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ABSTRACT: The swelling behaviors of copolymeric hydrogels containing thermosensitive poly(N-
isopropyl acrylamide) [poly(NIPAAm)] in water have been investigated. Poly(N-isopropy! acryla-
mide-co-alkyl methacrylate) [poly(NIPAAm-co-AMA)], poly(N-isopropyl acrylamide-co-hydroxyethyl
methacrylate) [poly(INIPAAm-co-HEMA)], and poly(N-isopropyl acrylamide-co-N-vinyl pyrrolidone)
[ poly(NIPAAm-co-NVP)] hydrogels were prepared by the solution polymerization of NIPAAm and
its comonomers with AIBN at 80 T for 40 hr. The equilibrium swelling ratios of these hydrogels
were dependent upon the temperature and the comonomer such as AMA, HEMA, and NVP. The
swelling ratios were decreased with an increase in the hydrophobic AMA comonomer content
in the hydrogels. The lower critical solution temperatures (LCSTs) of the resulting hydrogels were
decreased by the introduction of hydrophobic comonomers, whereas the LCSTs were increased
by the introduction of hydrophilic comonomers in the hydrogels. These temperature dependent

phenomena were also confirmed by differential scanning calorimetry.

Introduction

Stimuli-sensitive polymers are one of the promi-
sing intelligent materials which show structural and
physical changes under external signals. Environ-
mental stimuli factors include temperature,*? pH,3*
electric field,>® light and chemical species?

Poly(N-isopropy! acrylamide) [poly(NIPAAm)] is
a typical material which demonstrates the most
drastic transition behavior and shows abrupt shrin-
kages at 30-32 C %% The swelling properties of
crosslinked poly(NIPAAm) can be modified by the
copolymerization with hydrophilic or hydrophobic
comonomers. When a hydrophilic comonomer is in-
corporated, the swelling transition temperature inc-
reases. With a hydrophobic comonomer, the swel-
ling transition shifts to a lower temperature. Also,
when a polymer chain is introduced into poly(NI-
PAAm) network, the swelling transition tempera-
ture remains almost constant."

In this study, it has been aimed to report the
swelling ratio and the lower critical solution tem-
perature (LCST) changes of poly(NIPAAm) in the
hydrogels containing hydrophilic or hydrophobic
comonomers. The hydrophilic comonomers were
introduced by N-vinyl pyrrolidone (NVP) and hyd-
roxyethyl methacrylate (HEMA). On the other

hand, the hydrophobic comonomers used were alky!
methacrylates (AMA) such as methyl methacrylate
(MMA), ethyl methacrylate(EMA), butyl methacry-
late (BMA), and octyl methacrylate (OMA).

Experimental

- Materials. NIPAAm was recrystallized from to-
luene/hexane (1/9, v/v%). OMA (Tokyo Chem. Ind.
Co., Ltd), EMA (Junsei Chem. Co.), MMA (Junset
Chem. Co.), HEMA (Fluka Chem. AG.), NVP (Tokyo
Chem. Ind. Co., Ltd.), and dimethyl sulfoxide
(DMSO) were distilled under nitrogen at 59 C /25
mmHg, 47 C /40 mmHg, 67 C /4.5 mmHg, 56 C /40
mmHg, and 75.6~75.8 C /12 mmHg, respectively.
Ethylenegylcol dimethacrylate (EGDMA) (Junsei
Chem. Co.) as a crosslinker was used without fur-
ther purification. N,N'-Azobisisobutylonitrile (AIBN)
(Kasida Co.) as an initiator was purified in chloro-
form/methanol (1/5, v/v%).

Synthesis of Crosslinked Poly(NIPAAm-co-
AMA). Crosslinked poly(NIPAAm), poly(AMA), and
poly(NIPAAm-co-AMA) gel series were prepared in
DMSO using EGDMA as a crosslinker and AIBN
as an intiator, respectively. Table I shows the feed
compositions and conditions for the polymerizations
of poly(NIPAAm-co-BMA) gels as a representative
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Table 1. The Feed Compositions of Crosslinked Poly(NIPAAm-co-BMA)

