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ABSTRACT: The swelling behavior of interpenetrating polymer networks (IPNs) composed of
poly(N-vinyl pyrrolidone-co-butyl methacrylate) [p(NVP-co-BMA)] and poly(acrylic acid) (PAAc)
in water was studied and compared with crosslinked p(NVP-co-AAc-co-BMA). The IPNs were syn-
thesized by a sequential IPN method in which crosslinked PAAc chains were formed inside of
p(NVP-co-BMA) networks as initial gels. Positive swelling changes were observed with temperature
changes for IPNs gels containing higher BMA content while negative swelling changes were obser-
ved for random gels. The positive temperature dependence is regarded as the formation and
dissociation of hydrogen-bond complexes between NVP and AAc with temperature changes in
IPNs gels. The difference in temperature dependence of swelling between IPNs and random gels
was attributed to the structural differences of the polymers.

Introduction

Thermally sensitive hydrogels among the stimuli-
sensitive polymers have a high potential to achieve
both controlled pulsatile release and auto feed-back
drug delivery.'? Poly(N-isopropylacrylamide) (PNI-
PAAm) is well known as thermo-sensitive polvmer
that possesses reverse characteristics.** This phe-
nomenon occurs as a result of the phase transition
of PNIPAAm at its lower critical solution tempera-
ture (LCST).*® Recently, novel positive tempera-
ture-dependent polymer gels with upper critical so-
lution temperature (UCST) were reported.” This
phenomeon is closely related to the polymer-poly-
mer interaction. The IPNs formed from poly(acryl
amide) (PAAm) and PAAc have been used for drug
delivery systems.”

In this study, it was aimed to report on a change
of swelling characteristics with temperature in inter-
penetrating polymer networks(IPNs) of poly(N-

vinyl pyrrolidone-co-butyl methacrylate) [ p(NVP-co-
BMA)] and poly (acrylic acid) (PAAc), that has not
been reported so far. It is reported that PNVP and
PAAc form polymer complexes in solution through
hydrogen bonding.*™

Experimental

Materials. N-vinyl pyrrolidone(NVP), acrylic
acid(AAc), butyl methacrylate(BMA), methylene-bis-
acrylamide(MBAAm), dimethyl sulfoxide(DMSO),
N.N-azobisisobutyrnitrile(AIBN) and ammonium per-
sulfate(AP) were purchased from Polysciences Co.
NVP, BMA, AAc and DMSO were distilled under
reduced pressure prior to use.

Synthesis of p(NVP-co-BMA)/PAAc IPNs.
The IPNs were prepared by a method of sequential
IPNs synthesis. The first matrix component for
IPNs formation was swollen with the second mono-
mer solution containing a crosslinker and an initia-
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Table 1. Feed Compositions of Crosslinked Poly(NVP-co-BMA) Gels

Code® NVP(g) BMA(g) MBAAm(g) AIBN(g)y DMSO(mL)
NVP/BMA- 0 2.0 0.0 1.38X10°1° 9.0x10°* 1.82
NVP/BMA- 5 19 1.0 1.37X10° " 9.0x10"* 8.87
NVP/BMA-10 18 0.2 136X 1071 9.0x10°° 8.87
NVP/BMA-20 1.6 04 1.33x10°% 9.0x10* 8.87
NVP/BMA-30 14 0.6 1.30X10°% 9.0X10°* 8.87
NVP/BMA-50 1.0 1.0 1.23X10" % 9.0x10 * 8.87

*Variation of wt.% of BMA according to weight of NVP.

*‘MBAAm as crosslinker : 0.5 mole% of monomers (NVP+BMA).
‘AIBN as initiator : 0.3 mole% of monomers (NVP-+BMA).

tor. The monomer was subsequently polymerized
and crosslinked within initial gel matrix. PONVP-co-
BMA) gels and PAAc gels were synthesized as ini-
tial gels and a secondary gels, respectively.

The feed compositions are listed in Table I. NVP,
BMA, MBAAm and AIBN were dissolved in DMSO.
The solutions were bubbled with dried nitrogen gas
for 15 minutes and injected between two glass
plates separated by a silicon spacer. The solutions
were heated at 80 T for 40 h. After cooling to room
temperature, the membranes obtained were separa-
ted from the glass plates. The initial gel membranes
obtained were initially immersed in 100% DMSO
for a week to remove unreacted monomers. The
membranes were further soaked in 75/25 and 50/50
DMSO/distilled water solution for three days each,
followed by the final soaking in 100% distilled wa-
ter for a week. The initial gels were dried at room
temperature for 24 h and then at 100 C in vacuo
for 5 days. Each initial gel was immersed in AAc
aqueous solution with AAc monomer concentrations
(Caa.) adjusted to the concentration of NVP (Cxvp)
in each initial gel containing MBAAm (0.5 mol%)
and AP (2 g/dm® and then further swollen for 24
h at 5 C. The feed compositions for each initial
gel are shown in Table I. These initial gels swollen
by the AAc aqueous solutions were interposed be-
tween the two plates with the spacer and heated
at 50 C for 3 days to synthesize PAAc gels interpen-
etrated within the initial gels. The feed composi-
tions for the IPNs are listed in Table II. After syn-
thesis, IPNs were soaked in distilled water for a
week to remove unreacted monomers.

