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                          Chapter 1

                     General :nt=oduetion

     Gels are popular materiais in ouT life. For exarnple, there
are various kind of gel-like materials in foods.lr2 Most of soft

tissues in human body are aiso considered as polymer gels.3 The

applications of synthetic polyrner geis have been made
extensively and various types of gels have been produced in

industries. Historically speaking, studies on gels were carried

out chiefly by chemists and they still proceed their work
intensively. current developrnents in polyrner physics4r5 have

attracted physicists to the studies on polymer gels, and now

poXymer geZs are studied as a part of physics of cornplex fluids,
or physics of soft materials.6t7 The physics of the complex

fluids is developing rapidly and providing new and interesting
aspects of polymer gels, such as volume transition.8,9

     A polymer gel Å}s defined as a three-dimensional (3d)

network with infinite molecular weight, swollen in solvent, and

is classified into two categories, dependently of the type of

crosslink region; one is so-called "chernical gel" where covalent

                                                   4bonds act as crosslinks, and the other "physical gel".                                                     There are
various kinds of crosslinks in physical gels;4 for instance,

helical dornains act as crossiinks in gelatin gel. The physical

gels are in solid state at certain ternperatures (usually,

around roorn temperature) but change to liquids by raising (or

lowering) temperature, and the liquids (polymer soiutions) are

sornetirnes called sols. The change between the two states is
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cailed sol--gel transition and occurs therrnoreversibly, although

hysteresis behavior is often observed for the transition. The

transÅ}tion temperature is close to the ternperature at which

conformational change of polyrner chains occurs, and the change

causes the forrnation (or annihUation) of crosslink regions.

Phase dtagrams have been obeained for several physicai gei

systems.10 They show that there exists a critical poiymer

concentTation. The systern shows the sol-gel transition when the

polyrner concentration is higher than the critical concentration,

but sol-gel transition is not observed when the concentration is

lower than the critical concentration. In the latter case. only

the cluster formation (or annihilation) is observed around the

temperature for the conforrnational change. The system composed of

the clusters is viscous but is still in liquid state, and is also

called sol.
     Gelatton process must be clarified" for understanding of

physicochemical as well as mechanical properties of polyTmer gels,

since the process determines the properties through the
structure. Full description of the gelatien process is very

difficult because various factors affect the process, but studies

on how physical quantities change wtth extent of reaction will

give us useful inforrnation on the gelation procesS. Geiation

was first treated as a sequential reaction of. multi-functional

monorners, and the critical concentration for gelation and the

dependence of physical quantities on the extent of reaction have
been widely studied.4,11 Recent studies have paid much attention

to the critical behavior of physical quantities (i.e., how they

-2-



'converge to zero or diverge to the infinity. as a system
approaches the gelation point). using a quantity calXed relative

distance frorn the geiation point (eÅr, the critical behavior of

physical quantity (here, symbolized by Q) is assurned to be

expressed by

where p is cailed the critical exponent for 9. The exponent p is

negative when Q diverges to the infinity, or is positive when

converges to O. as E approaches zero. The theory based on Bethe

lattice, which inherently has the infinite space dirnension (d),

has been now called as•a elassical (or rnean-field) theory fer the

gelation.4rll,12 The theory neglects the effects of excluded

volurne and closed ring forrnation.4,12 Although the gelation

threshold obtained by the classical theory has been shown to

agree fairly well with those obtained by experiments, the

critical behavior is quite different between the theory and
experirnents.4t12,13

     A percolation theory4,12-i5 has been hÅ}ghlighted as useful

tool for describing the critical behavior for gelation. The

percolation theory is. in principZe, based on rnodeling of the

cluster forrnation in the lattice with finite space dimension, and

takes the effects of excluded volume and closed ring formation

into account.4,12 Based on the percolation. gelation can be

regarded as a critical phenomenon such that occurs around
thermodyTiamicai criticax point,12,i5ti6 and soi-gei transition is

-3-



 analogized with the thermodynarnical second-order transition. The

 order parameter, which is a basic quantity for describing the

 criticai phenomenon, for the sol-geJ transition is a gel fraction

 and the high symmetry phase is assigned to the sol
 phase.12t13,15 There are several types oi models for
 percolation;12,l3r15 site-percolation and bond-percolation aTe

 typical among them. Several types of lattices are employed for

the analytical and numerical studies on percolation. The
analytical and numerical studies have provided irnportant and

interesting predictions that the critical expenents, whieh

determines the critical behavior of the physical quantities.

depend only on d, although the threshold value depends on the
types of rnodels and lattices used.4r12,13r15 There exists a

critical dimension for the percolation. At and above the

critical dimension, the critical exponents obtained by the

percolation agree with those obtained by the classical (mean-

field) theory. The cr•itical dimension for the percolation is six

and this value is often used as d for the Bethe lattice. We can

think that the percolation involves the classical theory for
                                      12gelation as a special case for d=6.                                          There are several

equalities among the cTitical exponents, which are called saaling

relations, and the scaling relation containing d is called
especiany the hyperscaiing relations.12r13,!5 The scaling

relations including hyperscaXing relations hold for both the

percolation and classical theories. but d=6 rnust be used for the

hyperscaling in the classical theory.12 The concept of
fractality17-20 becornes very irnportant in studies on critical

-4-



phenomena. The fractal objects have no characteristic Xength and
                                                 17-20                                                       rt hasshow the self-similarity over all the scale length.

been found that there are many fractal objects in the field of

chemistry as well as physics; a polymer gel at the gelation

point, for exarnple, has been considered as a fractal with iractal

dimension (df) of 2.s.12,13,15,17--20

     Physieal quantities treated with the percolation theory can

be divided into two groups;15f18-20 one is calied static

quantities, and the other the dynamic ones; ior example, the

molecular weight and the correlation length belong to the former

group. and the rnodulus and the viscosity to the latter. The

critical behavier of the dynamic quantities have been less

understood cornpared with that of the static ones. For
understanding of the critical behavior of the dynasnic quantities,

the idea of multi-fractal18-20 (i.e., nested fractal) for the

fractal objects has become rnore important. Reiated to 'the

critical behavior, attention has been paid to crossover behavior

          19at present.