Polymers* NIPAAm(g) BMAG) EGDMA(mLY  AIBNGY DMSO(mL)
NIPAAm/BMA.-0 1.00 0.00 168X 10~ 440X10°° 272
NIPAAm/BMA-5 0.95 005 166X 107 440X10°? 2.72
NIPAAm/BMA-10 0.90 0.01 164X 102 440X 10" 2.72
NIPAAm/BMA-20 0.80 0.20 159%10°* 440X 10" 2.72
NIPAAm/BMA-30 0.70 0.30 154X107* 440X107° 272
NIPAAm/BMA-50 050 050 145X 102 440X10°? 272

‘wt.% of BMA against NIPAAm. PEGDMA as a crosslinker: 1.0 mole% of the monomers. ‘AIBN as an initiator:

0.3 mole% of the monomers.

in the poly(NIPAAm-co-AMA) gel series. NIPAAm
and AMA comonomer such as MMA, EMA, BMA,
HEMA, or OMA were dissolved in the particular
amount of DMSO. The polymerization mixtures
were bubbled with dried nitrogen for 20 min and
injected between two glass plates separated by sili-
cone spacer with a thickness of 1.0 mm. Polymeri-
zation were performed in a temperature controlled
drying oven at 80t 2 T for 40 hr. After cooling
to room temperature, the gel membranes were se-
parated from glass plates. They were immersed in
100% DMSO for a week to remove unreacted com-
pounds. They were further soaked in 75/25 and
50/50 (v/v%) DMSO/distilled water and methanol
/distilled water solutions for one day, respectively,
followed by the final soaking in 100% distilled wa-
ter for more than a week.

Synthesis of Crosslinked Poly(NIPAAm-co-
NVP). Crosslinked poly(NIPAAm-co-NVP) gel se-
ries were obtained in DMSQ as the other hydro-
gels. After polymerization, the membranes were
washed with the same solutions as in the above
procedure in order to remove unreacted monomers.

Swelling Measurement of the Hydrogels. The
hydrogel membranes were dried at room tempera-
ture for one day and then in wacuo for one day,
and finally % vacuo at 60 T for 5 days. For equilib-
rium swelling measurements in distilled water, the
samples were kept in shaking thermostated water
bath at temperatures from 12 C to 50 C. After
being immersed in water at a desired temperature,
the samples were taken from water and tapped with
filter paper to remove excess water on the surface
of the sample. The samples were weighed at a fixed
temperature until hydrated weight reached a cons-
tant value. After eqillibration at one temperature,
the samples were reequilibrated at the other tem-
perature. The weight swelling ratio was calculated
by Ws/Wp, where Ws and Wp are the weight of
swollen polymer and the weight of dried polymer,
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respectively. The water content(%) was also calcu-
lated by the following equation, water content(%)=
[(Ws—Wp)/Ws]x100.

Differential Scanning Calorimetry(DSC). DSC
measurements of the samples such as swollen hy-
drogels were carried out in the sealed aluminium
pan under the helium gas. The temperature range
was —60~60 C and the heating rate was 10 C
/min.

Results and Discussion

Temperature Dependent Swelling of the Hy-
drogels. The swelling ratio of the hydrogels in
aqueous solution at desired temperature is a funda-
mental quantity to identify the thermosensitivity.
Each swelling curve of the hydrogels represents
a characteristic feature of the temperature depen-
dent swelling of the hydrogels as shown in Figures
1 to 8. Temperature dependent swelling ratios of
poly(NIPAAm-co-MMA) and poly(NIPAAm-co-EMA)
hydrogels are shown in Figs. 1 and 2, respectively.
The two types of hydrogels show both high swelling
ratio at low temperatures and low swelling ratio
at high temperatures. Poly(NIPAAm) curve shows
a sharp swelling transition at 32.5 T which demon-
strates the property of the LCST. The LCSTs of
poly(NIPAAm-co-MMA) hydrogels decreased from
32.0 T to 29.0 T with an increase in MMA content
from 5 wt.% to 20 wt.%. On the other hand, the
transition temperatures of poly(NIPAAm-co-MMA-
30) could not be identified. The swelling ratio dec-
reased from 29.8 to 1.09 with an increase in MMA
content from 10 wt.% to 100 wt.% in the hydrogels
at 12 C. In the case of poly(NIPAAm-co-EMA), the
swelling ratio was decreased from 21.5 to 1.07 with
an increase in EMA content from 10 wt.% to 100
wt.% in the hydrogels at 12 €. The transition tem-
perature was difficult to determine when the EMA
content reached 30 wt.% in the hydrogels. As the
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Figure 1. Temperature dependent equilibrium swel-
ling ratio of crosslinked poly(NIPAAm-co-MMA) gel
series.
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Figure 2. Temperature dependent equilibrium swel-
ling ratio of crosslinked poly(NIPAAm-co-EMA) gel
series.

