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ABSTRACT: Precipitation polymerizations of 2-(diethy-
lamino)ethyl methacrylate were carried out with ethylene
glycol ~dimethacrylate and then trimethylolpropane
trimethacrylate in acetonitrile to produce monodisperse,
highly crosslinked microspheres. Poly(diethylaminoethyl
methacrylate-co-trimethylolpropane trimethacrylate) [poly
(DEAEMA-co-TRIM)] microspheres, in the range of 1.2-2.7
um, were obtained with a total monomer concentration of
1 vol % with respect to the solvent, and they kept their
identity with several polymerization parameters. When the
total monomer concentration was increased further, indi-
vidual particles lost their identity and aggregated. Poly
(DEAEMA-co-TRIM) particles with a total monomer con-
centration of 1 vol % had more discrete spherical forms
with smoother surfaces, whereas in the poly(diethylami-
noethyl methacrylate-co-ethylene glycol dimethacrylate)

system, sticky microspheres were obtained with a total
monomer concentration of 2.1 vol %. Moreover, several
polymerization parameters were investigated to control
the physical properties of microspheres of poly(DEAEMA-
co-TRIM) and to understand the nature of the precipitation
polymerization. Thus, the average particle size increased
from 2.3 to 2.7 pm with an increased azobisisobutyronitrile
concentration and then decreased to about 1.2 pm as the
polymerization temperature was increased. All the micro-
spheres produced under different polymerization condi-
tions were found to be monodisperse (polydispersity
index <0.1) with a narrow size distribution. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 112: 532-540, 2009
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INTRODUCTION

Among polymeric materials, microspheres are an im-
portant group; they are characterized by their small
size and volume, large specific surface area, uniform
size, chemistry and morphology, and ability to form
stable dispersions." These materials are used in a
wide range of medical and biochemical applications,
including enzyme immobilization,” drug delivery
systems,” chromatographic separation,* immunoas-
says, and medical diagnostics.5’6 All these applica-
tions depend on the size, monodispersity,
morphology, and surface characteristics of the micro-
spheres. Although large microspheres are used as
cell culture carriers, smaller ones are used as drug
carriers.! In addition to the other properties, the
monodispersity of the microspheres is crucial in all
applications to obtain reproducible results. Therefore,
it is important to control their size and uniformity.

Correspondence to: K. Ulubayram (ukezban@hacettepe.
edu.tr).

Contract grant sponsor: Scientific Research Unit of
Hacettepe University; contract grant number: BAB
06D07301001.

Journal of Applied Polymer Science, Vol. 112, 532-540 (2009)
© 2009 Wiley Periodicals, Inc.

Polymeric microspheres can be prepared by differ-
ent well-known heterogeneous polymerization meth-
ods such as emulsion polymerization, suspension
polymerization, and dispersion polymerization.
Emulsion polymerization produces particles that are
0.01-1 pm in diameter. This heterogeneous polymer-
ization involves emulsification of a monomer in
water by an emulsifier and initiation by a water or
oil-soluble initiator. Because a large oil-water interfa-
cial area is formed, a stabilizer (an ionic or nonionic
surfactant or protective colloid) is required to prevent
coagulation of the particles.” Suspension polymeriza-
tion is used to prepare large polymer beads with a
wide range of diameters (5-1000 um). In this method,
water-soluble monomers may be polymerized with
water in oil or the reverse, in which a concentrated
aqueous monomer solution is polymerized in a non-
polar medium.? Surfactants are used to prevent coag-
ulation as in emulsion polymerization. If the initial
emulsion in the polymerization is polydisperse, then
it will produce a broad particle size distribution and
thus require a size classification step, which makes
the method expensive and causes low reaction
yields.” Dispersion polymerization, used to prepare
polymer microspheres in the range of 1-15 um, is
characterized by its initially homogeneous polymer-
ization medium, in which the insoluble polymer is
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stabilized by the surfactants.® However, it is difficult
to obtain monodisperse, highly crosslinked micro-
spheres by these conventional methods. Although the
emulsion polymerization method can produce micro-
spheres up to 1 pm in diameter, suspension polymer-
ization provides a broad particle size distribution,
and it is not possible to prepare highly crosslinked
microspheres by dispersion polymerization.

