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The polymer network of a gel, under certain conditions, undergoes a discrete transi-
tion in equilibrium volume with changes in solvent composition or temperature. This
Letter demonstrates that ionization of the gel network plays an essential role in the phase
transition. The volume collapse is also observed when the pH within the gel is varied.

PACS numbers: 64.70.-p, 61.40.Km

The polymer network of certain acrylamide
gels immersed in acetone-water mixtures has
been reported to undergo a collapse when the ace-
tone concentration is increased or when the tem-
perature is lowered." In some gels a continuous
transition is observed, rather than a discrete
collapse. In either case, the transition is revers-
ible. For the discrete transition, an almost in-
finitesimal change in solvent composition or tem-
perature brings about a finite change in gel vol-
ume.?

In this Letter we demonstrate that ionization of
the polymer network plays an essential role in
the phase transition. A nonionized acrylamide
gel immersed in acetone-water mixtures shows a
continuous change in equilibrium volume when the
acetone concentration or temperature is changed.
If a small portion of acrylamide groups in the net-
work is hydrolized into ionizable acrylic acid
groups, a reversible volume collapse as large as
350-fold occurs when the acetone concentration is
increased. With the aid of the Flory-Huggins the-
ory, we show that this dramatic volume collapse
is accounted for by the osmotic pressure of hydro-
gen ions dissociated from the ionizable groups.
We also observe that the volume collapse can be
induced by varying the pH of the gel fluid. This
is strong evidence that ionization of the polymer
network plays a key role in the phase properties
of the gel.

The samples were prepared by the standard
method.!»3 Acrylamide (5 g), the linear constitu-
ent; N, N’-methylene-bis-acrylamide (0.133 g),
the tetra-functional crosslinking constituent; am-
monium persulfate (40 mg), the initiator; and
N, N, N, N-tetramethylethylenediamine (TEMED)
(240 pl), the accelerator were dissolved in dis-
tilled, degassed, and nitrogen-saturated water
at 0°C to a final volume of 100 ml. The solution
was then transferred to small glass tubes, where
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gelation occurred within five minutes. The gels
were left in the tubes for an hour, then removed
and immersed in nitrogen-saturated water for

24 h in order to wash away residual acrylamide,
bisacrylamide, ammonium persulfate, and TEMED.

We then placed these gels in a basic solution
(pH 12) of 0.4% (volume) TEMED in water to hy-
drolyze a portion of the acrylamide groups into
acrylic acid groups (- CONH, — - COOH). The
chemistry of the hydrolysis of acrylamide groups
in a basic solution is well established.® The gels
were then washed in water and placed in acetone-
water mixtures of various compositions., After
the gels had reached equilibrium, the diameter of
each was measured using a dissecting microscope
with calibrated eye piece to determine its equilib-
rium volume. Figure 1 shows the relationship of
acetone concentration to the swelling ratio ¢/¢*.
The quantity ¢/¢* represents the ratio of final
network concentration to initial network concen-
tration for gels hydrolyzed in the TEMED solution
for various lengths of time. The ratio is given by
(d*/d)® where d* and d are the initial and final
equilibrium diameters of the gel, respectively.
For swollen gels ¢/¢* <1, whereas for shrunken
gels ¢/p*>1,

For short hydrolysis times of 0 to 1 d, the final
equilibrium network concentration changes con-
tinuously with the acetone concentration. If the
gels are hydrolyzed in the TEMED solution for
2 d, the curve has a zero slope inflection point,.
For longer hydrolysis times, discrete transitions
are observed. Volume change at the transition
becomes larger, and the acetone concentration
required at the transition becomes higher. The
last plot of the series in Fig. 1 is for gels hydro-
lyzed in a 4% (volume) TEMED solution for 60 d.
This gel exhibits a volume collapse of 350-fold.

