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Abstract: The applicability of the Clapeyron Equation to the volume phase transition of cylindrical
poly(N-isopropylacrylamide)-based gels under external force is reviewed. Firstly, the equilibrium
conditions for the gels under tension are shown, and then we demonstrate that the Clapeyron
Equation can be applied to the volume phase transition of polymer gels to give the transition entropy
or the transition enthalpy. The transition enthalpy at the volume phase transition obtained from
the Clapeyron Equation is compared with that from the calorimetry. A coefficient of performance,
or work efficiency, for a gel actuator driven by the volume phase transition is also defined. How the
work efficiency depends on applied force is shown based on a simple mechanical model. It is also
shown that the force dependence of transition temperature is closely related to the efficiency curve.
Experimental results are compared with the theoretical prediction.

Keywords: stimuli responsive gel; volume phase transition; Clapeyron equation; coefficient of
performance; work efficiency; gel actuator; transition entropy; transition enthalpy

1. Introduction

More than forty years have passed since the discovery of volume phase transition in actual polymer
gels [1], and now the volume phase transition appears to be familiar for stimuli-responsive gels [1-16].
The phase transition occurs in a macroscopic scale, and is thus the matter of thermodynamics [1-12],
so this is often analyzed and discussed with the analogy of the phase transition of van der Waals
fluids [3,11,12], and thus “volume phase transition” was basically used to mean a discontinuous change
in volume (V) upon an infinitesimal change in a control variable [1-12]. For thermo-sensitive gels,
temperature (T) is used as the control variable. In principle, the volume phase transition belongs to the
category of first-order phase transition. There exist some cases that the plot of V against T becomes
continuous. Even in this situation, if the slope of curves (dV/dT) diverges at a certain temperature,
then the system is called to show the second-order phase transition [8,9]. When the slope of the curves
is not divergent, the curves show only a continuous change with a finite slope over an entire region.
The use of “transition” appeared to be avoided for these curves. In the early stage of research on the
volume phase transition, the attention was paid to the physical aspect of the phase transition [1-12],
but then the research spread over various fields of polymer science [13-15] and engineering, especially
in biomedical applications [16-22]. During this extending process, the meaning of the word “transition”
has changed such that the word is now used in a broader sense and thus confusedly [14,15,21,22]. In this
paper, we use the word “transition” in the original meaning, in principle, although curious behavior
such as the first-order phase transition has been observed for the volume phase transition [8,9].

When the phase transition occurs in the first-order manner, two gel phases coexist at the transition
point. Actually, it is well known that poly(N-isopropylacrylamide) (PNIPA)-based polymer gels
undergo the volume phase transition, and that the coexistence state clearly emerges for cylindrical gel
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specimens [3,5-22]. Interestingly, this coexistence is observed for long cylindrical gels but is not for gels
in the other geometries [5,8-10]. The long cylinder might be one of the ideal geometries for the volume
phase transition of polymer gels. Why the coexistence is limited to the specific geometry probably
comes from the fact that the volume phase transition is a phenomenon of solids, not fluids [11]. For the
phase transition of solids, the interface becomes rather thick and thus the effect of the interface cannot
be ignored. This may cause the curious behavior as the first-order phase transition; for example,
the Gibbs phase rule [23] is broken at the volume phase transition of gels [8,9]. Thus, the fact that the
volume phase transition is the phenomenon of solid also becomes important.