A recent technique known as precipitation poly-
merization provides a one-step process to prepare
highly crosslinked microspheres with the desired
size distribution. Therefore, it has been more favored
than the aforementioned polymerization systems.
This method, developed by Li and Stover,'” shows
differences from the other methods because of the
stabilization mechanism. In this technique, the parti-
cle formation mechanism is similar to dispersion po-
lymerization. However, it does not require any
stabilizer against particle coagulation as in the other
heterogeneous polymerization methods. Here the sta-
bility of the particles formed by polymerization of
the diluted monomer solutions is provided by the
polymerization mechanism itself, not by added sta-
bilizers. According to Li and Stover, in the beginning
stages of the polymerization, lightly crosslinked oli-
gomeric radicals are formed and grow; in turn,
microspheres are formed by their crosslinking. These
microspheres do not aggregate because of the low
monomer concentration (2-5 vol %). They grow fur-
ther with the addition of oligomers and monomers
that are present in the polymerization medium.
Finally, stable particles are formed without any stabi-
lizer with a high degree of crosslinking, which causes
highly crosslinked and rigid surfaces.'' The sizes and
porosities of the microspheres depend on some poly-
merization parameters, such as the monomer and ini-
tiator concentrations, the polarity of the medium,
and the polymerization temperature and time.'?

In this study, for the first time, highly crosslinked,
stable poly(diethylaminoethyl methacrylate-co-ethylene
glycol dimethacrylate [poly(DEAEMA-co-EGDMA)]
and poly(diethylaminoethyl methacrylate-co-trimethy-
lolpropane trimethacrylate) [poly(DEAEMA-co-TRIM)]
microspheres were prepared by a single-step precipi-
tation polymerization. We investigated the effects of
the aforementioned reaction parameters on poly
(DEAEMA-co-TRIM) microspheres to control the size
and morphology of the particles.

EXPERIMENTAL
Materials

2-(Diethylamino)ethyl methacrylate (DEAEMA) and
ethylene glycol dimethacrylate (EGDMA) were pur-
chased from Aldrich (Steinheim, Germany) and puri-
fied by vacuum distillation before use to remove
inhibitors. Trimethylolpropane trimethacrylate (TRIM)
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TABLE I
Polymerization Compositions and Product Morphologies
of the Copolymerization of DEAEMA and EGDMA?

Monomer Total
Sample composition monomer Product
code  (EGDMA/DEAEMA)®  (vol %)° type
1 1 6.2 Coagulum
2 1 3.1 Coagulum
3 1 2.1 Microspheres
4 2 4.6 Coagulum
5 2 3.1 Coagulum
6 2 2.3 Microspheres
7 4 51 Coagulum
8 4 3.8 Coagulum

? Two weight percent AIBN with respect to the total
amount of the monomers at 60°C for 24 h.

P Molar ratio of the monomers.

€ Volume percentage of the monomers with respect to
the solvent.

was supplied by Aldrich and purified with inhibitor
remover replacement packing for hydroquinone
and monomethyl hydroquinone (Aldrich). Azobisiso-
butyronitrile (AIBN) was obtained from Merck
(Hohenbrunn, Germany) and used without further
purification.  Acetonitrile  (high-performance-liquid-
chromatography (HPLC) grade) and toluene (analyti-
cal grade) were supplied by Riedel (Seelze, Germany).

Precipitation polymerization of DEAEMA
with EGDMA or TRIM

DEAEMA was copolymerized with TRIM or
EGDMA in acetonitrile. In these systems, various
total monomer concentrations and monomer compo-
sitions (crosslinker-monomer ratios; Tables I and II)
were used to produce spherical polymer particles.
To obtain microspheres with smooth spherical forms
with the highest yield, several monomer concentra-
tions were tested.

