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ABSTRACT: Thermosensitive copolymers of poly(N-iso-
propyl acrylamide)-co-2-hydroxyethyl methacrylate (NIPA-
co-HEMA) macroporous resins were synthesized in the form
of beads by inverse suspension polymerization. The copo-
lymerization was carried out in aqueous solutions of the
comonomers dispersed by cyclohexane with stabilizers. A
series of resins with different molar ratios of NIPA : HEMA,
and different crosslinking degrees was obtained. The com-
positions of the copolymers were determined by elemental
analysis. The results showed that the content of HEMA in a
copolymer was higher than that of the corresponding feed
mixture from which the copolymer was made. IR spectra
also confirmed the structure of the copolymers. The porous

parameters such as true densities, apparent densities, pore
volumes, and porosities of the resins were measured by
means of pycnometry. The determination of equilibrium
swelling ratios and measurement of differential scanning
calibration indicated that the resins exhibited thermosensi-
tivity in aqueous solutions. Finally, the loading of hydroxyl
groups was determined by titration. The resins have poten-
tial applications as supports in solid-phase synthesis after
being functionalized. © 2003 Wiley Periodicals, Inc. ] Appl Polym
Sci 91: 1792-1797, 2004
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INTRODUCTION

Thermosensitive hydrogels have attracted much atten-
tion since Tanaka first observed the gel collapse phe-
nomenon." Aqueous solutions of poly(N-isopropyl
acrylamide) [poly(NIPA)] and poly(N,N’-diethylacryl-
amide) exhibit a lower critical solution temperature.>
When crosslinked they show discontinuous volume
phase transition in water in response to a change of
temperature.*™” Because of this unique property ther-
mosensitive hydrogels have received wide applica-
tions in solute recovery, drug delivery, immobilized
enzyme reactors, and superabsorbents.> ¢

Since Marrifield first introduced the solid-phase
synthesis technique for preparation of polypeptides,
resins based on polystyrene backbone have already
been extensively developed as polymeric supports,
although reports of hydrogels used for this purpose
have been scarce. Usually a desirable polymeric sup-
port should have two important characteristics: its
backbone should have good swellability in solvents,
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and it should contain reactive functional groups so as
to be readily functionalized for further reactions. To
satisfy these requirements we designed the copolymer
as our resultant polymeric support. When the reaction
was completed the solution was heated to above the
phase-transition temperature of poly-NIPA, the copol-
ymer support therefore shrinks, so that the solid sup-
port is separated from the reaction system.

There were two reports about redox copolymeriza-
tion of NIPA and 2-hydroxyethyl methacrylate
(HEMA).'”'® Three-dimensional gel structures were
obtained in the studies. The objective of this study was
to synthesize new types of thermosensitive resins that
have potential applications in solid-phase synthesis. In
this work we synthesized the beaded copolymer of
NIPA-co-HEMA by inverse suspension polymeriza-
tion, optimized the synthetic conditions, characterized
the structures, and investigated the thermosensitive
properties of the copolymers. Figure 1 shows the re-
action scheme.

EXPERIMENTAL
Materials

N-Isopropylacrylamide (NIPA), 2-hydroxyethyl methac-
rylate (HEMA), N,N’-methylene(bis)acrylamide (BIS),
N,N,N',N'-tetramethylethylenediamine (TEMED), am-
monium persulfate (APS), and cyclohexane were pur-
chased from Aldrich Chemical Company (Milwaukee,
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Figure 1 Scheme of polymerization.

WI). HEMA was redistilled before use to remove inhib-
itor. The others chemicals were used as received without
further purification.

Preparation of copolymers

The resins were prepared by free-radical copolymer-
ization of NIPA-co-HEMA using BIS as the crosslinker.
Cyclohexane (150 mL) was charged to a three-neck
flask equipped with a mechanical stirrer, condenser,
and thermometer. Sorbitan monopalmitate (span 40;
0.4 g) and sorbitan monooleate (span 80) were added
as stabilizers. Nitrogen gas was passed through the
solution for 20 min. In a small beaker 2.26 g (0.02 mol)
of NIPA, 2.60 g (0.02 mol) of HEMA, and 0.185 g of BIS
were dissolved in 25 mL deionized water. APS solu-
tion (1.2 mL; 0.04 g/mL) and 0.1 g TEMED were
introduced to initiate the reaction. The mixture was
promptly poured into the experimental flask at a stir-
ring speed of 300 rpm. The reaction temperature rose
slowly, within 1 h, from 22 to 72°C, at which temper-
ature it was kept constant for 6 h until completion of
the reaction. The product was washed with acetone
and distilled water successively, after which it was
freeze-dried. The resin was largely beaded but con-
tained a slight amount of amorphous polymers. Other
analogous copolymer resins with various molar ratios
and amounts of crosslinker were prepared under sim-
ilar conditions.