There are similarities between the volume phase transition of polymer gels and the liquid-gas
phase transition of the van der Waals fluids, but there also exist marked differences. For example,
the former is the phase transition of solids and the latter is that of fluids, as stated previously. In addition,
the surrounding solvent is indispensable to the volume phase transition [2-10,24], which means that
the phase structure is different between these systems. For the van der Waals fluids, V can be written as
a function of T and pressure (p), namely V = V(T, p) [23]. We can choose two variables, T and p. If we
settle T in advance, then V becomes a function of p at a fixed T. The transition state is the two phase-one
component system, and thus for the variance in the Gibbs phase rule (F), we have F =1 at the transition
point, indicating that the pressure at the phase transition is automatically settled (by the Maxwell
construction) [6,23]. For electrically neutral gels, on the other hand, V can be written as a function of T
and the osmotic pressure (77), because the gels always coexist with the outside solvent: V =V (T, n).
The equilibration condition 7 = 0 consumes a degree of freedom in F. Because the coexistence state at
the phase transition is the two component-three phase system and thus F = 1 at the transition point,
which is eventually identical to that for the van der Waals fluids but is quite apparent. No degree of
freedom is also left for the transition temperature for the volume phase transition [8,9]. In the Tanaka
theory [3,25], which is made up to describe the volume phase transition of ionic gels based on the
Flory-Huggins expression for the osmotic pressure [26-28], the number density of counter ions (¢jon)
is introduced as an additional degree of freedom: In the V-T curves of the gels ¢jon acts as T in the P-V
curves of the van der Waals fluids. However, this control variable becomes meaningful only when
various gels differing in ¢;on are prepared and examined. Potentially, there exist several candidates of
the additional control variables other than ¢y, and one of them is the mechanical force (f; positive for
tension). It is reported for the PNIPA-based gels in solvent that f actually works as a control variable
under 7t = 0 [8-10,12,29,30]. This comes from the fact that gels are solid and thus the mechanical force
is applicable. It is important to recall that the volume phase transition occurs three-dimensionally or
isotropically in principle while the deformation by external force occurs anisotropically. This difference
affects the phase transition behavior of gels under tension.

In this mini-review, applicability of the Clapeyron Equation to the volume phase transition of
PNIPA-based gels under external force (f as a vectorial quantity and f = |f]) is reviewed, although this
may be limited to the cylindrical geometry at present. Firstly, the equilibrium conditions for the gels
under tension are shown and why the f dependence curve of transition temperature builds up the phase
boundary is also shown. Then, we demonstrate that the Clapeyron equation, which is the prototype of
the Clausius-Clapeyron equation [23], is applicable to the volume phase transition of polymer gels and
gives the transition entropy (AS) or the transition enthalpy (AH). Although AH at the volume phase
transition has been obtained by calorimetry [7,12,31-34], the Clapeyron Equation offers a new method
to estimate AH at the phase transition. Finally, a coefficient of performance (i.e., work efficiency) for
gel actuator driven by the volume phase transition (c) is defined and how c changes with f is discussed
based on the rubber elasticity theory [35,36]. The PNIPA-based polymer gels were intended to apply
to a soft actuator. Although this application is now recognized to be non-realistic mainly due to slow
response speed [37,38], we think that c is a very important parameter because c determines how the
transition temperature moves with f. In the final section, comparison with experimental data is made.
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2. Equilibrium Conditions for Coexistence of Two Gel Phases in Solvent

Suppose that polymer gel is electrically neutral and are made up by chemical crosslinks. When
the gel coexists with the outside solvent under tension, the free energy (G) of the gel is defined
by G=U—-TS —f:I, where U, S and [ are the internal energy, the entropy, and the position vector,
respectively. If G is measured from a reference state where the polymer and the solvent are isolated,
then G can be written as G = np (up — pp°) + (s — 1s°), where np, and 7 are respectively the numbers
of polymer strand and the solvent molecules in the gel, and p and us are respectively the chemical
potentials of polymer strand and solvent, ypo and ps” being those of polymer strand in the pure
network and of the pure solvent, respectively. It should be noticed here that 7y, is kept constant.
Figure 1 schematically shows the coexistence state for a cylindrical gel in solvent under tension, where
the two gel-gel interfaces are assumed be so thin that the free energy of the interfaces is negligible.
For the cylindrical gels, the coexistence emerges in ABA morphology probably due to an end effect of
the geometry. Both A domains at the ends are believed to be identical, and thus the coexistence state in
the gel stays at a tri-phasic equilibrium because the pure solvent phase additionally exists outside the
gel. We designate these two gel phases as Phase I and Phase II, as shown in the figure. Because no
interfacial energy exists by the assumption, G in the coexistence state can be written as [24]