The general procedure for the precipitation poly-
merization of DEAEMA with crosslinkers (TRIM or
EGDMA) was as follows. Known amounts of
DEAEMA and crosslinkers (TRIM or EGDMA) were
solvated in a large amount of acetonitrile, and then
the initiator, AIBN (2 wt % with respect to the total
amount of the monomers), was added. After 15 min
of purging with N, the solution was sealed and
then heated to 60°C for 24 h. After the polymeriza-
tion was completed, the microspheres were washed
with methanol and acetic acid (80 : 20) and acetoni-
trile; the polymeric particles were separated by filtra-
tion and then dried in vacuo at 50°C. The resultant
product morphologies were examined with scanning
electron microscopy (SEM), and then for the
DEAEMA and TRIM system, a total monomer con-
centration of 1 vol % with respect to the solvent and
an AIBN concentration of 2 wt % with respect to the

Journal of Applied Polymer Science DOI 10.1002/app



534

TABLE II
Polymerization Compositions and Product Morphologies
of the Copolymerization of DEAEMA and TRIM?

Monomer Total
Sample composition monomer Product
code (TRIM/DEAEMA)® (vol %)° type
9 1 42 Coagulum
10 1 2.8 Coagulum
11 1 2.1 Coagulum
12 1 14 Coagulum
13 1 1.0 Microspheres
14 1 0.69 Microspheres
15 2 45 Coagulum
16 2 3.4 Coagulum
17 2 2.2 Coagulum
18 2 1.1 Coagulum
19 2 0.84 Microspheres
20 2 0.42 Microspheres

? Two weight percent AIBN with respect to the total
amount of the monomers at 60°C for 24 h.

® Molar ratio of the monomers.

¢ Volume percentage of the monomers with respect to
the solvent.

total amount of the monomers were chosen for fur-
ther studies. For this system, DEAEMA (2 mmol)
and TRIM (2 mmol) were solvated in 100 mL of ace-
tonitrile, and then the initiator, AIBN (20.9 mg), was
added. After 15 min of purging with N,, the solution
was sealed and then heated to 60°C. The effects of
the polymerization time on the morphology and par-
ticle sizes of the samples were studied with samples
taken at the end of 3, 6, 12, and 24 h. Furthermore,
microspheres were prepared under different poly-
merization conditions. AIBN concentrations were
increased from 2 wt % with respect to the total
monomer and changed in steps of 3, 4, 5, and 6% to
examine the effects on the particle size and morphol-
ogy. The polarity of the medium was varied with
the addition of up to 2.5 vol % toluene to the poly-
merization medium, and the reaction temperature
was increased from 60 to 80°C to determine the
effects on the microspheres.

Characterization

The mean diameter (z average) and polydispersity
index (PDI the width of the distributions) of the
polymer particles in water were obtained with a
Malvern Zetasizer Nano-ZS dynamic light scattering
instrument (Malvern Instruments Ltd., Worcester-
shire, UK). Surface areas, pore volumes, and average
pore diameters of the polymer particles in the dry
state were measured with a Quantachrome Nova
2200e surface area and pore size analyzer (Quan-
tachrome Instruments, Boynton Beach, FL). The
microphotographs of the samples were obtained
with SEM (model 6400, JEOL, Tokyo, Japan) after
the samples were coated with gold. The chemical
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structure was characterized with a high-power,
solid-state, 300-MHz NMR spectrometer (Avance
superconducting Fourier transform NMR spectrome-
ter with a megahertz-wide board magnet, Bruker,
Rheinstetten, Germany) running '>C cross-polariza-
tion/magic-angle spinning (CP-MAS) analysis at a
spin rate of 5000 Hz with a scan number of 10,000.
The Fourier transform infrared (FTIR) spectrum was
obtained from a KBr disc of the sample with a
PerkinElmer Spectrum BX FTIR system (Perkin

Elmer, Shelton, CT) at a resolution of 2 cm L.

