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Abstract

Monodisperse cross-linked polymer microspheres with carboxyl groups on their surface were prepared by means of emulsifier-free
emulsion copolymerization. The characterizations by X-ray photoelectron spectroscopy and conductometric titration indicate that most
carboxyl groups are located on the surface of microspheres. Their swelling degree or cross-linking degree has been investigated by an in situ
swelling method. Moreover, these microspheres can be easily and quickly self-organized into two- or three-dimensional ordered multilayer
films or latex crystals. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Monodisperse colloids, especially polymer latex with
surface functional groups [1-12] such as carboxyl, hydro-
xyl, amino and aldehyde, whose diameter ranges from
nanometer to submicrometer, have been attracting consider-
able attention for their potential applications [13—23] in the
field of optics, magnetics, electronics, colloidal chemistry,
biochemistry and medicine. Recently, the studies on
colloids or latexes are focusing on manipulating the
chemistry of colloid formation, especially on manipulating
functional groups on the surface to control stability, solubi-
lity and biologic compatibility of the latexes [24-29], and
on constructing templates of functional materials such as
photon band gap materials from monodisperse colloids
[10-16,30-33]. On the other hand, cross-linked polymer
microspheres [34—37], allowing changes in size (swelling
and deswelling) which may be induced by changes in
temperature and solvent, is of growing interest in a number
of applications, in particular for rheological control [38,39]
and thermal-sensitive microgels [40—43]. In this work,
cross-linked polymer microspheres with well-defined
microsphere size and functional carboxyl groups on the
surface were prepared via an emulsifier-free emulsion
copolymerization. Their swelling ratio and cross-linking
degree were measured using an in situ swelling method.
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These microspheres could easily and quickly self-organize
into latex crystals due to their monodispersity and carboxyl
groups on the surface. All these will be highly desired in the
field of biochemistry, functional material and chemical
industry.

2. Experimental section
2.1. Materials

Styrene and methacrylate acid were distilled under
reduced pressure before use. 4,4'-isopropylidenediphenol
bimethacrylate was used as cross-linker and prepared in
our laboratory. Potassium persulfate (K,S,0g) and other
reagents were utilized without further purification.
Deionized water was applied for all polymerization and
treatment processes.

2.2. Preparation of microspheres

Cross-linked polystyrene microspheres with carboxyl
groups were synthesized using an emulsifier-free emulsion
copolymerization. All polymerizations were carried out in
an atmosphere of nitrogen for 12 h in a 500-ml four-necked
flask fitted with a reflux condenser and a stirrer. Styrene was
used as the major monomer, methacrylic acid as functional
monomer to provide carboxyl groups on the surface of
microspheres, and 4,4’ -isopropylidenediphenol bimethacry-
late as cross-linker. Potassium persulfate (K,S,05) served as
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initiator and no emulsifier was used in the polymeriza-
tion. During polymerizations, a definite amount of
NaHCO; was added to partially ionize carboxyl groups.
The resulting emulsion was purified by the processes of
filtering, ion exchanging and dialyzing in deionized
water.

2.3. Swelling of the microspheres

A typical swelling procedure was employed as follows:
0.5 ml of emulsion (0.5 wt% of solid content) were added
into 3.0 ml of water, ethanol or THF, respectively. Then
they were sonicated in an ultrasonic bath at room tempera-
ture for 5 min. All swelling processes were performed under
the same concentration of microspheres.

2.4. Characterization

FTIR spectra were measured in the wavenumber range
4000—400 cm ™" at a resolution of 4 cm ™' using a Nicolet
Avatar 360 FTIR spectrophotometer. The number of
carboxyl groups and the molar fraction of C and O on the
surface of microspheres were determined by conducto-
metric titration and X-ray photoelectron spectroscopy
(XPS) (VG ESCALAB MK 1), respectively. The morphol-
ogy of cross-linked microspheres was investigated by trans-
mission electron microscopy (TEM) using a JEOL
JEM2010 at an accelerator voltage of 200 kV. The average
diameter and size distribution of microspheres was deter-
mined by Zetasizer 3000HS and from TEM image. Surface
topography of latex crystals was collected using atomic
force microscopy (AFM) (Digital Instrument, Nanoscope
[ITa, Multimode) in a tapping mode and scanning electron
microscopy (SEM) (JEOL JSM-840 microanalyzer). The
samples of SEM were sputter-coated with Au film prior to
examination.

