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A poly(4-acrylamidosalicylic acidgel 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 g2Q00©
American Institute of Physic§S0021-960609)50848-9

I. INTRODUCTION made, the solution being stirredrf@ h after each addition.
Synthetic polymer gels exist in two phases, swollen andAC|d|f|cat|on.t9pH 4'0.W'th 10 N hydrochloric acid y|eldeq
y poly g P a gray precipitate which was filtered off and washed with

collapsed-? Volume transition occurs between the two distilled water (500 0 give 4 lamidosalicvli id
phases, either continuously or discontinuously. Recently istilled water ( m) to give 4-acrylamidosalicylic aci

more than two phases were found in gels consisting of Co£27 9. yield 57%. . o
polymers of randomly distributed positively and negatively The 9?' Was_pre_:pared_ by radical polymerlzatnon. 5.0 of
charged group3The number of phases depends on the Com_zl-acwlamdosa_lllcyllc a_C|d, 034 g ofN,N -m_e'thI-
position of positively and negatively charged monomers, an&neb!sz_icryla_m|décross-lm_ke}, and .0'05 g of az_0b|5|sobu-
decreases from a maximum of seven at a particular comp yrqmtrlle (|n|t|ator_) were dissolved n 27 mi of:j|methyl_sul—
sition to one at pure cationic or anionic gel composition. oxide. The solution was polymerized at 70°Qri h in

Various copolymer gels were found to show the multiplec""p'”arles loft|r(11ner dllameter 140m (zdf‘))' After _gljlela_ltlon q
phase behavio® The criterion for a gel to have the mul- W3S COMPIEEd, gels were rémoved from: capiliaries, an

tiple phase behavior is that the polymers interact with eacl{'¢’® cut |n.to small cylinders of Ie_ngth L mm. Then gels were
: émmersed in a large amount of dimethylsulfoxide and then in

interactions. The latter should be hydrogen bonding plus ondater to wash away residual chemicals. The water was re-

of the hydrophobic or electrostatic interactions. In this study,peaf{?dl.y changed until the diameter of the gels reached an
quilibrium value.

we will show that such a condition, so far demonstrated onl)fe .
The gel was placed in a glass cell whose temperature

in copolymer gels, can be achieved in homopolymers which o .
are rr?adye of gsingle kind of monomer if theF;/ ir):teract with Was controlled to within 0.1 °C and was continuously flushed

each other through hydrogen bonding and hydrophobic interWith water from a reservoir, theH of which was controlled

action. These phenomena are explained by a mean fielli?iy addition of HCI solution(to lower pH) or water (to in-

theory where the number of hydrogen bonds is added to th reasepH) bglopr /. NaQ_H §olution was used abopél
equation of state of a gel. . The gel diameter at equilibriund, was measured under a

microscope. To avoid the effect of carbon dioxide in air, all
the experiments were carried out under nitrogen gas atmo-
sphere. The temperature was controlled to withihi1 °C by
4-acrylamidosalicylic acidFig. 1) was synthesized from circulating water from LAUDA RC-3 during the measure-
acryloyl chloride and sodium 4—aminosalicyl§teSodium ment.
4-aminosalicylat€40 g, 0.24 mol was dissolved in distilled
water (250 m) and was stirred for 1 h. Two separate addi-
tions of acryloyl chloride(20 and 10 ml, 0.37 molwere

Il. EXPERIMENT

Ill. RESULTS AND DISCUSSION

Four phases were found in the gel, each of which was

Author to whom correspondence should be addressed; electronic maifi€noted by its diameter normalized by the original diameter:
annaka@planet.tc.chiba-u.ac.jp d/dy=0.81, 1.3, 3.4, and 4.9. WhgyH or temperature was
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FIG. 1. Chemical structure of 4-acrylamidosalicylic acid polymers. They g | 11 ; |
can interact with each other through hydrogen bonding, hydrophobic stack- 3 A 1L % A |
ing between benzene rings, or ionic repulsive interaction. Temperature in- g | 11 i
fluences both hydrogen bonding and hydrophobic interaction, whereas the -g i ! i |
pH affects the degree of ionization and thus the electrostatic interaction. The er | : o
monomer undergoes the ionization process twice, once for the carboxyl i EmamEEgy | i A
group and the other time for the hydroxy group. T -éu. 17 )
H PR 4r 1
) S S OO Y S I S Y
0 10 20 30 40 50 60 700 2 4 6 8 10 12 14
varied, the gel changed its volume discontinuously. The hys- Temperature (°C) pH

teresis I!’ldlcates that the_transmo.n Is of the first Orde,r' FIG. 2. Diameter of 4-acrylamidosalicylic acid gel as a functiompbifand

