 g, 1.5mmol) was added to the reaction
mixture by syringe, and the mixture was heated for an additional 12 h.
After cooling to room temperature, the particles were isolated by cen-
trifugation at 6000 rpm for 10min. The particles were redispersed in
THF (15mL), precipitated by addition of EtOH (35mL), and centrifuged
at 6000 rpm for 10min. This process was repeated an additional four
times. The particles were dried in vacuo to give a white solid (10.8 g,
59% yield).

To increase particle size, the same experimental procedure as above
was conducted; however, the amount of KPS was increased to 1mmol.
The average particle size was slightly larger [30,39] at 650 nm in dia-
meter.

2.4. Synthesis of 1.4 μm mushroom caps via dispersion polymerization (2C)

In a 300-mL three-neck flask, water (3.4 mL), EtOH (64.9 g,
82.2 mL), poly(vinylpyrrolidinone) (PVP, MW∼ 360 kDa, 0.54 g),
Triton X-305 solution (0.58 g), azobisisobutyronitrile (AIBN, 0.41 g,
2.5 mmol), and styrene (12.0 g, 115.2 mmol) were stirred at ca.
230 rpm by a Glas-Col GT Series mechanical stirrer (motor speed set to
70%). The flask was purged with nitrogen for 15min and then heated to
70 °C. After 1 h, a mixture of 1 (1.4 g, 6.9 mmol) and DVB (0.24 g,
1.8 mmol) in EtOH (30.0 g, 38.0mL) and water (1.58mL) was purged
with nitrogen, heated to 70 °C, and added to the reaction mixture by
cannula over a period of 1 h. When the second stage was added over
shorter periods of time, mixtures of spherical, di-colloid, and mushroom
cap-shaped particles were produced (Fig. S11). The mixture was heated
for an additional 12 h. After cooling to room temperature, the particles
were isolated by centrifugation at 6000 rpm for 10min. The particles
were redispersed in THF (10mL), precipitated by addition of EtOH
(30mL) and n-hexanes (10mL), and centrifuged at 6000 rpm for
10min. The particles were redispersed in THF (10mL), precipitated by
addition of EtOH (40mL), and centrifuged at 6000 rpm for 10min. The
latter process was repeated an additional three times. The particles
were dried in vacuo to give a white solid (6.91 g, 51% yield).

2.5. Synthesis of microparticles 10 to 100 μm in diameter via suspension
polymerization (2D)

In a 300-mL three-neck flask, water (110mL), Mowiol 40–88 (PVA,
MW ∼205,000 g/mol, 88% hydrolyzation, 1.10 g), styrene (16.1 g,
155mmol), DVB (0.18 g, 1.4mmol), 1 (2.0 g, 9.8 mmol), and benzoyl
peroxide (BPO, Luperox, 0.50 g, 2.1mmol) were stirred at 400 rpm by
an IKA 20 digital mechanical stirrer, purged with nitrogen for 15min,
and heated to 70 °C for 12 h. The particles were isolated by cen-
trifugation at 3000 rpm for three min. The particles were swollen in
THF (30mL), shrunk by addition of EtOH (70mL), and centrifuged at
3000 rpm for three min. This process was repeated an additional four
times. The particles were dried in vacuo to give a white solid (13.6 g,
75% yield).

2.6. Synthesis of microparticles 50 to 500 μm in diameter via suspension
polymerization (2D)

In a 300-mL three-neck flask, water (110mL), Mowiol 40–88 (PVA,
MW∼ 205,000 g/mol, 88% hydrolyzation, 0.25 g), styrene (16.1 g,
155mmol), DVB (0.20 g, 1.5 mmol), 1 (2.0 g, 9.8 mmol), and BPO
(Luperox, 0.50 g, 2.1 mmol) were stirred at 240 rpm by an IKA 20

digital mechanical stirrer, purged with nitrogen for 15min, and heated
to 70 °C for 12 h. The particles were isolated by centrifugation at
3000 rpm for three min. The particles were swollen in THF (30mL),
shrunk by addition of EtOH (70mL), and centrifuged at 3000 rpm for
three min. This process was repeated an additional four times. The
particles were dried in vacuo to give a white solid (17.1 g, 94% yield).