RESULTS AND DISCUSSION

Effect of the polymerization composition on the
product morphology of the copolymerization of
DEAEMA with TRIM or EGDMA

In this study, DEAEMA was copolymerized with
different compositions of EGDMA and TRIM to
obtain highly crosslinked microspheres. Studies of
the physical nature of the products were carried out
as a function of the monomer composition and total
monomer concentration with respect to the solvent.
In a copolymerization reaction, the most important
parameters that affect the physical characteristics of
the product are the crosslinker type and the concen-
tration and volume of the solvent."® Because at high
crosslinker concentrations or high volumes of the
solvent the initial spherical microgel particles form a
macroporous polymer resin, they remain as a micro-
gel powder or microspheres for lower concentra-
tions."* The previously mentioned transition of
swellable microgel forms to microspheres requires a
particular level of crosslinking and low solvency of
the medium." It is well known that good solvency
conditions and compatibility of a polymer with a
solvent is related to the solubility parameter similar-
ities. Although the solubility parameter of acetoni-
trile (the solvent used in this study) is 24.3 MPa'/?,!®
the solubility parameters of poly(ethylene glycol
dimethacrylate) and poly(trimethylolpropane trime-
thacrylate) [poly(TRIM)] were found to be 18.5
MPa'/? by Bai et al.'” and 18.2 MPa'/? by Rosenberg
and Flodin.'® Tt can be seen from the solubility pa-
rameter values that acetonitrile is not a swelling sol-
vent for these crosslinkers. Therefore, in our studies,
the crosslinking level and solvency condition of the
systems produced microspheres under the proper
polymerization conditions.

Generally, a total monomer loading of 2-5 vol %
with respect to the solvent produces nonaggregated
microspheres by precipitation polymerization."” In
this study, the total monomer concentration was var-
ied between 2.1 and 6.2 vol % in different monomer
compositions in the polymerization of DEAEMA
with EGDMA as the crosslinker and was found to
have a profound effect on the product structure
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Figure 1 Poly(DEAEMA-co-EGDMA) obtained by precipitation polymerization with an AIBN concentration of 2 wt % in
acetonitrile at 60°C: (A) microsphere structure of sample 3 and (B) coagulum form of sample 8.

(Table I). Results for the microsphere structure (sam-
ple 6) and coagulum structure (sample 8) of poly
(DEAEMA-co-EGDMA) at total monomer concentra-
tions of 2.3 and 3.8 are shown in Figure 1. SEM
investigations of these samples showed that the
microspheres [Fig. 1(A)] lost their identity and pre-
cipitated as coagulated microspheres [Fig. 1(B)]
when the high crosslinker level crosslinked the
opposing surfaces of the microspheres. When TRIM
was used as the crosslinker, the monomer concentra-
tion was varied between 0.42 and 4.5 vol % in differ-
ent monomer compositions (Table II). It was found
that the total monomer concentration with respect to
the volume of the solvent should be 1 vol % or
lower for microsphere formation. At higher concen-
trations of the monomers, individual particles lost
their identity and coagulated. Microspheres and
coagulum structures of poly(DEAEMA-co-TRIM) at
total monomer concentrations of 1 and 1.1 vol % are

shown in Figure 2, respectively. Although these
monomer concentrations are close, the initial molar
ratio of the crosslinker was higher in the system
(sample 18) that gave coagulum. The system sensi-
tivity is thought to come from the polymerization
mechanism of the crosslinker, TRIM, which links
three polymer chains. When one of the double bonds
of TRIM is attached to a growing polymer chain, the
other added double bond links to another molecule
because of the compact tetrahedral structure with
three double bonds of the TRIM molecule.”’