content of MMA or EMA in the poly(NIPAAm-co-
MMA) and poly(NIPAAm-co-EMA) gels was increa-
sed, the swelling ratio at a specific temperature was
decreased. A main driving force to cause the cha-
nge of the drastic swelling ratio of the hydrogels
is likely due to the polymer-water and polymer-pol-
ymer interactions by increasing the temperature.
The coorperative effect of their interactions could
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Figure 3. Temperature dependent equilibrium swel-

ling ratio of crosslinked poly(NIPAAm-co-BMA) gel
series.

be explained as follows. Hydrophilic interactions
between amido group in NIPAAm and water are
strong at a low temperature, while specific polymer-
polymer interactions are predominent at a high
temperature. Therefore, phase transitions may be
controlled by the introduction of hydrophobic and
hydrophilic comonomer in the crosslinked copoly-
mers.'? The effect of the hydrophobic component
on NIPAAm network swelling is also clearly demo-
nstrated by the copolymerization of NIPAAm with
BMA as shown in Figure 3. As BMA content was
increased in the feed composition, the gel transition
point was shifted to lower temperature.

The swelling ratio decreased from 8.54 to 1.09
with an increase in BMA content from 10 wt.%
to 100 wt.% in the hydrogels at 12 T . These swel-
ling properties as a function of temperature are
also observed in poly(NIPAAm-co-HEMA) gel series
(Figure 4). These hydrogels show the same ten-
dency to decrease the swelling ratio with an inc-
rease in HEMA content, although HEMA contains
a hydrophilic hydroxyl group in its moiety. The
swelling ratio was changed from 21.3 to 1.69 with
an increase in HEMA from 10 wt.% to 100 wt.%
at 12 T . But the swelling ratio was slightly decrea-
sed with respect to the poly(NIPAAm-co-EMA) hy-
drogels in variations of temperature. This is consi-
dered to result from a high water content by a
hydrophilic interaction of hydroxyl group in HEMA
with water molecule. It is assumed that hydroxyl
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Figure 4. Temperature dependent equilibrium swel-

ling ratio of crosslinked poly(NIPAAm-co-HEMA) gel
series.
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Figure 5. Temperature dependent equilibrium water

content of crosslinked poly(NIPAAm-co-HEMA) gel
series.

group in HEMA plays a important role as a hydro-
philic part, although HEMA is a moiety which rep-
resents a hydrophobic character. The temperature
dependent water content of poly(NIPAAm-co-
HEMA) hydrogel is shown in Figure 5. As the NI-
PAAm monomer content in the copolymers is inc-
reased, the deswelling change is increased. The de-
swelling change is almost constant in poly(HEMA)
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Figure 6. Temperature dependent equilibrium swel-
ling ratio of crosslinked poly(NIPAAm-co-OMA) gel
series.
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Figure 7. Temperature dependent equilibrium swel-
ling ratio of crosslinked poly(NIPAAm-co-NVP) gel
series.

hydrogel. This is also considered to result from
the decrease in the content of NIPAAm monomer
interacting to water molecule in a swollen state.
The OMA monomer having the longest alkyl side
chain did not affect the swelling properties of the
hydrogels as shown in Figure 6. The hydrogel is
opaque independent of the temperature and swel-
ling-deswelling state. And they are too brittle to
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Figure 8. Temperature dependent equilibrium swel-
ling ratio of crosslinked NIPAArm copolymer hydrogels.

handle except for OMA homopolymer, which is very
flexible and elastic in itself. The swelling ratios of
poly(NIPAAm-co-NVP) hydrogels in variations of
NVP as the hydrophilic comonomer are shown in
Figure 7. Especially, the swelling ratios of the hyd-
rogels increased with an increase in NVP content
in the hydrogels above the LCST. It is expected
that the swelling ratio differences are affected by
the carbonyl group in NVP. It could be explained
that the above monomer is more hydrated by water
molecules than other alkylmethacrylate monomers.