     As reviewed above, theoretical studies provide a lot of

inforrnation on the critical behavior of polyrner gels. Numecical

sirnulations have also been made to check the th.eoretical
predictions to large extent.2i polyrner systems showing sol-gel

transition have been now re-recognized as good systems to check

the theoretÅ}cal predictSons by experiments in the percolation

theory. Experimental studies on the criticai behavior of polyTner

gels have increased at present. The critical behavior of the

dynantc quantities of polymer gels has aiso been studied
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 experirnentally by many researchers, but the studies have focused
 mainly on rnodulus22m26. This originates frorn the experimental

 difficulty for the other quantitÅ}es. The value of the Åëritical
 exponent fer modulus stul remains scattered at present.24r25

 Studies are only a few for the crossover of eiasticity. Thus, the

 criticaZ behavSor of dynarnic quantities for polymer gels is still

 uncertain.

      Polymer gels far from the gelation point have enough
 crossiink points, and then physicochernical propeTties of polyTner

 gels can be treated by usuai physicai chemistTy of polymers.

 Starting point for describing physicoehernieal properties of

polyiner gels will be free energy (F). Among the physicochemical

properties, free swelling is one of the most irnpertant
properties of the polymer gels. The system to be aonsidered

comprises polyrner network of fZexible polyrner chains and solvent

molecules. Since the volurne (V) change of the gel specimen in

usual experiments will occur isothermally at a constant pressure,

it is convenient to use the Gibbs free energy. HereafteT, we

regard F as the Gibbs free energy. Basically, for electrically

neutral gels, F eonsists of three components.4r8,9,11

Here, Fo is the free energy of polymer chains and solvent
inolecules. Frn is the mixing free energy of chains and solvent

molecules and Fe being the elastic free energy of the polymer

network. Since solvent molecuies can rnove thTough the gel-solvent

--  6-



interface, the system considered is an

semÅ}-open) systern in a thermodynaTnical

pressure (n) defined by8.9.1!

         n--(5F16v)T

the equilibrium condition is given by

         n=o

open (exactly speaking,

 sense. Using osmotic

(1-3)

(1-4)

The quantity H comprises two terrns.

Hm originates from Fm and IIe from Fe. The detailed expressions

for nm and ne (or, Frn and Fe) depend on the theory used. The
Flory-type elassical theory provides nm and ne as8,9,11

         n.=-(kBTIv.)[ln(1-e)+Åë+xdi2] (1-6)

         IIe=NckBT[(tp12Åëo)-(Åë1tpo)1/3] (1-7)

Here, vs. kB, T, Åë, X and Nc are respectively the voiume of a

solvent molecule, the Boltzmann constant, the absolute
ternperature, the volurne fraction of polyrner network. the

interaction parameter between polyrner and solvent, and the number

of active chains in unit volume. The quantity Åëo is the value of

-7-



 Åë before swelling. Using the value of V before swelling (Vo),
 ÅëolÅë=V/Vo• On the other hand. the scazing theory4r5 for polymers

 have shown that8r27

Here, A and B are constants, and m"1/3 and n=9/4 for good
solvent. Time (t) evolution for smali volume elernent of polymer

gels in the course of swelling can be described by the following

equation.8,28,29

         p(62v16t2)=divu-ig(6v16t) (Z-10)

HeTe, P, v, U and ig are the density, displacernent vector, stress

tensor and the friction coefficient between network and solvent

molecules, respectively. Zn most cases, the aceeleration terrn is
neglected because the rnotion is slow enough.8,28,29

     Experimental studies on equilibriurn sweliing behavior and

swelling dynanics of polyrner gels have been carried out
intensively, and the results have been analyzed by the theory
reviewed above.8t9r24,27-37 The studies however have dealt
                                       tl
alrnost with the free swelling. :t is very import.ant,to
investigate anisotropic swelling behavior, which will occur for

gels under constraints, for further understanding of
physicochemical properties of poiyrner gels.

    The aim of this study is to investigate propertÅ}es of
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"hydrophilic polyrner gel systerns near as well as far from the

gelation points by foeusing on the critical behavior of the

dynamic quantities near the gelation point, and on swelling and

stress relaxation for non-critical (i.e., well-crosslinked)

geis.

    This dissertation consists of six chapters. Structure and

mechanical properties of poly(vinyl alcohol) (PVA) gels swollen

in various solvents are discussed in Chapter 2. Chapters 3

describes the cTitical behavior of the specific viscosity and

intrinsic viscosity. Critical and crossover behavior of Young's

modulus are shown in Chapter 4. Chapters 5 deals theoretically

with the swelZing and stress relaxation of polyiner gels after

uniaxial deformation is appiied to the gels. In Chapter 6,

experimental results of the swelling and stTess relaxation for

uniaxially stretched poly(acrylantde) (PAArn) geis are shown and

are compared with the theoretical predictions.

