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A poly~4-acrylamidosalicylic acid! gel exhibits multiple phases as characterized by distinct degrees
of swelling; the gel can take one of four different swelling values, but none of the intermediate
values. The multiple phase behavior appears as a result of the combination of hydrogen bonding and
hydrophobic interaction between polymer segments. The gel has remarkable memory: The phase
behavior of the gel depends on whether the gel has experienced the most swollen phase or the most
collapsed phase in the immediate past. The information is stored and reversibly erased in the form
of a macroscopic phase transition behavior. These phenomena are explained by a mean field theory
where the number of hydrogen bonds is added to the equation of the state of a gel. ©2000
American Institute of Physics.@S0021-9606~99!50848-9#
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I. INTRODUCTION

Synthetic polymer gels exist in two phases, swollen a
collapsed.1,2 Volume transition occurs between the tw
phases, either continuously or discontinuously. Recen
more than two phases were found in gels consisting of
polymers of randomly distributed positively and negative
charged groups.3 The number of phases depends on the co
position of positively and negatively charged monomers, a
decreases from a maximum of seven at a particular com
sition to one at pure cationic or anionic gel compositio
Various copolymer gels were found to show the multip
phase behaviors.4,5 The criterion for a gel to have the mu
tiple phase behavior is that the polymers interact with e
other through randomly distributed repulsive and attract
interactions. The latter should be hydrogen bonding plus
of the hydrophobic or electrostatic interactions. In this stu
we will show that such a condition, so far demonstrated o
in copolymer gels, can be achieved in homopolymers wh
are made of a single kind of monomer if they interact w
each other through hydrogen bonding and hydrophobic in
action. These phenomena are explained by a mean
theory where the number of hydrogen bonds is added to
equation of state of a gel.

II. EXPERIMENT

4-acrylamidosalicylic acid~Fig. 1! was synthesized from
acryloyl chloride and sodium 4-aminosalicylate.6 Sodium
4-aminosalicylate~40 g, 0.24 mol! was dissolved in distilled
water ~250 ml! and was stirred for 1 h. Two separate ad
tions of acryloyl chloride~20 and 10 ml, 0.37 mol! were

a!Author to whom correspondence should be addressed; electronic
annaka@planet.tc.chiba-u.ac.jp
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made, the solution being stirred for 1 h after each addition
Acidification to pH 4.0 with 10 N hydrochloric acid yielded
a gray precipitate which was filtered off and washed w
distilled water ~500 ml! to give 4-acrylamidosalicylic acid
~27 g, yield 57%!.

The gel was prepared by radical polymerization: 5.0 g
4-acrylamidosalicylic acid, 0.34 g ofN,N8-methyl-
enebisacrylamide~cross-linker!, and 0.05 g of azobisisobu
tyronitrile ~initiator! were dissolved in 27 ml of dimethylsul
foxide. The solution was polymerized at 70 °C for 8 h in
capillaries of inner diameter 140mm (5d0). After gelation
was completed, gels were removed from capillaries, a
were cut into small cylinders of length 1 mm. Then gels we
immersed in a large amount of dimethylsulfoxide and then
water to wash away residual chemicals. The water was
peatedly changed until the diameter of the gels reached
equilibrium value.

The gel was placed in a glass cell whose tempera
was controlled to within 0.1 °C and was continuously flush
with water from a reservoir, thepH of which was controlled
by addition of HCl solution~to lower pH! or water ~to in-
creasepH! below pH 7. NaOH solution was used abovepH
7. The gel diameter at equilibrium,d, was measured under
microscope. To avoid the effect of carbon dioxide in air,
the experiments were carried out under nitrogen gas at
sphere. The temperature was controlled to within60.1 °C by
circulating water from LAUDA RC-3 during the measure
ment.

III. RESULTS AND DISCUSSION

Four phases were found in the gel, each of which w
denoted by its diameter normalized by the original diame
d/d050.81, 1.3, 3.4, and 4.9. WhenpH or temperature was
il:
© 2000 American Institute of Physics
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472 J. Chem. Phys., Vol. 112, No. 1, 1 January 2000 Annaka et al.
varied, the gel changed its volume discontinuously. The h
teresis indicates that the transition is of the first order.