Characterization

Compositions of some copolymers were determined
by elemental analysis (EA 1108 CHN; Fisons Instru-
ments; Isomass Scientific, Inc., Calgary, Canada) and
the structure was also confirmed with FTIR spectrom-

1793

etry (Bomen MB-100, ABB Bomen, Inc., Quebec, Can-
ada). Potassium bromide pellets were used.

True density and apparent density were determined
by pycnometry. An accurately weighed sample was
placed in a 10-mL volumetric flask weighed previ-
ously. Cyclohexane (9 mL) was added and the resin
was soaked for 24 h. Cyclohexane was refilled up to 10
mL. The flask with beads and cyclohexane was
weighed. Apparent density could be estimated with
the method described in the literature.'” The cyclohex-
ane-absorbed resin was then filtrated and centrifuged
for 2 min at 2000 rpm. The wet resin was weighed.
True density (p,) and apparent density (p,) were cal-
culated as follows:

Pa= P 10p — (W, — W,) @)

where W,, W,,, and W, are the weights of dry beads,
wet beads, and the sum of beads and cyclohexane in
the flask, respectively. p is the density of cyclohexane
at the given temperature. Porosity (P) and pore vol-
ume (V,) were calculated by the following formulas™:

P=1-(p./p:) (3)

V,=1/p) — (1/py) (4)

The swelling ratios of the resins were measured at
various temperatures. The dried resins to be tested
were placed in a tea bag made of nonwoven fabric and
then were soaked in excess deionized water for 8 h at
20°C. The water unabsorbed into resin was removed
by filtration and water on the surface of the tea bag
was immediately wiped with filter paper, after which
they were weighed. An empty tea bag without sample
was treated in the same way as a blank. When they
were measured at different temperatures the resins
were soaked at each temperature for 8 h. The swelling
ratio was calculated using the equation

Ww - Wd
Se= " (5)

where Sy, is the swelling ratio and W, and W, are the
weights as indicated above.

Thermal analysis of the volume-phase transition
was performed using a differential scanning calorim-
eter (DSC 2910; TA Instruments, New Castle, DE). The
samples were placed and sealed in DSC cells and were
scanned against an empty reference cell from 0 to 55°C
at a heating rate of 10°C/min.
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TABLE 1
Synthetic Results of Poly(NIPA-co-HEMA) Resins?

NIPA HEMA Molar BIS Yield

Resin (g) (mol) (8) (mol) ratio (8) (mol %) (%)
PNH-1 4.07 0.036 0.52 0.004 9:1 0.185 3 71.5
PNH-2 3.62 0.032 1.04 0.008 8:2 0.185 3 75.0
PNH-3 1.58 0.028 0.56 0.012 7:3 0.185 3 77.9
PNH-4 271 0.024 2.08 0.016 6:4 0.185 3 80.9
PNH-5 2.26 0.020 2.60 0.020 5:5 0.185 3 79.4
PNH-6 1.36 0.012 3.64 0.028 3:7 0.185 3 76.7
PNH-7 2.26 0.020 2.60 0.020 5:5 0.062 1 68.3
PNH-8 2.26 0.020 2.60 0.020 5:5 0.123 2 73.1
PNH-9 2.26 0.020 2.60 0.020 5:5 0.246 4 78.4
PNH-10 2.26 0.020 2.60 0.020 5:5 0.308 5 81.2

2 The reactions were carried out at 72°C for 8 h; initiator

cyclohexane, 150 mL; surfactant, 0.6 g.

Loading of hydroxyl groups was determined by
titration after the resins reacted with acetic anhydride.
Resin (0.2 g), acetic anhydride (1.0 mL), and pyridine
(4.0 mL) were mixed in a small flask. The reaction was
carried out at 22°C for 3 h and 40°C for 30 h. After that
5.0 mL of water was introduced to convert excess
acetic anhydride into acetic acid. The quantity of acetic
acid was titrated by 0.5N NaOH aqueous solutions
with indicator phenolphthalein.