-9-
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                          Chapter 2

 Structure and Mechanical Properties of Poly(vinyl aZcohol) Gels

                  Swollen by Various Solvents

                       2-1 Zntroduction

     Studies on the preparation and mechanical propertSes of

poly(vinyl alcohoX) (PVA) hydrogels have been carried eut by rnany

researchers.1-4 However, the relationship between the structure

and mechanical properties of PVA hydrogels remains unclear.
                                                            3According to the preparation method developed by Hyon et al.,

currentiy the best way to obtain highly transparent and strong

PVA hydrogeis, the hydrogels are prepared in severai steps where

precursor gels are formed, as is shown in the next section. Zt is

necessary to clarify the structure, swelling and rnechanical

properties relationship of the precursor. gels as well as the

hydrogels for designing the PVA hydrogels with desirable
rnechanical properties. In the present chapter, swelling and

mechanicaZ properties of PVA hydrogel and PVA gels obtained by

swelling precursors in various soivents are described. The

discussions and estirnation on the structure of these materials

were rnade, being based on the swelling and mechanical behavior

of the gels. Among the precursor gels, the gel swollen in the

mixed solvent of dirnethyl sulfoxide and water is employed in

Chapter 4. The sarne system at lower concentration is used in

Chapter 3. This is because the system shows a unique sol-gel

transition behavior. The results shown in this chapter will help

to understand the unique characteristics of the systern.

-13-



                        2-2 Experimentai

      PVA used in this study was supplied by UnÅ}tika Co., Japan.

 The degTee of poiymerization was 1700, and the degree of
 saponification was 99.5mol&. The preparation process of PVA

 hydrogel is schernatically shown in Figure 2-1, which also

 contains the sample codes used for the PVA hydrogel and PVA gels

 obtained by swelling precursors in various solvents. The sample.

 PVA GEL (DMSOIW), was prepared by disselving PVA in a rnixture of

 water and dimethyl sulfoxide (DMSO) (1:4 by weight) at 105eC, and

 then maintaining the sample at -200C for 24h. The polymer

 concentration, at which PVA was initially dissoived into the

 solvent, was designated by co. PVA GEL (W), PVA GEL (MeOH), and

PVA GEL (EtOH) vvere obtained from PVA GEL (DMSOIW) by exchanging

the ntxed solvent with water, Tnethanol and ethanQl, respeatively.

PVA GEL, W and PVA GEL, Solv. were also prepared respectively

from PVA GEL (EtOH) by drying in a vacuurn oven at 300C and then

swelling in water and the erganic solvents. The solvent used and

the solubility parameter (6) obtained from the literature,5 are

listed in Table 2-1. Zn order to prepare PVA HYDROGEL, PVA GEL

(EtOH) was dried in a vacuum oven at 300C. and then annealed in a

oiZ bath. The anneaiing temperature is expressed as Ta. The PVA

HYDROGEL was finaMy obtained by swelling the annealed gel in

water.

     Swelling experiments were carried out at room temperature.

The degree of swelling of the gels was measured by weight, and

expressed in w.tg using either PVA content (Wp) or soivent content

(Ws) which is equai to 100-wp.

                            --14-



2 ation of PVA Gels

Dissolve

 '

         I)

, DMSO/water

      PVA

     cool

v A

10SOC, lh

solution

.200Ct 24h

 Replacet
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       Water
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Dried
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  Swellt Water
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PVA HYDROGEL

Figure 2-1 . Schematic

  hydrogels.
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oE PVA

also
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Solvent

water

forrnamide

methanol

ethanol

butylolactone

diethylene glycol

2-propanol

2-methyl-l-propanol

2-methyl-2,4-pentanediol

23.4

19.2

14.5

12.7

12.6

12.1

11. 5

10.5

9.7

Table 2-1. Solubility parameter (6) of solvents used for swelling

dried PVA GEL (EtOH).
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    The stress--strain curves of PVA gel samples were rneasured at

the room ternperature (23-250C) in solvent by using a Orientec

RTIYI250 Tensile Tester with a speeially designed bath. The

uniaxial elongation was carried out at a constant crosshead speed

(v)• Mechanieal behavior of PVA gels 'was described by using
                                                    6stress (u) and strain (E) that were defined as follows:

U= CrEX

E=lnX

(2-1)

(2-2)

where N is the extension ratio, and uE the engineering stress. rn

obtaining Equation 2-1. we assumed that the volume of a gel was

unchanged before and after deformation for all gels.

                          2-3 Results

     Figure 2-2 shows the doubie-logarithrnic plots of u vs. E of

PVA GEL (DMSO/W). In the low E region, each curve can be
approximated by a line with the slope of unity. The curves start

to deviate upwards from the straight line at an intermediate E.

The initial Young's rnodulus Eo for each gel can be obtained frorn

the low E region in Figure 2-2. The value of Eo increases with

increasing Wp of the geis.

     rn FSgure 2-3, simtlar plots for PVA GEL (W), PVA GEL

(MeOH), and PVA GEL (EtOH) are shown. The value of Wp is also

shown in the figure. For these ge!s, ao was fixed at 10wtg. The

value Wp of PVA GEL (W) was 17.4wt&; Wp increased by the

-17-
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exchange of DMSOIW with water. Wp is also increased by organic

solvent exchange as shown for PVA GEL (MeOH) and PVA GEL (EtOH),

which were a Zittle opaque. The Wp values for the gels are high

compared with that for PVA GEL (W), but there iS no difference

between Wp's of PVA GEL (MeOH) and PVA GEL (EtOH). The stress-

strain cuTve of PVA GEL (W) is very simiZar to that of PVA GEL

(DMSOIW) (Figure 2-2). The curves for PVA GEL (MeOH) and PVA GEL

(EtOH) can be approximated by a line with the slope of unity in

the Zow E region, but shoulders are observed in the middle

   ,regxon.

     The solvent contents (Ws) in wtg of the gels prepared by

drying PVA GEL (EtOH) and then irnmersing thern in various solvents

listed in Eable 2-1, are plotted in FiguTe 2-4 as a function of 6

of the soivent. The initial polymer concentration co of the

specirnens was 10wtg for all cases. These gels are designated by

PVA GEr-, W and PVA GEL, Solv.. Here, W stands for water, and

Solv. refers to each of Åéhe organic solvents used for swelling;

for example, MeOH (methanol), EtOH (ethanoZ). As can be seen frorn

this figure, the solvents except water, forrnamide and rnethanol do

not swell the dried gel. The value Ws increases with increasing 6

for rnethanol, forrnarnide, and water.