In Fig. 2~a!, the gel diameter is plotted as a function
pH at 25 °C. At low pH the gel was in a shrunken sta
~phase 1.3!. It swelled discontinuously atpH 9.9 to phase
4.9. As thepH was lowered it shrank back to the lowe
phase. This process was reproducible.

The temperature was raised starting from phase 1.
pH 6.0 and 25 °C@Fig. 2~b!#. The gel shrank to phase 0.81
55 °C. When the temperature was lowered to 25 °C,
phase remained unchanged. In Fig. 2~c!, thepH dependence
was observed where the gel undergoes phase transition
tween two new phases, 0.81 and 3.4. The cycle was re
ducible.

When thepH was increased to 12 and decreased, the
after the gel went back to its original swollen phase~phase
4.9! and after that the phase transition loop remained in
upper loop shown in Fig. 2~a! @Fig. 2~d!#

The gel has remarkable memory: The phase behavio
the gel depends on whether the gel has experienced the
swollen phase~phase 4.9! or the most collapsed phase~phase
0.81! in the immediate past. The gel remained in the hys
esis loop shown in Fig. 2~a! when thepH was changed from
phase 1.3. On the other hand, once the gel experienced p
0.81, the phase transition loop remained in that which w
shown in Fig. 2~c!. Therefore, the information is stored an
reversibly erased in the form of macroscopic phase transi
behavior.

These results strongly suggest that a new contrac
force is present after the gel experiences the most collap
phase that is promoted by increasing temperature. The m
tiple phase behavior is considered to appear as a result
combination of hydrogen bonding and hydrophobic inter
tion between polymer segments. 4-acrylamido-salicylic a
molecules can interact with each other through hydro
bonding, hydrophobic interaction between benzene rings

FIG. 1. Chemical structure of 4-acrylamidosalicylic acid polymers. Th
can interact with each other through hydrogen bonding, hydrophobic st
ing between benzene rings, or ionic repulsive interaction. Temperatur
fluences both hydrogen bonding and hydrophobic interaction, wherea
pH affects the degree of ionization and thus the electrostatic interaction.
monomer undergoes the ionization process twice, once for the carb
group and the other time for the hydroxy group.
Downloaded 12 Oct 2013 to 129.25.131.235. This article is copyrighted as indicated in the abstract.
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ionic repulsive interaction~Fig. 1!. Temperature influence
both hydrogen bonding and hydrophobic interactio
whereaspH affects the degree of ionization and thus t
electrostatic interaction. The monomer undergoes the ion
tion process twice, once for carboxyl groups and the ot
time for hydroxyl groups.

Recent studies have shown that the incorporation o
hydrophobic moiety into polyelectrolytes leads to a decre
in acidity or basicity.7–9 One plausible explanation for thi
decrease in acidity or basicity is related to the dielectric c
stant surrounding ionizable groups. In the case
4-acrylamidosalicylic gel, since benzene rings are less p
than water, the dielectric constant surrounding the charge
carboxyl groups and hydroxyl groups is considered to
lowered with increase in temperature. This will lower th
pKa and is expected to lead to the formation of hydrog
bonds.

Theoretically, multiple phases may be understood a
result of competition among various factors. The mean fi
free energy consists of terms for rubber elasticity, osmo
pressure by counter ions, net charge repulsion, and v
interactions.2,10,11 These few terms with different powers o
polymer density can create free energy minima at two d
tinct densities. It is therefore necessary to introduce new
der parameters in addition to the polymer density to pred
more than three phases.

Hydrogen bonding may be a natural choice for a n

FIG. 2. Diameter of 4-acrylamidosalicylic acid gel as a function ofpH and
temperature. Measurements were carried out on a single gel under a m
scope. The time course was carefully monitored after eachpH or tempera-
ture change to ensure that equilibrium was reached at each measure
The sequence of measurements is in alphabetical order@~a!–~d!#. The start-
ing point of each diagram is the last point of the previous diagram. Deta
description of the paths is given in the text.
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473J. Chem. Phys., Vol. 112, No. 1, 1 January 2000 The gel that memorizes phases
contracting force.3–5 The formation of hydrogen bonds i
energetically favorable, but entropically undesirable sinc
restricts the freedom of chain configurations. This comp
tion can create two free energy minima for a fixed polym
densityr. Since hydrogen bonding density,rHB , andr are
coupled, the free energyF ~r, rHB! can have four minima in
the r –rHB plane.