We now present a theory of phase transitions in
ionic gels. We start with the Flory-Huggins for-
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mula for the osmotic pressure, II, of an ionic gel,*
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where N is Avagadro’s number, k is the Boltz-
man constant, 7 is the temperature, v is the mo-
lar volume of the solvent, ¢ is the volume frac-
tion of the network, AF is the free-energy de-
crease associated with the formation of a contact
between polymer segments, ¢, is the volume
fraction of the network at the condition the con-
situent polymer chains have random-walk config-
urations, v is the number of constituent chains |

) Jrg).

| per unit volume at ¢=¢,, and f is the number of
dissociated hydrogen ions per effective chain.

The osmotic pressure of a gel must be zero for
the gel to be in equilibrium with the surrounding
solvent. Zero osmotic pressure is also neces-
sary for the free energy of the gel, F, to be mini-
mized, since I1=-98F/8V, where V is the volume
of the gel and Vecg,/¢. From Eq. (1), this con-
dition may be expressed as
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where the parameter 7 may be called the reduced temperature. The left side of Eq. (2) corresponds to
the reduced temperature, which changes with temperature and solvent composition. The equation then

= O
3 \ |
2 \
< 208 \ ] ¥ iy
% i 60 Days
£ 40 Sy — 3 -
c % \
8 o \ | S ]
L - -
% O Days 'l‘l
|~ I H
S 8o — r [
S TR S U WNE W S TN S B B NN T N SN T N O W 0 N
< o0 oOd 1 10 100 001 o1 1 10 100
H Swelling ratio, p/¢*
Y T I
B = ‘ 1 N ‘ 10 Days n
0 \, !
l; [ e “ | | \} |
S Sy_ """""""" %
|S B 1 Day 1 N B ,‘ n
‘ C 1 1 L] L 1 L L]
l [
L ! . | 8pa .
\ o =
i . ] Y i
**** " .l.—___.‘____’
L Lo B 7,’ _
2 Days \ kS
. | ] - L]
.' I
| | | | | 6 Days
\ | 1
,,,,,,, . ..__,-_-___i
4 Days ! !
L 1 L] L 1 ]
A
FIG. 1. The acetone concentration dependence of the

swelling ratio, ®/¢*, for increasing hydrolyzation of
the gel network. All curves are for gels immersed in
0.4% (volume) TEMED solutions for the times indicated,
except for the upper right-hand plot, which is for gels
immersed in a 4% (volume) TEMED solution for 60 d.
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FIG. 2. The states at which the osmotic pressure of
the gel network is zero, for various values of f, the
degree of ionization of the network, calculated with use
of Eq. (2), with the parameters S,= w/N¢,3=10 and
®,=0.05.
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FIG. 3. The value of f (open circles), the degree of
ionization of the network, and S=S,(2f+1)* (solid cir-
cles), the collapse parameter, as a function of hydro-
lysis time in 0.4% (volume) TEMED solutions. The
values for f are determined with use of the experimen-
tal swelling curves and the theoretical curves of Fig.
2. The solid curves are to guide the eye.

determines the equilibrium network concentration
as a function of the reduced temperature. For
certain values of the reduced temperature, how-
ever, Eq. (2) is satisfied by three values of ¢,
corresponding to two minima and one maximum
of the free energy. The value of ¢ corresponding
to the lower minimum represents the equilibrium
value. A discrete volume transition occurs when
the two free-energy minima have the same value.

In Fig. 2 we plot the calculated equilibrium val-
ue of the swelling ratio,® ¢/¢,, as a function of
the reduced temperature for various degrees of
hydrolysis, f. The theoretical curves are quali-
tatively in agreement with the experimental re-
sults shown in Fig. 1. As the graph shows, the hy-
drolysis of a small amount of acrylamide groups
(for a change of 7 from 0 to 6) causes a drastic
change in the collapse size at the transition. The
situation may be understood if the term 1n (1 - ¢)
in Eq. (2) is expanded, retaining terms to order
@8, This yields

t=S(p™* - 3p™) - 3p, (3)
where

t=(1- AF/RT)(2f+1)¥2/2¢,, (4)