SEM investigations of poly(DEAEMA-co-TRIM)
samples showed that the microspheres [Fig. 2(A)]
had precipitated and formed coagulum [Fig. 2(B)] at
a higher crosslinker concentration. Although the
SEM microphotographs of these two samples are
very similar, the physical appearance of the sample
in Figure 2(B) showed the characteristics of coagu-
lum formation. It was observed that poly(DEAEMA-

Figure 2 Poly(DEAEMA-co-TRIM) obtained by precipitation polymerization with an AIBN concentration of 2 wt % in
acetonitrile at 60°C: (A) microsphere structure of sample 13 and (B) coagulum form of sample 18.
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Figure 3 SEM micrographs of microspheres at different polymerization times: (A) 3 (x1500), (B) 3 (x6000), (C) 6
(x1500), (D) 6 (x6000), (E) 12 (x1500), (F) 12 (x6000), (G) 24 (x1500), and (H) 24 h (x6000). Poly(DEAEMA-co-TRIM)
microspheres were produced with a total monomer concentration of 1 vol % and an AIBN concentration of 2 wt % in ace-
tonitrile at 60°C.
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TABLE III
Particle Diameter, PDI, and Yield Values of
Poly(DEAEMA-co-TRIM)? Microspheres at Different
Polymerization Times

Polymerization Particle Microsphere
time (h) diameter (um) PDI yield (%)
3 1.99 0.013 48
6 2.01 0.065 40
12 2.25 0.084 75
24 2.28 0.092 87

® Obtained by precipitation polymerization with a total
monomer concentration of 1 vol % and an AIBN concen-
tration of 2 wt % in acetonitrile at 60°C.

co-TRIM) at a total monomer concentration of 1 vol
% had more discrete spherical particles with
smoother surfaces in comparison with the sticky
microspheres of poly(DEAEMA-co-EGDMA). There-
fore, poly(DEAEMA-co-TRIM) microspheres were
chosen for studying the system parameters that con-
trol the physical properties of microspheres in pre-
cipitation polymerization.

Effect of the polymerization time

Figure 3 shows SEM micrographs of poly(DEAEMA-
co-TRIM) microspheres prepared with a total mono-
mer concentration of 1 vol % and an AIBN concen-
tration of 2 wt % in acetonitrile at 60°C with
different polymerization times (3, 6, 12, and 24 h).
The particle sizes and PDI values of the different
time products were measured with dynamic light
scattering (Table III). It is remarkable that polymeric
microspheres with smooth and clean surfaces
were obtained in all stages of the polymerization
[Fig. 3(A-H)]. Their average size was 1.99 pm at the
first stage of 3 h of the polymerization [Fig. 3(A,B)].
Then, they grew further to 2.28 pm until the end of
24 h [Fig. 3(GH)]. Although the PDI value of the
microspheres was found to be 0.013 at 3 h, it
increased with the polymerization time, reaching
0.092 at the end of 24 h. The higher uniformity of
the microspheres at the initial stages versus that of
the microspheres at the final stage can also be
observed from the microphotographs. However, the
microspheres of all the stages were monodisperse,
with PDI values lower than 0.1 according to Interna-
tional Standard 1SO13321.*'

The yield of microspheres (the percentage of the
product obtained as microspheres) was measured
gravimetrically. The yield varied from 4.8 to 87 with
increasing polymerization times (Table III). The max-
imum yield of 87 was obtained at 24 h. The increase
in the yield with the polymerization time was found
to be the same as that in solution or dispersion
polymerization.
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Effect of the initiator concentration

We studied the effect of the initiator concentration
on the average diameters of microspheres by
increasing the concentration of AIBN from 2 to 6 wt
% with respect to the total amount of the monomers.
The increase in the initiator concentration led to a
rise in the average particle size from 2.3 to 2.7 pm
(Fig. 4). Similar results were reported by Li et al.**
This rise can be attributed to an increase in the num-
ber of free radicals. A higher number of free radicals
results in an increase in the concentration of grow-
ing oligomeric radicals, the crosslinking density, and
the conversion. Therefore, a higher concentration of
the initiator enhances the integration processes
between the oligomeric radicals, and larger particles
are formed.