Change of LCST in the Hydrogels. Incorpora-
tion of AMA and NVP comonomers affects the tem-
perature dependent swelling properties of the hyd-
rogels. As shown in Figure 8, the swelling ratios
of the hydrogels decrease with an increase in the
hydrophobic AMA content at constant temperature.
The hydrophobic AMA in the polymers restricts
the hydration of gels to water molecules. The swel-
ling ratios of the hydrogels increase with increase
in the hydrophilic NVP content in the hydrogels.
The LCSTs of poly(NIPAAm-co-MMA-10), poly(NI-
PAAm-co-EMA-10), poly(NIPAAm-co-BMA-10), poly
(NIPAAm-co-HEMA), and poly(NIPAAm-co-NVP-10)
appear at 31.0, 27.5, 27.0, 30.0, and 36.1 C, respecti-
vely. But the LCST of the p(NIPAAm-co-OMA-10)
was not observed because of the bulkiness of OMA
in the hydrogels. It may be regarded that the chain
mobility and the chance to interact with water mo-
lecules are reduced as a result of stabilization of
polymer chains by increasing the AMA content in
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Figure 9. Thermograms of crosslinked polymers in
the temperature range of 25 T to 50 T : a; poly(NI-
PAAm), b; poly(NIPAAm-co-BMA-20), ¢; poly(NI-
PAAm-co-BMA-30), and d; poly(NIPAAm-co-BMA-50).
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Figure 10. Magnified thermograms of crosslinked
polymers in the temperature range of 25 C to 50 T :
a; poly(NIPAAm-co-NVP-10), b; poly (NIPAAm), ¢; poly-
(NIPAAm-co-MMA-10), and d; poly(NIPAAm-co-BMA-
10).

the hydrogel. Therefore, swelling ratios and LCST
of the copolymeric hydrogels can be controlled by
changing the comonomers and their contents in the
hydrogels.

Swelling Transition Phenomena Measured
by DSC. These specific features of the temperature
dependent swelling were also confirmed by DSC.
DSC is a method to measure the enthalpy change
of a sample by increasing or decreasing the tem-
perature under a constant pressure and volume.
The magnified thermograms in the range of 25 T
and 50 C are shown in Figs. 9 and 10. It could
be assumed that the endotherm results from the
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heat of fusion to break the hydrogen bond between
water and amido group. Initial point (onset point)
for peaks is decreased with an increase in the BMA
content and the peak shape is also broadened in
the copolymeric hydrogels (Figure 9). It is found
that the more hydrophobicity the comonomer has
the lower the onset point of the endotherms for
the hydrogels became at the fixed comonomer con-
tent as shown in Figure 10. Considering the shape
of the peaks, the symmetrical shapes of the peaks
are deminished according to the increase of the
monomer content in hydrogels. These onset points
of endotherms are clearly the same as the swelling
transition temperature of copolymeric hydrogels. All
of the hydrogels are accompanied by the heat cha-
nge of melting during swelling processes. There-
fore, it is found that the endothrms appear in the
negative temperature dependent swelling and the
exotherms appear in the positive temperature de-
pendent swelling.*"® As a consequence, the change
of the onset point of endotherms and peak areas
are due to the structural differences of the copoly-
meric hydrogels interacting with the water molecu-
les.

Conclusion

The swelling transition teraperatures were shift-
ed to the lower solution temperature with increas-
ing alkyl or hydroxyethyl methacrylate content in
the poly(NIPAAm-co-AMA) and poly(NIPAAm-co-
HEMA) hydrogels series. In the case of the poly
(NIPAAm-co-NVP) hydrogel series containing the
hydrophilic comonomer, the swelling transition
temperatures were shifted to higher tempeatures.
The endotherms in DSC are due to the enthalpy
changes necessary for breaking the hydrogen bond
between water molecules and the amido group in
the poly(NIPAAm). From the corresponding swel-

ling and DSC data, it is concluded that these signi-
ficant swelling changes of the copolymeric hydro-
gels in response to the changes in the temperature
are attributed to the interactions between the copo-
lymer chains and water molecules in aqueous solu-
tions.
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