    Figure 2-5 shows plots of Eo against polyrner concentration
(e) in kg/m3 for PVA GEL, W and PVA GEL, Solv.. The values of Eo

for gels swollen in water, forrnamide and methanol fall on a line

of the slope of 4.7. The value Eo for the non-swollen PVA gels
in the solvents with 6Åq12.7cali12ccdl/2 shows upward deviation

frorn the iine.
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     Zn Figure 2-6, Ws of pVA HYDROGEL is pZotted against co.
Except the hydrogel at co=7wt& and Ta=1250C, Ws of the gels at

the same Ta appears to be independent of co. On the other hand,

Ws for the hydrogels at the sarne co decreases with increasing Ta.

     Figure 2-7 shows plots of log u vs. Iog E for PVA HYDROGEL

at co=13wt&. Data for each gel in the low E region can be
expressed by a line of slope one. As Ta increases, the value of

Eo increases and a shoulder in the middle E range also becornes

more pronounced.

     Zn Figure 2--8, siniZar plots for PVA HYDROGEL annealed at

1340C are shown. As can be seen from this figure, stress-strain

curves for the three specirnens agree weil. The value of Eo is

aimost identical for the three sarnples with different co.

     The effects of v on the stress-strain behavior was exanined

for PVA HYDROGEL. The results are shown in Figure 2-9. The curves

are shifted vertically in order that they do not overlap each

other. Xn the middle E region, the shape ef the curves changes

depending on v. The curve at v=lrnrnlmin clearly exhibits a minirnurn

in the rniddle E region. As v increases, the shape of the curves

changes to one with inflection-point frorn its original pXateau-

Zike shape.

     Zn Figure 2-10, double-logarithrnic plots of u against E for

PVA HYDROGEL are shown. The rnaximum strain magnitude imposed on
the sample was 1.lxlO'1 in the first run, and was within the

elastic limit. After the strain was recovered by moving the

cross-head of the testing rnachÅ}ne in the reverse direction to the

zero-force point, the stress-stTain curves were again rneasured

                             -23-
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(the second run). The data points in the first and secend

experiments coincide well with each other. Similar plots are

shown in Figures 2-11 and 2-12. The inaximum strain rnagnitude
applied to the sarnple in the first run is 2.5xlO'1 in Figure 2-11

and 4.6xlO-1 in Figure 2-12. As can be seen frorn these figures,

Eo at the second run decreases with increasing maximum strain

amplitude of the first run.

                        2-4 Discussion

                    2-4-1 PVA GEL (DMSO/W)
     As reported by Naito.7 water and DMso act as soZvents for

PVA, and DMSO is a better solvent than water. The solubility of

PVA in a ntxture of DMSO and water depends on the composition.

PVA precipitates in the mixtures with DMSO eontents of 40-70volg
at 3oOc.8 However, it has been also reported7 that the mixtures

of DMSO and water with DMSO contents higher than 70volrg can

dissolve PVA and PVA does not precipitate. The solvent we used in

this study has DMSO volume contents of 78g, suggesting that the

rnixture is a solvent for PVA. This fact rneans that the network

structure is homogeneous and the polymer chain strands between

crosslink points are flexible.

     pVA hydrogels showed a shoulder on ioga-logE curve (see, for

example, Figure 2-7), and the shoulder is closely related to a

breakdown process of the microcrystalline dornains which behave as

crosslink points, as will be discussed later. The plots in

Figure 2-2, however, do not show the shoulder. This irnplies that

the domains acting as crosslinks are smaller in size for PVA GEL
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(DMSO/W) than for PVA HYDROGEL. The domains are composed of

several polymer chains, while the microcrystalline domains in PVA

HYDROGEL comprise many chains. When strain is applied to the

_ system, stress concentrates on the microcrystalline domains in

PVA HYDROGEL and the microcrystalline domains break down at a

critical strain, showing a shoulder on log a-log E curve. In the

case of PVA GEL (DMSO/W), the crosslink domains, to the contrary,

are small and uniformly dispersed in the gel, as discussed

below. The chains between the domains are also enough flexible.

Stress concentrations may not easily occur and the gel behaves

like a crosslinked rubber, resulting in no shoulder on log a­

log E curve.

In the concentrated solutions of PVA where entanglements of

PVA chains are already formed uniformly, intermolecular hydrogen

bonding rather than intramolecular hydrogen bonding will occur

when they are cooled. The crosslinks by the formation of hydrogen

bonds between PVA chains start to be formed upon cooling to

-20 0 C. The crosslink points can be considered to occur from

entanglement points existing in solution before cooling. l A

sequence of hydrogen bonds, which are formed at the entanglement

points during keeping at -20 0 C and raising the temperature, can

be referred to as a zipper-like domain. 8 The domains caused by

this molecular association act as crosslinks in PVA GEL (DMSO/W).

In a thermodynamical sense, the zipper-like domains might be

regarded as microcrystalline domains because they have a melting

point depending on the length.
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      2-4-2 PVA GEZ (W), PVn GEL (MeOH) and PVA GEL (EtOH)

     As rnentioned previously, Wp of PVA GEL (W) is higher than

that of PVA GEL (DMSOIW), suggesting that PVA GEL (W) shrunk

during the solvent exchange process. The shrinkage inay be because

water is a slightly poorer solvent than DMSOIW. However, since

the plots of logu vs. Ioge for PVA GEL (W) (Figure 2-3) are very

similar in the shape to that of PVA GEL (DMSO/W) (Figure 2-2),

the structure of the gel is considered to be almost identicai to

that of PVA GEL (DMSOIW}.

