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Abstract

The copolymer hydrogel of N-isopropylacrylamide (NIPAAm) and N,N-dimethylaminopropylacrylamide
(DMAPAA) was synthesized by freeradical copolymerization. The phasetransition behavior of p(NIPAAmM-
co-DMAPAA) hydrogels asafunction of temperature and SDS concentration was studied. The p(NIPAAmM-
co-DMAPAA) hydrogels exhibited larger swelling capacity than the homo p(NIPAAmM) hydrogel. The phase
transition temperature of p(NIPAAmM-co-DMAPAA) hydrogels increased with an increase of DMAPAA
content. In aqueous SDS solution, the swelling capacity of p(NIPAAm-co-DMAPAA) hydrogel decreased
with an increase of SDS concentration. The phase transition temperature of p(NIPAAm-co-DMAPAA)
hydrogels was found to be almost independent of the SDS concentration.

I ntroduction

Hydrogels are hydrophilic polymer of both natu-
ral and synthetic originthat can absorb large amounts
of water while being insoluble in water due to the
presence of thethree-dimensional network [1]. Their
phase transition behavior is generally known to de-
pend on the changes of external conditions such as
temperature[2-4], pH [5], solvent composition [5-8],
and so forth. Hydrogels have been extensively uti-
lized in the biomedical [9-11], pharmaceutical [12-
14], and related fields. Inthe previousreport, we stud-
ied the effects of crosslinking density and introduc-
tion of acidic monomers such as acrylic acid or
methacrylic acid on the phase transition of N-
isopropylacrylamide hydrogel [15]. Through this
study, we have found that the water content of N-
isopropylacrylamide hydrogel decreased with anin-
crease of crosslinking density and the thermo-
sensitivity of N-isopropylacrylamide hydrogel with
acidic monomers was affected by the pH change. In
this paper, we have investigated the effects of gel
composition and the anionic surfactant (sodium
dodecyl sulfate, SDS) on the swelling propertiesand
phasetransition temperature of positively ionized, N-
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isopropylacrylamide copolymer hydrogel with N,N-
dimethylaminopropyl acrylamide.

Experimental

Materials

N,N-dimethylaminopropylacrylamide(DMAPAA,
in 75% aqueous solution) and N-isopropylacry-
amide(NIPAAm) were purchased from Kohjin
Co.(Tokyo Japan), NIPAAm was purified by re-
crystalization in benzene by adding hexane. N,N’-
methylenebis(acrylamide)(MBAAmM) and N,N,N’,N’-
tetramethylenediamine(TEMED) were purchased
from Aldrich Chem. Co.(Milwaukee, Wisconsin,
USA). MBAAmM was purified by recrystallization
from methanol. Potassium persulfate was purchased
from Junsei Co.(Tokyo, Japan) and was purified by
recrystallization from ethanol. SDS was purchased
from TCI Co.(Tokyo, Japan) and were used without
further purification. In all the experiments below tri-
ply distilled water was used.

Hydrogel synthesis

Homo DMAPAA hydrogelswere prepared by free
radical polymerization. MBAAm (0.3 g, crosslinker).
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TEMPED (50 pg, accelerator) and potassium per-
sulfate (50 mg, initiator) were mixed with DMAPAA
(7.7 g)in agueous solution and polymerization was
carried out a 70°C for 2h under dry nitrogen atmo-
sphere. Degree of crosslinking of hydrogel was
controlled by the amount of MBAAmM to find the
maximum water absorption point. After the reaction
was compl eted, hydrogel s prepared were thoroughly
washed over the sufficiently long period so as to
ensure the complete removal of any residual
chemicals and stored in agueous solution to reach the
swelling equilbrilium. NIPAAm-co-DMAPAA
hydrogels were prepared by free radical copolymer-
ization of DMAPAA and NIPAAm, using MBAAmM
asthe crosdinker. DMAPAA was added at concentra-
tions from 1.0 to 4.0 mol % with respect to NIPAAmM
(7.7 g) in ethanol/water (3:2 by volume), and then
the reaction was carried out in micropipettes (¢ =
1.7 mm) under dry nitrogen atmosphere at 70°C for
2h. [It needs to be noted that the above mol % of
DMAPAA for copolymer hydrogels corresponds to
the feed composition adopted just for the qualitative
comparison in this study.] After the gelation was
completed, the products were also thoroughly washed
to remove any residual chemicals, and cut into suit-
ablelengths.