Effect of the polarity of the medium

The polarity of the medium is another important pa-
rameter for controlling the morphology and size of
the microspheres. When a proper solvent is used,
the polymer being formed remains solvated up to
high conversions of the monomer into the poly-
mer."> On the other hand, a nonsolvent causes early
phase separation, and the microspheres grow by
capturing oligomers and monomers.'? If the polarity
of the medium is changed to provide phase separa-
tion during later stages of the reaction, then the sol-
vent remaining in the particles may cause an
increase in the porosity. The maximum swelling of
poly(TRIM) was observed in toluene in a bed swel-
ling test by Rosenberg and Flodin.'"® Therefore, in
our system, the polarity of the medium was changed
by the addition of up to 2.5 vol % toluene as a cosol-
vent to the reaction medium. A higher toluene vol-
ume (>2.5%) caused microsphere aggregation
because of the combination of later phase separation

i 3
% -
E
=
*
¢
=
o
o
g
g 1 — - . - ; -
0 1 2 3 4 5 6 7
AIBN (wt.%)

Figure 4 Effect of the initiator concentration on the parti-
cle size. The AIBN concentration was changed from 2 to 6
wt % with respect to the total amount of the monomers.
Poly(DEAEMA-co-TRIM) microspheres were prepared with
a total monomer concentration of 1 vol % in acetonitrile at
60°C for 24 h. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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TABLE IV
Effects of Toluene on the Properties of Poly(DEAEMA-
co-TRIM) Microspheres

Cosolvent Surface Pore Average
toluene area volume pore diameter
(vol %) (m?/¢g) (em?/g) (nm)

0 4.97 0.0100 42.80
25 237 0.0108 76.92

with further polymerization in the medium. The effect
of the cosolvent, toluene, on the porosity of the micro-
spheres was analyzed with measurements using
nitrogen adsorption (Brunauer-Emmett-Teller (BET)
method), and the results are given in Table IV.

The poly(DEAEMA-co-TRIM) microspheres had a
very low surface area (4.97 m”/g). Rosenberg and
Flodin® studied the solution polymerization of
TRIM with monomer concentrations of 5-60%. They
observed that the large pores collapsed at monomer
concentrations below 15% upon drying. They also
indicated that it was difficult to prepare macropo-
rous poly(TRIM) when the solubility parameter dif-
ference of the polymer and medium was greater than
2 MPa'/% Therefore, the low surface area of poly
(DEAEMA-co-TRIM) microspheres was thought to
come from the collapse of the large pores because of
the low concentration of TRIM and low solvency of
the medium in our system. The addition of 2.5 vol %
toluene to the polymerization medium had no dra-
matic effect on the surface area and did not change
the total pore volume. For a given pore volume, the
surface area decreased with increasing pore size. It
was reported by Li and Stover' that the total pore
volume and the surface area of polydivinylbenzene
microspheres prepared by precipitation polymeriza-
tion increased with increasing toluene volume in the
polymerization medium. However, this behavior was
not observed in our study because we could not
increase the volume fraction of the toluene beyond
2.5 vol % on account of the aggregation problem.

Effect of the polymerization temperature

The polymerization temperature, which determines
the radical formation rate, is an important parameter
influencing the physical properties of the final prod-
uct. Figure 5 shows that as the polymerization tem-
perature was increased from 60 to 80°C, with the
other parameters kept fixed, the resultant micro-
sphere diameters decreased from 2.3 to 1.2 pm. Simi-
lar behavior was also reported by Mackova and
Horédk'> for poly(N-isopropylacrylamide) ~micro-
spheres prepared by precipitation polymerization.
This result can be explained as follows. Increasing the
polymerization temperature results in a higher
decomposition rate of the initiator, which increases

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Effect of the polymerization temperature on the
particle size. Poly(DEAEMA-co-TRIM) microspheres were
obtained at different polymerization temperatures with a
total monomer concentration of 1 vol % and an AIBN con-
centration of 2 wt % in acetonitrile for 24 h. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

the number of free radicals and microspheres. The
increase in the number of microspheres reduces their
size. On the other hand, if the rate of polymerization
is slow, the conversion of a large amount of the mono-
mers results in the growth of nuclei to larger sizes.”