In Fig. 2(a), the gel diameter is plotted as a function of temperature. Measurements were carried out on a single gel under a micro-
pH at 25°C. At low pH the gel was in a shrunken state scope. The time course was carefully monitored after gatior tempera-
(phase 1.3 It swelled discontinuously gpH 9.9 to phase ture change to ensure that equilibrium was reached at each measurement.
4.9. As thepH was lowered it shrank back to the lower The sequence of measurements is in qlphabetlcal {)(_der(d)]. The start- ‘

. . ing point of each diagram is the last point of the previous diagram. Detailed

phase. This process was reproducible. description of the paths is given in the text.

The temperature was raised starting from phase 1.3 at
pH 6.0 and 25 °(Fig. 2(b)]. The gel shrank to phase 0.81 at
55°C. When the temperature was lowered to 25°C, théonic repulsive interactior{Fig. 1). Temperature influences
phase remained unchanged. In Fi¢c)2the pH dependence both hydrogen bonding and hydrophobic interaction,
was observed where the gel undergoes phase transition behereaspH affects the degree of ionization and thus the
tween two new phases, 0.81 and 3.4. The cycle was repralectrostatic interaction. The monomer undergoes the ioniza-
ducible. tion process twice, once for carboxyl groups and the other

When thepH was increased to 12 and decreased, theretime for hydroxyl groups.
after the gel went back to its original swollen phdpbase Recent studies have shown that the incorporation of a
4.9 and after that the phase transition loop remained in thénydrophobic moiety into polyelectrolytes leads to a decrease
upper loop shown in Fig.(3) [Fig. 2(d)] in acidity or basicity’~® One plausible explanation for this

The gel has remarkable memory: The phase behavior adecrease in acidity or basicity is related to the dielectric con-
the gel depends on whether the gel has experienced the magant surrounding ionizable groups. In the case of
swollen phaséphase 4.9or the most collapsed pha§ghase 4-acrylamidosalicylic gel, since benzene rings are less polar
0.81) in the immediate past. The gel remained in the hysterthan water, the dielectric constant surrounding the charges of
esis loop shown in Fig.(@) when thepH was changed from carboxyl groups and hydroxyl groups is considered to be
phase 1.3. On the other hand, once the gel experienced phdsgered with increase in temperature. This will lower the
0.81, the phase transition loop remained in that which wapK, and is expected to lead to the formation of hydrogen
shown in Fig. Zc). Therefore, the information is stored and bonds.
reversibly erased in the form of macroscopic phase transition  Theoretically, multiple phases may be understood as a
behavior. result of competition among various factors. The mean field

