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S u b m e r g e d i n a n a q u e o u s s ol uti o n of s o di u m c hl ori d e ( N a Cl), a p ol y( N-i s o pr o p yl a cr yl a mi d e) ( P NI P A M) h y dr o g el 

c a n  b e  i n o n e of  t w o p h a s e s:  s w oll e n p h a s e  a n d c oll a p s e d p h a s e. W e  m e a s ur e t h e e q uili bri u m v ol u m e of  t h e 

h y dr o g el a s a f u n cti o n of t e m p er at ur e T a n d i o ni c c o n c e ntr ati o n y . T h e h y dr o g el i s i n t h e s w oll e n p h a s e w h e n T 

a n d y ar e l o w, a n d i s i n t h e c oll a p s e d p h a s e w h e n T a n d y ar e hi g h. W e d e v el o p a t h er m o d y n a mi c m o d el i n w hi c h 

t h e  fr e e  e n er g y  i s  a  f u n cti o n  of  v ol u m e,  t e m p er at ur e,  a n d  i o ni c  c o n c e ntr ati o n.  T h e  fr e e  e n er g y  al s o  c o nt ai n s 

s e v er al a dj u st a bl e p ar a m et er s, w hi c h w e b e st- fit t o t h e e x p eri m e nt al d at a of v ol u m e a s a f u n cti o n of T a n d y . F or 

a gi v e n p air of T a n d y , t h e fr e e e n er g y i s a f u n cti o n of v ol u m e. T hi s f u n cti o n h a s a si n gl e mi ni m u m f or s o m e p air s 

of ( T , y ), b ut t w o mi ni m a a n d a m a xi m u m f or ot h er p air s of ( T , y ). I n t h e f or m er, t h e si n gl e mi ni m u m c orr e s p o n d s 

t o eit h er a s w oll e n or a c oll a p s e d st at e. I n t h e l att er, t h e l o w er mi ni m u m c orr e s p o n d s t o a st at e of e q uili bri u m, 

t h e hi g h er mi ni m u m c orr e s p o n d s t o a m et a st a bl e st at e, a n d t h e m a xi m u m c orr e s p o n d s t o a n u n st a bl e st at e. W h e n 

t h e t w o mi ni m a ar e e q u al, t h e h y dr o g el u n d er g o e s p h a s e tr a n siti o n. T h e c o n diti o n of p h a s e tr a n siti o n i s r e p -

r e s e nt e d a s a c ur v e o n t h e ( T , y ) pl a n e. T h e t h er m o d y n a mi c m o d el r e pr e s e nt s t h e e x p eri m e nt al d at a w ell.   

1. I nt r o d u cti o n 

T hi s p a p er c o n si d er s a h y dr o g el i n w hi c h a t hr e e- di m e n si o n al p ol y -

m er n et w or k i s a g gr e g at e d wit h a q u e o u s s ol uti o n s. I n c o nt a ct wit h a n 

a q u e o u s  s ol uti o n,  t h e  h y dr o g el  c a n  s w ell  or  d e s w ell,  i n  r e s p o n s e  t o 

c h a n g e i n t e m p er at ur e ( Li et al., 2 0 1 9; P elt o n, 2 0 0 0; T a n g et al., 2 0 2 1 ) 

a n d c o n c e ntr ati o n of s ol ut e s ( H o n g et al., 2 0 1 0; Li et al., 2 0 1 9; T a n a k a 

et al., 1 9 8 0 ). H er e w e f o c u s o n a p ol y( N-i s o pr o p yl a cr yl a mi d e) ( P NI P A M) 

h y dr o g el  i n  e q uili bri u m wit h  a n a q u e o u s  s ol uti o n of s o di u m  c hl ori d e 

( N a Cl).  I n  a n  a q u e o u s  s ol uti o n  of  fi x e d  i o ni c  c o n c e ntr ati o n y ,  t h e 

h y dr o g el  d e s w ell s  a n d  r e d u c e s  v ol u m e V a s  t e m p er at ur e T i n cr e a s e s 

(Fi g. 1 a). T h e h y dr o g el u n d er g o e s a p h a s e tr a n siti o n at a t e m p er at ur e, at 

w hi c h t h e v ol u m e of t h e h y dr o g el j u m p s ( Hir o k a w a a n d T a n a k a, 1 9 8 4 ). 