     The Wp for PVA GEL (MeOH) and PVA GEL (EtOH) are high

cornpared with that for PVA GEL (W). This is because rnethanol and

ethanol are poor solvents for PVA. As mentioned previously, PVA

GEL (EtOH) and PVA GEL (MeOH) were slightly opaque, suggesting

that phase separation occurs in the gels. The experimental
results on the'  rnechanical properties also suggest the phase-

separated structure for the gels. The loga-logE curves of the

gels showed a shoulder. The shouider might be attributed to the

forrnation of large microcrystaliine domains or aggregation of

microcrystalites, both of which rnake the gels turbid, during

soXvent exchange. Such crystalline domains can not be dissolved

even though the gels are again immersed in water. Then, we can

expect that the gels show a shoulder on the logu-logE curve as

is the case for PVA HYDROGEL. On the other hand, PVA GEL (W).

which is prepared through PVA GEL (EtOH), does not show a
shoulder. Therefore, we can conclude that PVA GEL (EtOH) and PVA

GEL (MeOH) have a two-phase structure. In the course of solvent

exchange. the gel size decreases due to the decrease of solvent
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 power in the gels. The decrease of solvent power also Åëauses the

 phase separation, which brings a heterogeneity into the gels; it

 occurs first in the surface area, and then the two phase area

 diffuses to the central part of the gel. The geis becaTne turbid

 for initial several days of immersion, but the turbidity did not

change during further two weeks. The degree of shrinkage of the

gels shows a constant value after about one week, and a phase-

separated structure cornposed of the PVA-rich phase and solvent-

rich phase is formed in the gels. The crosslink domains formed

initiaiiy by the rnolecular association in PVA GEL (DMSOIW),

namely, zipper-like dornains, rnight grow. Most of PVA chains exist

in PVA-rich phase where hydrogen bonding between PVA chains also

exists. The degree of shrinkage of the gels might be controlled

by the type of solvent used for solvent exchange frorn the mixed

solvent. However, Wp of PVA GEL,(MeOH) and PVA GEL (EtOH) is

alrnost identical (39.1 and 38.0wt& Tespectively as shown in

Figure 2-3). The reason rnight be that both the solvents are very

poor, and the precipitation and shrinkage of PVA occur too

rapidly to reach the equilibrium state.

    As can be seen frorn Figure 2-3, PVA GEL (EtOH) and PVA GEL

(MeOH) show high Eo compared with PVA GEL (W) having a
homogeneous structure. The value of Eo of PVA GEL (EtOH) is

higher than that of PVA GEL (MeOH). The values of Eo of PVA GEL

(MeOH) and PVA GEL (EtOH) having two-phase structure are affected

by various factors such as rnorphology, composition of PVA- and

solvent-rich phases, as well as PVA content in PVA--rich phase.

The rnorphelogy of PVA GEL (MeOH) and PVA GEL (EtOH) seems to be
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almost identical, because both gels form a bicontinuous
structure cornposed of the pVA- and soivent-rich phases. The

difference of Eo of the gels having two-phase strueture zs
deterntned by the combination of the PVA content in PVA-rich

pha$e and the composition of the two phases. The higher the

concentration in PVA-rich phase becornes, the iower the
cornpositien of PVA-rich phase when Wp is kept constant as in the

case of PVA GEL (MeOH) and PVA GEL (EtOH). The higher value of

Eo of PVA GEL (EtOH) shows that the effect of concentration of

PVA in PVA-rich phase is rnore dominant than that of the
cornposition. Eo of PVA-rich phase is affected by the glass

transition temperature (Tg) of PVA-rich phase or the crosslink

density due to hydrogen bonds in the phase. Tg of PVA has been

reported to be 850c,5 but Tg of pVA-rich phase is c-dependent;

the Tg decreases with decreasing PVA concentration. Tg will be a

determining factor of Eo when Tg ef PVA rich phase of both or one

of the gels is higher than the roorn temperature. On the other

hand, the crosslink density is a deterrnining factor of Eo when Tg

of PVA-rich phase of both gels is below the room ternperatu=e.

Although we cannot clarify at present which deterrnines Eo of PVA-

rich phase for the gels, the crosslink density as well as Tg

increases with increasing PVA concentration. :ndependently of

which is the determining factor, it is probable that flexibility

of chains decreases with increasing PVA concentration. and the

flexibility deterntnes Eo. The higher PVA concentration in PVA-

rich phase for PVA GEL (EtOH), cornpared with PVA GEL (MeOH). is

because ethanol is pooTer solvent than methanol, as can be seen

-35-



from the data shown in Figure 2-4. The shoulders on the stress­

strain curves for PVA GEL (EtOH) and PVA GEL (MeOH) shown in

Figure 2-3 appears to be related to the breakdown process of the

_ PVA-rich phase.

2-4-3 PVA GEL, Wand PVA GEL, Solv.

We examined the swelling behavior of dried gels in various

solvents. The solubility of polymer with the solubility parameter

5p in a solvent (5) should be determined by lo-5p l. In the

particular case in which a single polymer is considered, Op is

constant and the solubility might be a function of 5 of solvents.