Swelling measurements

To measure the swelling characteristics of new
synthetic gels, pPDMAPAA and p(DMAPAA-co-
NIPAAmM) hydorgelswere cut into small pieces. The
cylindrical gelswere equilibrated in water and SDS
solutionswith different concentrations: 0.1, 0.5, 1.0,
3.0, 5.0, and 10 mM, respectively, for 12 h at 10 O
70°C. Temperature was controlled within £0.1°C by
circulating water around the gel s during the measure-
ment. Theweight of gel before and after equilibrium
swelling was measured in aspecially designed sieve.
Water content (%) was cal culated according to Eq.(1):

Water content (%) = (Ms—Mg) / Mgx 100 (1)

where Msand M indi cate the weights of swollen and
dry gels, respectively. The swelling capacity was de-
termined astheweight ratio of swollengel todry gel.

Results and discussion

Thekinetics of water adsorptionfor pf(DMAPAA)
and p(NIPAAm) hydrogelsat 25°CisshowninFig. 1.

Thewater adsorption of the hydrogelsdrastically in-
creased within 5 min and then gradually leveled off
with increasing time. The water contents of p(N-
IPAAmM) and p(DMAPAA) hydrogels are 82% and
95%, respectively, for early 5 min. The first abrupt
change of thewater content indicatesthat the absorp-
tion of water on the hydrogels occurs at a fast pro-
cess. The absorbed water content of p(DMAPAA)
hydrogel was larger than that of p(NIPAAm) hydro-
gel. Thisisconsidered to arise from the fact that the
tertiary amine groups of p(DMAPAA) provide the
sitefor hydrogen bonding between polymer and water
molecules.
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Fig. 1. The kinetics of water adsorption for p(DMAPAA)
(@) and p(NIPAAmM) (0) hydrogels as a function of time
at 25°C.

The changeof water content of homo p(DMAPAA)
hydrogel as a function of time at different tempera-
tures is shown in Fig. 2. The water content of
p(DMAPAA) hydrogel was kept constant at 30°C.
The water content of p(DMAPAA) hydrogel de-
creased with an increase of temperatures. To be de-
hydrated, sufficient energiesto break hydrogen bond-
ing hasto be supplied to the hydrogels. At lower tem-
peratures, itisdifficult for the hydrogelsto expel the
water molecules, which may bind with hydrogel via
hydrogen bonding. At 60°C, however, the hydrogel
startsto expel the water molecules around 12 h, and
after 18 hthe hydrogel wasequilibrated. At 70°C the
hydrogel starts to expel the water around 8 h, and
after 12 h the hydrogel was equilibrated. It isthought
that this effect results from the dehydration of
p(DMAPAA) hydrogel by anincrease of temperature.
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Ascan be seenfrom Fig. 2, the p(DMAPAA) exhib-
ited a high phase transition temperature compared to
that of p(NIPAAm), 32°C.
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Fig. 2. The change of water content of p(DMAPAA) hy-
drogel asafunction of time at different temperatures. The
temperatures were 30°C (@), 40°C (0), 50°C (a), 60°C
(2) and 70°C (m), respectively.

In order toinvestigate the effect of positive charge
introduced on the swelling equilibrium of nonionic
p(NIPAAm) hydrogel, the random copolymer of
NIPAAmM and DMAPAA was synthesized. Equilib-
rium swelling curves of homo p(NIPAAm) hydrogel
and p(NIPAAm-co-DMAPAA) hydrogel swith differ-
ent DMAPAA concentrations were measured as a
function of temperature. Figure 3 shows the change
of swelling capacity of p(NIPAAm-co-DMAPAA)
hydrogels as afunction of temperature in water. The
swelling capacity of homo p(NIPAAmM) hydrogel was
smaller thanthat of p(NIPAAmM-co-DMAPAA) hydro-
gels. The swelling capacity of p(NIPAAm-co-
DMAPAA) hydrogelsand volume change at the phase
transition increased with an increase of DMAPAA
content. As the DMAPAA parts of p(NIPAAm-co-
DMAPAA) hydrogel areionized in agueous solution,
the copolymer hydrogels become more hydrophilic
than homo p(NIPAAmM) hydrogel, and hence the hy-
drophilicity increased may contribute to the stronger
hydrogen bonding and result in the increased swell-
ing capacity. The thermo-reversible phase transition
of p(NIPAAm) hydrogel occurred at approximately
32°C. Ontheother hand, the p(NIPAAmM-co-DMAP-
AA) hydrogelshad relatively higher phasetransition
temperatures than the p(NIPAAm) hydrogel. The

