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Theoretical Study on the Phase Diagrams of Associating Polymers
O I. Non-gelling Systems O
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General theoretical scheme for studying phase diagrams of associating polymer solutions
is presented. As the simplest example, phase diagrams with lower critical solution temperature
(LCST), as seen in aqueous solutions of neutral polymers such as poly(ethylene oxide) and
poly(N-isopropylacrylamide), are theoretically derived and compared with the recent experiments.
It turns out that miscibility gaps of loop shape and hourglass shape appear depending upon the
polymer molecular weight if hydration (association of water molecules onto the polymer chains
by hydrogen bonds) takes place randomly and independently, while miscibility gaps of square
shape with very flat LCST line appear independently of the polymer molecular weight if hydration

is cooperative.

1. 0000 0O bOOoooobooo o

goboooooooboboooooboboboboboooooo
O00000Floryd HugginsOOOOOOFHSOWO O OO
023010400000 000000000O0O00O0000O00
gO00D0oO000ObO0O0o0o0ooODbOOo0oOoboOOoO0oopOooDOD
Jgooo0oo0ooboooooooobOoooo» Ooooo
gobooo0oooooooooooobobooooooboo
goooobDOoooOoOoopbDOoopDOooooooo» oo
joooO®oOOooooohooooogospoooooend
gobOooO0o0oooooooOooobobooooooboo
go00oO0000o0ooO0o00oooboboooooooo
000000 Van Laar/Bragg-WilliamsO O O VLBWO O
goooosooCCODOOOOOOODOOOwWpODOOO
gooooviBwOoooooDOOrRHSOOOODOOOO
gobooooooboobooboooooboobooooooooo

gooo00obooOo0oobo0ooooboo2000000
ooooooooboooda
On

AG/QkeTO — Ingn O had Ings 0 9(¢s,¢5,T.p) 2 5
Na N
(1)

0000000000000000¢ (DA B 00000
00000000n000000000000QO000
00000000000000000000000200
00000000000000g(@a, ¢, T, p) 00000
0D0000000000000000000000000
0D0000000000LCSTOO00O00000000on
00000000000000000000000000
00000000000000000000000000
000000000000D0g000000000000
00000000000000000000000000

© 2005 The Japan Society of Calorimetry and Thermal Analysis.

178

Netsu Sokutei 320402005



gooooooooobool. 0DOo0ooo0 o

gooooooooooobobooooooboobooo
OO0O0ASTOOOOvan der WaalsOOOOOOOOOO
gooooooboooooooboobboooooooooo
gooviewoOOooooooooooooooooooo
goooooooooooooboooooooooooo
goooooooo

200000000000D0O0000DO0OO

goooobOooooooobobooooooooboboooo

FHSOOOOOOODOOO0OOO0000000000ASTO
00000000000000000000000000
0000032 000000ASTOO0OVLBWOOOOO
0000000000000

0000002000000000000000000
00000VOOOOODO00O000000000000
000000000000a0000000000000
00000Q= ValOOODAODOOOBOOOOOOOO
00000000000nOn000000000000
0000000AOOOO0OBOOOOOOOOOOOOO
000D00a00000000000000000000
00000000000000000000000000
0000000I00AODOmMOOBOOOOODOODO
00 (,m-000000000000000000000
O00N,n00000000000(1,00(0,1)000000
O00AOOOBOOOOOOOOON, 0000000
000000000000000D00000000000
00000000000000000000000000
00000000000000000000000000
0000QO03 m(MalOnemN, n0 0000000000
0000D00000000000 v, mON, m/Q, @, mO
(MalOnem)Ni, »/Q00000000000000000
00000000000000000000000000
000000000000000000000 NaCONsSO
0000000000000000000000

8= NaNAS/QO @C= ngNeS/QO 000000000
000000 VA= NaS/QO veb= Ng6/QO 0000000
00000000000000000000000000
000OO0oooooo

(/ﬁAE nAZIvL ms ([ﬁBE nBvaL m (2)

000000SO00000D0O000O0ONNONonooo
0000000000000000000000000
000000000000000000000000000
0000000000000000@ (0 @S+ @80 ¢s(0
@S+ @e) 00000+ @D1000000000000
@ 0000000000¢000000000