Synthesis of P(NVP-co-AAc-co-BMA) Gels.
Crosslinked p(NVP-co-BMA) gels in which monomer
ratios of [AAc]/[NVP] were fixed to unity
were also synthesized for comparison. The reaction
conditions are the same as those of initial gels of
the IPNs. The monomer compositions of each ran-
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Table II. Feed Compositions for IPNs with Var-
ibus BMA Content

AAc/NVP

ratio in feed CNY;

Code 1st gel code (mol/mol) (mol/g)

IPN- 0 NVP/BMA- 0 1 1.36<10 *
IPN- 5 NVP/BMA- 5 1 6.54Xx10 *
[PN-10 NVP/BMA-10 1 1.31X10 °
IPN-20  NVP/BMA-20 1 244%X10°°
IPN-30 NVP/BMA-30 1 3.00x10°°
IPN-50 NVP/BMA-50 1 4.42X10°*

“Cnve Was calculated from the results of each swelling
measurement.

dom gel are approximately the same as those of
corresponding IPNs.

Swelling Measurement. After immersion in
water at a desired temperature, the samples were
removed from water and tapped with filter paper
to remove excess water on the sample surfaces.
The polymer samples were weighed at a fixed tem-
perature until hydrated weight reached a constant
value. After equilibration at one temperature, sam-
ples were reequilibrated at a higher temperature.
The weight ratio, W/W,, was used to evaluate thes-
welling ratio, where W, is the weight of the ab-
sorbed water and W, is the weight of the dried
polymer.

Results and Discussion

Temperature Dependence of Swelling. Equi-
librium swelling ratios of initial gels at 30 C are
shown in Figure 1. These results showed that the
swelling ratios of these initial gels decreased with
an increase of BMA content in the initial gels owing
to the hydrophobicity of BMA. Temperature depend-
ence of the equilibrium swelling of initial gels is
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Figure 1. Swelling ratio of NVP/BMA series hydro-
gels synthesized as first-gels for IPNs.
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Figure 2. Temperature dependence of equilibrium
swelling ratio of p(NVP-co-BMA) series gels.
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Figure 3. Temperature dependence of equilibrium
swelling ratio of p(NVP-co-BMA)/PAAc IPNs series
gels.

shown in Figure 2. The NVP homopolymer gel
(NVP/BMA-0) synthesized with the 50 wt.% NVP
monomer solution containing 0.5 mol% MBAAm
shows a gradual decrease in swelling with increa-
sing temperature, which is characteristic of exother-
mic swelling."! The swelling ratio of other initial
gels which are prepared by 17 wt% monomer solu-
tion in DMSO is slightly decreased with increasing
temperature.

Temperature dependence of the equilibrium swe-
lling of IPNs and random gels is shown in Figures
3 and 4, respectively. The random gels show nega-
tive swelling change with increasing temperature
regardless of BMA content.

But interestingly, the IPNs gels containing 30 and
50 wt% BMA show positive swelling changes with
increasing temperature whereas the IPNs gels con-
taining less than 30 wt% BMA show negative swel-
ling changes. The swelling ratios of these gels at
lower temperatures are much lower than those of
their respective initial gels although average swel-
ling ratio of the two polymers showed an increase
with increasing temperature. The low swelling of
these gels at lower temperatures may be consid-
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Figure 4. Temperature dependence of equilibrium
swelling ratio of p(NVP-co-BMA-co-AAc) random copo-
lymer series gels.

ered to result from an insolubility of PNVP and
PAAc chains by formation of hydrogen-bonding in
the NVP-AAc complex at lower temperatures. The
IPNs and random gels show distinctly different tem-
perature dependences of swelling. The IPNs gels
with higher BMA content (IPN-30 and IPN-50)
show a positive temperature dependence while ran-
dom gels show a negative temperature dependence.
The difference in temperature dependence between
the IPNs and the random gels is regarded as struc-
tural differences.