The swelling behavior of the most collapsed gel~phase
0.81! was examined as a function of urea concentration
25 °C to confirm the formation of hydrogen bonds. As sho
in Fig. 3~a!, the gel swelled discontinuously at the urea co
centration of 0.75 mol/l to phase 2.5. As the urea conce
tration was reduced from 6 mol/l to pure water~0 mol/l !,
the gel shrank gradually and finally went back to the origi
shrunken phase~phase 1.3!. After that, the phase transitio
loop remained in the loop shown in Fig. 2~a!@Fig. 3~b!#. Urea
is protein denaturant and is considered to break protein
drogen bonds. From these facts, it is most likely that
multiple phase behavior and the memory effect will app
when hydrogen-bonding effects are significant.

These phenomena may be explained by the mean
theory in which the effect of the formation of hydroge
bonds is considered. A simple theoretical calculation will
given in Sec. IV.

IV. THEORETICAL CONSIDERATION

It is well established that swelling behaviors of the g
are uniquely determined by the osmotic pressure of the
The osmotic pressure of the gel is usually written within t
framework of the mean field theory:1,2,10,11

P52
NAkT

n Ff1 ln~12f!1
DF

2kT
f2G

1n0kTF f

2f0
1S f

f0
D 1/3G1 f v0kTS f

f0
D , ~1!

FIG. 3. Diameter of 4-acrylamidosalicylic acid gel as a function of conc
tration of aqueous urea solution. Open squares indicate the process in
ing the concentration of urea. Solid squares indicate the process decre
the concentration of urea.~a! Equilibrium swelling degreed/d0 of the
4-acrylamidosalicylic acid gel in water as a function ofpH at 25 °C.~b! The
starting point of the diagram is the last point of~a!. The temperature was
fixed at 25 °C and was controlled to within60.1 °C by circulating water
from LAUDA RC-3 during the measurement.
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whereNA is Avogadro’s number,k the Boltzmann constant
T the temperature,n the molar volume of the solvent,f the
volume fraction of the polymer network,f0 the volume frac-
tion of polymer network at the reference state,DF the excess
free energy for the association between polymer segment
solvent,n0 the number of elastically active chains per un
volume atf0 , andf the number of dissociated counter ion
per effective chain. The osmotic pressure difference betw
the inside and outside of the gel should be zero at equ
rium. Therefore, the following equation is obtained und
such condition:

t[12
DF

kT
5

2nv0

NAf0
2 F S f

f0
D 25/3

2S f 1
1

2D S f

f0
D 21G

111
2

f
1

2 ln~12f!

f2 , ~2!

wheret is the reduced temperature. The equation of the s
of a gel ~2! uniquely determines the equilibrium swellin
degree of the gel,V/V05f0 /f at a given value of the re
duced temperature. Three values off, which correspond to
two minima and one maximum value of the free energ
satisfy Eq.~2! for a certain value oft.

Equations~1! and ~2!, however, do not predict well the
experimental results shown in Figs. 2 and 3 because th
equations apply to only the nonhydrogen-bonding netwo
These results suggest that a new, attractive and short-r
interaction arises in the polymer network o
4-acrylamidosalicylic acid gel after the gel experiences
most collapsed phase. In the case of 4-acrylamidosalic
acid gel, carboxylic acid groups can lead to the formation
both ionic and hydrogen bonds. When a hydrogen bond
formed, it influences the equation of state: it adds a n
cross-linking between polymers and effectively shortens
polymer chain length, and the energy is lowered due to
drogen bonding.

We will construct the equation of the state of a gel
considering hydrogen bonds to form a new cross linking.
the present model, we consider only hydrogels prepare
the presence of a large amount of diluent. The followi
three assumptions are made.12,13

~1! Hydrogen bonding gives rise to physical cros
linking points in the chains, which comprise the gel. T
formation of these cross-linking points divides a chain in
short connected chains of equal length. The number of e
tically active chains per unit volume atf0 changes to (h
11)v0 due to the formation ofh cross-linking points.

~2! Physical cross-linking points are randomly distri
uted in the network, and no cooperative interactions are c
sidered.