RESULTS AND DISCUSSION
Preparation of the copolymers

Inverse suspension polymerization of spherical hy-
drogels has been studied less often than normal sus-
pension polymerization, especially with respect to
thermosensitive polymers.”’* In previous studies
paraffin oil, dichloromethane, and xylene were used
for the continuous phase. To minimize the solubility of
NIPA in organic solvent we selected cyclohexane as a
continuous phase for facilitating the reaction and in-
creasing the yield.

To stabilize monomer droplets in continuous phase,
surfactants of water in oil type are needed for inverse

APS, 1.0%; accelerator, TEMED 2.1 wt %; water, 25 mL;

suspension polymerization. In this case nonionic sur-
factants are desirable. Suitable hydrophilic-lipophilic
balance (HLB) values of surfactants for an ordinary
water/oil system are 6-7.2% Tt is known that blend of
surfactants with different HLB values can stabilize
emulsion more efficiently than can a single surfac-
tant.”* Some nonionic surfactants were tested in this
study. It was found that the blend of sorbitan mo-
nooleate (HLB 4.3) and sorbitan monopalmitate (HLB
6.7) was optimal surfactants for our purpose.

BIS was used as a crosslinker in the study. The
amount of crosslinker was changed to investigate the
effects of crosslinker on the yields and properties of
the products. We noticed that the higher the amount
of crosslinker used, the easier the reaction and the
higher the yields obtained.

The yield of the resultant resins depends on many
factors such as molar ratio of reactants, amount of
crosslinker or initiator, concentration, reaction tem-
perature, and time. The relationship between yield
and time was studied. Yields were 52, 67, 76, 82, and
83%, respectively, when the reaction time was through
2,4, 6,10, and 15 h, respectively, under the following
conditions: molar ratio of NIPA to HEMA, 6:4;

TABLE II
Elemental Analysis and Composition of Poly(NIPA-co-HEMA)

Analysis (%)

Molar ratio of NIPA / HEMA Calc? Experimental
Resin In feed In copolymer® N C H N C H
PNH-1 0.9:0.1 0.73:0.27 11.3 62.5 9.4 9.1 58.2 9.3
PNH-2 0.8:0.2 0.66:0.34 9.7 61.8 9.2 8.2 57.4 9.5
PNH-3 0.7:0.3 0.63:0.37 8.7 60.7 9.0 7.8 58.2 9.6
PNH-4 0.6:0.4 0.50:0.50 74 59.9 8.8 6.2 56.8 8.7
PNH-5 0.5:05 0.34:0.66 59 59.2 8.6 4.3 55.9 9.0
PNH-6 03:0.7 0.29:0.71 3.9 58.5 8.5 3.8 55.6 8.4

2 The calculation was based on the molar ratio in feed.

b Molar ratio in copolymers was calculated based on analysis of experimental values.
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Figure 2 IR spectra of polymers and copolymer: (a) poly-
(HEMA); (b) poly(NIPA-co-HEMA); (c) poly(NIPA).

amount of BIS, 3 mol %; volume ratio of water to
cyclohexane, 1 : 5; amount of APS 1 wt % and TEMED
2.1 wt % based on total amount of monomers.

Apparently the yield increased as the reaction time
increased within the first 10 h, but no longer increased
after that. It is explained that reactants have a certain
solubility at a given temperature in a mixture of water
and cyclohexane. According to the result we con-
trolled the reaction time for 8 h. The synthetic condi-
tions and results are listed in Table I

Structural characterization

Compositions of the copolymers could be readily de-
termined according to the nitrogen contents from the
results of elemental analysis because nitrogen was one
of the elements in NIPA, which distinguished it from
HEMA. The relationship between nitrogen percentage
(n) and molar fraction of NIPA (x) is as follows:

x = (134.62n — 84) /(1400 + 17n) (6)

This formula could be used to determine the compo-
sition of a copolymer by converting nitrogen percent-
age into molar ratio of NIPA/HEMA, or calculating
theoretical nitrogen contents according to feed com-
positions. It may be observed from Table II that the
experimental value of nitrogen content in a copolymer
was lower than that in the feed mixture for each
sample, indicating that there was less NIPA compo-
nent in a copolymer than in the feed mixture from
which the copolymer was made. It is probably because
NIPA is more soluble in cyclohexane and less reactive
than HEMA in the reaction.