2.7. Cleavage of tert-butyl esters (3)

At room temperature (rt), particles of 2 (5.65 g) were suspended in
1:1 dichloromethane (DCM)/trifluoroacetic acid (TFA) (100mL, v/v)
and stirred for 12 h. DCM and TFA were removed in vacuo. The carboxy-
PS particles were washed five times in THF/EtOH by redispersion and
centrifugation (the same conditions as the respective protected parti-
cles), and dried in vacuo to give solid white particles (4.3 g, 80% yield).

2.8. Synthesis of 1-pyrenebutanol functionalized particles (4)

Carboxy-PS 3 (0.30 g, ∼0.17mmol acid) was dispersed in 3.5mL
DCM. To this dispersion, 1-pyrenebutanol (7, 0.20 g, 0.73mmol) and 4-
dimethylaminopyridine (DMAP, 0.10 g, 0.80mmol) were added, fol-
lowed by N,N′-diisopropylcarbodiimide (DIC, 0.03mL, 0.3 mmol). The
mixture was stirred at rt. After 24 h, EtOH (10mL) was added to the
reaction mixture. The particles were isolated by centrifugation (the
same conditions as the respective protected particles), washed five
times in THF/EtOH by redispersion and centrifugation, and dried in
vacuo to give white solid particles (0.20 g, 59% yield).

2.9. Synthesis of n-butylamine functionalized particles (5)

Carboxy-PS 3 (0.31 g, ∼0.17mmol acid) was swollen in a solution
of 1,1′-carbonyldiimidazole (CDI, 0.13 g, 0.80mmol) in THF (8 mL) at
rt. After 1 h, n-butylamine (0.08mL, 0.81mmol) in THF (2 mL) was
added to the reaction mixture. After another hour, EtOH (10mL) was
added to the reaction mixture. The particles were isolated by cen-
trifugation (the same conditions as the respective protected particles),
washed five times in THF/EtOH by redispersion and centrifugation, and
dried in vacuo to give white solid particles (0.15 g, 49% yield).

2.10. Synthesis of m-chloroperbenzoic acid functionalized particles (6)

Carboxy-PS 3 (1.1 g, ∼0.61mmol acid) was swollen in a solution of
m-chloroperbenzoic acid (mCPBA, 0.98 g, 5.7 mmol) in DCM (25mL).
DIC (0.55mL, 3.6mmol) was added, and the mixture was stirred at rt.
After 12 h, EtOH (25mL) was added to the reaction mixture. The par-
ticles were isolated by centrifugation (the same conditions as the re-
spective protected particles), washed five times in THF/EtOH by re-
dispersion and centrifugation, and dried in vacuo to give white solid
particles (1.1 g, 96% yield).

3. Results and discussion

3.1. General approach

The most straightforward and ideal approach involves using a
monomer that is readily copolymerized with styrene and modified post-
polymerization to yield a carboxylic acid, giving carboxy-PS particles
(3) (Scheme 2). Two reports have described the synthesis of carboxy-PS
nanoparticles utilizing 4-vinylbenzoic acid as a comonomer with
styrene; however, to our knowledge, these procedures have not been
reproduced in the literature to date [40,41]. The crystallinity and hy-
drophilicity of 4-vinylbenzoic acid, as well as its limited solubility in
styrene, do not suit its use in a biphasic polymerization. To bypass the
use of 4-vinylbenzoic acid directly, the acid was masked with a tert-
butyl ester to yield a hydrophobic oil that is fully miscible with styrene.
The tert-butyl 4-vinylbenzoate comonomer (1) was synthesized via a
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modified literature procedure (see SI) [37]. Following copolymerization
with styrene and a crosslinker, the tert-butyl group is easily and quan-
titatively removed under acidic conditions to yield carboxylic acid 3.
This approach successfully enables a route to PS particles functionalized
with benzoic acid groups.

3.2. Size control

Monomer 1 was copolymerized with styrene and DVB as a cross-
linker in emulsion, surfactant-free emulsion, dispersion, and suspension
polymerizations to give protected carboxy-PS particles (2) in a variety
of sizes (Table 1).