Netsu Sokutei 320402005

179

Reference State

o o
° o o o <] 30
° o o o o o
o o © ° so ¢ ©
o ° 0% o ” O
© 02 o S o000
° o 9 o
° o ° 5o 5 ©
° 0o
o © o 00" 54 50
o 0 o © -
o © o OOOQOOO

0% ©
o
o
© oo
600
500
P
@
>
8
l%ij

Real Mixture, Solution

Fig.1 Construction of the free energy. The total free
energy is given by the sum of the free energy
of reaction and the free energy of mixing. The
former is defined by taking the hypothetical
crystalline state with separated molecules as
the standard reference state.

gooo0oooo0oooowgooooooooog
AOBUOO0OODOOODOOOOOOOOOOOOODOOOO
gooooOooooooooooooooDooobDOobaAFD
O00000000FigAMO0Ob00O00000000
goooobooooooboobobo0ooooooobooo
goooooboooboooooooboboooooooooo
oooood

BAFead/Q O Z A mVi,m O VGO VS 3)
I,m

00000000000B=s UkeTOOOOODO DA, m=
B mO o0 mu%:) OI00ADDOmMOOBOOO
00000000 (, m-000000000000000
0000000000000 p000000000000
00000000000000M&0&00000000
00000000000000000000000000
00000000000000000000000000
0000D0000000000000000000 @00
000000o0o



gooooooooooooobooooooooooo
gooooobooobooooooobooooooooooo
gooboooooobooobooboorHAsSOOOOO

BAFmix/Q O IZ vimlng m O xe(10 ¢ 4

oooooooooxw goodxyoAOBOOOODOO
O0C0ForyO x-00OO0OOOODOO®» OOO0ODOOOOO
goboooooooooooooood

AF O AFreac 0 AF mix (5

00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
Dt m= (8 BF/0 Nim)t N, - 000000000000
0oooo
0000000000000000000000000
000000D00@S0 0000 0000000000
0000000000000 AM 0000000000
00000000000000000

Ay, mO 1AL, 00 MALG, 1 (6)

gooooooooooooogooooooo

im0 Kiym X ym @]

0000000000K,m=exp(l0mMO10A;,m) 000
goooooooooooboooboooooooooboooo
00000000000000000 @e= xOO0O @ 1=
yoooooooooooooooo

Kl,m

vsS(x,y)O Z

- lem
Lm nal0ngm

®

gooooo

S (%, y)O Z Ki,m x'ym 9
I,m

gooooboooooooboobboOooooooooooo
oooooboodx, yooooobheooooODOOOO
gooooooo@Eooooooo

nax(@ vsiao x)yd ¢ (10a)

Ney(d@ vS/o y)O 10 ¢ (10b)

OxOyOooooooooo

gooo

180

0D000000000000000000000000
0000000000000000200000(9)000
00000000000000000000000000
0000000000 (xy)00000000000000
000000000000 00000000000000
0D0000000000000 ¢s000100000000
000000010 ¢s0000000000000000
000000000000000000000000000
000000000000000¢0000000000
000000O0x*(e), y*(p)0000000000000

@S (x*,y* )01 (11)

00000000000000000000000

0000000000000000000000000
00000000000000000000000000
000 A, o0 AUA®, Apto0 A0 0000000000
0000000InX0 6 (@)0 1, InyD &(@)o100000
O0x,yJOOOOOOOOOG, 000000000
0000000000000000000Inx*0 8 (¢*)0
10000Iny*08&(¢*)0 1000000010000
D0000000000¢*0000000000 ¢*00
D0000000000000000AOOOOOOOO
00000000000000000000010000
Aw,o00000000000D0000000000O00
Au0000000000000Aue0Au0O00000
000000000000000000000000000
D000000000000000 @S, @sO000 @S, @
00000000000000000000000000
000000000000000000000000000

000000000000(G)O00000000000
0ooooooooo

BAFIQ D
)