The structure of poly(NIPA-co-HEMA) was also
confirmed by characteristic absorption peaks of the
infrared spectrum. In Figure 2(b), for poly(NIPA-co-
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Figure 3 Scanning electron micrographs of: (a) PNH-1; (b)
PNH-2; (c) PNH-3; (d) PNH-4.

HEMA) there was a weak peak appearing at 3100
cm ™!, which was the Ve Of the substituted amide.
Compared to Figure 3(a), pure poly-HEMA did not
have this absorption. The peak at 2900 cm ™' was the
evidence of CH, and CH; stretching; 1735 cm ™' was
attributed to C=0 of the ester structure in copolymer;
whereas peaks at 1650 and 1580 cm™ ' showed the
existence of C=0 group in the amide structure. The
peak around 1040 cm ' was attributed to C—O
stretching in the ester structure. Therefore all the char-
acteristic absorption peaks suggested that two compo-
nent units of NIPA and HEMA coexist in the copoly-
mer. Figure 2 also depicts spectra of pure poly-NIPA
and poly-HEMA for comparison with the copolymer
containing the two components.

Certain loading of hydroxyl groups on a resin is
indispensable for the resin to be further functional-
ized. Thereby measurements of hydroxyl loading
were carried out by means of titration. A clear trend
may be seen in Table III. Hydroxyl loading increased
from 1.5 to 4.2 mmol/g when the molar ratio fraction
of HEMA in resin varied from 0.27 to 0.71. This trend
is reasonable given that HEMA provides hydroxyl
groups. However, it was found that loading of titra-
tion was lower than that predicted for each sample.

TABLE III
Hydroxyl Loading in Poly(NIPA-co-HEMA)

Molar ratio of Loading by Loading by

NIPA : calculation titration

Resin HEMA (mol) (mmol/g) (mmol/g)
PNH-1 0.73:0.27 22 1.5
PNH-2 0.66:0.34 2.7 2.1
PNH-3 0.63:0.37 3.0 2.5
PNH-4 0.50: 0.50 3.9 3.1
PNH-5 0.34:0.66 5.1 3.8
PNH-6 0.29:0.71 55 42
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TABLE 1V
Particle Size Distribution of Copolymer Beads (%)

Particle size (um)

Sample 840-601 600421 420-251 250-150 <150

PNH-a 245*04 394 * 0.6 229 *05 85*02 47*0.1
PNH-b 219+ 0.3 40.7 £ 0.7 235*05 84 *0.2 55=*0.1
PNH-c 172 0.2 418+ 1.0 25303 92*03 6.5+0.2

@ Amounts of surfactants are 0.4, 0.5, and 0.6 g for PNH-a, PNH-b, and PNH-c, respec-

tively.

The reasons could be attributed to the fact that the
resin was less swellable in pyridine, which was used
as the solvent for reactions between resins with acetic
anhydride before titration. The esterification was de-
pressed inside the beads because of internal diffusion
limitations. Thus the measured loading with this
method was lower than the calculated contents. How-
ever, the hydroxyl contents in these beads were still
substantial, a result that ensured that the copolymer
beads would be a potential candidate as a support for
solid-phase synthesis.

Physical characterization

Particle size distribution was determined by sieving.
Particle sizes are affected by some factors such as
stirring speed in reaction and amount of surfactants.
We investigated the relationship between particle
sizes and amount of surfactants at a constant stirring
speed of 300 rpm. The reaction conditions were: molar
ratio of NIPA to HEMA, 1 :1; crosslinker, 3 mol %;
volume ratio of water/oil, 1/5; surfactants were a
blend of sorbitan monooleate and sorbitan mono-
palmitate in a weight ratio of 1:2. The particle size
distribution is shown in Table IV. The average sizes
became slightly smaller and the distribution became
slightly narrower with increasing amounts of surfac-
tants.

