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In this study, we developed a polN{isopropylacrylamide)-based thermoresponsive polymeric material with a
high content of hydroxyl groups. We newly designed the functional mondwgt;hydroxyisopropyl)acrylamide
(HIPAAm), considering maintaining the continuous and repeated structure of the isopropylamide group after
copolymerization and the monomer reactivity ratios. The thermoresponsive polymer was derived by conventional
radical copolymerization of HIPAAM with-isopropylacrylamide (NIPAAm) in high yield. Estimation of monomer
reactivity ratiosy; andr,, supported the almost random sequence of the comonomers. The obtained copolymers
showed a very sensitive phase transition and/or separation in response to temperature in aqueous media although
they have many hydrophilic parts, and their thermoresponsive behavior was not affected by the pH. Furthermore,
the cloud points of these copolymers closely depended on the HIPAAm content and could be easily controlled by
adding salts. HIPAAm is expected to regulate the phase transition and/or separation temperature of the NIPAAm-
based copolymers while maintaining their desirable sensitive thermoresponse. Differential scanning calorimetric
analysis showed that dehydration of the polymer chains occurring in phase transition became incomplete with
increasing HIPAAm content. Moreover, it was found that poly(NIPA&mHIPAAmM) having a high content of

the HIPAAmM unit showed liquietliquid phase separation involving coacervation. The sizes of the coacervate
droplets were relatively monodisperse and very minimal. Poly(NIPA&AIPAAM) is valuable for use in
biomedical fields such as bioseparation.

Introduction showed a very sensitive phase transition even under an isotonic
o ) ] ) ) condition at pH 7.4112Moreover, Ebara et al. evidenced that

_Stimuli-responsive materials possess a high potential for the continuous and repeated structure of the isopropylamide
biomedical use. Especially, temperature-responsive polymersg oy is very important to retain thermally sensitive properties
have been expected to be a promising material for temper- i, introducing the functional comonomer in comparing CIPAAM
ature-modulating controlled release, because of their sensitiveyy 3_carhoxyln-propylacrylamide (CNPAAMY2 Additionally,
phase transition behavior. Among these polymers, one of thei, synthesize a cationic copolymer, we also desighe(@-
most representative examples is pbdlisopropylacrylamide) aminoisopropyl)acrylamide (AIPAAm) based on the same
(PNIPAAmM). PNIPAAmM is hydrophilic and exists in a random concept, and the preparation of poly(NIPAAgo-AIPAAM)
coil in water below 3TC, which corresponds to a lower critical a5 reported? As expected, poly(NIPAARTo-AIPAAM) also
solution temperature (LCST). Above the LCST, however, the gemonstrated a clear phase transition. These observations
PNIPAAM become_s hydrophobic and changes its conformation strongly suggested that the same isopropylacrylamide groups,
from a random coil to a globule, then aggregates due to the {he contributed random sequence, and the resulting copolymer
hydrophobic interaction among the isopropyl groifsBecause oyl maintain a sensitive phase transition, even though it
PNIPAAmM shows a unique solution property in this way, it has gntained many hydrophilic side chains.
been used in many biomedical fieli$. To introduce functional
groups onto the PNIPAAm chains, for example, for conjugation
with bioactive molecules, conventional radical copolymerization
is generally carried out using a functional comonomer such as
acrylic acid? However, the phase transition of the corresponding
copolymer becomes insensitive with increasing comonomer
content. We then considered that the continuous and repeate
structure of the isopropylamide group is an important factor in
achieving a sensitive phase transition. Therefore, we have newly
designed a novel carboxylic monomB(2-carboxyisopropyl)-
acrylamide (CIPAAm), considering the continuous monomer
alignment like a homopolymer structuf®As expected, poly-
(NIPAAmM-co-CIPAAmM) as well as the corresponding hydrogels

To use thermoresponsive polymers in a biological system,
their phase transition profile should be unaffected by the pH.
However, because poly(NIPAAwmo-CIPAAM) and poly-
(NIPAAmM-co-AIPAAmM) are electrically charged, the thermo-
response and cloud points of these copolymers are influenced
é)y the pH in aqueous media. In this study, we designed a new
monomerN-(2-hydroxyisopropyl)acrylamide and prepared func-
tional temperature-responsive materials by conventional radical
copolymerization with NIPAAm. Because poly(NIPAAno-
HIPAAmM) is nonionic, their phase transition and/or separation
behavior would not be affected by the pH.