The emulsion polymerization [42] procedure of Zukoski and cow-
orkers was modified to obtain the smallest set of particles [43]. Si-
multaneous addition of all reagents at the beginning of the procedure
produced particles with low cross-linking densities that lost their
morphology in organic solvents. Thus, the polymerization was con-
ducted in two stages. First, styrene and a portion of DVB were copo-
lymerized in a solution of SDS and ionic initiator for 1 h, allowing seed
particles to form in situ. Comonomer 1 was not added in the first stage
as it had been observed to widen the polydispersity of the seed parti-
cles. Instead, the comonomer 1 and a second portion of DVB were
added to the reaction mixture in a second stage following the formation
of the seed particles. After 12 h of polymerization, the particles were
washed with ethanol (EtOH) and tetrahydrofuran (THF) to remove
surfactant and any remaining monomer. The mole percent of the DVB
crosslinker was relatively high (4.4 mol%) for nanoparticles; however,
at lower cross-linking densities, the particles did not withstand the
washing and ester cleavage conditions. The two-stage emulsion poly-
merization yielded particles of 2 that were approximately 50 nm in
diameter before ester cleavage as measured by scanning electron mi-
croscopy (SEM) (Fig. 1a).

To obtain particles an order of magnitude larger in diameter, the
surfactant-free emulsion polymerization (SFEP) procedure was mod-
ified by Homola and coworkers [44] was modified. When the

polymerization was conducted in one stage, the particles were more
polydisperse than when the addition of reagents was split between two
stages. Thus, as for the traditional emulsion polymerization, styrene
was added at the beginning of the reaction in order to produce seed
particles in situ during the first hour of the polymerization, followed by
addition of a mixture of comonomer 1 and DVB. Following 12 h of
polymerization, the particles were washed with THF and EtOH to re-
move unreacted monomers. Monodisperse particles of 2 ca. 600 nm in
diameter were successfully obtained by this procedure (Fig. 1a). Effects
of low cross-linking densities were similar to those observed for the
50 nm particles, and utilizing 0.9mol% crosslinker afforded particles
that were stable in organic solvents (Supplementary Movie S1). More-
over, increasing the initiator concentration slightly increased the dia-
meter of the particles [30,39]. Monodisperse particles of 2
650 ± 70 nm in diameter were synthesized by increasing the amount
of KPS initiator from 0.83mmol to 1mmol (Figs. S9–10, Supplementary
Movie S3).

Dispersion polymerization [45] was attempted for the preparation
of particles with roughly twice the diameter of the SFEP particles.
Winnik and coworkers reported the successful synthesis of PS copo-
lymer spheres when the comonomer was added after the nucleation
stage [46,47], similar to our emulsion polymerization procedures. Thus,
comonomer 1 and the DVB crosslinker were added 1 h following the
polymerization onset to allow for the formation of PS seed particles in
situ. However, dimpling was observed for these particles, resulting in
monodisperse mushroom cap-shaped particles of 2 that were ca 1.4 μm
in diameter (“brim-to-brim”) and 1.0 μm in height (“crown-to-brim”)
(Fig. 1a,c). This phenomenon has been reported in seeded emulsion
polymerizations when solvent or monomer is expelled from a swollen
particle faster than solvent is entering a cross-linked particle [48–51].
The time at which the second stage comonomers were added was
varied, but other non-spherical morphologies were observed (Fig. S12).
The mushroom cap particles can be subjected to ester cleavage condi-
tions, and the mushroom cap shape is generally retained (Fig. 1b).

Suspension polymerization [52] yields polydisperse samples be-
cause monomer droplet size determines particle size in the biphasic
reaction. Suspension polymerizations are also sensitive to a variety of
parameters such as the concentration and type of surfactant or stabilizer
used. To obtain larger cross-linked microparticles, several procedures
were attempted and altered [53–57]. Many of the reported procedures
lacked information such as reaction vessel design, stir rate, and mole-
cular weight of the steric stabilizer, which can affect the size distribu-
tion and morphology of the resulting particles. Several stabilizers—such
as methyl cellulose, ethylene maleic anhydride copolymer, Brij 58,
fluoropolymer, lignosulfonic acid, and PVA of varying molecular
weight and degree of hydrolyzation—were tested along with varying
stir rates. Our tests of various surfactants agreed with the findings of
Puig and coworkers who found that PVA with high molecular weight
and 88% hydrolyzation has good stabilization properties for suspension
polymerizations [58]. The PVA stabilizer for the reported procedure has
a molecular weight of 205,000 g/mol. For a 1.0 wt% aqueous solution

Scheme 2. Synthesis of functionalized polystyrene (PS) particles.

Table 1
Synthetic conditions for preparation of protected carboxy-PS particles of various sizes.