GT, £, mpy mp) = 1p = sp ) = (osp = ipp + (15 = ) + (4 = ) )

where the superscripts I and II stand for Phases I and 11, respectively. On heating, Phase I corresponds
to the collapsed phase and Phase II to the swollen phase, but the situation is inverted on cooling.
Because the variation of G (8G) given by

8G = (uf, — ph)onb, + (e — p2)omd + (ull - p2)on @)

must be zero at equilibrium, we have
by = pig = (3a)
p = Hp (3b)

where 5(np! + np) = 0is used [24]. Equation (3a) expresses the condition for the chemical potential for
solvent, and is satisfied as long as the equilibrium swelling is attained. Equation (3b) determines the
coexistence condition for the networks in the gel phases.

s
I
]
T

I

Figure 1. Cylindrical polymer gel under tension at the transition point. Two gel phases (I and II) and
an outside solvent coexist. The upper and lower regions specified by I are the same.
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2.1. Clapeyron Equation

By applying Equation (3b) to the point (T, f) and the other point in the vicinity (T + dT, f + df),
we have [24]
Nep—1p) (., Aeto 1)
ot Tt

The physical meaning of Equation (4a) is not so clear as it is because f and [ are basically defined
for the bulk gel, but this can also be written as [24]

-df=0 (4a)

IAG IAG
WclTJra—f-df_o (4b)

if we recall that G is given by AG = G — G, and G! = np(ypI - pp?) and Gl = np(ypH — up) at swelling
equilibrium (see Equation (1)). Thus, we have

ASAT + Al-df =0 (4c)

where AS = S' — S and Al = I' — I because (dG'/dT) = —S' and (9G'/df) = —I' (i = 1, II) [24].
Equations (4a)-(4c) can be applied to ionic gels. Rearranging Equation (4c) leads to

C
df coex AS

TAI

=G ®)
where df = |df| and Al = |Al| [24]. The quantity AH in Equation (5) stands for the change in enthalpy by
the phase transition given by AH = TAS. The subscript “coex” represents that the derivative should be
taken for the coexistence curve (i.e., phase boundary). Figure 2 schematically shows a phase diagram
of a gel showing the volume phase transition. It is important to notice that the phase boundary
corresponds to the f-dependence curve of the transition temperature. Once we obtain the phase
diagram and know Al at a given f, then we have AH from Equation (5). To compare the above transition
enthalpy with that obtained by other methods, AH at f = 0 (AHj) given below is used.

-1
dT
AHy = —TolimAI(f)| = ©
0 0f—>0 (f)(df )coex
[ dT
r Ldr oo~ ——

Collapsed .

Swollen

r

Figure 2. Schematic representation of phase diagram on the force (f)-temperature (T) plane. PNIPA
based polymer gels show this type of phase diagram. The curve in the figure is the phase boundary
and also corresponds to the force dependence of the transition temperature.



Gels 2020, 6, 25 50f 15

Here, T is the transition temperature at f = 0. The critical point for the volume phase transition
under tension corresponds to the point at Al = 0 on the boundary. When the discontinuity in length
remains even at the zero-force state (now we assume this situation), the critical point emerges under
compression (i.e., negative f state) in principle because Al is an increasing function of f in the small f
region, as will be shown later.

When the deformation by the external force f is small enough compared with that by the phase
transition, Equation (5) can be formally transformed into the conventional Clapeyron equation [12].
Letting p be an “average” pressure, p can be defined p = —Tr(0)/3 with the stress tensor ¢ [39]. Here,
TrA stands for the sum of diagonal elements of the matrix A. For the uniaxial deformation, p is simply
given by p = —0/3 with the elongational stress acting on the gel (o). If we introduce the gel volume
(V) and the volume change by the phase transition (AV), then fAl can be formally replaced by —pAV
because AV = 3AAl and p = —0/3 = —f/3A with the force-acting area just before transition (A). In this
case, we have the following conventional form [12]:

() 25 o ”
dT).... AV  TAV

It should be noticed that the above transformation of variables is just formal. Actually, what is
kept constant during phase transition is not f, but p.