Pycnometry studies provided some information
about porous structures. Cyclohexane can permeate

TABLE V
Pore Structural Parameters of the Resins
Pt Pa P v,
Resin (g/mL) (g/mL) (%) (mL/g)

PNH-1 1.068 0.367 65.7 1.79
PNH-2 1.102 0.413 62.5 1.51
PNH-3 1.151 0.481 58.2 1.21
PNH-4 1.228 0.526 57.2 1.09
PNH-5 1.257 0.595 52.7 0.89
PNH-6 1.283 0.624 51.4 0.82
PNH-7 1.104 0.401 63.7 1.59
PNH-8 1.215 0.497 59.1 1.19
PNH-9 1.302 0.623 52.2 0.84
PNH-10 1.324 0.624 51.5 0.80

into pores of resins but does not swell them. Therefore
pore structure can be detected by cyclohexane. The
true density, apparent density, porosity, and pore vol-
ume were estimated and are listed in Table V. We
have seen that the true density and apparent density
increase with the increase of HEMA in the resins from
PNH-1 to PNH-6, whereas porosity and pore volume
decrease in the same sequence. This is because the
inherent molecular structures of NIPA and HEMA are
different. NIPA has a branched isopropyl group in its
molecule, so it is less dense. When the degree of
crosslinking increased from 1% in PNH-7 to 5% in
PNH-10, the true density and apparent density in-
creased but porosity and pore volume decreased.
These results may be readily understood. Further in-
vestigations of the particle surface property are cur-
rently under way.

To investigate morphology structures inside resins,
scanning microscope tests for some samples were con-
ducted with a JEOL JSM 840 scanning microscope
(JEOL, Peabody, MA). It was seen that macroporous
network structures existed within the resins.

To investigate thermosensitivity, equilibrium swell-
ing ratios of the resins were measured as a function of
temperature, varying from 20 to 55°C. Resins with

Swelling ratio (g/g)

Temperature (°C)

Figure 4 Dependency of swelling ratio on temperature for
resins with molar ratio of NIPA/HEMA: (B) 0.73/0.27; (C)
0.66/0.34; (D) 0.63/0.37; (E) 0.55/0.45; (F) 0.34/0.66; (G)
0.29/0.71.
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Figure 5 Differential scanning calibration thermogram of
poly(NIPA-co-HEMA) at a heating rate of 10°C/min.

different molar ratios and degrees of crosslinking
were tested. The results are presented in Figure 4. As
shown in the figure, resins exhibited various thermo-
sensitivities. The higher the NIPA component in a
resin, the more thermosensitive the resin. If the major
component in the copolymer is HEMA, the thermo-
sensitivity will be very weak. We also observed
through measurements that the swelling ratio varied
with different degrees of crosslinking. The swelling
ratio decreased as the degree of crosslinking in-
creased. This phenomenon corresponds to the behav-
ior of common hydrogels.

A differential scanning calorimeter confirmed ther-
mosensitivity (Figure 5). Some endothermic peaks be-
tween 30 and 40°C were observed. These peaks corre-
sponded to phase-transition temperatures of the co-
polymers. When the molar ratio of NIPA/HEMA was
high (0.73/0.27), the phase-transition temperature was
33°C (close to that of pure poly-NIPA). As the propor-
tion of the HEMA component increased, the peaks
shifted slightly toward high temperature.

CONCLUSIONS

Beaded thermosensitive resins of poly(NIPA-co-
HEMA) were synthesized by inverse suspension po-
lymerization. In the synthesis cyclohexane was se-
lected as the dispersion medium and a blend of sor-
bitan monooleate and sorbitan monopalmitate as the
surfactant.

Elemental analysis showed that there was less NIPA
component in a copolymer than in its relevant feed
mixture. The structure of the copolymer was con-
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firmed by infrared spectroscopy. Measurements of po-
rous structures revealed that the resins had a macro-
porous network, a finding that was further confirmed
by SEM micrographs. The swelling ratio of most resins
varied as a function of temperature, which indicated
the resins were thermosensitive to a certain extent.
Volume phase-transition temperatures were deter-
mined using a differential scanning calorimeter. Load-
ing of hydroxyl groups was estimated by titration, and
showed a certain amount of hydroxyl loading. The
conclusions drawn above suggested that thermosensi-
tive resins might have potential applications as sup-
ports in solid-phase syntheses.
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work from the Natural Science and Engineering Research
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ucational Committee of Hubei Province and the China
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