Particle diameter 50 nm 600 nm 50 μm 400 μm

Milli-Q water (mL) 250 144 110 110
Surfactant, cosolvent, or

stabilizer (g)
0.35 SDS 18.0 MeOH 1.1 PVA 0.25 PVA

Initiator (g) 0.78 KPS 0.23 KPS 0.50 BPO 0.50 BPO
Styrene (g) 19.0 16.1 16.1 16.1
1, initial (g) – – 2.0 2.0
DVB, initial (g) 0.96 – 0.18 0.2
1, after 1 h (g) 2.3 2.0 – –
DVB, after 1 h (g) 0.21 0.2 – –
Stir rate (rpm) 180 180 400 240

Abbreviations: DVB (divinylbenzene), SDS (sodium dodecyl sulfate), KPS (potassium
persulfate), MeOH (methanol), PVA (poly(vinyl alcohol)), BPO (benzoyl peroxide).
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of PVA and a stir rate of 400 rpm, suspension polymerization yielded
spherical particles of 2, mostly 10–100 µm in diameter. For a 0.23 wt%
aqueous solution of PVA and a stir rate of 240 rpm, suspension poly-
merization afforded larger particles of 2, mostly 80–500 µm in diameter
(Fig. 1a).

3.3. Functionalization and characterization

Following the synthesis of 2 via radical polymerization, the tert-
butyl ester was cleaved to afford 3 in a variety of sizes with free car-
boxylic acid groups. Particles of 2 were stirred in a 1:1 (v/v) mixture of
DCM and TFA overnight. Although some discoloration (from white to
light yellow) and dimpling were observed for a few samples following
ester cleavage, especially those with low degrees of cross-linking, the
particles generally retained their shapes and sizes within error (Fig. 1b,
Table 2).

The shape and behavior of particles 2 and 3 in organic solvents were
studied and recorded by optical microscopy with video imaging.
Particles synthesized via SFEP, dispersion polymerization, and suspen-
sion polymerization techniques were examined. The particles were
dispersed in a DMF/EtOH solvent mixture (volume ratio of 3:1) by
sonicating for a period of 30min, and movies were recorded in real time
(see Supplementary Movies S1–S9 and Fig. S14). The movies

demonstrate that all particles are easily dispersed in organic solvents
and retain morphology once dispersed.

Supplementary Movie S1.

Supplementary Movie S2.

Fig. 1. SEM images of particles (a) 2 and (b) 3. Polymerization method denoted. Suspension method with 100 μm scale bars utilized 1.0 wt% PVA and 1mm scale bars utilized 0.23wt%
PVA. (c) Optical microscopy images and schematics showing the rotational dynamics of a mushroom cap-shaped particle of 2 dispersed in a DMF/EtOH solvent mixture (see
Supplementary Movie S6).

Table 2
Sizes of particles 2 and 3 (before and after ester cleavage) measured by SEM. For each set
of particles, 50 particles were measured and averaged. For the mushroom caps, both the
diameter (brim-to-brim) and the height (crown to brim) were measured.

Polymerization method Size of particle 2 Size of particle 3

Emulsion 50 ± 10 nm 50 ± 10 nm
SFEP 600 ± 50 nm 620 ± 50 nm
Dispersion (diameter) 1.4 ± 0.1 μm 1.27 ± 0.06 μm
Dispersion (height) 1.0 ± 0.1 μm 0.94 ± 0.09 μm
Suspension (1.0 wt% PVA) 90 ± 30 μm 70 ± 30 μm
Suspension (0.22 wt% PVA) 360 ± 80 μm 360 ± 60 μm
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Supplementary Movie S3.

Supplementary Movie S4.

Supplementary Movie S5.

Supplementary Movie S6.

Supplementary Movie S7.

Supplementary Movie S8.

Supplementary Movie S9.

Crystallization of the colloids was attempted by dispersing particles of 3
(650 ± 70 nm, synthesized by SFEP, see SI) in methanol. Numerous
solvents were used to disperse the particles, but significant swelling
occurred with all solvents, while less swelling occurred in methanol.
The particles were allowed to self-assemble overnight at 39 °C. SEM
imaging demonstrated that the particles assembled into monolayers, as
well as layers composed of two, three, and more than five particles in
height (Figs. S15–16). Fourier transform infrared (FTIR) reflectance
spectra were collected for the monolayer and multi-layer samples;
however, no Bragg reflection was observed between 1.6 and 1.8 μm,
indicating that crystallization did not occur (Fig. S17). Dynamic light
scattering (DLS) measurements indicated that the polydispersity was
too large to achieve crystallization (PDI of ca. 0.07–0.1 (± 40–55 nm)
is needed) (Fig. S18).