These results strongly suggest that a new contractinfree energy consists of terms for rubber elasticity, osmotic
force is present after the gel experiences the most collapsqatessure by counter ions, net charge repulsion, and virial
phase that is promoted by increasing temperature. The muinteractions>*%*! These few terms with different powers of
tiple phase behavior is considered to appear as a result of@lymer density can create free energy minima at two dis-
combination of hydrogen bonding and hydrophobic interactinct densities. It is therefore necessary to introduce new or-
tion between polymer segments. 4-acrylamido-salicylic acidder parameters in addition to the polymer density to predict
molecules can interact with each other through hydrogemore than three phases.
bonding, hydrophobic interaction between benzene rings, or Hydrogen bonding may be a natural choice for a new
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6.0 T T L B I B A whereN, is Avogadro’s numberk the Boltzmann constant,
o T a 17 b i T the temperaturey the molar volume of the solveng the
l 1L mpRaR—— | volume fraction of the polymer networlg, the volume frac-
3 a0l 11 ; § _ tion of polymer network at the reference staid; the excess
3 L 1t /\ . free energy for the association between polymer segment and
;:3; 30 1 r Y . solvent, vy the number of elastically active chains per unit
£ TenOgEgRRg oeaagEgNay | T ; ; 1 volume at¢,, andf the number of dissociated counter ions
a 20 | " ; per effective chain. The osmotic pressure difference between
ol I\ g > minaa ] the inside and outside of the gel should be zero at equilib-
L “"“% L _ rium. Therefore, the following equation is obtained under
0.0 TR N N S T N N N N N I T T T T T T N N SUCh Condition:
6 5 4 3 2 1 0O 0 2 4 6 8 10 12 14
Urea (mol/L) pH AF  2wv[[ ¢\ 753 1\ ¢\t
W TNl 2]l
FIG. 3. Diameter of 4-acrylamidosalicylic acid gel as a function of concen- NA‘ZSO ¢o $o
tration of aqueous urea solution. Open squares indicate the process increas-
ing the concentration of urea. Solid squares indicate the process decreasing 2 2In(1-¢)
the concentration of urega) Equilibrium swelling degreed/d, of the + g ¢2 ) 2

4-acrylamidosalicylic acid gel in water as a functionpdt at 25 °C.(b) The

starting point of the diagram is the last point @. The temperature was whereris the reduced temperature. The equation of the state
fixed at 25 °C and was controlled to within0.1 °C by circulating water

from LAUDA RC-3 during the measurement. of a gel (2) uniquely determines the equilibrium swelling
degree of the gelV/Vy= ¢y/ ¢ at a given value of the re-
duced temperature. Three valuesdfwhich correspond to

. _ . . two minima and one maximum value of the free energy
5 ’
contracting forcé® The formation of hydrogen bonds is satisfy Eq.(2) for a certain value of-

energetically favorable, but entropically undesirable since it Equations(1) and (2), however, do not predict well the

r_estncts the freedom of chain com_‘lg_uranons. Th's Compet"experimental results shown in Figs. 2 and 3 because these
tion can create two free energy minima for a fixed polymer

. . . . equations apply to only the nonhydrogen-bonding network.
dens:tydp.tﬁmfce hydrogen bonding dehnsnyl?s, an_dp a'®  These results suggest that a new, attractive and short-range
coupled, the free enerdy (p, pug) Can have four minimain 0 action  arises  in the  polymer network  of
the p—pyg plane.

. . 4-acrylamidosalicylic acid gel after the gel experiences the
The swelling behavior of the most collapsed ¢ghase y y g g n

4 . . most collapsed phase. In the case of 4-acrylamidosalicylic
0.81) was examined as a function of urea concentration a b b y y

: . Ecid gel, carboxylic acid groups can lead to the formation of
.25 C to confirm the format|or_1 of hy_drogen bonds. As Shov\mboth ionic and hydrogen bonds. When a hydrogen bond is
in Fig. 3(a), the gel swelled discontinuously at the urea con-

. formed, it influences the equation of state: it adds a new
cen_trat|on of 0.75 malf to phase 2.5. As the urea concen- cross-linking between polymers and effectively shortens the
tration was reduced from 6 m_(dflto pure water0 moll/)_, .__polymer chain length, and the energy is lowered due to hy-
the gel shrank gradually and finally went back to the or'g'naldrogen bonding.
shrunken phaséphase 1.3 After that, the phase transition

! : L . We will construct the equation of the state of a gel by
!oop rema'”ed in the loop shown n FigapFig. 3(b)]. Urea considering hydrogen bonds to form a new cross linking. In
is protein denaturant and is considered to break protein h

Yh | i ly h | i
drogen bonds. From these facts, it is most likely that tht e present model, we consider only hydrogels prepared in

A . . She presence of a large amount of diluent. The following
multiple phase behavior and the memory effect will appeag, . assumptions are made?

when hydrogen-bonding effects are significant. (1) Hydrogen bonding gives rise to physical cross-

th The_se prk]]_er;]o?]enaﬁmaty k;etﬁxpflainedt_ by thfehmdean fielﬁinking points in the chains, which comprise the gel. The
eory in whic € efiect of the formation of Nyarogen ¢, ation of these cross-linking points divides a chain into

gﬁlr;(:]si:]s;ggsr\j/ered. A simple theoretical calculation will begy, 1 ¢onnected chains of equal length. The number of elas-

tically active chains per unit volume at, changes to If
+1)vy due to the formation of cross-linking points.