Characterization of the poly(DEAEMA-co-TRIM)
microspheres

®C-NMR CP-MAS and FTIR studies were con-
ducted to investigate the chemical characterization
of the poly(DEAEMA-co-TRIM) microspheres pre-
pared with a total monomer concentration of 1 vol %.
The C-NMR CP-MAS spectrum of a sample is
given in Figure 6. In the spectrum, the carbonyl car-
bons C3 and C12 can be seen at 168 ppm. The region

€2, Clo. C13

0 HC—oH,

I HH DEAEMA
Mt b0 C—N_
a c'..| QO o G o

G o
o l €4, 65,06 CI

4;_?_:,“_.;_\:_11_*_:3*,3: M ) ey o, ce.08 18
s oma @ [Wad -

T T T r T T T T T T T
240 220 200 480 Y80 140 12 400 80 &0 40 20 0 -2 ppm

Figure 6 '°C-NMR CP-MAS spectrum of poly(DEAEMA-
co-TRIM) microspheres prepared with a total monomer
concentration of 1 vol % and an AIBN concentration of
2 wt % in acetonitrile for 24 h. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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Figure 7 FTIR spectrum of poly(DEAEMA-co-TRIM) microspheres prepared with a total monomer concentration of 1 vol
% and an AIBN concentration of 2 wt % in acetonitrile for 24 h. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

between 30 and 70 ppm can be characterized as C2,
C4, C5, Co6, C10, C11, and C13. Another region in
the spectrum between 10 and 30 ppm is attributed
to C1, C7, C8, C9, and C14 carbons. This spectrum is
in accordance with the spectra of the polymers
obtained from DEAEMA and TRIM in previous
studies.***

In the FTIR spectrum (Fig. 7), the peak assign-
ments are as follows. The band in the range between
2980 and 2840 cm ' represents the C—H stretching
of aliphatic groups. The ester groups in the structure
represent the C=O stretching band at 1734 cm™’,
the —O—CH, bending band at 1469 cm !, the C—O
bending band at 1262 cm™!, and the C—O stretching
band at 1148 cm ™.

CONCLUSIONS

Highly crosslinked poly(DEAEMA-co-EGDMA) and
monodisperse poly(DEAEMA-co-TRIM) micro-
spheres with clean and smooth surfaces were pro-
duced by precipitation polymerization for the first
time. Under various conditions, the sizes of the
microspheres remained in the range of 1.2-2.7 pum
with a maximum yield of 87% poly(DEAEMA-co-
TRIM).

We observed that large numbers of parameters
affect the final properties of polymers. The total
monomer concentration and monomer—crosslinker
ratio are crucial factors for producing discrete micro-
spheres. Only a 0.4% change in the total monomer
concentration determines the formation of coagulum
or microspheres. This system sensitivity is thought
to come from the crosslinker, TRIM, which effec-

tively links three polymer chains. Despite the system
sensitivity, all the microspheres produced under
different polymerization conditions were monodis-
perse. Furthermore, several polymerization parame-
ters such as the polymerization time, initiator
concentration, polarity of the medium, and polymer-
ization temperature control the physical properties
of microspheres of poly(DEAEMA-co-TRIM). As an
increase in the AIBN concentration was observed to
increase the average particle size, an increase in the
polymerization temperature reduces the average
particle size.

The authors thank S. Ali Tuncel and his group at the Depart-
ment of Chemical Engineering of Hacettepe University for
the porosity measurements. They also thank Goktug Giin-
kaya of Atomika Co. for the particle size analysis and Ayse
Aksoy for the NMR study.
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