The chemical functionality of the particles was characterized by
FTIR spectroscopy, both by attenuated total reflectance (ATR) and
diffuse reflectance (DRIFTS) techniques, as well as by gel-phase 13C
NMR spectroscopy. Results obtained from both techniques confirmed
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the change in functionality between particles 2 and 3. In the FTIR
spectra, ester 2 showed one sharp carbonyl stretch at 1710 cm−1, a
methyl umbrella at 1367 cm−1, and a CeOeC ester stretch at
1290 cm–1, while acid 3 showed two carbonyl stretches at 1740 and
1680 cm−1, corresponding to the free carboxylic acid and the dimerized
carboxylic acid (Fig. S5). A residual peak at 1710 cm−1 indicated in-
complete cleavage for shorter reaction times. Gel-phase 13C NMR
spectroscopy before and after removal of the tert-butyl group further
confirmed cleavage. For ester 2, signals at 80.4 and 28.3 ppm indicate
the presence of the tert-butyl group and these peaks are absent in the
spectrum of 3. Following ester cleavage, the carbonyl resonance shifted
from 165.7 to 167.5 ppm (Fig. S1). The changes observed in the IR and
13C NMR spectra indicated that full removal of the protecting group was
achieved (within limits of detection).

Successful hydrolysis of ester 2 to carboxylic acid 3 enabled further
functionalization by coupling techniques. Coupling alcohols, amines
and peroxy acids to the carboxylic acid yielded esters, amides, and
dibenzoyl peroxides, respectively (Scheme 2). To demonstrate the es-
terification of the particle-bound carboxylic acid, 1-pyrenebutanol (7)
was conjugated to 3 via DIC coupling. The resulting particles of 4 were
imaged with confocal microscopy and found to be fluorescent (Fig. 2).
A control experiment was conducted by repeating the functionalization
procedure with 7 in the absence of DIC. These particles did not show
fluorescence at the same gain setting. A second control experiment was
conducted by subjecting particles of 2 to identical coupling reaction
conditions as the particles of 3, and the resulting particles also did not
display fluorescence at the same gain setting. These control experiments
indicate that 7 is chemically attached to the particles and not merely
adsorbed. Further characterization of 4 by FTIR and NMR spectroscopy
demonstrated the formation of an ester bond. In the FTIR spectrum of 4,
the carbonyl stretches of the carboxylic acid were replaced by one sharp

peak at 1716 cm−1 (Fig. S6). In the 13C NMR spectrum of 4, the car-
bonyl peak shifted to 166.6 ppm, while additional aromatic peaks ap-
peared between 122 and 133 ppm. Additional peaks also appeared in
the aliphatic region of the spectrum at 29.8, 29.2, 22.4, and 21.0 ppm
(Fig. S2).

A different coupling method was used to synthesize an amide de-
rivative and demonstrate synthetic versatility. Coupling via 1,1′-car-
bonyldiimidazole is an established method [59] that has gained interest
in recent decades in the field of peptide synthesis. This coupling tech-
nique can also be applied to a variety of products since the reactive
acylimidazole intermediate serves as an alternative to an acid chloride.
To demonstrate the formation of an amide, the 600-nm and 360-μm
particles of 3 were activated with 1,1′-carbonyldiimidazole. Subsequent
displacement of the imidazole by a primary amine yielded desired
amide 5. The particles were characterized by gel-phase 13C NMR and
FTIR spectroscopy. The 13C NMR spectrum of 5 revealed new peaks
corresponding to the alkyl chain at 40.1, 33.1, 21.1, and 14.3 ppm.
Additionally, the carbonyl peak shifted from 167.5 to 166.8 ppm (Fig.
S3). In the FTIR spectrum of 5, the carbonyl peaks were replaced by a
broad peak at 1658 cm−1, corresponding to the amide (Fig. S7). Both
methods indicated a change in the carbonyl region, supportive of the
formation of an amide.

Effective functionalization of the particles included not only the
formation of ester and amide groups, but also the formation of di-
benzoyl peroxides (BPO). Few methods exist to synthesize non-sym-
metrical peroxides [60–62]. Such peroxides could be utilized as in-
itiator species for synthesizing new material at particle interfaces [38].
Particle 3 was functionalized with BPO by reaction with DIC and
mCPBA to yield 6. The particles were characterized by FTIR and gel-
phase 13C NMR spectroscopy. In the FTIR spectrum of 6, the carbonyl
stretches of the acid disappeared, while two carbonyl stretches

Fig. 2. Confocal microscopy images of fluorescently-labeled 4: (a) 600 nm particles and (b) a 400 μm particle.

