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Phase Separation, Thermoreversible Gelation, and Rheology
in Aqueous Solutions of Temperature-Sensitive Polymers
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The recent status of studies on temperature-sensitive water-soluble polymers is briefly reviewed. The concept of
cooperative dehydration, defined as simultaneous dissociation of the water molecules bound to a polymer chain in
correlated sequences, has been applied to study the collapse transition and LCST phase separation of temperature-
sensitive polymer, poly (N-isopropylacrylamide), in water and in mixed solvents of water and methanol. The transi-
tion becomes sharper as the cooperativity of (de)hydration increases. The sharp depression by the LCST co-nonsol-
vency in the mixed solvents is shown to be caused by the competitive hydrogen bonding of water and methanol
seeking for hydrogen—bonding sites on the polymer chains. The degree of hydration and of methanol binding, pref-
erential adsorption coefficients, LCST cloud—point depression are theoretically calculated and compared with the
experiments. The shifts of LCST induced by added salts (salting—in and salting-out effect) are briefly discussed from
the viewpoint of competing polymer hydration and ionic hydration, with focus on anion binding.
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Fig.1 Conformation of PNIPAM chain in water.
Pearl-necklace conformation of a PNIPAM chain
induced by the cooperative hydration. The pearl
parts consist of the segments collapsed by hydro-
phobic aggregation, while the connecting strings are
hydrated random—coil subchains. When a tension f
is excerpted at the ends, chain segments are reeled
out of the globules and hydrated with a constant ten-
sion above the critical value.

A EARFNC X D BUKEEL /272 —
VERMTEE LT vV A THELEROY
fivokdharkr—a &5 (Fig. 1) .
COLABAYERA—T 3 VTN L —FEEGELE
IZX )RR S L7z,

2.2 RA-HMRMHE

WA T CEICIE N 2 2T 5 &, BRFUE £ DL
ECruva—uh bR &K 5. 5l
SREICES HENE—ELDOT, HOY =V T
NEBCTIZREDIC T T b =BT 5 2 L8l &
N5, it F 4 — IVEE T 728K % &8 0 AFM
HFUN=—ERIBEETOT A, EN—(MEMRE
WESTAHZETTT b—ERSIN/2, HOFHE
Iy # TR 2 ke b 9 % & F2ITU flp/kpT =
3.28 L7 A5, ZOMEIXFFEAMIZES & O MEmE
HOMERESS L Bif % — % A7z, Tz, HEEE T
NODEXANT=T—T. 2 5hE, BRENLITIAT
BT 5 2 ERTFR S N7z, (FERTIIRIERR)

3. KBH&KDLCST H Bk

RIZ, BWOMTEEZ RN T 5720, &5 TER
D7 —=1) -NFAHG (FH) 22654 5. FH
T 77TV T—)VA (vdW) HESEM % 4 /85
A—=FTRITH, THNIMAZTKANRZ > EET 5



188  Hith @ My T AVEROM T HE - it - LA u Y —

72OIRGT L EST L OKRERE (HB) %, Eid
DHPHHIANF—DEIAICETE, B LK

& A TOETTOETHIREREEZH B,

3.1 HEIBEKFN & FEEIFE Y B SRS
BROBHIZANE =0 fbFERT v v V&K
O, KGTOREFEGFELZRT LX), &5
FEHBADILFEET v VEERT S, Thb
x5 F T AOEEMSGYE (R ¥ V5T %
T, IO R R 7z

KR Fig2 IR T 912, MvAkM (6=1) @
BAZM L 7ov— T RIOM BRI 2 0, R
DMERE L DIV —TDFEAF72L b, I
BATLTITS S L 72, S ORI EDOT
W IKCE BB 43 25 PNIPAM K% @ LCST 123 L,
c6=03H70THEL T4y FTELY, RIS
[EHB ORI R IEE2 T by 78T X — 5 ~O#E ) AHKD
REEZDIENTEL., TOXHICER AWM
HAEH ¢ /87 A —%13, $HOKMEZEL TED T
BEIHKIET A2 82 b, Do k) 2 BERHAT
T, MOLKED GRS 2 S REAR (E#) 12FE
5 REEE T O LCST BRSO W T — 1 72
g HEo NI,