Experimental Section
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Scheme 1. Preparation of (a) HIPAAm Monomer and (b)
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Figure 1. 'H NMR spectrum of NH-50 in DO at room temperature:

Azobis(isobutyronitrile) (AIBN) was obtained from Wako Pure Chemi- polymer concentration, 1.0 wi %.

cal Industries (Tokyo, Japan) and recrystallized from ethaxdso-
propylacrylamide was kindly supplied by Kohjin (Tokyo, Japan) and
recrystallized from benzenréhexane. Other reagents and solvents were
commercially available and used without further purification.
Synthesis of HIPAAm Monomer. b,L-2-Amino-1-propanol (0.15
mol) and triethylamine (0.15mol) were dissolved in anhydrous chlo-
roform, and this solution was stirred at5 °C under a nitrogen
atmosphere for 20 min. Acryloyl chloride (0.15 mol) was slowly added
to the solution under a nitrogen atmosphere, and the solution was then
stirred at—5 °C for 2 h. The solution was evaporated, and the resulting

viscous liquid was dissolved in 2-propanol. The mixture solution was : - ) >
kept at—20 °C for 24 h to precipitate triethylamine hydrochloride, a variety of HIPAAm compositions were dissolved in water (10 w/v %).

and suction filtration was then carried out to remove the salts. The Th€ obtained copolymer solutions were placed in silver pans, and these
filtrate was concentrated and purified by column chromatography with Pans were completely sealed. We then carried out the DSC measurements.
ethyl acetate as an eluent. The HIPAAm monomer was obtained as a  Microscopic Observation of Poly(NIPAAm-co-HIPAAM) Aque-
colorless viscous liquid (Scheme 1a). The yield was 72.6%. The OuS Solution.Optical images of poly(NIPAArto-HIPAAM) aqueous
chemical structure of HIPAAm was confirmed bjH NMR solutions were recorded above and below each cloud point of the
(JEOL JNM-GSX400, 400 MHz spectrometed){D,0, ppm)= 1.17 cgpolymers using a Nikon ECLIPSE microscope equipped with Digital
(d, 3H, GHsCHCH,OH), 3.61 (m, 2H, CHCHCH,OH), 4.04 (m, 1H, ~ Sight DS-5M, Nikon (Tokyo, Japan).
CHsCHCH,OH), 5.78 (d, 1H, CH=CH), 6.22(m, 2H, G;=CH). Dynamic Light-Scattering Measurements of Poly(NIPAAmco-
Preparation of Poly(NIPAAmM-co-HIPAAmM). NIPAAmM, HIPAAM HIPAAmM) Agueous Solution. .Dyna.mic Iight-st_:attering (DLS) mea-
monomers and AIBN (0.1 mmol, 1.0 mol % relative to monomers) as an Surements were carried out with a light-scattering spectrometer (FPAR-
initiator were dissolved in DMF. After oxygen was removed thoroughly, 1000HL, Otsuka Electronics Co., Ltd., Osaka, Japan). The samples were
polymerization was carried out at BC for 24 h (Scheme 1b). We  Measured above the cloud points of the copolymers at a concentration
then removed unreacted monomers completely by dialysis against waterf 0-10 w/v %.
at ambient temperature for 1 week. After lyophilization for 3 days, we
obtained the copolymers as a white powder. The HIPAAm content in Results and Discussion

the copolymer was calculated by4+ NMR. The number-average L
molecular weightil,) and polydispersity index\u/M;) of the copoly- Characterization of Poly(NIPAAmM-co-HIPAAmM). Scheme

mers were determined by gel permeation chromatography (GPC, Jasco: Indicates the synthesis route of HIPAAm monomer and poly-
LC-2000 Plus, Tokyo, Japan). DMF containing 10 mM LiBr as an (NIPAAmM-co-HIPAAm), and Table 1 summarizes the charac-

eluent and poly(ethylene glycol) were used as the standard for cali- tefization of the copolymers. The HIPAAm contents of the
bration. Table 1 shows the characterization of the obtained copolymers.resulting copolymers were almost the same as that in the feed.

Measurements of Cloud Point.The cloud points of poly(NIPAAm A typical 'H NMR spectrum of the copolymer (NH-50) is shown
co-HIPAAM) aqueous solutions (1.0 wiv %) were determined by in Figure 1. The copolymer composition was estimated by
transmittance measurements using a-is spectrometer (Jasco V-550 comparing the peak area of methine protons (¢, veith
spectrometer, Tokyo, Japan) equipped with a temperature controller. methylene protons (e) in the same figure.