10
In @0 e In(10 @0 g(@ T) (10 @) 0 SaVa®O JVet
Na N

(12)

goooooooooooboboooooobbobooo
goboooOrHASO xOQoooo

9(e. O
10 10
XD[(p Inim Jln LD 4 0 Juvs(x,y)
Nna Ng 10¢ na Ng
lp(10 @) (13)

gviswoOooooooooooooooodx, yoo
(1000oo0oooooooooooooobobbbbo
ObOghOoboOooobooboboTOOOObOeoOOOOoOO

Netsu Sokutei 320402005



goooooooooo

000000000000 x00000000000000
0000000000000000000000LCSTOO
00000000000000000000000000
00000000000000000000000000
ODOOO0OASTOVLBWOOOOOO gT) 0000000
00000000000000000000000000
00000000000000000000000000
00000000TOOO¢00000000000000
00000000000000000000000000
000000000000K, ,0000000000 xO
0D00000000000000000x-0000000
00000006,000000000 Schultz-Flory 0 O

X01/20 ¢(10 OJT) (14)

gooooooooooooboOooboooboooboooOr
=106y/TOO0O000C0000OywOODOOODOOODOOO
goooooooobloooooooooboooooo
gooobooob0oyO0oOODOOODOODOOOODO

gooooooooooooooTooooDooboooo
gooooooobooooooobooOoooooooOoo
goooooo

Aua(¢, T)O Apa(g', T) (15a)

Aps(@, T)O Aus(¢', T) (15b)

OA00O000000D0¢O0AO0OO0DOO0OO0O0O0 ¢O
goooboooooobob g, gOo0bOOb0oOooooon
gooooooooooobooboooooooooboooo
OoooooOoOoOoOoOoo0ooooooooooooooo
goobOo0ooooDo0oooobDgoDOO0OO0@ODO
gooooooooooobobooooooobooboooa
gooooooooooooooooooooooooo
goooobOooooooooobooooooobooooo
goboobooooooooooooobooo
gooooooooooooobooooooooooo
000000 Aualo @O o000 DOOOODOOODODOOO
goooooooooogooog

Ka (@, T)Ina@O Ks (@, T)/ns (10 @)0 2x0 0 (16)
gooddbooodooooobooooboooookOooo

goooooooo

Ka= @ d
A= d(p

d
10@° — | Inx,
de

d d
kg=0(10 (p)(lD [ ) Iny (17)
de do

Netsu Sokutei 320402005 181

ol.000o00o

00000000000 00000D000000000O
000000000000 «KaDkeO 100O0OFHSOOD
00ooo00ooo0oooooon

DDDDDDDDDDDDDDDDDDDDDDHﬂxw
=XnalOnema n/Zp, nO 0000000000000
00000000000000000000000MmO0
0o0MWw0 »000ODODOODODODODODOOOOOOOOOO
000000002000000000000000(11)
ooooooog

3. 0goooooon

gooigoAsTOOO0OO0OODDOOOOOOODOO
gooobOooooboooooooDoOoobLestgoooO
gooooobooooooooooooooooooooo
gooooboooooboobboOooooooobooo
goooooboooooooooboboooooooooooo
gooooooooooooooooobooooooooo
gooooLcstTOoOoOoOoooOoOoOoOoOoDOoOoOoOOO
gooooEs goO0ooboooooooooooooooo
gooooooowooOoOoooooOoboooooooo
goooobooboooooooboooooooooooo
goooooooooooooooooooboboooooo
oooooooooooooooooooooooooo
gooooooobmsooOowopOoooOooooooo
goooooboooooooobbooooooooooo
goooobses0OO0OO0O0OO0O0O0O0O0COOOOOOOO0O
oMo oo0oo0obo0obo0oo000b00p00000000
goobooboooooooboooboboooooooooooo
goooooooooooon
3.1 00000000DODOPEOCOD OODOOOO O

PEOOOCODOO0OODOOOOODOOODOOODOOO

011/2000000=«0000MDOOOOOOOODOOO

003% 0000000000000000001000
00000000000000000000000000
00000000000000000000000000
00000000000000000000000000
000000000 PEODDODOODOOOOOOOD
0000O0000oe