3.2 (ISHDILFBRAMEESAHEOBES LTS
214

1h [PV AT 85 D A2 A L2 B 3 A 0 6, 3L
LRI E % 48 L 72 PNIPAM 88 %2 B W AU 20 Bk
DAL 52 el SN D, FEE, PNIPAM K
BWOZTIREII AV FEOWME L HIZTA,
64% TI1X 25 CREEE, 67% CIHf L% 5. 64% 1 >~
TV EHAWTDLS b LA uy —HllEx2iT) &,
FEHICHEBRE W Z &2, IS A SR v
DINW-TFIVEERT B 2 EDEEE SN, -
AR Z S AR O MIREN T 20T, FIVH
WULER S VI E A& VEBIC S G. C
DE)LBGIE AV DT FEG~OKMBEDN T
YT FEGNOKFABREIZHRTHHVE W) Tk
THRTE L., $hbb, XVAKMKIHRIZED
B L, IR COTHNEET 5725, BE
Mo THIIE T T EEIE L TG 2
LTZMEBIZELDTH A,

4. REBEROMEIE FLEBEM)
PNIPAM /K& DA 5 Bl B & N2 B IZ B 8) & &

AHITEEICE, MEYT 5, WHZREGY A, HEMR
L, FEEEA MR 5, @aTz8xity s, %

0.0 T T T T T
=
S
|
705 -
o
) 7
=4
= ol
=
S -0 =10 -
§ 0.8
0.5
= 0.3
-1.5F 0.1 .
n=100
vy =35
2o =0.002
2.0 | 1 | |
0.00 0.05 0.10 0.15 0.20 0.25 0.30

VOLUME FRACTION ¢

Fig.2 Phase diagrams of PNIPAM in water with coopera-
tive hydration.
Flattening of the LCST cloud—point line by the coop-
erative hydration. Miscibility loop changes into mis-
cibility box with increase in the strength of coopera-
tively. The bottom part of the miscibility box
depends only weakly upon the polymer molecular
weight and concentration.
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Fig. 3  Phase diagrams and LCST depression of PNIPAM in the mixed solvent.
(a) Expansion factor (solid line), degree of hydration (left broken line), and degree of methanol adsorption (right broken
line) plotted against the methanol mole fraction, compared with the experimental data (circles) '®. The DP of the poly-
mer chains is assumed to be n=10°, and the molecular volume of the co-solvent is n=2. (b) Comparison of the experiment

(symbols) and theoretical calculation (lines) for the LCST cloud points plotted against the methanol composition. The

polymer concentration is fixed at 1 wt%, while the polymer molecular weight is varied from curve to curve. Expansion of

the phase separation region becomes larger with the molecular weight.

BB 2 2 & SR T D AN 2 127 2
7280, B O b3 A EE AL T IER TS
BREND. ZOMR, FEORL M % LEHEA
BT, WEOWAEDHFREIL, WINOEES 12
Satrord ETIHEMIRY, PUABAAIKE
CTHUKVEBEICR 5 1510

DL RBEZO LB BROPSRE T T
WAL, oA vk A— 3 v ERAN.

4.2 BEBEARDOHEFEMAEIBE

PNIPAM 7K & LCST Bl & pi fhifit 1%, Bias#ME
D2 M GLEE) ORAICL ) 28R 7 b
+ 589, Fig. 3 (b) H®F— %513 PNIPAM ®
KAAY 7 = VIREEEROSE I % 87 55T
BOBESTICOWTHELLZLDTHEL., RERT
Ep—w, p—m, w—m®D3FDOKEREEDVHET 5
D, BIRESRKICR LAY ) — VHRIEE ST
DHFFEIMKGETLDOT, 2¥ =NV EeEnTLD
MEAEH (p—m) PEERTHLE I LbRD. X
= VIZRERZOT, BEESCIEIARORE
I 2 fE T 5.

INS OB EEEE 2 AT 5720,
BT P, BEEEA, BB O 3 E S TATE
TS T L &0 T L O FEMKERE &I
ANTZEE TN & W THGEE DT 2 472 7219,
KEGECHET 226 FEEMGERH, FTAD%
EERFEMELIDAE ) VA ROTRAY ) —

DENGFRxDOBEE LTHEL, EBRELEHELZ
(Fig. 3 (b) D).