(2) Physical cross-linking points are randomly distrib-
uted in the network, and no cooperative interactions are con-

It is well established that swelling behaviors of the gelsSidered. _
are uniquely determined by the osmotic pressure of the gel. (3) Solvent molecules and monomers composing the gel

The osmotic pressure of the gel is usually written within theSyStém have the same molar volume. _
framework of the mean field theofy?1%1! Under these assumptions, we propose a model to clarify the

effects of hydrogen bonding on volume phase transition.

IV. THEORETICAL CONSIDERATION

- NAkT (1 AF s
=——, | ¢tInA=-d)+ 559 A. Rubber elasticity
13 The Flory calculation for the free energy of rubber elas-
+ 1ok T| ==+ ¢ +fvok-|-( i) (1) ticity_of_ the gel treat_ec_i the gel as a group Qj‘ polymers
2¢0 \ o $o consisting ofN freely jointed segments of persistence length
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b.%%1° The number of ionized monomer units on an active —CH,—CH— —CH,—CH—
chain is represented yThe number of hydrogen bonds that o? N N
are formed in an active chain is given hyThe active chain
divided into h+1 chains by the formation ofi hydrogen

bonds. Therefore, the number of monomer units in an active OH OH
chain decreases by a factor of H4 1) whenh hydrogen c'fc\? 9/0*0
bonds are formed. The radius of this chain, which has a HooH HoH
random-walk configuration, is given by Oxe-® N
N 1/2 HO. HO.
Ro(h)=(m b=NY2(h+1) Y?=Ry(h+1) 2 (3 @ @
whereR, denotes the radius of the intact active chain that o*?/NH 0“‘,3/NH
has the random-walk configuration. Taking into account that —OH—CH,— —OH—CH,—
there are i+ 1) v such active chains in a unit volume of the @Z=1 ®)Z=05
gel, the pressure that arises from the rubber elasticity of the ’
polymer network is expressed as FIG. 4. Examples of numerical fact@ and types of hydrogen bonds.
W‘E(Th) = (h+1)v,
the osmotic pressure of the gel due to the counter ion for the
) ap ( & )1/3 s hydrogen-bonded state of the gel is generally given as fol-
121 % (h+1) b (h+1)"". (4 lows:

Here, ¢ is the volume fraction of the polymer network of the Tion(h) =(f—Zh)vg(h+1)3? i) ®)
gel, and¢, corresponds to the volume fraction of the poly- KT 0 bo/

mer network under the conditions that the active chains ha"ﬁere,z is a numerical constant that depends on the chemical
the random-walk configurations;, is the number of the g ctyre of the hydrogen-bonded units. Some examples of
elastically active chains per unit volume @ in the  he hymerical factorz, are shown in Fig. 4. In the case of
nonhydrogen-bonded network. (a), both ionizable parts of carboxylic acids are consumed to
form hydrogen bondZ equals to 1. In the case that one of
B. Polymer—solvent interactions the two ionizable parts of carboxylic acids contributes to

The pressure of the polymer network of the gel due toform hydrogen bond as shown {b), Z equals to 0.5.