Table 3
Volume swelling ratios of microparticles of 3 with different crosslinkers and cross-linking densities. The amount of crosslinker is reported in mmol per gram of comonomer (styrene and 1)
mixture. For each value, the swelling of ten particles were measured and averaged.

Crosslinker (mmol/g) Chemical structure THF swelling ratio DCM swelling ratio Toluene swelling ratio

DVB (0.032) 7.1 ± 0.9 4.1 ± 0.4 3.7 ± 0.3
DVB (0.063) 5.1 ± 0.5 4.2 ± 0.4 3.7 ± 0.1
DVB (0.24) 3.7 ± 0.2 3.2 ± 0.2 3.0 ± 0.1

EGDMA (0.033)

O

O
O

O

14.1 ± 0.9 5.8 ± 0.8 4.9 ± 0.3
EGDMA (0.063) 8.4 ± 0.9 4.3 ± 0.5 3.9 ± 0.2
EGDMA (0.24) 4.0 ± 0.3 3.2 ± 0.3 3.2 ± 0.1

PEGDMA (0.031)

O

O
O

O
n

8.2 ± 0.9 4.3 ± 0.2 4.2 ± 0.3
PEGDMA (0.062) 6.1 ± 0.9 3.7 ± 0.3 3.6 ± 0.2
PEGDMA (0.25) 3.9 ± 0.3 2.9 ± 0.3 2.9 ± 0.2
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corresponding to the non-symmetric peroxide appeared at 1789 and
1766 cm−1 (Fig. S8) [63]. The 13C NMR spectrum of 6 also indicated
the disappearance of the carboxylic acid. Two peaks corresponding to
the carbonyl groups of the peroxide appeared at 163.2 and 162.5 ppm,
while three new peaks in the aromatic region appeared at 135.8, 135.1,
and 131.5 ppm (Fig. S4). Since the acid peak was not visible in the FTIR
or NMR spectra, it can be assumed that the particles underwent com-
plete functionalization (within limits of detection).

3.4. Cross-linking effects

To demonstrate the versatility of the suspension polymerization
method, the cross-linker identity and density were varied. Three dif-
ferent crosslinkers were used: DVB, ethylene glycol dimethacrylate
(EGDMA), and poly(ethylene glycol) dimethacrylate (PEGDMA, Mn

550) (Table 3). Crosslinker amounts of approximately 0.35, 0.7, and
2.5 mol% were used (Table S1). Following reaction workup, the parti-
cles were swollen in THF, dichloromethane (DCM), or toluene. The
diameter of the particle was measured by optical microscopy before and
after swelling (Fig. S13). Ten particles of each type were swollen in the
noted solvent, and the average swelling ratios are listed in Table 3. The
volume swelling ratio is equal to the cube of the swollen particle dia-
meter divided by the cube of the non-swollen particle diameter. Parti-
cles showed the largest swelling ratio in THF and the smallest in to-
luene. Particles with higher percentages of cross-linking displayed
lower swelling ratios than those with lower percentages of cross-
linking. Particles with DVB as a crosslinker swelled less when compared
to particles with the other two crosslinkers. The particles cross-linked
with EGDMA had the largest swelling ratios. Thus, both the percentage
and identity of the crosslinker affects the swelling ratio.

4. Conclusion

We have demonstrated a straightforward, versatile route to syn-
thesizing carboxy-functionalized PS particles of various and con-
trollable sizes consisting of the copolymerization of a protected acid
monomer with styrene and a crosslinker in an emulsion, surfactant-free
emulsion, dispersion, or suspension polymerization. This family of
procedures enabled production of particles ranging from 50 nm to
500 μm in diameter. Removal of the tert-butyl protecting group exposed
free benzoic acid groups, which could be coupled with alcohols,
amines, and peracids to afford ester-, amide-, and peroxide-functiona-
lized particles. The crosslinker was varied for the microparticles to
probe particle swelling capacity. Particles with low percentages of
EGDMA crosslinker displayed the highest volume-swelling ratio. The
methods reported here provide a toolkit for synthesizing cross-linked
particles that lie within a desired size range, retain morphology in or-
ganic solvents, and can be further functionalized for a variety of ap-
plications.
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