2D X9 7% PNIPAM $H 2 L4446 L7 7 )V T,
WH O RE FHRAEHEEOMIC BRI &
O BFIEFEFRABHEBIBE S NS, Bk
BabEiE, 2y b —2omEIcEoSHEBL R
VE—PHEET S, EEED LRGN T =
THIBR SN A Z &7 &C, $HOEINAE, BiaKE
e, BETLry o —oZftih rolsizzo %
FHENTH L LD ol 0,

5. AHER (B EER)

PNIPAM KB ICIEZ RIS 5 &, £ DT
A % 2 DIKFINZ & 0 KGFDOIHFEEE AT L LCST 2%
BT 5 (M) A%, hIiciE—HER (EE) Lk
KICELT2LETTA25DbH 5. Zhang H1I 70
FA Y ENat ICHEEL, HADT =4 12250 T
LCST % 7 =4 Y iBEORME L L THIE L7245 % R
wmLzw, ZhRIZEBE, PNIPAMEZSIZVWbHW D
T = DA F AKRMIEEEIZ X % Hofmeister 25112
TEVFETEAE$AY, - & SCN- 1B L TldfmkH H
N5, WIMCELANIEBHEL DV ALNL DL, K
AT U BEGTHICRET L2720 EZLNS.
DX RIGAICIEEEE R

AT = A[M]+ Buax 0 (IM])



190 Hith : EME Sy T AEROM S EE - it - LA e Y —

DX I, 7 =7 D PNIPAM $E D7 & 11) HHSCE - HARWH 45K, 70, 260-268 (2015)
12) Zimm BH, Bragg JK : J. Chem. Phys., 31, 526-535 (1959)
0 (IM1)= Ka[M1/(1 + Ka[M]) 13) Okada Y, Tanaka F : Macromolecules, 38, 4465-4471
(2005)

14) Ye N, et al. : Macromolecules, 40, 4750-4752 (2007)

z el = Shoro 7. o
CHBIT 2 2 L Db h o7, [MIEEIREE, A, B 15) Tanaka F, ef al. : Phys. Rev. Lett., 101, 028302 (2008)

FER (A<0), Kald A A OFG EF(W%Eﬂ> 16) Tanaka F, ef al. : Macromolecules, 42, 1321-1330 (2009)

T, AXYBAERT T aTWAE (T 5 L) 17) Kojima H, Tanaka F : Soft Matter, 8, 3010-3020 (2012)

ZIRELTWA, KRET 18) Zhang Y, et al. : J. Am. Chem. Soc., 127, 14505-14510
(2005)

AT = (A + KaBmax) [M]+---
(Received 26 June 2017 ;

E DRI A 0%, ROIEBIZIEIC RS0 Accepted 30 June 2017)
T, Z2HETREDPLE, $2bb-HEATL. L
MLAHS, HiREOEEIE &b 1WA AR L, ZEWEE

Hp XE (%» 3HVI)
197643 3 MUK RAE B

FOBRIIABT =4 v O A F AN X ) KDOIEE)
FEAMET LB LCSTIIE T AEMER D, 2DL

542 LCHIT, HIEBS S BOBIRAR L £ 4 2 0 PRTERFIRTER 7
KR OBABEE LCHIRT 22 EATE S, IO R R
1978 4:10 [ ~ 198043 1  Caven-
7. BbHYIZ dish fffge i (3%)
7 5
PNIPAM A i 12 B % F 4 O FEBRAE % 3R ) 58 198144 5 HOBUR TR
D, DR T OB TS B Z e: B WS
EAEH L 72, ROBBEIE R BRI % Hed 21 1996464 J] [ TR #
YDk s TR, ﬁ@bg%%mwm =
ML & &0 & 5 IEAT 58 2w [ 199744 j;fﬁ"%%%
ST 5. PNIPAM T3S 0K £/ AT L Bkt T
DS 7: /5T > A 0T ) B R A B LT b7, S
BENLEEFEATLIEIZLI VMO TED H A0 201244 F R A 2 B Sy B
bEN v, E512, AE ) PSR, EEERO SEL IR AT
FAF3I 90 A, KRBOSTHER), 7 &I BRI S

LOERECEEDSRFRTERIN TS, KiFH
DEDTF KRB OO -0 ¥ M IEE
WThH5b.

X

1) Fujishige S, Kubota K, Ando I : J. Chem. Phys., 93, 3311-
3313 (1989)

2) Nakajima K, ef al. : private communication (2012)

3) Azevedo, RG de, et al. : J. Fluid Phase Equilibria, 185,
189-198 (2001)

4) Osaka N, et al. : Macromolecules, 39, 5875-5884 (2006)

5) Nakano S, et al. : J. Chem. Phys., 135, 114903 (2011)

6) Ray B, et al. : Polym. J., 37, 234-237 (2005)

7) Zhang G, Wu C : J. Am. Chem. Soc., 123, 1376-1380
(2001)

8) Schild HG, et al. : Macromolecules, 24, 948-952 (1991)

9) Winnik FM, et al. : Macromolecules, 25, 6007-6017 (1992)

10) Zhang Y, et al. : J. Am. Chem. Soc., 123, 1376-1380 (2001)