3. Results and discussion
3.1. Synthesis of monodisperse cross-linked microspheres

In Refs. [36,37,42-45], divinylbenzene or ethylene
glycol dimethacrylate was used as cross-linker in the
preparation of cross-linked polymer microspheres. But
because of the short length of the chain between the two
double bonds, it is difficult for divinylbenzene to react
completely in the emulsifier-free emulsion polymerization.
Instead, we used 4,4'-isopropylidenediphenol bimethacry-
late, a longer chain cross-linker. Examination of the FTIR
spectrum of Fig. 1 has confirmed the presence of the copo-
lymer of 4,4'-isopropylidenediphenol bimethacrylate,
methacrylate acid and styrene. In addition, Fig. 1 shows
that the IR absorbance of the C=C double bonds at
1630 cm ' could hardly be detected due to its low concen-
tration in the resulting microspheres, which indicates that
almost all of the double bonds including that of the cross-
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Fig. 1. FTIR spectra of cross-linked polystyrene microspheres with
carboxyl groups on the surface.

linker, react completely. Some other factors that can affect
the size of microspheres, such as the content of methacrylate
acid and the amount of cross-linker, were discussed in
Refs. [1,2,36,37]. Some typical ingredient recipes for the
preparation of monodisperse cross-linked microsphere are
listed in Table 1, which shows that the monodisperse cross-
linked microspheres can be prepared at a wide range of
synthesis conditions. A typical TEM image of Fig. 3(a)
indicates that these cross-linked polymer microspheres are
spherical in shape and monodisperse. The average diameter
is 188.0 nm and the polydispersity is 0.05. In good agree-
ment with the TEM examinations, the average diameter and
the polydispersity of the same microsphere sample were
measured to be 196.2 nm and 0.04, respectively, by Zetasizer
3000HS. Moreover, cross-linking had no effect on the
monodispersity and shape of the resulting cross-linked
microspheres by comparison with the same situation of
microsphere without cross-linking.

Table 1

Typical ingredient recipes of the preparation of cross-linked monodisperse
microspheres with carboxyl on the surface via an emulsifier-free emulsion
polymerization

Ingredient Weight (g) at 75 °C

Styrene 9.0 9.0 9.0
Methacrylic acid 1.0 1.0 1.2
Cross-linker® 0.5 0.6 0.5
Potassium persulfate 0.08 0.08 0.08
NaHCO;" 0.24 0.24 0.24
Deionized water 100 100 100
Diameter (nm)© 196.2 228.8 246.5
PDI 0.05 0.012 0.039

® Cross-linker is 4,4'-isopropylidenediphenol bimethacrylate.

® NaHCO; could be instead with NaOH or NH;-H,O.

¢ The diameter and polydispersity index (PDI) of microspheres were
measured by Zetasizer 3000HS under the solid content 0.5 wt% at room
temperature.
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Table 2

Contents of C and O from XPS and the calculated value of microspheres of different diameters in Table 1

Ingredient A (196.2 nm) B (228.8 nm) C (194.6 nm)

XPS (%) Calculated® (%) XPS (%) Calculated® (%) XPS (%) Calculated® (%)
C 91.98 96.43 90.0 96.28 91.28 96.43
(0] 8.02 3.53 10.0 3.72 8.72 3.53

* For the calculated value it was assumed that the copolymer chain was random and that carboxyl groups were uniformly distributed in the microspheres.

3.2. Concentration of surface carboxyl groups

Controlling the surface functionalization is important and
challenging in the synthesis of microsphere. In this paper,
the carboxyl groups on the surface are one of important
factors influencing the stability and ability of self-organiza-
tion of microspheres. The amount of carboxyl groups was
determined by conductometric titration [46,47] with the
aqueous solution of NaOH in an atmosphere of nitrogen
after emulsion was purified through filtering, ion changing,
and dialyzing. Measurements of conductometric titration
have shown that the content of carboxyl groups on the
surface is 0.255 mmol/g of microsphere and reaches
20.6% of the total amount of the carboxyl groups. When
the specific surface areas of microspheres were calculated
from average diameter of 196.2 nm determined by Zetasizer
3000HS, and the microsphere density was taken to be
1.05 g/em?, the number of carboxyl group on the surface
of one microsphere is about 0.5 millions. The contents of
C and O from XPS measurement of microsphere with differ-
ent diameters are listed in Table 2 and compared with the
calculated value. Results in Table 2 indicates that the molar
ratios of C/O on the surface of microspheres are smaller than
the calculated values based on assumption that the monomer
was randomly distributed on the copolymer chain and that
carboxyl groups were uniformly distributed in the micro-
sphere. This indicates that carboxyl groups are mainly
distributed on the surface of the microspheres, and it is
true for microspheres with different diameters and different
cross-linker content. All the above depend on the facts that
the polarity of styrene is smaller than that of the hydrophilic
carboxyl groups, and carboxyl groups have a tendency to
distribute in the outside region of microspheres. Of course,
there are some carboxyl groups, which are buried inside the
microspheres [1,2].

3.3. The swelling behavior of cross-linked microspheres

Cross-linking of polymer microspheres with nanometer
and submicrometer diameters is of practical importance in
enhancing the performance of other polymer materials and
constructing some microstructures. Swelling is a classical
and simple method for measuring the cross-linking degree
of the bulk cross-linked polymer [36,37,44,45], but it cannot
be directly applied to measure the cross-linking degree of
polymer microspheres of nanometer and submicrometer

because of their smaller size. Here the in situ swelling and
size-determining method was used to study the swelling
behavior of cross-linked polymer microspheres. In order
to investigate the effects of solvents on swelling ratio,
concentrations of the microspheres were held constant and
different swelling reagents were used. Fig. 2 shows that the
average diameter of the swelling microspheres will increase
by prolonging the swelling time (Fig. 2(a)) as well as
increasing the concentration of the swelling reagent
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Fig. 2. (a) The plot of swelling ratio in different reagent versus swelling
time. (b) Effect of swelling reagent concentration on the diameter of micro-
sphere. Mixture is consisting of 3.0 ml different swelling solvent and 1.0 ml
of emulsion with solid content of 0.5 wt% at room temperature.