2.2. Efficiency of Work at the Volume Phase Transition

Figure 3 schematically shows the work at the phase transition from Phase I to Phase II of the gel
under a constant force f. Here, we define c by [24]

AW

AH
N
=10 8)

where —AW is the work by gel and in our case AW = fAl. By combining Equations (5) and (8),
we have [24]

_ f{dT\ _ (dInT
‘T 7—‘(C1_J()COES B (dlnf)COeS (9)

Figure 3. Work done by a cylindrical polymer gel at the transition. Weight (f in force) is lifted up by
Al through the collapsing process. Phase I and Phase II correspond to collapsed and swollen phases,
respectively, as is the case of Figure 1.
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If ¢ depends only on f (i.e., ¢ = c(f)), Equation (9) gives [40]

for
T<f>=Toexp[ [T )df’] (10a)

f/

This determines the phase boundary in the phase diagram to which the Clapeyron Equation is
applicable. When (T — T)/Ty << 1, which must be satisfied in most cases, T is expressed by [40]

Fe(f
T(f)ET0{1+f() (fi,)df'} (10b)

3. A Mechanical Model for the Volume Phase Transition

Here, we consider a mechanical model for the volume phase transition of cylindrical polymer
gel [40]. Firstly, we designate the length and the cross-sectional area without tension in the collapsed
state as [g and Ay, respectively. Similarly, let [y and Agy be the length and the cross-sectional area
without tension in the swollen state, respectively. Because the volume phase transition without tension
occurs isotropically, we set

lsO 2 ASO

a=—,a =— 11
lcO ACO ( )

where « is the linear swelling ratio at the phase transition and thus a > 1. These are depicted in Figure 4.
Note that the volume in the collapsed state without tension (V) is given by Vo = l.0Ao and that in
the swollen state without tension (V) is given by Vg = I59Aso, and thus Vg/V g = a3. When tension
(f in force) is applied to the gel, the gel is stretched. We describe this deformation (uniaxial elongation)
by using the stretch ratio as follows.

AC:_I AS:_ (12)

s

Swollen (Transition) Collapsed
Ssolso=Ssls _l_S_Q = Scolco=Sclc
l
l <0 l
=5 = 28 =,
lso Sso s leo
g, =L SCO a, :L
85, € S

Figure 4. Schematic representation of the change in dimension of a polymer gel by loading as well as
by transition. For details, see text.
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Here, I and [ are the lengths in the collapsed and swollen states, respectively, and A and As
are the stretch ratios in the collapsed and swollen states, respectively. For simplicity, we assume here
the incompressibility for the uniaxial elongation in the both states, which gives I.g0A = [cAc and
IspAg0 = IsAs with the cross-sectional area in the collapsed state (Ac) and that in the swollen state (As).
It is noticed that the incompressibility ignores the effects of tension-induced re-swelling of polymer
gels [41,42]. The true stresses in the collapsed and swollen states (0. and o, respectively) are given by

_f
Oc = Ao’ Os = A (13)
If we assume that 0. and o can be expressed by the classical theory of rubber elasticity [35,36],
then we have

0e = Ge(A2- A7), 06 = Go(A2 - A7) (14)

where G. and G; are the moduli in the collapsed and swollen states, respectively. For chemical gels
G and G are known to be related as G./Gs = a because the number of active chains is kept constant
before and after phase transition [28,35,36], but we set here the ratio G./Gs to be just a numerical
constant 7 (i.e., ¥ = G¢/Gs) because we know that the physical crosslinks are introduced by the collapsing
transition [42,43]. Finally, from Equation (14), we have

r(AC - %) = az(/\s - %) (15)

and for the change in length by the phase transition Al defined by Al = I — [ is written as

Al = lso(% _ )\5) (16)

These give the exact solution of c as a function of A5 and also the expression for T, but here we
examine how c and T vary with f with a simpler method.