Ws of the swollen gel was analyzed as a function of O. Although

difference of Ws of PVA-solvent systems can not be completely

described by 0 because of hydrogen bonding interactions in the

systems, 0 of solvents will be a crude measure of the extent to

which the dried gel absorbs the solvent. The similar case was

treated by Dror et al. 9 for polyurethane-solvent systems. Since

PVA GEL, Salvo (Salv. refers to the organic solvent with

O~12.7call/2cc-l/2 in Table 2-1) was not swollen in the solvent,

PVA GEL, Solv. at O~12.7call/2cc-l/2 is in glassy state showing

high EO. PVA GEL, W, PVA GEL, Formamide, and PVA GEL, MeOH

contained small amount of solvent. The value Wp of PVA GEL, W was

slightly higher than that of PVA GEL (W), while PVA GEL, MeOH

shows much higher Wp than PVA GEL (MeOH). For the ethanol system,

PVA GEL, EtOH do not swell, while PVA GEL (EtOH) contains 62wt%

of the solvent. These results suggest that the drying process

from PVA GEL (EtOH), through which PVA GEL, Wand PVA GEL, Solv.
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are prepared, is an irnportant factor for determining Wp of the

systems• As stated previously, PVA GEL (EtOH) has a two-phase

structure. When PVA GEL (EtOH) is dried, the gel size decreases

with increasing time for drying. Xn this process, however, the

phase-separated structure cornposed of PVA-rich phase and solvent-

rich phase, is matntained to a criticai polymer concentration

where gels become homogeneous. At concentratÅ}ons higher than the

critical concentration, the two phases tend to mix each other

therrnodynamically, but the existence of hydrogen bonding between

PVA chains prevents frorn mixing. As rnentioned previously,

hydrogen bonding is fdrmed in PVA rich-phase in PVA GEL (EtOH),

and the forrnation of hydrogen bonding is also enhanced during

drying. Hence, it is expected that the degree of phase ntxing is

very low in the dried gel. This irnplies that the structure of the

dried gel is microporous. PVA GEL, W and PVA GEL, MeOH are

prepared by immersing the dried gel into each of the solvents.

The Wp of the gel is chiefly deterrnined by what extent of

crosslinks by the molecular association as weZl as hydrogen bonds

is broken by swelling; -'n other words, the degree of breakage

depends on the solvent type used. As can be seen frorn Figures 2-

3, 2-4 and 2-5, the small difference in Wp and Eo between PVA

GEL, (W) and PVA GEL, W shows that the structure of these gels is

alrnost identical, suggesting that hydrogen bonds which occur in

the solvent exchange process and the drying process, can be

easily elirninated by sweXling by water, while the crosslinks are

rnaintained. This is because hydrogen bonding between two PVA

chains occurring in the solvent exehange and drying stages is
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weak cornpared with the crossiinks formed by the molecular

association in PVA GEL (DMSOIW).

     When rnethanol is used as a swelling solvent, the solvent can

break only a smail amount of the hydrogen bonds. the formation of

which is enhaneed further by the drying process, resulting in the

large difference in Wp between PVA GEL (MeOH) and PVA GEL, MeOH.

PVA GEL, MeOH contains most of solvent in porous structure. The

structure of PVA GEL, MeOH can be considered to be almost
identicaZ to that of PVA GEL (MeOH); beth have a phase-separated

structure. Formamide is a better soZvent than rnethanol for PVA,

but stmilar structure can also be considered for PVA GEL.

Formarnide, because Eo of the gel is comparable with that of PVA

GEL (EtOH) with alrnost the sarne Wp. On the other hand, as ethanol

is a poorer solvent than rnethanol for PVA, ethanol can not be

absorbed by the dry gel.

    Dynarnic Young's inodulus (E') for the PVA GEL (DMSOIW) system

is proportÅ}onal to cM (mg2.3) in the region of c higher than

about 75kglm3, as wiZl be shown in Chapter 4. In this system the

structure of the gel is unchanged even when c varies. The c

dependence of E' of PVA GEL (DMSOIW) was influenced enly by the

network density. On the other hand, the c dependence of Eo for

the systern cornposed of PVA GEL, W, PVA GEL, Ferrnamide and PVA

GEL, MeOH shown in Figure 2-5 is stronger than that for the PVA

GEL (DMSOIW) system. The reason of the strong concentration

dependence is that the concentration dependence of Eo in the

figure is affeeted by various factors: the difference of the

phase structure, PVA concentration in PVA-rich phase, and so on.
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                      2-4-4 PVA HYDROGEL
    The swelling behavior of the hydrogels seerns to be strongly

affected by the structure of the precursor gels formed in the

course of PVA HYDROGEL preparation. PVA HYDROGEL experiences a

drying process in the course of the sample preparation. As

shrinkage occurs in the drying process, the stTucture of the

dried gels seems to become nearly simUar, regardless of co. The

structuraX diffe:ences of PVA HYDROGEL originating frorn the

difference of co disappeared at this stage, as long as Ta was

identical. This will be the reason why PVA HYDROGEL at the $ame

Ta did not show the co dependence of Ws. Crystallization occurs

at the annealing process, and crystallinity is deeerntned by Ta.

As no structural dSfference exÅ}sted for the dried gel at various

co, the difference in Ws among the hydrogels with different Ta is

felt to be determined only by the difference in crystallinity.

Microcrystailine domains act as crosslinks in PVA HYDROGEL. The

number of crosslinks is independent of co when Ta is identical

for the hydrogels; the number of crossiinks in the gel is

determined by Ta, and is identical for hydrogels at the sarne Ta.

The number of crosslinks increases with increasing Ta
(consequently increasing crystallinity), although the increase of

crystaliinity also increases the domain size. This causes the

decrease of Ws with increasing crystallinity. Zt is not clear at

present why the gel at co=7wt&, and Ta=1250C, showed the higher

Ws than those for the other gels at the same Ta.