the free energy decrease associated with the formation of a
contact point between polymer segments can be written as_mixing entropy

follows: . . N
The entropy of mixing to the first approximation is un-

Tps _ A_F( ¢° ) ) changed. Therefore the osmotic pressure of the gel due to the

kT~ kT 2_\/0 mixing entropy is given as follows:
wherev, is the volume of the solvent. The formation lof T mixing 1
hydrogen bonds in an active chain further decreases the free ~ 1 ~— V—O[In(l— ¢+ 4] ©

energy of the system. The probability of the formation of the o .
hydrogen bond is assumed to be proportional to the square of 1€ combination of Eqs4), (7), (8), and(9) yields the
the polymer densityp. Since there are, active chains in a total osmotic pressure of the gel in the hydrogen-bonded

unit volume of the gel, the total decrease in the free energytat€Ilge(h),

for a unit volume of the gel can be written as follows: e h)=(h+1)vg
THB AFHB h 1 1/3
T kT Lt (6) X\5 d% (h+1)3’2—(%) (h+1)1’2]
Thus, the osmotic pressure given by the total interaction en- 2
ergy can be written as follows: — i__i ;;) — % Vog H2+(f—2Zh)
Vo
Tinteractior N) _ Aj(iz) _ AFyg . E¢2 @ & 1
kT KT | 2vq kT %27 xyo(h+1)—3/2(—)——[In(1—¢)+¢>].
bo Yo
C. Counter ion (10)

The number of the counter ion in the gel is either main-The osmotic pressure of the gel should be zero at an equilib-
tained or altered by the hydrogen bonding that depends orium state. We, therefore, obtain the following relationship
the chemical structure of the hydrogen bonding units. Sincéetween the reduced temperature and the swelling ratio of
there arefv, counter ions in a unit volume of the intact gel, the gel,¢/ ¢, in which h hydrogen bonds are formed:
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AF The neutrality condition for the gel is written as
=1— —
T kT nH++ nNa+= nOH—-I- ncog y (16)
2V ol ¢\ ap wherencoo- is the concentration of COOgroups. Formig,,
= Nob? (h+1) ¢TO —(h+1) it is necessary to estimate the polyion concentratiggo-,
which is given by
(1—Zh/f)f 1)/ ¢\ 2veoh AFg OO 1= aC a7
het 2| % No 2 KT Moo =[COO0]=aCy
whereC,, [COO ], and« are the concentration of polymer
+1+E+ 2In(1-4¢) (11) in the gel, the concentration and degree of ionization of
¢ ¢* carboxylic groups, respectively. The degree of ionization of

carboxylic groups, «, is related to internal gelpH,

Here,v represents the molar volume of the solvent aride pH. (= —logn,+), by Henderson—Hasselbach equatibi®

reduced temperature.

It is worth noting that Eq(11) coincides with the equa- l-«a
tion of state for a nonhydrogen-bonding netwdg& when PHin=pKa—no log——,
h=0.

In its original form, Eq.(8) does not take into account
the effect of the Donnan equilibrium and makes use only o .
the theory for osmotic pressure under ideal conditions. Thigq' (12), one obtains
is equivalent to regarding the mobile ions inside the gel as 1
the molecules of an ideal gas exerting a “swelling pressure”  *= 7qpK,—pH) 1 1 * (19
on the gel. The number of mobile ions inside the gel is as-
sumed to be equal to the number of fixed charges on th&Hin Was controlled by adding HCI solutiofto lower pH;,)
polymer, irrespective of the ionic strength of the solution.Or water(to increasepH;,) belowpH;, 7. NaOH solution was
The theory of Donnan equilibrium states that the higher theised abovepH;, 7. According to Egs(13) and (14), the
ionic concentration outside a semipermiable membrane witfellowing relations are giver?;

a polyelectrolyte inside, the lower is the difference in con- 4 n_ . +ne-=nye+ny- (inside the ge,
centration of mobile ions between the two sides of the mem- , , , , (20)
brane. Because the gel chains are interlinked, the gel acts as Ng,-+Ng-=Ny,++ N+ (outside the gel

if it provides its own sem|perm|ab_le_membrane. !Equa(B)n " The osmotic balance leads to

thus may not be suitable for predicting the swelling behavior

(18)

where pK, is the apparent dissociation constang, is the
]numerical factor.ng=1 is employed for simplicity. From

of ionic gels as a function opH unless the parametéris NyNe-=n;ng-=12  (for pH;,<7), 21
calculated as a function of internal gaH and internal poly- ) , , (2D)
mer concentration. NoH-NNat = Noy-Nyar =17 (for 7<pH;,)