T h e  tr a n siti o n  t e m p er at ur e  d e cr e a s e s  a s  t h e  i o ni c  c o n c e ntr ati o n  i n -

cr e a s e s ( P ar k a n d H off m a n, 1 9 9 3 ). T h e c o n diti o n of p h a s e tr a n siti o n i s 

r e pr e s e nt e d b y a c ur v e o n t h e ( T , y ) pl a n e (Fi g. 1 b). T h e h y dr o g el i s i n 

t h e “ s w oll e n p h a s e ” b el o w t h e c ur v e, a n d i n t h e “ c oll a p s e d p h a s e ” a b o v e 

t h e c ur v e. A P NI P A M h y dr o g el i n e q uili bri u m wit h p ur e w at er h a s b e e n 

d e s cri b e d u si n g a t h er m o d y n a mi c m o d el i n w hi c h t h e fr e e e n er g y i s a 

f u n cti o n  of  v ol u m e  a n d  t e m p er at ur e  (C ai  a n d  S u o,  2 0 1 1 ).  H er e  w e 

e xt e n d t hi s m o d el t o i n cl u d e t h e eff e ct of i o n s. T h e m o d el c o n si st s of t h e 

fr e e e n er g y a s a f u n cti o n of v ol u m e, t e m p er at ur e, a n d i o ni c c o n c e ntr a-

ti o n. T h e fr e e e n er g y al s o c o nt ai n s s e v er al a dj u st a bl e p ar a m et er s, w hi c h 

w e b e st- fit t o e x p eri m e nt al d at a a v ail a bl e i n t h e lit er at ur e a n d n e wl y 

o bt ai n e d i n t hi s w or k. 

T h e  p h a s e  tr a n siti o n  h a s  b e e n  i nt er pr et e d  i n  t er m s  of  m ol e c ul ar 

pr o c e s s e s. A P NI P A M c h ai n c o nt ai n s b ot h a mi d e gr o u p, C O = N H, a n d 

i s o pr o p yl  gr o u p,  C H( C H3 ) 2 .  T h e  f o r m e r  i s  h y dr o p hili c,  a n d  t h e  l att er 

h y dr o p h o bi c.  At  a  l o w  t e m p er at ur e  i n  p ur e  w at er,  t h e  a mi d e  gr o u p 

f or m s  h y dr o g e n  b o n d s  wit h  w at er  m ol e c ul e s.  T h e s e  w at er  m ol e c ul e s 

al s o  f or m  h y dr o g e n  b o n d s  wit h  ot h er  w at er  m ol e c ul e s,  d e s pit e  t h e 

pr e s e n c e of t h e i s o pr o p yl gr o u p, s o t h at t h e h y dr o g el i m bi b e s a l ar g e 

a m o u nt of w at er ( Fi g. 2 a) ( Li n et al., 1 9 9 9; O n o a n d S hi k at a, 2 0 0 6 ). At a 

hi g h t e m p er at ur e i n p ur e w at er, t h e a mi d e gr o u p s f or m h y dr o g e n b o n d s 

b et w e e n t h e m s el v e s, l e a vi n g t h e i s o pr o p yl gr o u p s t o r e p el w at er, s o t h at 

t h e  h y dr o g el  i m bi b e s  a  s m all  a m o u nt  of  w at er  (Fi g.  2 b).  I n  a n  i o ni c 

s ol uti o n,  i o n s  p ol ari z e  w at er  m ol e c ul e s  a n d  d e st a bili z e  t h e  h y dr o g e n 

b o n d s b et w e e n w at er a n d a mi d e, a g ai n l e a vi n g t h e i s o pr o p yl gr o u p s t o 

r e p el w at er, s o t h at t h e h y dr o g el al s o i m bi b e s a s m all a m o u nt of w at er 

(Fi g. 2 c) ( Z h a n g et al., 2 0 0 5 ). 

*  C orr e s p o n di n g a ut h or s. 
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2. Experiments 

We synthesize PNIPAM hydrogels as follows (Fig. 3). N-iso
propylacrylamide (NIPAM; Aladdin, I106818) (5.6 g) is dissolved in 
deionized water (50 g). N,N -methylenebisacrylamide (MBAA; Aladdin, 
M104022) (0.23 g), N,N,N ,N -tetramethylethylenediamine (TEMED; 
Sigma-Aldrich, T9281) (0.02 mL) and ammonium persulfate (APS; 
Aladdin, A112447) (10 mg) are added as crosslinker, accelerator, and 
initiator. All chemicals are purchased and used without further purifi
cation. The solution is poured into a reaction vessel made of two parallel 
glass sheets separated by a 2 mm thick silicone spacer. The thermally 
initiated radical polymerization is carried out at 15 C for 24 h. After the 
polymerization, the hydrogel is extensively washed with deionized 
water, and then punctured into cylindrical samples of diameter 10 mm 
and thickness 2 mm. 