The transmittance of the copolymer solutions was recorded as a function
of temperature. The temperature was raised at@/®in, and the wave-
length was fixed at 500 nm. The cloud points of the polymer solutions
were defined as the temperatures when the transmittance was 50%.
Differential Scanning Calorimetry Measurements of Poly-
(NIPAAmM -co-HIPAAmM) Aqueous Solution. Differential scanning cal-
orimetry (DSC, EXSTAR 6000, Seiko Instruments, Tokyo, Japan) was
used to estimate the thermoresponsive profile of poly(NIPAZmm
HIPAAmM). DSC measurements were carried out between 0 anti120
a scanning rate of 2.C/min in the heating process. Copolymers with

Table 1. Preparation of Poly(NIPAAm-co-HIPAAM)

in feed (mol %) in copolymer (mol %)?
code NIPAAM HIPAAM NIPAAM HIPAAM yield (%) My x 10740 Ml Mn?
NH-0 100 0 100 0 94 2.2 2.9
NH-10 90 10 91 9 87 25 25
NH-20 80 20 78 22 96 2.8 25
NH-30 70 30 73 27 94 3.0 2.6
NH-40 60 40 61 39 92 3.6 25
NH-50 50 50 49 51 97 2.6 2.0
NH-80 20 80 18 82 90 3.3 2.2
NH-90 10 90 12 88 89 3.2 2.2
NH-100 0 100 0 100 89 43 1.8

aDetermined by 'H NMR. » Determined by GPC.
Y Y cbV
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Figure 2. Transmittance changes for 1.0 w/v % aqueous solutions Figure 3. Cloud points for 1.0 w/v % aqueous solutions of poly-
of poly(NIPAAm-co-HIPAAM) as a function of temperature: NH-0 (O), (NIPAAM-co-HIPAAM) as a function of HIPAAm content.

NH-10 (2), NH-20 (O0), NH-30 (v), NH-40 (@), NH-50 (), NH-80 (m). . o ] ]
intermolecular association force even in the copolymer contain-

Table 2. Temperature Ranges Showing Transmittance Changes ing a high content of hydroxyl groups. These results strongly
in Poly(NIPAAmM-co-HIPAAmM) su ; ;
ggested that three factors, (1) preserving the continuous and
temperature range repeated structure of the isopropylamide group after copolym-
code (°C)2 erization, (2) random monomer alignment of the polymer chains,
NH-0 0.43 and (3) uniformity of the comonomer content, are very important
NH-10 0.64 for constructing a functional polymer with a sensitive temper-
NH-20 0.52 ature response. As expected, poly(NIPAZAmHIPAAmM) did
NH-30 0.36 not demonstrate pH dependency in the phase transition and/or
NH-40 0.51 separation, showing a sensitive thermoresponse under the condi-
NH-50 0.90 tion of acidic or basic solution (data are not shown). Figure 3
NH-80 0.86 shows the relationship between the cloud points of the copoly-
— - mers and the HIPAAm content. The cloud points of the co-
a2 Temperature range indicates the temperature difference between . . . o .
90% and 10% in transmittance. polymer solutions shifted to a higher temperature with increasing