For the IPNs. PNVP and PAAc chains which are
present as independent chains between crosslinking
points of each network can form ladder-like poly-
mer complexes” When the temperature is increa-
sed, some NVP-AAc complex units start to disso-
ciate by breaking hydrogen bonds. Dissociation of
some initial polymer complexes promotes the coop-
erative dissociation of adjacent complexes at high
temperatures. The dissociation of the ladder-like
polymer complex is induced by coorperative disso-
ciations of NVP-AAc complex units. Therefore, the
dissociation of the PNVP-PAAc complex within
IPNs by the coorperative effect is regarded to re-
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Figure 5. Influnce of AAc fraction of IPNs on equilib-
rium swelling ratio at 22 € in distilled water.

sult in a swelling change as the temperature is inc-
reased. But the negative temperature dependence
of the IPNs gels with lower BMA contents (less
than 20 wt.%) is considered to result from a strong
negative temperature dependence of NVP compo-
nent. The strong negative swelling of PNVP homo-
polymer was decreased with increasing hydrophobic
BMA content in the IPNs gels.

For random gels, PNVP and PAAc chains poly-
merized randomly can form compact-like polymer
complexes which are discontinuously dispersed in
small clusters in isolated states within these poly-
meric matrices. Dissociation of some NVP and AAc
complex units at high temperatures does not affect
other bonding points within the gel matrix owing
to the discontinuity and the isolation of the comp-
lex. The discontinuity of the NVP-AAc complexes
of the random gels can not induce the same coor-
perative effect observed in IPNs gels. Therefore,
the difference in swelling behaviors between IPNs
and random gels is considered to result from the
structural continuity of NVP-AAc complexes. Figure
5 shows the equilibrium swelling ratio of the IPN-
30 gels against the mole fraction of AAc in distilled
water. This result indicated that a minimum swel-
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Figure 6. Temperature dependence of equilibrium
swelling ratio of IPN-30.

ling ratio was observed around 0.5 mole fraction
AAc. This result suggests that PNVP-PAAc complex
forms more strongly when [NVP]/[AAc]=1/1, in-
dicating a 1 . 1 stoichiometric composition in IPNs.
At other AAc fractions, the IPNs swelling ratio inc-
reases as the AAc fraction shifts away from 0.5 to
0 or 1.0. S. Al-Alaw et al*'" already reported that
the phase separation in the PNVP-PAAc system was
accompanied by precipitation which suggests that
the phase separation was due to the interpolymer
complex formation through hydrogen bonding. ¥ "

Figure 6 shows the swelling ratio of the IPN-30
gels at pH 1.4 and 7.4 buffer solutions. These re-
sults showed that lower swelling ratio was observed
at pH 1.4 than at pH 7.4. It may be regarded that
the dissociation of the AAc carboxyl group was sup-
pressed by decreasing pH in the gels.

The IPNs gels containing 30 and 50 wt% BMA
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did not show reversible swelling changes with tem-
perature fluctuations (data not shown). Instead,
these gels demonstrated a tendency to increase its
swelling ratio in consequent repetition of tempera-
ture fluctuation. These results may be attributed
to the stronger complexation between PNVP and
PAAc than the PAAm/PAAc system. Furthermore,
Katono et al.® reported that a certain critical chain
flexibility and a limited hydrophobic component
may be required to allow reversible swelling change
of IPNs gels.

Acknowledgement. This work was supported
by Korea Science and Engineering Foundation (92-
23-00-02).

References

(1) T. Okano, Y. H. Bae, H. Jacobs, and S. W. Kim, J
Control. Rel., 11, 244 (1990).

(2) A. S. Hoffman, A. Afrassiabi, and L. C. Dong, J. Con-
trol. Rel., 4, 213 (1986).

(3) H. G. Schild, Prog. Polym. Sci., Pergamon Press Ltd.,
1992, 14, p. 163.

(4) Y. H. Bae, T. Okano, Y. Sakurai, and S. W. Kim,
Pharm. Res., 8, 624 (1991).

(5) L. D. Taylor and L. D. Cerankowsk, J Polym. Sci.,
13, 2551 (1975).

(6) H. Feil, Y. H. Bae, ]. Feijen, and S. W. Kim, Macro-
molecules, 26, 2496 (1993).

(7) J. M. G. Cowie and B. Swinyard, Polym. Inter., 25,
109 (1991).

(8) H. Katono, A. Maruyama, K. Sanui, N. Ogata, T.
Okano, and Y. Sakurai, J Control. Rel., 16, 215 (1991).

(9) S. Al-Alaw and N. A. Saeed, Macromolecule, 23, 477
(1990).

(10) S. Al-Alaw, Macromolecule, 24, 4206 (1991).

(11) A. Silberberg, J. Eliassaf, and A. Katchalsky, /. Polym.
Sct., 23, 259 (1957).

(12) J. W. Breitenbach, J. Polym. Sci., 23, 949 (1957).

(13) H. Ohno, K. Abe, and E. Tsuchida, Makromol. Chem.,
179, 755 (1978).

(14) A. D. Antipina, V. Yu. Buranovskii, I. M. Papisov,
and V. A. Kabanov, Vysokomol Soedin, A13, 348
(1971).

(15) H. Sasase, T. Aoki, H. Katono, K. Sanui, and N.
Ogata, Makromol. Chem., Rapid Commun., 13, 577
(1992).

31