The samples of hydrogel are immersed in aqueous solutions of so
dium chloride of various concentrations at various temperatures for at 
least 48 h to reach equilibrium. Define the swelling ratio by J V/V0, 
where V0 is the volume of the dry polymer network, and V is the volume 
of the hydrogel in equilibrium with the ionic solution. The swelling ratio 
is measured as a function of temperature and ionic concentration, J (T, 
y), as follows. After reaching equilibrium, the sample is taken out of 
water, blotted with tissue paper to remove excessive water on the sur
face, and then weighed on an analytical scale with an accuracy of 10-4 g 
to obtain the mass of sample, mgel. Another prepared sample of the same 
size without immersing in the solution sodium chloride is freeze-dried 
for 24 h in a lyophilizer (FD-1A-80, Boyikang Inc.) and weighed to 
obtain the mass of the dry network mdry. The swelling ratio is calculated 
by 

( )/

(1)  

where the density of solution solution is interpolated from the tabulated 
data of NaCl solutions in literature (Arps, 1953); and the density of 
PNIPAM is PNIPAM 1.1 g/cm3 (Heskins and Guillet, 1968). Each data 
point is the average from the measurements of three samples. 

In each run of the experiment, a sample of the hydrogel is kept at an 
ionic solution of a fixed concentration at a fixed temperature. The 
experiment results in an equilibrium volume of the hydrogel. The 
experiment is repeated for many values of T and y. The measured 
swelling ratios are plotted in the J-T plane (Fig. 4). Our own data 
complement the experimental data reported in literature with the same 
recipe of hydrogel (Park and Hoffman, 1993). The swelling ratio de
creases as the ionic concentration increases or as the temperature in
creases. When the hydrogel is immersed in pure water (y 0), the 
swelling ratio is J 14.24 at T 277.15 K and changes to J 1.52 at T 

308.15 K. The hydrogel is transparent at 304.15 K and opaque at 
308.15 K. Thus, we can determine the phase transition temperature at y 

0 is in the range of 303.15 K ~ 308.15 K, which is consistent with 
those reported in literature (Suzuki et al., 1999). When the hydrogel is 
immersed in an ionic solution with y 1 M, the swelling ratio changes 
from 6.79 to 2.33 in the small temperature range, 288.15 K ~ 293.15 K, 
which indicates the phase transition temperature falls within this range. 
The existence of 1 M sodium chloride lowers the phase transition tem
perature of PNIPAM hydrogel by about 10 K. In the J-T plane, we can 
determine the phase transition temperature and study the effect of ions 
on the phase transition temperature. The same experimental data are 
also plotted in the J-y plane (Fig. 5). In the J-y plane, we can determine 
the phase transition concentration and study the effect of temperature 
on the phase transition concentration. The two figures represent tem
perature and concentration on equal footing. 

3. Thermodynamic model 

We now develop a thermodynamic model to describe the PNIPAM 
hydrogel in ionic solutions of various concentrations at various tem
peratures. The model extends an existing one that describes the PNIPAM 
hydrogels in pure water at various temperatures (Cai and Suo, 2011). 

A unit cube of a dry polymer network is taken as the reference state. 
Submerged in a solution of ionic concentration y at temperature T, the 
polymer network swells into a gel of volume J. The free energy of the gel 
is a function of three independent variables, W (J, T, y). Following Flory 
and Rhener, we write the function as a sum (Flory and Rehner, 1943): 

(2)  

where Wstretch comes from the entropy of elasticity of the polymer 
network, and Wmix comes from the entropy and energy of mixing of the 
polymer network and solution. The two functions take the following 
forms (Flory, 1941): 

( )
(3)  

[ ( ) ( ) ]
(4)  

where N is the number of polymer chains per unit volume in the dry 
network, kT is the temperature in the unit of energy, 3 10 29 m3 is 
the volume of a water molecule, and is a dimensionless measure of the 
energy of mixing. 

In general, the free energy of the gel is a function of the ionic con
centration of the gel rather than the ionic concentration of the external 
solution. Consider that the PNIPAM gel is electrically neutral, and the 

Fig. 1. A poly(N-isopropylacrylamide) (PNIPAM) hydrogel in an ionic solution can be in one of two phases, swollen phase and collapsed phase. (a) The volume of the 
hydrogel is a function of temperature T and ionic concentration y. In a phase transition, the volume of the hydrogel jumps at a pair of (T, y). (b) The condition for 
phase transition is a curve on (T, y) plane. 