HIPAAmM content because the hydrophilicity of the copolymers

In our concept, the monomer alignment of the polymer chains increased. Moreover, on the basis of the results in Figure 3, it
and uniformity of the comonomer content are essential for was revealed that the cloud points of the copolymers could be
preparing the functional polymer with a sensitive temperature easily controlled by varying the feed ratio of the comonomers.
response. Therefore, we confirmed the monomer reactivity Phase transition and/or separation temperature control is very
ratios,ry, rp, of the NIPAAm (1) and HIPAAmM (2). According  important for drug delivery, as well as in other biomedical
to the Keler-Tudds method, the determined values weye= applications. It is well-known that the LCST of NIPAAmM
1.08,r, = 0.60, which indicated the highly random sequence polymers can be easily modulated by means of copolymerization
of the comonomers in every copolymer chain and the homo- or addition of an additive such as surfactants, urea, and'&alfs.
geneity of the comonomer content. Furthermore, because theHoffman’s group has reported that NIPAAmM copolymers with
structure of the HIPAAmM monomer is very similar to that of acrylamide-type comonomers could show a phase transition in
NIPAAmM, poly(NIPAAmM-co-HIPAAmM) can retain the continu-  a limited temperature range from 0 to 66.17 However, in
ous and repeated structure of the isopropylamide group afterthis study, the NIPAAm copolymers having 80 mol % of
copolymerization. Therefore, poly(NIPAAwo-HIPAAM) is HIPAAmM monomers showed a sharp thermosensitivity at 80
expected to exhibit a very sensitive thermoresponse. Previously,°C. This suggests that the HIPAAm monomer is surely useful
Xue et al. reported that the monomer reactivity ratrest, of for controlling the cloud point of the acrylamide-based copoly-
the NIPAAm (1) and acrylic acid (2) were 14.0 and 00 That mers over a wide temperature range without losing their sensitive
suggests that poly(NIPAAmo-acrylic acid) would comprise  thermoresponse using only simple copolymerization.
a mixture of the copolymer with different contents of the In terms of the temperature-responsive property of the
comonomers, when the copolymer was obtained in high yield. polymeric material with hydroxyl groups, Aoki et al. reported
A designed functional monomer such as HIPAAm would enable the preparation of an optically activid-(1-hydroxymethyl)-
fabrication of acrylamide-based polymeric materials with well- propylmethacrylamide polymer and its phase transition behav-
defined structure and high yield. ior.20 According to their paper, the corresponding polymer

Temperature-Responsive Property of Poly(NIPAAmco- demonstrated a very clear phase transition with hysteresis that
HIPAAmM). We estimated the cloud points of the copolymers meant that the transition behavior was different between the
in water by means of transmittance measurements of the polymerheating and cooling processes. This might be due to an inflexible
aqueous solutions. Figure 2 shows the transmittance change irmain chain and an additional specific conformation based on
poly(NIPAAmM-co-HIPAAm), and Table 2 presents the temper- the optical activity of the polymers. In our study, we used
ature range indicating the transmittance change in poly- 2-amino-1-propanol and acryloyl chloride as starting com-
(NIPAAmM-co-HIPAAm). All the copolymer solutions showed  pounds; therefore, the poly(NIPAAwo-HIPAAmM) contained
a very sensitive and discontinuous transmittance change in aracemic propylamide groups as side chains and a more flexible
distinctly narrow temperature range. It should be noted that evenacryloyl backbone. Actually, hysteresis was not observed under
the copolymers with a high content of hydrophilic comonomer the measurement conditions in this study.
(HIPAAmM) exhibited a clear transmittance change. It was found  Salting-Out Effect on the Phase Transition and/or Sepa-
that the polymer chains would possess a strong intra- or ration Profile of Poly(NIPAAmM -co-HIPAAm). It is well- CDV
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Figure 6. Cloud points for aqueous solutions of poly(NIPAAmM-co-
HIPAAm) as a function of polymer concentration: NH-0 (O), NH-30
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NH-0 increasing HIPAAm composition and could not be observed
above NH-50. These results suggested that dehydration of the
NH-10 polymer chains occurring in the phase transition became insuf-

e

NH-30

ficient with increasing HIPAAm content. An increment in the
HIPAAmM composition raises the hydrophilicity of the copoly-
mers, and the interaction between the polymer chains and water
becomes strong. Consequently, dehydration of the polymer chains

Endo.

T NH-50 would become more difficult with increasing HIPAAm content.
Polymer Concentration Dependency of Cloud Points in
Poly(NIPAAmM-co-HIPAAmM) Aqueous Solutions.In the trans-
T _NH80_ mittance measurements, copolymers with a high content of
HIPAAmM showed a sensitive transmittance change, but the
M endothermic peak resulting from dehydration of the polymer
30 40 50 60 70 80