~3! Solvent molecules and monomers composing the
system have the same molar volume.
Under these assumptions, we propose a model to clarify
effects of hydrogen bonding on volume phase transition.

A. Rubber elasticity

The Flory calculation for the free energy of rubber ela
ticity of the gel treated the gel as a group ofn0 polymers
consisting ofN freely jointed segments of persistence leng

-
as-
ing
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474 J. Chem. Phys., Vol. 112, No. 1, 1 January 2000 Annaka et al.
b.1,2,10 The number of ionized monomer units on an act
chain is represented byf. The number of hydrogen bonds th
are formed in an active chain is given byh. The active chain
divided into h11 chains by the formation ofh hydrogen
bonds. Therefore, the number of monomer units in an ac
chain decreases by a factor of 1/(h11) when h hydrogen
bonds are formed. The radius of this chain, which ha
random-walk configuration, is given by8

R0~h!5S N

h11D 1/2

b5N1/2b~h11!21/25R0~h11!21/2, ~3!

whereR0 denotes the radius of the intact active chain t
has the random-walk configuration. Taking into account t
there are (h11)n0 such active chains in a unit volume of th
gel, the pressure that arises from the rubber elasticity of
polymer network is expressed as

pel~h!

kT
5~h11!n0

3H 1

2 S f

f0
D ~h11!23/22S f

f0
D 1/3

~h11!21/2J . ~4!

Here,f is the volume fraction of the polymer network of th
gel, andf0 corresponds to the volume fraction of the pol
mer network under the conditions that the active chains h
the random-walk configurations.n0 is the number of the
elastically active chains per unit volume atf0 in the
nonhydrogen-bonded network.

B. Polymer–solvent interactions

The pressure of the polymer network of the gel due
the free energy decrease associated with the formation
contact point between polymer segments can be written
follows:

pps

kT
52

DF

kT S f2

2v0
D , ~5!

wherev0 is the volume of the solvent. The formation ofh
hydrogen bonds in an active chain further decreases the
energy of the system. The probability of the formation of t
hydrogen bond is assumed to be proportional to the squa
the polymer densityf. Since there aren0 active chains in a
unit volume of the gel, the total decrease in the free ene
for a unit volume of the gel can be written as follows:

pHB

kT
52

DFHB

kT
n0

h

2
f2. ~6!

Thus, the osmotic pressure given by the total interaction
ergy can be written as follows:

p interaction~h!

kT
52

DF

kT S f2

2v0
D2

DFHB

kT
n0

h

2
f2. ~7!

C. Counter ion

The number of the counter ion in the gel is either ma
tained or altered by the hydrogen bonding that depends
the chemical structure of the hydrogen bonding units. Si
there aref v0 counter ions in a unit volume of the intact ge
Downloaded 12 Oct 2013 to 129.25.131.235. This article is copyrighted as indicated in the abstract.
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the osmotic pressure of the gel due to the counter ion for
hydrogen-bonded state of the gel is generally given as
lows:

p ion~h!

kT
5~ f 2Zh!n0~h11!23/2S f

f0
D . ~8!

Here,Z is a numerical constant that depends on the chem
structure of the hydrogen-bonded units. Some example
the numerical factor,Z, are shown in Fig. 4. In the case o
~a!, both ionizable parts of carboxylic acids are consumed
form hydrogen bond,Z equals to 1. In the case that one
the two ionizable parts of carboxylic acids contributes
form hydrogen bond as shown in~b!, Z equals to 0.5.

D. Mixing entropy

The entropy of mixing to the first approximation is un
changed. Therefore the osmotic pressure of the gel due to
mixing entropy is given as follows:

pmixing

kT
52

1

n0
@ ln~12f!1f#. ~9!

The combination of Eqs.~4!, ~7!, ~8!, and~9! yields the
total osmotic pressure of the gel in the hydrogen-bond
state,Pgel(h),

Pgel~h!5~h11!n0

3H 1

2 S f

f0
D ~h11!23/22S f

f0
D 1/3

~h11!21/2J
2

DF

kT S f2

2v0
D2

DFHB

kT
n0

h

2
f21~ f 2Zh!

3n0~h11!23/2S f

f0
D2

1

n0
@ ln~12f!1f#.

~10!