Y. Pan et al.                                                                                                                                                                                                                                     



I nt er n ati o n al J o ur n al of S oli ds a n d Str u ct ur es x x x ( x x x x ) x x x

3

e xt er n al s ol uti o n i s dil ut e i n i o ni c c o n c e ntr ati o n. T h e i o ni c c o n c e ntr a -

ti o n i s t a k e n t o b e u n c h a n g e d w h e n t h e e xt er n al s ol uti o n e nt er s t h e g el. 

F oll o wi n g  t h e  t h e or y  of  p ol y el e ctr ol yt e  h y dr o g el s  ( M ar c o m b e  et  al., 

2 0 1 0 ), w e c a n d eri v e t h at w h e n t h e g el e q uili br at e s wit h t h e e xt er n al 

s ol uti o n,  t h e  i o ni c  c o n c e ntr ati o n  of  t h e  g el  i s  e q u al  t o  t h e  i o ni c  c o n -

c e ntr ati o n  of  t h e  e xt er n al  s ol uti o n,  a n d  t h u s  t h e  f oll o wi n g  e q u ati o n 

h ol d s 

∂ W (J , T , y )

∂ J
= 0 ( 5) 

T h e i nt er a cti o n p ar a m et er χ c a pt ur e s t h e e n er g y of mi xi n g. H er e w e 

a s s u m e t h at χ i s aff e ct e d b y t h e i o n s, a s w ell a s t h e w at er m ol e c ul e s a n d 

t e m p er at ur e, χ (J , T , y ). F oll o wi n g H u g gi n s, w e writ e t h e d e p e n d e n c e o n 

J i n t h e f oll o wi n g f or m (H u g gi n s, 1 9 6 4 ): 

χ = χ 0 + χ 1 J
− 1 ( 6)  

I n t h e p r e vi o u s st u d y of P NI P A M h y dr o g el s w elli n g i n p ur e w at er, χ 0 a n d 

χ 1 a r e t a k e n t o b e li n e ar f u n cti o n s of t e m p er at ur e ( C ai a n d S u o, 2 0 1 1 ). 

A s di s c u s s e d a b o v e, t h e i o n s i n t h e s ol uti o n aff e ct t h e h y dr o p hili cit y of 

t h e p ol y m er i n a si mil ar m a n n er a s t e m p er at ur e. T h er ef or e, w e a s s u m e 

t h at t h e i o n s a n d t e m p er at ur e aff e ct t h e i nt er a cti o n p ar a m et er χ i n t h e 

f oll o wi n g f or m: 

χ 0 = α 1 + α 2 T + β 1 y , ( 7 a)  

χ 1 = α 3 + α 4 T + β 2 y . ( 7 b) 

T h e c o n diti o n of e q uili bri u m ( 6) b e c o m e s 

T h u s, t h e m o d el h a s a t ot al of s e v e n a dj u st a bl e p ar a m et er s α 1 , α 2 , α 3 , α 4 , 

β 1 , β 2 a n d N Ω . 

4.  R e s ult s a n d di s c u s si o n s 

T h e  s e v e n  a dj u st a bl e  p ar a m et er s  ar e  b e st- fit  t o  t h e  e x p eri m e nt al 

d at a.  W h e n  t h e  u n cr o s sli n k e d  P NI P A M  c h ai n s  ar e  mi x e d  wit h  p ur e 

w at er, y = 0, t h e c o ntri b uti o n of el a sti cit y, N Ω
(
J − 1

3 − J − 1
)
, d r o p s f r o m 

( 8). T hi s s p e ci ali z e d e q uili bri u m c o n diti o n h a s b e e n u s e d t o fit t o t h e 

e x p eri m e nt  d at a  of  t h e  s ol uti o n  of  u n cr o s sli n k e d  p ol y m er  c h ai n s  a n d 

p ur e w at er, r e s ulti n g i n t h e f oll o wi n g v al u e s ( Afr o z e et al., 2 0 0 0 ): 

α 1 =  − 1 2 .9 4 7 , α 2 = 0 .0 4 4 9 6 K − 1 , α 3 = 1 7 .9 2 , α 4 =  − 0 .0 5 6 9 K − 1 . ( 9)  

W e a d o pt t h e s e v al u e s i n t hi s w or k. 