When f is small, we can expect that As = 1 and A, = 1 (Equation (12)). This gives Al = Io{(1/a) — 1};
thus, Al becomes a negative constant because a > 1. In this f region, AH = AHj (> 0) is also expected.
Therefore, ¢ > 0 and ¢ « f (Equation (8)). On the other hand, in the large f region where As >>1 and also
Ae >>1, f o Ag. Itis also shown that A¢ = (a?/r)As (Equation (15)) and Al = I{(a/r) — 1}As (Equation (16)).
Thus, c behaves as ¢ « f2 if AH remains constant also in this f region. These two asymptotic relations in
both small and large f regions could give the following expression for ¢ in the whole region of f.

c=af*+bf (17)

Here, a and b are numerical constants. For b we know that b > 0 because b = [;{1 — (1/a)}As/AHj.
Equations (10b) and (17) also give
AT a
T_O = Ef +bf (18)
where AT = T — Tj. This determines the f dependence of T, but it should be recalled again that
this curve corresponds to the phase boundary between swollen and collapsed phases on the phase
diagram. When the physical crosslinks are introduced by the collapsing transition, the modulus in
the collapsed state is enhanced. This means that r > «, giving that Al < 0 and 4 > 0 in the large f
region because Al = [y{(a/r) — 1}As and the sign of 2 becomes identical to that of {1 — (a/r)} if AH > 0.
However, the transition temperature vs f plots for real gels are convex in shape (as will be shown later
in Figure 6a in the next section, for example). This suggests that a < 0 (see Equation (18)) for the real
gels. Although we do not know exactly why a becomes negative, the inequality between r and « is
essentially determined by the properties at small f but a is affected basically by the properties at large
f. Thus, in the collapsed state a marked strain softening at large f may occur to give the negative a.
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The convex curve also suggests that Al > 0 in the large f region. The f dependence curves of c and AT
for a < 0 (Equations (17) and (18), respectively) are schematically shown in Figure 5. For the c curve,
c>0for0<f < -b/aand c <0 for f > —b/a, while AT increases with increasing f to show a maximum
at f = —b/a where c = 0, and then starts to decrease. The negative c occurs because a reduction in
cross-sectional area becomes dominant in this f region.

c & AT

0 —(bla) ~2bla)y [

Figure 5. Expected force (f) dependence of the coefficient of performance (c) and the increment of the
transition temperature (AT).

4. Comparison with Experiments

To our knowledge, the first report on the experiment of how external force affects the volume
phase transition behavior of gels was made by Hirotsu and Onuki [29]. It was shown that the transition
temperature increases with increasing tension for PNIPA gel by experiment [29]. They also showed
that the shift of transition temperature by applied tension can be explained by a Flory-type free energy
if a concentration dependent interaction parameter between polymer and solvent () is introduced.
Hereafter, we call the free energy expression the Hirotsu-Onuki (HO) model [29]. A more detailed
experiment under load was also made by Suzuki [10]. In Figure 6a his data on force-transition
temperature relation for lightly crosslinked PNIPA gels (1BIS gel according to his notation) are shown.
Although a hysteresis exists between the data on heating and cooling, the transition temperature
increases with increasing applied force (or weight, also f), but in the large force region, saturation
behavior emerges. He also found that the shift factor by force can be well explained by the HO model
at small f but the saturation behavior at large f cannot be explained by the HO model [10]. Concerning
the shape of curve, the curve is not exactly parabolic but remains globally convex, as suggested by
Equation (18).
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Transition Temperature { °C)

Weight (mg)

(a)

0.8

Transition Width

0.2

o 20 40 60 20 100
Waeight (mg)

(b)

Figure 6. Uniaxial stress dependence of (a) the transition temperature and (b) the transition widths
(d/dy, I/ly and V/Vy) for PNIPA gels [10]. For details, see text.