S=(vv/N2)(2f + 1) =S,(2f + 1), (5)
and

p=(@/@,)(2f + 1)¥2, (6)

In this approximation, the relationship between
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FIG. 4. The pH dependence of the swelling ratio for
gels hydrolyzed in a 4% (volume) TEMED solution for
60 d. The smooth curve is for gels immersed in water.
The discontinuous curve is for gels in a 50% acetone-
water mixture.

the renormalized reduced temperature, ¢, and
the renormalized concentration, p, is determined
by a single parameter S. In other words, the ra-
tio of the two concentrations at the transition,
which represents the size of the collapse, is a
function only of S. Equation (5) shows that the S
value changes very rapidly with f, the number of
ionized groups per constituent chain. As f chang-
es from 0 to 6, S changes by a factor of 3x 10%
The strong dependence of S on ionization accounts
for the drastic change in the collapse with hydrol-
ysis. In Fig. 3, both S and f are plotted as func-
tions of hydrolysis time.

The role of ionization in the phase transitions
of the gels is most conspicuous when the pH of the
solvent is lowered. When the pH is changed—
with the temperature and solvent composition
fixed—the degree of ionization of the network is
modified, altering the S value. Both continuous
and discrete transitions may be induced by chang-
ing the pH. As Fig. 2 shows, if the reduced tem-
perature is greater than —0.338, the equilibrium
value of ¢/¢, increases continuously with f. How-
ever, below —0.338 the value of ¢/¢, changes
discretely. Both types of transitions were ob-
served. Water was used as a solvent in the case
of the continuous transitions, a 50% acetone-wa-
ter mixture was used in the discrete transition.
The results are shown in Fig. 4.

In conclusion, the ionization of the polymer net-
work plays an essential role in the phase transi-
tions of gels. It is now important to study the ef-
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fects of salts on the transition.
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Mossbauer cross section isotherms of Sn(CH,), adsorbed on graphite show a two-step
melting process which suggest the formation of two-dimensional moving islands in the in-
termediate phase. Above 0.65 of a monolayer and T < 85 K, the cross section increases
sharply which we tentatively interpret as a coalescence of the islands into a large, still
“continent.” At =~ 100 K, the islands melt into an isotropic fluid.

PACS numbers: 68.10.Gn, 68.30.+z, 76.80.+y

During the last few years, there has been an in-
creasing interest in the problems of melting of
two-dimensional (2D) matter. Many experimental
methods were used to investigate the phenomenon
such as heat capacity,' neutrons,?’® Mossbauer
effect,® etc. The results do not indicate any con-
clusive behavior. In some cases, the 2D melting
transition appears to be first order,’ where in
some other cases higher-order transitions (con-
tinuous) were observed.”

A detailed 2D-melting theory was suggested re-
cently by Halperin and Nelson (NH).® With use of
the Kosterlitz-Thouless model which describes a
dislocation mediated melting, they show that the
transition from a 2D solid to a 2D liquid can oc-
cur, when on smooth substrate, in two second-
order transitions. Frenkel and McTague (FM)
pointed out® that an experimental verification of
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the NH theory can be complicated because of sub-
tle changes in the physical quantities at the tran-
sition, They applied molecular-dynamics (md)
calculation for supporting the NH theory. Abra-
ham’s thermodynamical computer experiments,°
however, suggest that only one first-order melt-
ing transition can be expected in those systems.
His view is supported by Toxvaerd!’; using md
calculations, he showed that the behavior of 2D
Lennard-Jones systems is quite similar to the
corresponding 3D case, with liquid-gas critical
point, and first-order phase transition. In Tox-
vaerd’s calculations, however, no evidence is
found for the NH two-stage process in the melting
of such a 2D system. It is evidently interesting
to see if it is possible for a 2D system on a
“smooth” substrate to transform into mobile
phase in more than one stage, in practical sys-

1639