To allow for changes in swelling caused by alteriig
outside the gel, it is necessary to treat the ionic terty),, as
the effective difference in chemical potential of the solvent
due to mobile ions inside the gel. A gel with the negatively

wherel is the ionic strength of the system, and the contribu-
tion of activity coefficients are ignored. By solving EG20)
and (21), the following relation is obtained:

charged group COOis neutralized by mobile counter ions ANpopie=n—N"~+[COO ?+41%-2I, (22
H* or Na". The osmotic pressure generated by Donnan po- c
ial i i — _ p
tential is then give by [COO = acp_m_ (23
A L
Tion=— —~(N=N")NKT, (12 Iis given by as follows:
I =3(ng++Noy-+Nngt)=ng+  (for pHR<7),
where v denotes the molar volume of the solventandn’ 2 ont Na " " (24)
the concentrations of mobile ions inside the gel and outside | = 3(Ny++Nop-+Nyar)=Noy-  (for 7<pH;,).
the gel, respectively. The total mobile ion concentrations argq o Eq.(8) can be modified by considering the osmotic
N=nu++Nop-+Nnar  (inside the ge, (13 pressure due to the ions. In the case pf 4-acrylamidosalicylic
acid gel, all the monomers have ionized groups. Therefore
n/:n{*ﬂL n(’)H7+ ”r'w (outside the gel (14) the following equation represents the osmotic pressure gen-

erated due to the Donnan potential per unit volume of the
Since the charges are fixed on the polymer network, a Dongel:

nan potential is set up across the gel-solvent boundary,
which leads to an unequal distribution of ions inside and ~ Tion(N) _ \/ fo
outside the gel: KT 10PKa=PHin) 4 1

e NA e wheref, is thef value at 100% ionization. When theH is
AM L (15)  increased by the addition of NaOH, the concentration of Na
N+ NoH™ Ny in the outer solution will also increase. These cations will be

2
+41%-21, (25)
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FIG. 5. Swelling curves of the non hydrogen-bonding network for various

values off (= afg) with 2vvg/N=0.25, ¢,=0.1, andAF 5 /kT=10. FIG. 6. Swelling curves of the gel for various valueshpfthe number of
hydrogen bonds on an active chain, calculated using 9. with
2vwoIN=0.25, po=0.1, AF 5 /kT=10, andfN=10.

attracted into the gel and will replace mobile kbns. New

H* ions will be supplied by the yet undissociated carboxylic ) o o

acid groups. The concentration of mobile ions in the gel will€VeT: if thepHi, is initially low (shaded region in Fig.)Sthe

thus increase more rapidly than that in the outer solution, anfJ€ctory of the state point may cross the unstable region,

the ion swelling pressure will increase including a discrete jump in the gel concentration.

The supply of H ions is, however, limited. Eventually, In the case Of hydrogen-bonded_networks, EBd) de-
all carboxylic acid groups will be dissociated. Any further termines the equilibrium volume fraction of the polymer net-

increase inpH will reduce the Donnan ratio, Eq15), and work ¢ as a function of the reduced temperature and the
make it approach one rapidly. There will always be an exces8umber of hydrogen bonds Thus, a set of swelling curves

of cations and a deficit of anions in the gel but their contri-COrresponding to different numbers of hydrogen bonds is ob-
butions to i, will cancel each other out. With increasing t2inéd. The calculated results are shown in Fig. 6. Phase
pH, the ion swelling pressure will begin to decrease againbehawors of the 4-acrylamidosalicylic acid gel shown in Fig.

The total osmotic pressure of the dale(h), therefore, is 2(b) is considered to correspond to the hydrogen-bonded net-

expressed by the following formula: work (h=const. case s_hown in Fig.).SThe equation(26)
U3 determines the equ!llbrlum volume fraction of the polymer
M(h)=(h+1)» [1<i (h+1)‘3’2—(i) network ¢ as a function opH;, and the number of hydrogen
gel 0121 ¢ do bondsh. A set of swelling curves with different numbers of
AF [ 2 AF h hydrogen bonds obtained are considered to correspond to the
X (h+ 1)—1/2] _ o0 _) _~'HB Vom B hydrogen-bonding networkhE const). The discrete volume
kT | 2vg kT 72 phase transition temperature of the gel becomes lower as one