Figure 6b shows the transition widths for the PNIPA gels as a function of applied force [10].
Here, d, I and V are the diameter, length, and volume of the cylindrical gel, respectively, and the
subscript 0 stands for the value just after preparation. The quantities, A(d/dy), A(l/ly) and A(V/V)
are the transition widths of the normalized diameter d/dy, normalized length I/l and normalized
volume V/V, respectively [10]. As can be seen from the figure, A(d/dy) increases with increasing f
and then levels off at about f = 40 mg. For the A(I/lp) curve, A(l/ly) moves on the same path as A(d/dy)
in the region of f < 40 mg. This is because the effect of f is negligible and thus the phase transition
occurs almost isotropically in the small f region. This means that in the small f region we can apply
Equation (7) to estimate the transition enthalpy. At about f = 40 mg, A(//ly) turns to decrease and then
moves to zero, suggesting that the dimensional change at the phase transition becomes restricted in the
loaded direction as f increases. In addition, it is also reported for the other PNIPA-based gel systems
that the transition temperature tends to decrease, rather than levels off, with increasing f at very large
deformations, leading to negative c [30]. Concerning the change in volume, A(V/V) monotonously
increases with increasing f, as is clear from the figure.

Figure 7a shows T dependence curves of V for a N-isopropylacrylamide and sodium acrylate
copolymer hydrogel in water [12]. Here, spherical metal weights (35 mg/each) were used for loading
and thus numerals in the “weight” column of the figure stand for the number of metal weights used.
In any cases, the discontinuous volume change, or volume phase transition, occurs, and the degree of
discontinuity remains almost constant. On the other hand, the transition temperature moves to the
higher temperature side as the number of weights (namely, f) increases. In Figure 7b, the transition
temperature (T in the figure) is plotted against the true stress at 30 °C (039), which was used as the
pressure measure instead of o just before phase transition [12]. The three data points fall on a single line
and Ty linearly increases with increasing o39. The line in the figure corresponds to the phase boundary
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between collapsed (above the line) and swollen (below the line) phases, and the slope of the line gives
AH for the volume phase transition (Equation (7) with p = —03¢/3). Table 1 summarizes T}, volume
change at the phase transition (AV) and transition enthalpy (AH) at three different values of f (in the
number of weights). Here, AV and AH are shown as the quantities per unit mass of polymer network.
As can be seen from the table, Ty and AV remain constant regardless of f and AH is also kept almost
constant. In Table 2, the transition enthalpy per unit mass of polymer network by DSC (AHpgc) and the
transition temperature determined with the onset point of the peak on the DSC thermogram (Tpsc) are
listed together with the heating rate (v). Concerning Tpgc, the values slightly increase with increasing
v and are higher than Tt by 2~4 °C. On the other hand, AHpgc remains around 10 ]g_1 regardless of v,
which is much larger than AH. The difference in transition enthalpy comes from the effect of phase
separation, or dehydration of PNIPA chains, inside gels [31-34]. As is well known, PNIPA aqueous
solutions become opaque when the systems are heated up to high temperatures. This corresponds
to the phase separation originating from the fact that the PNIPA-water system has a lowest critical
solution temperature (LCST)-type phase diagram [44—47]. Although opaqueness or phase separation
also occurs in the PNIPA gels, the opaqueness completely disappears at equilibrium [8,9,48,49]. This
equilibration, however, usually takes very long time, so that the DSC measurements inevitably detect
the phase separation while the estimation by the Clapeyron Equation does not contain the effect of
phase separation: Only the method using the Clapeyron Equation can estimate the transition enthalpy
for the volume phase transition. It should be noticed that the opaqueness did not accompany the
change in shape in the above study [12], but an interesting pattern formation may occur when the
volume change is large and/or the shrinking speed is high [50].

10 weight| heating | cooling
0 .
- I .
$k . 2
NN
- LR - Nt N
E 6 : N
- ' H
= -
= 4 3 i '
sl .
" S
PNIPA-based Gels
0
33.0 335 340 345
T/°C
(a)
34.0 T T —
PNIPA-based Gels
338 |
&)
&
""‘;: 33.6 |+ g
~
334
33.2 L it L L i
0 0.2 0.4 0.6 0.8 1.0 1.2

030/ 104 Pa
(b)

Figure 7. (a) Temperature dependence of gel volume and (b) stress dependence of transition temperature
for PNIPA based gel [12]. Here, 03 stands for the true stress at 30 °C.
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Table 1. Force in the number of metal weight (f), transition temperature (T), volume change of gel

specimen per unit mass of polymer network (AV) and transition enthalpy per unit mass of polymer

network (AH).