     The increase of•Eo shown in Figure 2-7 is due to the,

decrease of Ws, which originates frorn the increase of

-39-



crystallinity as Ta increases. PYA HYDROGEL contains the

microcrystalline domains formed in the annealing process, and

also amorphous chains of high mobility because the chains are

hydrated. The shoulder in the figure originates from the

breakdown of the microcrystalline domains by the deformation

imposed. It can be seen from the figure that the shoulder is

enhanced with increasing Ta . This is because the microcrystalline

domains increase with increasing Ta . The stress-strain curves for

the three specimens in Figure 2-8 agreed well. The value of EO

was almost identical for the three samples with different cO,

This is because the number of crosslinks is almost the same for

the hydrogels. The coincidence of the curves for the three

specimens in the middle £ region arises because the extent of

microcrystalline domain broken down by the deformation applied is

the same for the samples.

The v-dependent change in shape of the loga-log£ curves

(Figure 2-9) appears to be closely related to the stress

relaxation in the course of the measurement. At low E region

within the elastic limit, stress relaxation can not occur because

the network structure, where microcrystalline domains act as

crosslinks, is not broken by the strains. Actually, EO of

specimens at various v is almost identical, as can be seen from

the figure. In the middle E region, however, the

microcrystalline domains are broken down when the deformation is

imposed. The breakdown of the domains will originate stress

relaxation, and the effect is reflected strongly for the sample

at low v, as is observed in the loga-loge curve of v=lmm/min, as
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a minimum in the middle a range.

The data points in the first and second experiments

coincided well with each other for the case shown in Figure 2-10.

This is because the microcrystalline domains are not broken by

the deformation imposed in the first run, since the strain

magnitude is small enough. When the applied strain magnitude is

larger than that of the linear elasticity limit, however, EO at

the second run decreases with increasing maximum strain

magnitude, compared with EO in the first run, as shown in Figures

2-11 and 2-12. This is because the amount of microcrystalline

domains, which are broken in the first run, increases as the

maximum strain magnitude in the first run increases. On the other

hand, the data points obtained by the first and second runs can

be smoothly connected by a single curve for each figure,

suggesting that in the second run experiment, the maximum strain

magnitude in the first run does not affect the stress-strain

behavior in the region of E larger than the maximum strain

magnitude in the first run.

2-4-5 Structure of PVA gels

Based on the experimental results, we can estimate the

structure of PVA gels. A scheme of the proposed structure for

each gel is shown in Figure 2-13. From PVA solutions at Co

higher than the gelation threshold (CG)' PVA GEL (DMSO/W) with a

small crosslink domains (zipper-like domains) and flexible

chains, is formed. PVA GEL (W) has almost the same structure as

PVA GEL (DMSO/W). On the other hand, PVA GEL (EtOH) and PVA GEL
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(MeOH) have a twe-phase structure composed of PVA-rich and

soivent-rich phases. The size of the gels is smaller than that

of PVA GEL (DMSO/W). The dried geX ebtained from PVA GEL (EtOH)

shows similar structure to that of PVA GEL (EtOH) and PVA GEL

(MeOH), but the size is much reduced. The strueture can be
eonsidered rnicroporous. PVA GEL, W, which is prepared frorn the

dried PVA GEL (EtOH), has similar structure to PVA GEL (W). PVA

GEL, MeOH and PVA GEL, FORrvTAMrDE have almost the sarne structure

as PVA GEL (EtOH). After annealing the dried gel at high
temperatures (Ta), the geis have a structure composed of flexible

chain region and microcrystalline domains, because the
nicroporous structure is diminished and crystallinity increases

by annealing. The crystallinity increases with increasing

annealing ternperature. PVA HYDROGEL formed by immersing the

annealed gel into water has microcrystalline dornains and flexible

chains.

                       2-5 Conclusions

     The swelling and mechanical properties of poly(vinyl

aicohoZ) (PVA) hydrogels, and PVA gels obtained by swelling

precursors in various solvents were investigated. On the basis of

the experirnental results, the structure of the gels in various

solvents was estimated. PVA gels have a uniforrn structure with

flexible PVA chains in a rnixed solvent of dirnethylsulfoxide

(DMSO) and water. On the other hand, those swollen in rnethanol,

ethanol and forrnantde have a two-phase structure, which is-

cornposed of PVA-rich and solvent rich phases. The PVA chains in
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the PVA-rich phase are crosslinked by hydrogen bonding. The

degree of swelling of PVA hydrogels depends on annealing
temperature, but is almost independent ef the initiai polyrner

concentration. Mechanicai properties of the hydrogels are aZso

influenced by the degree of swelling. A shoulder is observed in

double logarithmic plots ef stress vs. strain for the hydrogels.

and becornes clearer as anneaiing temperature increases. This

shoulder is closely related to the breakdown of the
ntcrocrystalline dornains acting as crosslinks. Also, the shape of

stress-strain curves plotted double-logarithmically for the

hydrogels changes with the extension rate.

-- 44-



References

1. M. Nambu, Kobunshi Rombunshu, 47, 659 (1990)

2. S.-H. Hyon, W.-r. Cha and Y. Ikada, Kobunshi Ronbunshu.

   46r 673 (1989)

3. S.-H. Hyon, W.-Z. Cha and Y. Zkada, PoZym. Bul1., 22,

   119 (1989)

4. M. Watase and K. Nishinari, Po2ymer J., 21, 567 (1989)

5. "Po2ymer Handbook", J. Brandrup and E. H. Xmmergut, eds.,

   Xnterscience, New York, 1966.