The osmotic pressure of the gel should be zero at an equ
rium state. We, therefore, obtain the following relationsh
between the reduced temperature and the swelling ratio
the gel,f/f0 , in which h hydrogen bonds are formed:

FIG. 4. Examples of numerical factorZ, and types of hydrogen bonds.
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t[12
DF

kT

5
2vn0

N0f2 F ~h11!1/2S f

f0
D 1/3

2~h11!23/2

3H ~12Zh/ f !

h11
f 1

1

2J S f

f0
D 21G1

2vn0

N0

h

2

DFHB

kT

111
2

f
1

2 ln~12f!

f2 ~11!

Here,v represents the molar volume of the solvent andt the
reduced temperature.

It is worth noting that Eq.~11! coincides with the equa
tion of state for a nonhydrogen-bonding network~2! when
h50.

In its original form, Eq.~8! does not take into accoun
the effect of the Donnan equilibrium and makes use only
the theory for osmotic pressure under ideal conditions. T
is equivalent to regarding the mobile ions inside the gel
the molecules of an ideal gas exerting a ‘‘swelling pressu
on the gel. The number of mobile ions inside the gel is
sumed to be equal to the number of fixed charges on
polymer, irrespective of the ionic strength of the solutio
The theory of Donnan equilibrium states that the higher
ionic concentration outside a semipermiable membrane w
a polyelectrolyte inside, the lower is the difference in co
centration of mobile ions between the two sides of the me
brane. Because the gel chains are interlinked, the gel ac
if it provides its own semipermiable membrane. Equation~8!
thus may not be suitable for predicting the swelling behav
of ionic gels as a function ofpH unless the parameterf is
calculated as a function of internal gelpH and internal poly-
mer concentration.

To allow for changes in swelling caused by alteringpH
outside the gel, it is necessary to treat the ionic term,p ion , as
the effective difference in chemical potential of the solve
due to mobile ions inside the gel. A gel with the negative
charged group COO2 is neutralized by mobile counter ion
H1 or Na1. The osmotic pressure generated by Donnan
tential is then give by

p ion52
Dm

n
'~n2n8!NAkT, ~12!

wheren denotes the molar volume of the solvent,n andn8
the concentrations of mobile ions inside the gel and outs
the gel, respectively. The total mobile ion concentrations

n5nH11nOH21nNa1 ~ inside the gel!, ~13!

n85nH18 1nOH28 1nNa18 ~outside the gel!, ~14!

Since the charges are fixed on the polymer network, a D
nan potential is set up across the gel–solvent bound
which leads to an unequal distribution of ions inside a
outside the gel:

nH1

nH18
5

nOH28

nOH2
5

nNa1

nNa18
. ~15!
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The neutrality condition for the gel is written as

nH11nNa15nOH21nCOO2 , ~16!

wherenCOO2 is the concentration of COO2 groups. Forp ion ,
it is necessary to estimate the polyion concentrationnCOO2 ,
which is given by

nCOO2[@COO2#5aCp ~17!

whereCp , @COO2#, anda are the concentration of polyme
in the gel, the concentration and degree of ionization
carboxylic groups, respectively. The degree of ionization
carboxylic groups, a, is related to internal gelpH,
pHin([2 lognH1), by Henderson–Hasselbach equation,14,15

pHin5pKa2n0 log
12a

a
, ~18!

where pKa is the apparent dissociation constant,n0 is the
numerical factor.n051 is employed for simplicity. From
Eq. ~12!, one obtains

a5
1

10~pKa2pHin!11
. ~19!

pHin was controlled by adding HCl solution~to lower pHin!
or water~to increasepHin! belowpHin 7. NaOH solution was
used abovepHin 7. According to Eqs.~13! and ~14!, the
following relations are given,12

nCOO21nOH21nCl25nNa11nH1 ~ inside the gel!,
~20!

nOH28 1nCl2
8 5nNa18 1nH18 ~outside the gel!.

The osmotic balance leads to

nH1nCl25nH18 nCl2
8 [I 2 ~ for pHin,7!,

nOH2nNa15nOH28 nNa18 [I 2 ~ for 7,pHin!

~21!

whereI is the ionic strength of the system, and the contrib
tion of activity coefficients are ignored. By solving Eqs.~20!
and ~21!, the following relation is obtained:

Dnmobile[n2n8'A@COO2#214I 222I , ~22!