- increases the number of the hydrogen bonds in the gel, then
\/{—0 it disappears at a critical value bfi.e.,h=h,. The volume
10/PKa=PHin) 4 1 it
change at the phase transition temperature becomes smaller
1 as one increases the valuetofThe swelling curves of the
——[In(1—¢)+ &]. (26) gel are monotonous above the critical valuenofrhe swell-
Yo ing ratio of the gel in the swollen state becomes smaller as
The total gel osmotic pressuiéy(h) varies with internal increasing the number of hydrogen bonds in the gel while
gel pH, pHi,. The volume fractiong, at swelling equilib- that of the collapsed state is insensitive to the number of
rium was obtained by solving E426) for Iy (h)=0. hydrogen bonds. The numerical calculation yields that the
For the nonhydrogen-bonded netwoik=0), Eq.(26) critical value of the number of the hydrogen bondis 2.8
determines the equilibrium network concentration as a funcunder the present conditions. It indicates that formation of
tion of pH;,. Figure 5 schematically shows the equilibrium only three hydrogen bonds out of ten acrylic acid units in an
volume fraction of the polymer network as a functiornpdi;, intact active chain causes a drastic change in the swelling
for the different values ot. behaviors of the gel. These results imply that the hydrogen
When thepH is high, the gel is swollen in the solvent. bond in the polymer network effectively changes the phase
The state of the gel is represented, for example, by a poirthtehavior of the gel.
(state pointon thef=1 curve at the swollen side. Accord- The three-dimensional phase diagrams of the gel can be
ing to Eqg.(23), lowering thepH of the solvent leads to a constructed by expanding these curves along an axis that
decrease in thévalue and finally thd value disappears. If represents the hydrogen bonding densitys. They are
the pH;, value is initially high, the trajectory of the state schematically shown in Fig. 7.
point does not cross the unstable region, and the gel concen- The observed swelling behaviors of the 4-acryl
tration changes continuously with decreasipH;,. How-  amidosalicylic acid gel shown in Figs(l8 and 3 are quali-

2

+ +412+2]
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s dependence. The number of hydrogen bonds formed in the
gel decreases when the concentration of urea is increased.
This corresponds to a decrease in the hydrogen bonding den-
sity, pug, at constant temperature. The gel changes its vol-
ume when the swelling curve across the unstable region.

! I d V. CONCLUSION
(2a & d)
i = | |T= The swelling behaviors of 4-acrylamidosalicylic acid gel
are studied. 4-Acrylamidosalicylic acid gel exhibits multiple

v

phases as characterized by distinct degrees of swelling; the
T%\‘“Q ; gel can take one of four different swelling values, but none
- i of the intermediate values. The gel has remarkable memory:
* The phase behavior of the gel depends on whether the gel
FIG. 7. Schematics of the three-dimensional phase diagrams of the gehas experienced the most swollen phase or the most col-
Numbers in parenthese.s in.dicate the corresponding experimental swelliqgipsed phase in the immediate past. The information is stored
curve of the gel shown in Figs. 2 and 3. and reversibly erased in the form of a macroscopic phase
transition behavior. The phase behavior appears to be a result
of the combination of hydrogen bonding and hydrophobic
tatively explained by using three-dimensional phase diainteraction between polymer segments. These phenomena
grams in which the state of the gel is defined for variousare explained by the mean field theory where the effects of
combinations of reduced temperature, swelling ratio, and hythe formation of hydrogen bonds are considered. Extensive
drogen bonding density. When the temperature of the gel istudy is needed, however, to identify the microscopic struc-
raised from the intermediate phagghase 1.8 the gel fol-  ture of the gel to clarify the gel phase behavior on the
lows one of the lines given in Fig. 5. The gel changes its—pyg plane and to construct a theory which takes into ac-
volume discontinuously from the intermediate phase to theount the cooperativity which is essential feature of hydro-
collapsed ondphase 0.8]Lat higher reduced temperatures. gen bonding.
The gel does not change its phase with a further increase in
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