W h e n a cr o s sli n k e d P NI P A M n et w or k i s s u b m er g e d i n p ur e w at er, y 

= 0, E q. ( 8) r et ai n s t h e c o ntri b uti o n of el a sti cit y, N Ω
(
J − 1

3 − J − 1
)
. T hi s 

e q u ati o n  i s  u s e d  t o  fit  p ar a m et er N Ω a s  f oll o w s.  W h e n  t h e  p ol y m er 

n et w or k  i s  s u b m er g e d  i n  p ur e  w at er,  w e  m e a s ur e  t h e  v ol u m e  of  t h e 

h y dr o g el a s a f u n cti o n of t e m p er at ur e, gi vi n g t h e J- T f u n cti o n f or y =

0 ( Fi g. 4 ). U si n g t h e l e a st- s q u ar e m et h o d, w e b e st- fit ( 8) t o t h e m e a s ur e d 

J -T f u n cti o n u n d er t h e c o n diti o n y = 0, gi vi n g 

N Ω = 0 .0 4 . ( 1 0) 

W h e n t h e s a m pl e s of t h e h y dr o g el ar e i n e q uili bri u m wit h i o ni c s o -

l uti o n s  of  v ari o u s  c o n c e ntr ati o n s  at  v ari o u s  t e m p er at ur e s,  t h e  e x p eri-

m e nt all y  m e a s ur e d  f u n cti o n J (T,  y )  i s  u s e d  t o  fit  t h e  t w o  r e m ai ni n g 

Fi g. 2. M ol e c ul ar m e c h a ni s m s f or t h e eff e ct of t e m p er at ur e a n d i o n s o n t h e v ol u m e of P NI P A M h y dr o g el. ( a) At a l o w t e m p er at ur e i n p ur e w at er. ( b) At a hi g h 

t e m p er at ur e i n p ur e w at er. ( c) I n a n i o ni c s ol uti o n. 

N Ω
(
J − 1

3 − J − 1
)

+ l o g
(
1 − J − 1

)
+ J − 1 + ( α 1 + α 2 T + β 1 y − α 3 − α 4 T − β 2 y )J

− 2 + 2 (α 3 + α 4 T + β 2 y )J
− 3 = 0 . ( 8)   

Y. P a n et al.                                                                                                                                                                                                                                     
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p ar a m et er s, β 1 a n d β 2 . O b s e r v e t h at ( 8) i s li n e ar i n β 1 a n d β 2 . U p o n fitti n g 

t h e e q u ati o n t o t h e e x p eri m e nt al d at a u si n g t h e l e a st s q u ar e m et h o d, w e 

o bt ai n t h at 

β 1 = 0 .5 1 7 2 M − 1 , β 2 =  − 0 .3 3 4 9 M − 1 . ( 1 1) 

W e  n e xt  e x a mi n e  t h e  c o n diti o n s  of  p h a s e  tr a n siti o n.  At  a n y  fi x e d 

i o ni c  c o n c e ntr ati o n,  t h e  c o n diti o n  of  e q uili bri u m ( 8) g e n er at e s  a  N- 

s h a p e d  c ur v e  o n  t h e J- T pl a n e  ( Fi g.  6 a).  At  l o w T , T i s  a  m o n ot o ni c 

f u n cti o n of J , a n d t h e h y dr o g el i s i n t h e s w oll e n p h a s e. At hi g h T , T i s 

al s o  a  m o n ot o ni c  f u n cti o n  of J ,  a n d  t h e  h y dr o g el  i s  i n  t h e  c oll a p s e d 

p h a s e. At a n i nt er m e di at e i nt er v al of T , T i s n ot a m o n ot o ni c f u n cti o n of 

J , s o t h at e a c h v al u e of T c orr e s p o n d s t o t hr e e v al u e s of J . At a t e m-

p er at ur e i n t hi s i nt er v al, t h e h y dr o g el u n d er g o e s p h a s e tr a n siti o n. F or 

P NI P A M g el s, t h e e x p eri m e nt all y o b s er v e d v ol u m e – t e m p er at ur e c ur v e 

u p o n h e ati n g oft e n diff er s fr o m t h at u p o n c o oli n g ( Li n d e n et al., 2 0 0 4 ). 