0000000000000 ASTO0O0O000000O
00000000000000000nOf0000O0
ADOD0ON0101000000B,00000 A¢/B.O
00000000000000000000000001
000000000 f0n000000 naD ng= N0 nas
nadng= nb000000000000000000O0
(1, m0O@moo,1,..f)00000000ASTOOO0O0O
0oo



gooo

TEMPERATURE 10100 / T

Fig.2 LCST(black symbols) and UCST(white symbols)
of aqueous PEO solutions (broken lines) and
PNIPAM solutions (solid lines) plotted against
the reciprocal of the molecular weight n. Hyper
critical point (HCP) and double critical point
(DCP) appear for PEO, while LCST is almost
independent of n for PNIPAM.
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Fig.3 Closed loop two-phase region observed in
agueous PEO solutions. Theoretical binodalst®)
(solid lines) are compared with the experimental
cloud-point datal” (symbols). The molecular
weight (DP) is changed from curve to curve. The
miscibility dome at low temperature cannot be
seen because of the freezing of water.
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Fig.4 Cooperative hydration in PNIPAM solutions.
Hydrogen bonds are formed sequentially along
the polymer chain because of the interaction
between the nearest-neighboring bound water
molecules. As a result, the chain is expected to
take a pearl-necklace structure.
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Fig.5 Flat LCST curves due to the domino effect in
the cooperative hydration. With increase in the
cooperativity (decrease in the parameter o),
miscibility loop changes into miscibility square
with flat LCST.

00000000000000000000000000
00000000000000000000000000
000O0O00OO0PNIPAMODOOOOOOOOO0OODO
00000000000000000000000000
000000000000000000032
PNIPAMOOOO0OOO0O00000000000000CO
00000000000000000000000000
000000000000000001000000000
00000000000000000000000000
00D020000000000000000000000
00000000000000000000000000
00100000000000000000000000
00000000000000000000000000
0000D0000000000000000000000
00000000000000000000000000
00000000000000000000Fig.4M
0000000000000000000000000
00000¢000000000000j, 0000000
000000000000000000000j= (ju j2
js ...)0000000000000000000000 e
00000000000000000000000000
00000Ae00000000000O00O0O00000
0000000000000000 Zimm-BraggD

neO gA(T) (22)

000D® O00000= exp(D fAs) 00000000000
MT)= exp[B(¢0Ae)|000000000000000O



gooo

100 T T T T 10 T ! L
: —T 01
(a) O Experiment (b) 0.2
= Theory (n - 100) ~03
sob wms= Theory (n ~ 1000) 08k — -
pLo) o
ok o6l b b

Two-Phase Region

T/0O

20

Homogeneous Region
1 ]

BOUND WATER 6

04

0.2

0 1 1
0 5 10 15 20

CONCENTRATION wt%

Fig.6

100
T/O

200

(a) Comparison between theoretical spinodals?? (solid lines) and experimental data?l) (white circles). They

are almost independent of the polymer molecular weight. (b) The coverage by bound water molecules plotted
against temperature. Sharp dehydration takes place at around the phase separation temperature.

0000000000000000000 o010 PEODO
0000000000000000e000000000
00000000000000000000000000
00000 (200000

KG)D () 1 0 (23)
1

0000000000 )= (n0 2¢jo)! Mj!M(no ({0
1)j,)!'00000000000000000000Fig50
Oo0ooooooooooooooobooooooooa
gO000o00ooOoo0o0ooooobobooobooooeoQ
Ogo0o00o0o0o0ob0ooOOoOo0o0obooboooodboeno.30
O0000000000000000000000 PNIPAM
go0o0ooooooLesTOoooOOoOono

FigeOOOOOOOOOOOOOOOODOODOOO
Oo000o0oooooooooooooooooooooo
OO000000o0o0oooo0oooooooooooooo
0000000000000 000000000000a
0000000100 0000000000000000
g0o0opoooooooeboboobooboobooon
JO0o00031c000o000o0ooooooobooon
go0ooboOooobogoborig203000000DOOOO
goooo0obooooooooboooobooooooLeest
gooooo

goog

1) OO0 11)0D000 stavermand Van Santend 00O
oooosooooooo.
2) P. J. Flory, J. Chem. Phys. 10, 51 (1942).

184

3) M. L. Huggins, J. Phys. Chem. 46, 151 (1942).