f Tw/°C AV/10-6m3g-1 AH/Jg1
0 33.35 -1.08 2.7
1 33.55 -1.06 2.6
2 33.75 -1.05 2.6

Table 2. Heating rate (v), transition temperature determined by DSC (Tpgc) and transition enthalpy
per unit mass of polymer network determined by DSC (AHpgc).

v/°Cmin~1 Tpsc/°C AHpsc/Jg™!
1 35.7 10
2 36.0 10
5 36.4 11
10 37.1 10

In Figure 8, normalized mechanical work at the transition temperature m-A(l/ly) is plotted against
weight (or tension f) for two series of PNIPA gels differing in crosslink density, where the crosslink
density of 2BIS is twice as high as that of 1BIS [10]. Here, m stands for the weight applied to the gel
specimens. It should be noticed that these curves result in the f dependence curve of c defined in the
previous section when AH stays constant. In both series, the normalized work curve shows a maximum.
For 1BIS the curve is directly comparable to the data in Figure 6a,b, and the comparison shows that the
f value at the peak for 1BIS curve, 30 mg, becomes identical to that at the inflection point for the A(l/ly)
curve in Figure 6b. Concerning the transition temperature vs. f curve in Figure 6a, the slope of the
curve decreases with increasing f and the value of slope finally becomes zero at about f = 60 mg. The f
value is twice as large as the f value at the peak of the work curve. This must be compared with the
relation between Equations (17) and (18), which is also shown in Figure 5. For the 2BIS curve, we have
no comparable data, as is the case of 1BIS, but the 2BIS curve also shows a maximum.

10 - -
8} O 1BIS gel )
® 2BIS gel
6} .
S b L
=z
= 4t ;
°
®
2t L]
0 L
0 20 40 60 80 100
Weight (mg)

Figure 8. Mechanical work per unit length of PNIPA gels at the transition temperature on heating as a
function of applied weight [10].
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We try to estimate here the c values for the volume phase transition of PNIPA gels under tension.
Firstly, another f dependence curve of transition temperature than that in Figure 6a is shown in
Figure 9 [40]. Here, each symbol stands for the transition temperature determined as an average of
on-heating and on-cooling measurements. The transition temperature shows a monotonous increase
in this region of f. The solid curve in the figure stands for the best fit parabola (assuming the
form in Equation (18)) for the data points, and the parameters decided were a = —6.144 x 102 and
b = 1.432 x 1073 [40]. With these values we can draw the f dependence curve of ¢ and thus obtained
curve is shown in Figure 10. The ¢ curve shows a maximum in this region of f, and the value at
the maximum lies at most 3 x 10™*. We do not know whether this value is appropriate or not,
because we have no comparable data for c. The fact that the c curve has a maximum appears to be
consistent with the result shown in Figure 8. The emergence of maximum has also been reported for
the stress-dependent curve of normalized work for poly(vinyl alcohol)/poly(acrylic acid) copolymer
gels undergoing a pH-jump [51].
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Until now, the definition and application of the Clapeyron Equation for the volume phase transition
of polymer gels under applied force were shown, where the discussion was basically limited to the
gels in the cylindrical geometry. This is because the cylindrical geometry was ideal, and thus the
coexistence of two gel phases was realized at the transition point. However, Hirotsu has shown that
the temperature range where the coexistence is realized becomes larger than several degrees Celsius
for ionic gels [8,9]. This is quite strange as the first-order phase transition, but is more serious because
the transition temperature cannot be determined uniquely and thus the applicability of the Clapeyron
Equation is vanished. For the volume phase transition of cylindrical gels, swelling or collapsing
initiates at the ends, probably due to an end effect originating from the fact that the end zone is different
in circumstance from other parts. The interface between two gel phases is not so thin because the
gels are solid, meaning that the elastic energy at the interface cannot be ignored. Therefore, the phase
transition completes when the interface “melts” and this may require several degrees celsius for the
ionic gels. Thus, the applicability of the Clapeyron Equation is rather limited, but the Clapeyron
Equation works as a powerful tool as long as the temperature range for coexistence is not so large.
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