T hi s c a n b e i nt er pr et e d fr o m Fi g. 6 ( a) t h at, if t e m p er at ur e i s c o ntr oll e d 

t o c o nti n u o u sl y i n cr e a s e, t h e s w elli n g r ati o will r e a c h t h e p e a k of t h e 

c ur v e a n d s n a p-t hr o u g h; w hil e if t e m p er at ur e i s c o ntr oll e d t o c o nti n u -

o u sl y d e cr e a s e, t h e s w elli n g r ati o will r e a c h t h e v all e y of t h e c ur v e a n d 

s n a p- b a c k. T h e m et a st a bl e st at e at i nt er m e di at e i o ni c c o n c e ntr ati o n a n d 

t e m p er at ur e  ar e  u s u all y  n ot  o b s er v e d.  T h e  l o a di n g  h y st er e si s  i s 

c o m m o nl y o b s er v e d i n t h e p h e n o m e n o n of p h a s e tr a n siti o n ( L u et al., 

2 0 1 6 ). Si mil arl y, at a n y fi x e d t e m p er at ur e, t h e c o n diti o n of e q uili bri u m 

( 8) g e n er at e s a N- s h a p e d c ur v e o n t h e pl a n e of s w elli n g r ati o a n d i o ni c 

c o n c e ntr ati o n ( Fi g. 6 b). T h e h y dr o g el i s i n t h e s w oll e n p h a s e w h e n t h e 

i o ni c c o n c e ntr ati o n i s l o w, a n d i n t h e c oll a p s e d p h a s e w h e n t h e i o ni c 

c o n c e ntr ati o n  i s  hi g h.  At  a n  i nt er m e di at e  i o ni c  c o n c e ntr ati o n,  t h e 

h y dr o g el u n d er g o e s p h a s e tr a n siti o n. 

T o d et er mi n e t h e e x a ct t e m p er at ur e at w hi c h t h e h y dr o g el u n d er g o e s 

p h a s e  tr a n siti o n,  w e  pl ot  t h e  fr e e  e n er g y  f u n cti o n W (J , T ,  y)  a s  a 

f u n cti o n  of J f or  s e v er al  fi x e d  v al u e s  of T .  F or  e x a m pl e,  c o n si d er  a 

p ol y m er n et w or k s u b m er g e d i n a s ol uti o n of y = 1 M ( Fi g. 6 c). At a l o w 

t e m p er at ur e T = 2 8 8 K, t h e fr e e- e n er g y f u n cti o n W h a s a si n gl e mi ni -

m u m at a l ar g e s w elli n g r ati o, c orr e s p o n di n g t o a st at e of e q uili bri u m, a 

s w oll e n st at e. At a hi g h t e m p er at ur e T = 2 9 6 K, t h e fr e e- e n er g y f u n cti o n 

W h a s  a  si n gl e  mi ni m u m  at  a  s m all  s w elli n g  r ati o,  c orr e s p o n di n g  t o 

a n ot h er st at e of e q uili bri u m, a c oll a p s e d st at e. At a t e m p er at ur e i n a n 

i nt er m e di at e i nt er v al, t h e fr e e e n er g y f u n cti o n W h a s t w o mi ni m a a n d 

o n e m a xi m u m. Of t h e t w o mi ni m a, t h e l o w er o n e c orr e s p o n d s t o a st at e 

of e q uili bri u m, a n d t h e hi g h er o n e c orr e s p o n d s t o a m et a st a bl e st at e. 

T h e m a xi m u m c orr e s p o n d s t o a n u n st a bl e st at e. T h e t w o mi ni m a of W 

ar e e q u al at a p arti c ul ar t e m p er at ur e, at w hi c h t h e h y dr o g el u n d er g o e s 

p h a s e  tr a n siti o n.  F or  fi x e d T a n d y ,  t h e  s w elli n g  r ati o s  f or  t h e  t w o 

mi ni m a, a s w oll e n st at e a n d a c oll a p s e d st at e, ar e d et er mi n e d b y 

Fi g. 3. E x p eri m e nt al pr o c e d ur e. ( a) T h e pr e c ur s or i s a n a q u e o u s s ol uti o n of NI P A M m o n o m er, M B A A cr o s sli n k er, a n d A P S i niti at or. ( b) T h e P NI P A M h y dr o g el i s c a st 

i n a m ol d of t hi c k n e s s 2 m m. T h e a s- pr e p ar e d h y dr o g el i s p u n ct ur e d i nt o c yli n dri c al s a m pl e s of di a m et er 1 0 m m. ( c) T h e s a m pl e s ar e i m m er s e d i n a n a q u e o u s s ol uti o n 

of s o di u m c hl ori d e at a fi x e d t e m p er at ur e t o r e a c h e q uili bri u m. 