@COO2#5aCp5
Cp

10~pKa2pHin!11
. ~23!

I is given by as follows:

I 5 1
2~nH11nOH21nNa1!>nH1 ~ for pHin,7!,

I 5 1
2~nH11nOH21nNa1!>nOH2 ~ for 7,pHin!.

~24!

Here Eq. ~8! can be modified by considering the osmo
pressure due to the ions. In the case of 4-acrylamidosalic
acid gel, all the monomers have ionized groups. Theref
the following equation represents the osmotic pressure g
erated due to the Donnan potential per unit volume of
gel:

p ion~h!

kT
5AF f 0

10~pKa2pHin!11G2

14I 222I , ~25!

where f 0 is the f value at 100% ionization. When thepH is
increased by the addition of NaOH, the concentration of N1

in the outer solution will also increase. These cations will
 Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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attracted into the gel and will replace mobile H1 ions. New
H1 ions will be supplied by the yet undissociated carboxy
acid groups. The concentration of mobile ions in the gel w
thus increase more rapidly than that in the outer solution,
the ion swelling pressure will increase.

The supply of H1 ions is, however, limited. Eventually
all carboxylic acid groups will be dissociated. Any furth
increase inpH will reduce the Donnan ratio, Eq.~15!, and
make it approach one rapidly. There will always be an exc
of cations and a deficit of anions in the gel but their con
butions top ion will cancel each other out. With increasin
pH, the ion swelling pressure will begin to decrease aga
The total osmotic pressure of the gelPgel(h), therefore, is
expressed by the following formula:

Pgel~h!5~h11!n0H 1

2 S f

f0
D ~h11!23/22S f

f0
D 1/3

3~h11!21/2J 2
DF

kT S f2

2v0
D2

DFHB

kT
n0

h

2
f2

1SAF f 0

10~pKa2pHin!11G2

14I 212I D
2

1

n0
@ ln~12f!1f#. ~26!

The total gel osmotic pressurePgel(h) varies with internal
gel pH, pHin. The volume fraction,f, at swelling equilib-
rium was obtained by solving Eq.~26! for Pgel(h)50.

For the nonhydrogen-bonded network (h50), Eq. ~26!
determines the equilibrium network concentration as a fu
tion of pHin. Figure 5 schematically shows the equilibriu
volume fraction of the polymer network as a function ofpHin

for the different values off.
When thepH is high, the gel is swollen in the solven

The state of the gel is represented, for example, by a p
~state point! on the f 51 curve at the swollen side. Accord
ing to Eq. ~23!, lowering thepH of the solvent leads to a
decrease in thef value and finally thef value disappears. I
the pHin value is initially high, the trajectory of the stat
point does not cross the unstable region, and the gel con
tration changes continuously with decreasingpHin. How-

FIG. 5. Swelling curves of the non hydrogen-bonding network for vario
values off (5a f 0) with 2vn0 /N50.25,f050.1, andDFHB /kT510.
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ever, if thepHin is initially low ~shaded region in Fig. 5!, the
trajectory of the state point may cross the unstable reg
including a discrete jump in the gel concentration.

In the case of hydrogen-bonded networks, Eq.~11! de-
termines the equilibrium volume fraction of the polymer ne
work f as a function of the reduced temperature and
number of hydrogen bondsh. Thus, a set of swelling curve
corresponding to different numbers of hydrogen bonds is
tained. The calculated results are shown in Fig. 6. Ph
behaviors of the 4-acrylamidosalicylic acid gel shown in F
2~b! is considered to correspond to the hydrogen-bonded
work ~h5const. case shown in Fig. 5!. The equation~26!
determines the equilibrium volume fraction of the polym
networkf as a function ofpHin and the number of hydroge
bondsh. A set of swelling curves with different numbers o
hydrogen bonds obtained are considered to correspond to
hydrogen-bonding network (h5const). The discrete volume
phase transition temperature of the gel becomes lower as
increases the number of the hydrogen bonds in the gel,
it disappears at a critical value ofh, i.e.,h5hc . The volume
change at the phase transition temperature becomes sm
as one increases the value ofh. The swelling curves of the
gel are monotonous above the critical value ofh. The swell-
ing ratio of the gel in the swollen state becomes smaller
increasing the number of hydrogen bonds in the gel wh
that of the collapsed state is insensitive to the number
hydrogen bonds. The numerical calculation yields that
critical value of the number of the hydrogen bondhc is 2.8
under the present conditions. It indicates that formation
only three hydrogen bonds out of ten acrylic acid units in
intact active chain causes a drastic change in the swe
behaviors of the gel. These results imply that the hydrog
bond in the polymer network effectively changes the ph
behavior of the gel.