4) P. J. Flory, Chap. XII, X1l in "Principles of Polymer
Chemistry”, Cornell Univ. Press, Ithaca, NY (1953).

5) P. J. Flory, R. A. Orwall, and A. Vrij, J. Am. Chem.
Soc. 86, 3507 (1964); P. J. Flory, ibid. 87, 1833
(1965).

6) D. Patterson, Macromolecules 2, 1672 (1969).

7) J. Hijmans and T. H. Holleman, ed. by |. Prigogine
and S. A. Rice, Adv. Chem. Phys. 16, 223 (1969).

8) I. C. Sanchez and R. H. Lacomb, J. Phys. Chem.
80, 2352 (1976); I. C. Sanchez and R. H. Lacomb,
Macromolecules 11, 1145 (1978).

9) J000O00O0U000OO0OUODOOOD10000. O

OOooi97000000000000000OOOOO

00o0oo0oo0oOoo, Doobooooooooooo

00000000000 00o00DDOD00oo0oooo

O.

0000, 000000000, oopoooo (oo

000000000 10) (1980).

R. Koningsveld, W. H. Stockmayer, and E. Nies,

"Polymer Phase Diagrams", Oxford Univ. Press,

New York (2001).

F. Tanaka, Chap.1 in "Molecular Gels", ed. by P.

Terech and R. G. Weiss, to appear, Kluwer Academic

Pub. (2005).

0000o00oo0o0o00ooUoDoOOOooUOooo

O0oo0o0o0oooOoooOooooooOoooOoooo

o.

14) P. J. Flory, J. Chem. Phys. 12, 425 (1944).

15) C. Tanford, "The Hydrophobic Effect", John Wiley

10)

11)

12)

13)

Netsu Sokutei 320402005



gooooooooobool. 0DOo0ooo0 o

& Sons, Inc. (1980).

16) A. Matsuyama and F. Tanaka, Phys. Rev. Lett. 65,
341 (1990).

17) S. Saeki, N. Kuwahara, M. Nakata, and M. Kaneko,
Polymer 17, 685 (1976).

18) K. Tasaki, J. Am. Chem. Soc. 118, 8459 (1996).

19) S. Bekiranov, R.Bruinsma, and P. Pincus, Phys. Rev.
E 55, 3072 (1997).

20) 11000000000DO02000000C0000O
gooooog(ooooogboogoooooo
goooooobbooooo.

21) R. G. de Azevedo, L. P. N. Rebelo, A. M. Ramos,
J. Szydlowski, H. C. de Sousa, and J. Klein, Fluid
Phase Eqg. 185, 189 (2001).

22) Y. Okada and F. Tanaka, Macromolecules 38, 4465
(2005).

23) B. H. Zimm and J. K. J. Bragg, J. Chem. Phys.

31, 526 (1959).
oooo

pooboooooooboboobooooooboboooooo
gobooooobbooooboboboooobobboooo
goooooobboobooobouoobooooooooo
gooobobOoooobo0oooboobOoboooooo
Flory-HugginsO OO OOOOOOOOOOOOOOOO
goooo0d0oobobo0o0oooooo0oOooooooo
poboboooooooboooooooooooooboobobo
pgoLcstbobooooooobooooooobobbooa

Netsu Sokutei 320402005

185

goooobooooooobbooooooobooo
goooooooooobooboboooooooooooo
gLcstoOoooooooooooooooooooono
ooo

Oo000 Fumihiko Tanaka

0O0000ooOoooooooooooo
0 OO0, Dept. of Polymer Chemistry,
Graduate School of Engineering, Kyoto
Univ., TEL&FAX. 075-383-2705, e-
mail: ftanaka@phys.polym.kyoto-u.ac.jp
0O00000oOobOooooooooono

goooooooooo
ooo0Oi1s000000

0000  Yukinori Okada
Joooo0oooooooooooog
0 000020, Dept. of Polymer
Chemistry, Graduate School of
Engineering, Kyoto Univ., TEL. 075-
383-2708, e-mail: okada@phys.polym.
kyoto-u.ac.jp

gooooooobooooooooooo
goooooooooooood
ooooooo