chains was not shown in the differential scanning calorimetric
analysis. It was then considered that copolymers with a high
content of HIPAAm showed a liquidliquid phase separation
accompanied by coacervation. It is well-known that the cloud
known that cloud points of water-soluble polymers, for example, point of a thermoresponsive polymer which shows ligtliuid
poly(ethylene glycol), are considerably influenced by adding phase separation involving coacervation depends on the polymer
salts!62-24 Figure 4 shows the salting-out effect on the phase concentratior?>26 Therefore, we examined the polymer con-
transition and/or separation behavior of poly(NIPAA®D: centration dependency of the cloud point in poly(NIPAAw
HIPAAmM). These results suggested that the cloud points of the HIPAAm). As shown in Figure 6, the polymer concentration
copolymers also could be modulated by adding salts. From dependency of the cloud point became more predominant with
Figure 4, it was found that the copolymer showing a thermo- increasing HIPAAm content. These results suggested that
response at-37 °C under isotonic conditionl (= 0.15) was intermolecular interaction had begun to contribute to causing a
NH-20. Interestingly, even the HIPAAmM homopolymer indicated thermoresponse with increasing HIPAAmM composition, which
a clear transmittance change on adding the salts. In all demonstrated the possibility of coacervation in copolymers with
copolymers, the cloud points of the polymer solutions shifted a high content of HIPAAm. The cloud points of the thermore-
to a lower temperature with increasing NaCl concentration, sponsive polymer showing a ceiglobule transition such as
indicating that the hydrophobicity of the copolymers increased the NIPAAmM homopolymer seem to be relatively independent
with increasing NaCl concentration due to the salting-out effect of polymer concentration. On the other hand, the copolymers
and would cause dehydration more easily. As seen in Figure 4,causing coacervation would form coacervate droplets by as-
the salt-adding effect on the phase transition and/or separationsociation among the polymer chains; therefore, the cloud points
profile of poly(NIPAAmM-co-HIPAAmM) becomes more sensitive  of such copolymers would be affected by polymer concentration.
with increasing HIPAAm content. These phenomena are very On decreasing the polymer concentration, the cloud points of
similar to that of the poly(ethylene glycol) aqueous systér? the copolymers shifted to a higher temperature because associa-
Dehydration Occurred in the Phase Transition of Poly- tion among the polymer chains would become more difficult.
(NIPAAmM -co-HIPAAm). To investigate the thermoresponsive Thermoresponsive Coacervation of Poly(NIPAAmco-
profile of poly(NIPAAm-co-HIPAAmM) in more detail, we eval- HIPAAmM). We performed microscopic observation of copoly-
uated the phase transition behavior of copolymers with differ- mer aqueous solutions to confirm the coacervation visually.
ential scanning calorimetry. Figure 5 shows the DSC thermo- Figure 7 shows the micrographs of NH-50 aqueous solution
grams of copolymer agueous solutions. In PNIPAAmM and NH- containing NaCl above and below the cloud point. From the
10, NH-30, the endothermic peak due to dehydration of the poly- observation, we could ascertain the presence of coacervate
mer chains that occurred in the phase transition was observeddroplets above the cloud point. Coacervate droplets vanished
at the temperature which corresponds to each cloud point of as the temperature was lowered below the cloud point. However,
the copolymers determined by transmittance measurementsthe temperature was again raised above the cloud point, and
However, the endothermic peak gradually became smaller with the coacervate droplets then appeared again. This proces&eg@s

Temperature/ °C

Figure 5. DSC curves for 10 w/v % aqueous solutions of poly-
(NIPAAmM-co-HIPAAm).
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alignment of the polymer chains, and (3) uniformity of the
comonomer content. The functional temperature-responsive
polymer, poly(NIPAAmco-HIPAAm), was prepared by conven-
tional free radical copolymerization with NIPAAm. As expected,
the monomer reactivity ratios were almost the same value, and
poly(NIPAAmM-co-HIPAAmM) showed a very sensitive and dis-
continuous transmittance change in aqueous media. In addition,
the cloud points of the copolymers could be easily modulated
by varying the feed ratio of the comonomers and adding salts.
We found that poly(NIPAAmrco-HIPAAmM) with a high content

of the HIPAAm unit showed a liquidliquid phase separation
accompanied by coacervation. Even though the poly(NIPAAmM
co-HIPAAmM) was prepared by free radical copolymerization,
the size of the coacervate droplets was very small and relatively
monodisperse, which seems to be due to the three factors
mentioned above. Because poly(NIPAATG-HIPAAM) has a
hydroxyl group as a side chain, it is possible to immobilize
bioactive molecules, such as peptides and proteins. We are now
studying the phase transition and/or separation mechanism of
poly(NIPAAmM-co-HIPAAM) in relation to water structure, such

as freezing or nonfreezing water, around the polymer.

Ly
solution

phaseseamtlon

Figure 7. Micrograph of coacervate in NH-50 aqueous solution:
polymer concentration, 0.10 w/v %; NaCl concentration, 0.50 M.
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