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ABSTRACT

A block copolymer composed of poly(N-isopropylacrylamide) [poly-
(NIPAAm)] and a hydrophilic polymer such as poly(ethylene glycol)
was prepared. The aqueous solution of the block copolymer exhibited a
calorimetric endothermic peak on heating, similar to a poly(NIPAAm)
homopolymer, although in a random copolymer composed of NIPAAm
and a hydrophilic monomer such as acrylamide, no endothermic peak
was observed. This result suggests that it is the NIPAAm sequence length
which dominantly affects the LCST phenomenon of the copolymer
rather than the content of hydrophilic comonomers.

INTRODUCTION
Poly(N-isopropylacrylamide) [poly(NIPAAm)] has a lower critical solution
temperature (LCST) of about 32°C in aqueous solution [1]. The LCST phenomenon
has attracted much attention and been extensively investigated [1-7] because of its
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practical and theoretical importance. When NIPAAm is copolymerized with a more
hydrophilic comonomer such as acrylamide (AAm), the LCST increases with AAm
content and disappears when the AAm content is higher than the NIPAAm content
on a molar basis {4, 5]. The LCST phenomenon is induced by the aggregation
caused by hydrophobic interaction between the intramolecular NIPAAm groups [3].

In this paper, in order to study the effect of NIPAAm sequence length on the
LCST phenomenon, we synthesized a block copolymer composed of poly-
(NIPAAm) and a hydrophilic polymer, poly(ethylene glycol) (PEG).

EXPERIMENTAL

NIPAAm was purchased from Eastman Kodak Co. and recrystallized from ace-
tone. Diamino-PEG6000 was provided by Kawaken Fine Chemicals Co., and the
number-average molecular weight was estimated as about 1 x 10* (» = 230) from
primary amine determination using 2,4,6-trinitrobenzenesulfonic acid (TNBS) [8].

NIPAAm was copolymerized with 10 mol% MN-acryloxysuccinimide (NASI,
Kokusan Chemical Works Co.) to give an activated polymer poly(NIPAAm-co-
NASI) [7] (Fig. 1). The copolymerization was carried out in CHCI; at 60°C for 8
hours using azobisisobutyronitrile (AIBN) as the initiator. The activated polymer
was precipitated with diethylether and recovered at about an 85% yield. NASI
content in the activated polymer was found to be the same as the feed ratio by
'H-NMR measurement.

A block copolymer was prepared by using an amido condensation reaction
between the activated polymer and diamino-PEG at a ratio of 2:1 on a weight basis.
This ratio is equivalent to a molar ratio condition of [NH,]/[NASI] = 1/10. The
reaction was carried out at room temperature overnight in CHC, at a total polymer
concentration of less than 2 wt%. After the reaction, an excess amount of isopropyl-
amine (IPA) was added to the solution to convert unreacted NASI residue to

— (CH2 CH )x (CH2CH )y ——
C=0 c=0
A 6
EH N x/y=9/1
7/ \ 7/ \
CHs CHg O='C C=0
|
H2C — CH>

Activated Polymer :  Poly(NIPAAm-co-NAS))

H>NCH, CHoCHo-( OCH.CHz)n- OCHoCH,CH2NH,
Diamino-PEG

FIG. 1. Chemical structures of the activated polymer and diamino-PEG.
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NIPAAm. After being dried, a crude residue was dissolved in distilled water and
filtered through a membrane filter (0.8 um) in a refrigerator. A by-product, N-
hydroxysuccinimide, was removed by diafiltration by using an ultrafiltration mem-
brane (Amicon, YM-100, nominal molecular weight limit = 100,000), and a reten-
tate solution was lyophilized to give the block copolymer at about an 80% vyield.

For control, the homopolymer of NIPAAm was synthesized by converting all
the NASI of the activated polymer to NIPAAm by using IPA. The average molecu-
lar weight of the homopolymer was estimated as about 3 X 10* from viscometric
measurement [9].

A random copolymer composed of NIPAAm and AAm was synthesized ac-
cording to the literature [4]. The AAm content in the poly(NIPAAm-co-AAm) was
calculated as 37 mol%, i.e., 27 wt% from elemental analysis.

The IR spectrum was measured using an FT-IR spectrometer (Nicolet, 510) in
KBr pellets. The NMR spectrum was measured using an NMR spectrometer (Var-
ian, EM390) in CDCI, solution.

Calorimetric analysis was carried out on a DSC apparatus (Seiko, DSC-220)
and a data processor (Seiko, SSC/5200). The thermogram was recorded at a heating
rate of 1°C/min.

RESULTS AND DISCUSSION

Under the conditions described in the Experimental Section, the condensation
reaction of the activated polymer and the diamino-PEG gave a water-soluble block
copolymer. The content of PEG in the block copolymer poly(NIPAAm)-b-PEG
was calculated as 38 wt% from elemental analysis. Since almost no primary amine
was detected in the block copolymer by the TNBS method, the diamino-PEG was
fully reacted with NASI residues in the activated polymer. IR spectra of the block
copolymer showed no NASI residue remaining in the block copolymer, which shows
a complete conversion of NASI to NIPAAm by IPA.

We observed the LCST phenomenon of the polymers by using calorimetry.
The LCST phenomenon is usually observed by measurement of the cloud point.
However, such measurements are inaccurate due to variations in precipitated aggre-
gate size and settling precipitation. We therefore used a more powerful technique
that may be applicable to the study of LCST phenomenon {2].

As shown in Fig. 2, the poly(NIPAAm) homopolymer showed a very sharp
endothermic peak at 34°C, and the block copolymer poly(NIPAAm)-b-PEG
showed a broader peak at 38°C. On the other hand, the random copolymer poly-
(NIPAAm-co-AAm) showed no endothermic peak.

Although both the block copolymer and the random copolymer have an equiv-
alent hydrophilic portion on a weight basis, their endothermic features are quite
different. This remarkable difference between the block copolymer and the random
copolymer is attributable to the difference in the NIPAAm sequence length. In the
block copolymer a long NIPAAm sequence and a PEG chain are independently
present, while in the random copolymer the sequence of NIPAAm and AAm is
considered to tend toward alternation [4]. That is, in the case of the block copoly-
mer, hydrophilic moiety does not influence the hydrophobic interaction between
intramolecular NIPAAm groups significantly, while in the random copolymer the
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FIG. 2. DSC thermogram of the block copolymer poly(NIPAAm)-block-PEG (——)

compared with those of the poly(NIPAAm) (---) and the random copolymer poly(NIPAAm-
co-AAm) (—--).

alternatively copolymerized hydrophilic monomer interferes with the hydrophobic
interaction between intramolecular NIPAAm groups.

The result obtained here suggests that the NIPAAm sequence length is the

dominant effect on the LCST phenomenon rather than the content of the hydro-
philic portion.
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