Fi g. 4. T h e s w elli n g r ati o of a h y dr o g el i n s o di u m c hl ori d e s ol uti o n s of v ari o u s 

c o n c e ntr ati o n s  at  s e v er al  t e m p er at ur e s  i s  pl ott e d  i n  t h e J- T pl a n e.  Tri a n gl e s 

r e pr e s e nt  t h e  d at a  o bt ai n e d  i n  t hi s  p a p er,  a n d  cir cl e s  r e pr e s e nt  t h e  d at a  o b -

t ai n e d i n a pr e vi o u s p a p er (P ar k a n d H off m a n, 1 9 9 3 ). T h e c ur v e s r e pr e s e nt t h e 

t h er m o d y n a mi c m o d el. 

Fi g. 5. T h e s w elli n g r ati o of P NI P A M h y dr o g el i n s o di u m c hl ori d e s ol uti o n of 

v ari o u s i o ni c c o n c e ntr ati o n s at s e v er al t e m p er at ur e s pl ott e d i n t h e J- y pl a n e. 
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{
∂ W (J , T , y )

∂ J

}

s w oll e n

= 0 , ( 1 2)  

{
∂ W (J , T , y )

∂ J

}

c oll a ps e d

= 0 . ( 1 3)  

T h e s w oll e n st at e a n d t h e c oll a p s e d st at e c o e xi st i n e q uili bri u m w h e n t h e 

t w o mi ni m a of t h e fr e e e n er g y f u n cti o n W (J , T , y) e q u al: 

{ W (J , T , y ) } s w oll e n = { W (J , T , y ) } c oll a ps e d ( 1 4)  

Gi v e n  a n  i o ni c  c o n c e ntr ati o n, y ,  t h e  t hr e e  E q s.  ( 1 2)-( 1 4)  s ol v e  t h e 

tr a n siti o n t e m p er at ur e, T , a n d t h e s w elli n g r ati o s of t h e t w o st at e s i n 

e q uili bri u m, J s w oll e n a n d J c oll a ps e d . 

R e p e at t h e a b o v e pr o c e d ur e f or v ari o u s v al u e s of i o ni c c o n c e ntr ati o n 

y ,  w e  o bt ai n  t h e  tr a n siti o n  t e m p er at ur e T a s  a  f u n cti o n  of  i o ni c  c o n -

c e ntr ati o n y (Fi g. 6 d). U n d er t h e c ur v e, t h e h y dr o g el i s i n t h e s w oll e n 

p h a s e. A b o v e t h e c ur v e, t h e h y dr o g el i s i n t h e c oll a p s e d p h a s e. O n t h e 

s a m e T- y pl a n e,  w e  al s o  pl ot  e x p eri m e nt al  d at a  a s  f oll o w s.  I n  t h e 

e x p eri m e nt, t h e h y dr o g el i s tr a n s p ar e nt i n t h e s w oll e n p h a s e, a n d o p a -

q u e i n t h e c oll a p s e d p h a s e. At a fi x e d t e m p er at ur e, t h e e x p eri m e nt i s 

c o n d u ct e d at a di s cr et e s et of i o ni c c o n c e ntr ati o n s. O n t h e T -y pl a n e, w e 

pl ot t h e hi g h e st c o n c e ntr ati o n w h e n t h e h y dr o g el i s tr a n s p ar e nt a n d t h e 

l o w e st i o ni c c o n c e ntr ati o n w h e n t h e h y dr o g el i s o p a q u e. T h e tr a n siti o n 

c o n c e ntr ati o n f all s at a p oi nt i n a s e g m e nt b et w e e n t h e t w o c o n c e ntr a -

ti o n s. T h e c ur v e pr e di ct e d fr o m t h e m o d el a gr e e s w ell wit h t h e e x p eri -

m e nt al d at a. T hi s a gr e e m e nt i s al s o e vi d e nt w h e n w e a d d t h e tr a n siti o n 

t e m p er at ur e s  pr e di ct e d  b y  t h e  m o d el  a s  h ori z o nt al  s e g m e nt s  o n  t h e 

pl a n e of t e m p er at ur e a n d s w elli n g r ati o ( Fi g. 4 ). Si mil arl y, w e a d d t h e 

tr a n siti o n  i o ni c  c o n c e ntr ati o n s  pr e di ct e d  b y  t h e  m o d el  a s  h ori z o nt al 

s e g m e nt s o n t h e pl a n e of i o ni c c o n c e ntr ati o n a n d s w elli n g r ati o ( Fi g. 5 ). 