4150 X. Chen et al. / Polymer 43 (2002) 4147-4152

(Fig. 2(b)). Fig. 2(a) indicates that swelling equilibrium can
be reached quickly within 1 h due to their small size, and
once reaching the swelling equilibrium in a certain swelling
reagent, the maximal swelling ratio is definite. For example,
in comparison with the initial diameter of 196.2 nm with
polydispersity of 0.05, the average diameter and polydisper-
sity will be 313.7 nm and 0.042, respectively, in the mixture
of THF and water. The swelling ratio and M, (the number-
average molecular weight of the network chain between two
cross-linking sites, which was used to characterize the cross-
linking degree) of the microspheres with 196.2 nm in
diameter in alcohol and THF are listed in Table 3. Herein
swelling ratio is determined using volume method [44,45]
as follows: swelling ratio = (V; — V))/V,, where V; is the
volume of swollen microspheres and V|, the volume of
unswollen microspheres. Based on the data in Table 3,
when alcohol and THF served as swelling reagent, M, of
the microspheres is obtained to be about 4.53 x 10° and
4.06x 10°, respectively, according to the reports
[36,37,48]. While, based on the idealized 100% conversion
of double bonds, the value of M. in theory calculation
should be 3.65 X 10°. Further, we performed this method
under the same conditions to determine M, of the micro-
sphere with 228.8 nm in diameter in Table 1, the resulting
M. is about 6.10 X 10* and the theoretical calculated value is
4.55 x 10°. The M, value measured by this method is higher
than and close to the theoretical calculated value, which is in
agreement with the fact that there still remains a double
bond with no reaction, as shown in the IR spectrum. All
these indicate that the in situ swelling method could be
used to measure the swelling ratio and the cross-linking
degree of submicrometer microspheres and even nanometer
polymer particles.

3.4. Self-organization of the microspheres and swelling
behavior of ordered structure

There has been a variety of works [30—33] on construct-
ing colloidal crystals, however, most reports indicated that
the speed of formation of colloidal crystal was slow. In this
paper, three-dimensional colloidal crystal was easily and
quickly created in a short time when the resulting emulsion
was placed on mica or silica slides and dried at room
temperature or at 70 °C. For example, latex crystals could

Table 3
Final average diameters, PDI and M, of microspheres in different swelling
mixtures

Mixture® Diameter (nm)  PDI Swelling ratio M
Water 196.2 0.050

Alcohol/water  369.0 0.038  6.65 453 % 10°
THF/water 313.7 0.042 4.10 4.06 % 10°

* Mixture is consisting of 3.0 ml different swelling solvents and 1.0 ml
emulsion with solid content 0.5 wt%.

® Experimental value; all diameter and PDI of microspheres were
measured by Zetasizer 3000HS at room temperature.

be obtained within 10 min at 70 °C. SEM micrographs of
surface and cross-section of latex crystals are shown in
Fig. 3(b) and (c). Self-organization of microspheres results
in a close-packed structure, in which the majority displays
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Fig. 3. (a) Typical TEM image of the polymeric microspheres; SEM images
of (b) the surface; (c) the section of colloidal crystal. The sample was
prepared by drying emulsion of solid content 5.0 wt% under humidity
atmosphere at 60 °C.
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hexagonal packing in plane of the surface. Here we think the
formation of latex crystal is not only the result of the entropy
driven packing of hydrophilic microspheres, which was
enhanced by capillary adhesion during evaporation of the
dispersed water; but also the result of the cooperative
association of the electrostatic interaction and hydrogen
bond between carboxyl groups. In addition, we studied the
effects of swelling behavior on original ordered structure
(Fig. 4(a)) by AFM. When latex crystal on the glass slide
was immersed into THF for a few minutes, the average
diameter of the microspheres will increase from 196.2 to
220.0 nm, and sphere shape of some polymer microspheres
became flattened but they still kept original ordered structure
(Fig. 4(b)).

4. Conclusion

Cross-linked monodisperse polymer microspheres with
carboxyl on the surface have been synthesized and charac-
terized, and their swelling behavior and cross-linking degree
were measured via the in situ swelling method. In addition,
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Fig. 4. (a) AFM image of the surface of the colloidal crystal in a tapping

mode; (b) AFM image of the surface of ordered structure of the micro-
spheres after swelling in THF.

these microspheres could be fabricated into ordered struc-
ture or colloidal crystal quickly and easily. The order of
latex crystals from the microspheres may depend on the
monodispersity of microspheres and microsphere inter-
actions including the electrostatic interaction and hydrogen
bond between carboxyl groups on the surface.
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