The three-dimensional phase diagrams of the gel can
constructed by expanding these curves along an axis
represents the hydrogen bonding densityrHB . They are
schematically shown in Fig. 7.

The observed swelling behaviors of the 4-ac
amidosalicylic acid gel shown in Figs. 2~b! and 3 are quali-

s
FIG. 6. Swelling curves of the gel for various values ofh, the number of
hydrogen bonds on an active chain, calculated using Eq.~9!, with
2vn0 /N50.25,f050.1, DFHB /kT510, andf N510.
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tatively explained by using three-dimensional phase d
grams in which the state of the gel is defined for vario
combinations of reduced temperature, swelling ratio, and
drogen bonding density. When the temperature of the ge
raised from the intermediate phase~phase 1.3!, the gel fol-
lows one of the lines given in Fig. 5. The gel changes
volume discontinuously from the intermediate phase to
collapsed one~phase 0.81! at higher reduced temperature
The gel does not change its phase with a further increas
the temperature. Generally, the volume phase transitio
reversible and the volume of a gel goes back to the orig
one with hysteresis. ThepH dependence of the swelling rati
of the gel corresponds to this case. However, when hydro
bonds are formed in the collapsed phase at higher temp
tures, hydrogen-bonding density becomes higher than th
the initial phase. The gel, therefore, follows a different swe
ing curve that is identified to have a higher hydrogen bo
ing density than that in the initial phase when the tempe
ture is lowered. In the case of the 4-acrylamidosalicylic a
gel, all monomers on an active chain arepotentiallyhydro-
gen bondable, and a large number of hydrogen bonds
expected to form. Therefore, the gel remains in the collap
phase~phase 0.81! even at low temperatures. The projectio
of these swelling curves onto a plane of swelling ratio a
temperature represents the temperature dependence o
swelling ratio of the gel. This swelling behavior predicte
from theoretical swelling curves agrees with the experim
tal result qualitatively@Fig. 2~b!.#

Urea is one of the most commonly used protein dena
ant. The 4-acrylamidosalicylic acid gel, which is in the mo
collapsed phase~phase 0.81!, swells when the concentratio
of urea in the solution increases. The swelling of the ge
aqueous urea solution is evidence of the dissociation of
drogen bonds between polymer chains of the gel. The sw
ing behavior observed in aqueous urea solution can be
plained in a similar way to the case of the temperat

FIG. 7. Schematics of the three-dimensional phase diagrams of the
Numbers in parentheses indicate the corresponding experimental sw
curve of the gel shown in Figs. 2 and 3.
Downloaded 12 Oct 2013 to 129.25.131.235. This article is copyrighted as indicated in the abstract.
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dependence. The number of hydrogen bonds formed in
gel decreases when the concentration of urea is increa
This corresponds to a decrease in the hydrogen bonding
sity, rHB , at constant temperature. The gel changes its v
ume when the swelling curve across the unstable region

V. CONCLUSION

The swelling behaviors of 4-acrylamidosalicylic acid g
are studied. 4-Acrylamidosalicylic acid gel exhibits multip
phases as characterized by distinct degrees of swelling;
gel can take one of four different swelling values, but no
of the intermediate values. The gel has remarkable mem
The phase behavior of the gel depends on whether the
has experienced the most swollen phase or the most
lapsed phase in the immediate past. The information is sto
and reversibly erased in the form of a macroscopic ph
transition behavior. The phase behavior appears to be a r
of the combination of hydrogen bonding and hydropho
interaction between polymer segments. These phenom
are explained by the mean field theory where the effects
the formation of hydrogen bonds are considered. Extens
study is needed, however, to identify the microscopic str
ture of the gel to clarify the gel phase behavior on thet
2rHB plane and to construct a theory which takes into
count the cooperativity which is essential feature of hyd
gen bonding.
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