T h e  d e v el o p e d  t h er m o d y n a mi c  m o d el  d e s cri b e s  t h e  fr e e  s w elli n g 

b e h a vi or  of  P NI P A M  h y dr o g el s  u n d er  t h e  c o u pl e d  i n fi u e n c e  of  i o ni c 

c o n c e ntr ati o n a n d t e m p er at ur e. It h a s t h e p ot e nti al t o a s si st t h e d e si g n of 

P NI P A M- b a s e d m at eri al s i n fi el d of s oft r o b oti c s a n d bi o m e di c al a p pli -

c ati o n s, s u c h a s m or p hi n g m at eri al s ( Li et al., 2 0 1 9 ), s oft a ct u at or s ( Ti a n 

et  al.,  2 0 1 7 )  a n d  w o u n d  dr e s si n g s  ( Bl a c kl o w  et  al.,  2 0 1 9;  G a o  et  al., 

2 0 2 1 ). 

5.  C o n cl u di n g r e m a r k s 

W e  d e v el o p  a  t h er m o d y n a mi c  m o d el  f or  P NI P A M  h y dr o g el s  s u b -

m er g e d i n a q u e o u s s ol uti o n s of N a Cl. W h e n a h y dr o g el e q uili br at e s i n a 

s ol uti o n of a fi x e d i o ni c c o n c e ntr ati o n at a fi x e d t e m p er at ur e, w e m e a -

s ur e t h e v ol u m e of t h e h y dr o g el. O ur d at a c o m pl e m e nt t h o s e e xi sti n g i n 

lit er at ur e. I n e q uili bri u m, t h e h y dr o g el c a n b e i n o n e of t w o p h a s e s, t h e 

s w oll e n p h a s e a n d t h e c oll a p s e d p h a s e. W e m o d el t hi s t h er m o d y n a mi c 

s y st e m wit h t h e fr e e e n er g y a s a f u n cti o n of v ol u m e, t e m p er at ur e, a n d 

i o ni c c o n c e ntr ati o n. T h e fr e e e n er g y c o nt ai n s s e v e n a dj u st a bl e p ar a m-

et er s, w hi c h w e b e st- fit t o all a v ail a bl e e x p eri m e nt al d at a of v ol u m e a s a 

f u n cti o n  of  t e m p er at ur e  a n d  i o ni c  c o n c e ntr ati o n.  F or  a  gi v e n  p air  of 

t e m p er at ur e a n d i o ni c c o n c e ntr ati o n (T , y ), t h e fr e e e n er g y i s a f u n cti o n 

of v ol u m e. T hi s f u n cti o n h a s a si n gl e mi ni m u m f or s o m e p air s of ( T , y ), 

b ut t w o mi ni m a a n d a m a xi m u m f or ot h er p air s of ( T , y ). I n t h e f or m er, 

t h e si n gl e mi ni m u m c orr e s p o n d s t o eit h er a s w oll e n or a c oll a p s e d st at e. 

Fi g. 6. C o n diti o n s f or p h a s e tr a n siti o n. ( a) T h e c o n diti o n of e q uili bri u m, E q. ( 8), i s pl ott e d o n t h e J- T pl a n e f or s e v er al i o ni c c o n c e ntr ati o n s. ( b) T h e c o n diti o n of 

e q uili bri u m, E q. ( 8), i s pl ott e d o n t h e J- y pl a n e f or s e v er al t e m p er at ur e s. ( c) T h e n or m ali z e d fr e e e n er g y of g el a s a f u n cti o n of s w elli n g r ati o pl ott e d at s e v er al 

t e m p er at ur e s (y = 1 M). ( d) O n t h e t e m p er at ur e- c o n c e ntr ati o n pl a n e, t h e c o n diti o n f or t h e p h a s e tr a n siti o n i s a c ur v e. Al s o i n cl u d e d ar e t h e e x p eri m e nt al d at a. E a c h 

s e g m e nt r e pr e s e nt s t h e s u d d e n dr o p i n c o n c e ntr ati o n at a fi x e d t e m p er at ur e. 
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In the latter, the lower minimum corresponds to a state of equilibrium, 
the higher minimum corresponds to a metastable state, and maximum 
corresponds to an unstable state. When the two minima are equal, the 
hydrogel undergoes phase transition. The condition of phase transition 
is represented as a curve on the plane of temperature and ionic con
centration. The thermodynamic model represents the experimental data 
well. 
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