phase transition temperature of p(NIPAAm-co-
DMAPAA) hydrogels increased with an increase of
DMAPAA content. All the swelling curves of
p(NIPAAmM-co-DMAPAA) hydrogels with lower
DMAPAA content merged into a single line at the
shrunken state of p(NIPAAmM) gel at 80°C. However,
thep(NIPAAmM-co-DMAPAA) hydrogel having 4 mol
% DMAPAA doesnot entirely shrink up to 80°C due
to the presence of high ionic osmotic pressure. The
swelling capacity of hydrogels decreased with anin-
crease of temperature. This phenomena could be as-
cribed to the dehydration of hydrogels caused by an
increase of temperature.
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Fig. 3. Change of swelling capacity of p(NIPAAm-co-
DMAPAA) hydrogel asafunction of temperaturein water.
The concentrations of DMAPAA in p(NIPAAm-co-
DMAPAA) copolymer were 0 mol % (@), 1.0 mol % (0),
2.0 mol % (A), 3.0 mol % (2) and 4.0 mol % (m),
respectively.

In Figure 4, the effect of anionic surfactant (SDS)
on the thermo-reversible swelling process of the
p(NIPAAmM-co-DMAPAA) hydrogel was studied as
afunction of temperature and surfactant concentra-
tion. Figure 4 shows the SDS concentration depen-
dence for the change of swelling capacity of p(NIP-
AAmM-co-DMAPAA) hydrogelsat 20°C. The swell-
ing capacity of p(NIPAAmM-co-DMAPAA) hydrogels
in aqueous SD'S sol utions decreased with anincrease
of SDS concentration. This may suggest that SDS
binds to the polymer network within the gel phase
through both electrostatic and hydrophobic interac-
tion, subsequently converting the p(NIPAAm-co-
DMAPAA) gel into aneutral gel.

Figure 5 shows the temperature dependence for
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Fig. 4. Change of swelling capacity of p(NIPAAm-co-
DMAPAA) hydrogel as afunction of SDS concentration
at 20°C. The concentration of DMAPAA in p(NIPAAmM-
co-DMAPAA) copolymer was 1.0 mol %.

the change of swelling capacity of p(NIPAAm-co-
DMAPAA) hydrogelsin various SDS solutions. The
swelling capacity of p(NIPAAmM-co-DMAPAA) hy-
drogel with 1.0 mol % DMAPAA in al SDS solu-
tions decreased with an increase of temperature. The
phase transition temperature of p(NIPAAm-co-
DMAPAA) hydrogel swas a most independent of the
concentration of SDS solutions employed. In surfac-
tant solution, the swelling capacity of p(NIPAAmM-
co-DMAPAA) hydrogels was affected by the asso-
ciation of hydrogelsand surfactant. Asthe surfactant
dissociated and becomes el ectrol ytic character in aque-
ous solution, there will arise an interaction between
hydrogel and surfactant. Thiselectrolyticinteraction
may reduce the amount of hydrogen bonding between
hydrogels and water molecules. Accordingly, asthe
concentration of SDSisincreased, therewill be more
association between hydrogel and surfactant. Thus,
the swelling capacity of copolymer hydrogels de-
creased with increasing SDS concentration at tem-
perature below the phase transition. Finally, the
hydrogels of p(NIPAAmM-co-DMAPAA) discussed
above are expected to posess not only thermo- but
al so pH-sensitivity owing to the cationic character of
DMAPAA, the pH-sensitivity of copolymer hydrogels
will beinvestigated in aforthcoming study.

Conclusion

The introduction of positively charged group
(DMAPAA) into thenonionic p(NIPAAm) hydrogels
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Fig. 5. Change of swelling capacity of p(NIPAAm-co-
DMAPAA) hydrogel as afunction of temperaturein vari-
ous SDS solutions. The concentrations of SDSwere 0 mM
(@),0.1mM (0),0.5mM (A) and 10.0mM (A), respectiv-
ely. The concentration of DMAPAA in p(NIPAAmM-co-
DMAPAA) copolymer was 1.0 mol %.

caused both the swelling capacity and the phasetran-
sition temperature of the hydrogels to increase. The
swelling capacity of p(NIPAAm-co-DMARPAA) hydro-
gdswasfoundto bestrongly affected by the concentra:
tion of anionic surfactant (SDS). However, the
concentration of anionic surfactant had little effect on
the phase transition temperature of p(NIPAAM-co-
DMAPAA) hydrogels.
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