6. E. Karnei and S. Onogi, AppZ. PoZym. Symp., 27, 19 (1975År

7. Y. Naito, KobunshikagaJ:u, 15, 597 (1958)

8. K. NishÅ}nari, S. Koide, P. A. WUIiarns, P. A. and G. O.

   Phillips. J. Phys. (Paris), 51. 1759 (1990)

9. M. Dror, M. Z. Elsabee and G. C. Berry, J. AppZ. Po2ym.

   Sci., 26. 1741 (1981)

-45-



                            Chapter 3

  Divergence of Viscosity of Poly(vinyl alcohol) Selutions near

                       the Gelation Point

                        3-1 Tntroduction

     Theoretical and experirnental studies on the critical
behavior of elasticity near the sol-geZ transition point, as wiil

be discussed Å}n the next chapter, have been made by several
research groups.1-4 However,.studies on the critical behavior of

viscosity (n) and intrinsic viscosity ([n]) are quite few. in
spite of its irnportance.5-7 The critical behavior of the

viscosity and the intrinsic viscosity in the vicinity of the

gelation point is described by

HeTe, E indicates the relative distance from the gelation point.

It should be noted that E in thÅ}s chapter and Chapter 4 is the

reiative distance, not the strain. The quantities k and x are

the critical exponents for n and [n], respectively.

     As reviewed by Stauffer et 'aJ.,5 the theoretical vaiue of k

obtained from 3-dirnensional (3d) percolation theory ranges from O

to 1.3, dependtng on the rnodel ernployed for calcuiation of the

viscosÅ}ty of a system. Hence, the theoreticaZ value of k is still

unciear at present. Among a few experimental studies on k, Adam
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et al.6 have determined experimentaliy that k=O.76-O.9, depending

on polynerizing systern where a ciuster is forrned by the ehemical
reaction of monorners, and Dumas et al.7 have reported k=O.95 for

a gelatin solution systern where the polymer clusters are formed

by physical crosslinks. The critical behavior of the viscosity

near the sol-gel transition point for physical gei systerns other

than thts gelatin system has not yet been investigated. The

situation is sirnilar for the vaiue of x; the vaiue is also still

uncertain, although some atternpts to estimate the exponent have
been reported in the iiterature.5,8t9 it Å}s important to exarnine

further in detail whether eritical behavior of n and [n] for

polymer systerns aan be adequately described by the percolation or

classical theory.5rlO concentrated solutions of poly(vinyl

alcohol) (PVA) forrn physical geis by cooling the solutions. as

shown in the previous chapter. The dilute solutions of PVA are

expeated to forrn clusters when they are cooled. The solutaon is

suitable for studies on the physical gelation. In this chapter,

the cTitieal behavior of n and [n] for the PVA solution systems

is described.

                       3-2 Experimental

     PVA ernployed in this study was kindly supp"ed by Unitika

Co., Japan. The degree of polymerization was 1700 and the degree

of saponification was 99.5rnol&. A mÅ}xture of dimethylsulfoxide

(DMSO) and water was used as a solvent. The ratio of DMSO to

wateT was 4:1 by weight. PVA was dissolved in the solvent at-

1050C. The viscosity of the sarnples coded as PVAa7U was
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measured at 300C using an Ubbeiohde-type capillary viscometer.

The eiution tirne of the pure solvent for the vÅ}scometer was ca.

350s at 300C. The solution was also diiuted sequentially to the

concentration (c) frorn the original one to extrapolate the

viscosity to zero concentration. SeparateZy, PVA solutions,
differing in polyrner concentration (1.09 to 12.2 kg/rn3) were

prepared. They were kept in a freezer at -200C for 20h, and then

at 300C for 24h. These cooled sarnples were coded as PVA17UF. For

PVA17UF, the initial poiyiner concentration at which the solutions

were prepared and cooled is specified by cF. The viscosity of

these samples was also rneasured at 300C using an Ubbelohde-type

capillary viscorneter. The intrinsic viscosity, [n], of the

cooled sarnple (PVA17UF) was also measured but [n] Eor the
solution with lowest cF (cF=1.09kglm3) couid not be obtained.

                                            11                                                the relative    According to the common definition,
viscosity, nr, and the specific viscosity, nsp, are expressed as

follows:

nr=nlno (3-3)

nsp=(n-no)/no (3-4)

where n and no are the viscosities of the soiution and solvent,

respectively. Using these quantities and c, the reduced
viscosity is defined as nsp/c, and the inherent viscosity as

(lnnr)/c. The constant k' of the Huggins equation for n is
defined by using fouowing equation.11
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          nsp/c=[n]+k'[n]2c (3-s)

The constant k' for PVA solutions was estimated by using [n] and

the slope of plots of (nsp/c) against c.

                   3-3 Results and Discussion

             3-3-1 Divergence of Specific Viscosity

     When viscosity measurernents for solutions are performed at

high shear rates, a systern may show non-Newtonian behavior. The

critical exponent for the viscosity near the gelation point rnust

be deterndned using zero-shear viscosity of the system. First the

effect of shear rate on the viscosity of PVA17UF solutions was

examined. rn the present experiments, the shear rate corresponds

to the elution time of PVA solutions in a capSllary viscorneter.

For all PVA17UF solutions exantned in this study, the viscosity,

nsp determined by using a capillary viscometer of the solvent-

elution-tirne of 350s, was almost identical to that deterntned by

using a capillary viscorneter of the solvent elution time of 50s.

Hence, it is felt that the viscosity data obtained here are those

at the zero-shear limit.

     Figure 3-1 shows plots of T}sp vs. cF for PVAi7UF. The data

points are shown in open circies. The quantity nsp for PVA17U

is also shown in dashed line as a function of c in this figure.
In the region of concentTation (c and cF) lower than ca. 9kgm-3,

PVA17UF shows lower nsp than PVA17U. As wili be discussed later,

PVA rnolecules shrink due to.the forrnation of intramolecular
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hydroge,n bonding, and the formation of PVA clusters by
interrnolecular hydrogen bonding is srnall in the low concentration

region, although actually the foxmation occurs even at low

concentrations. This suggests that the reduced nsp for PVA17UF,

cornpared with PVA17U, in the low concentration region is due to

the reduction of the molecular size by intramolecular hydrogen

bonding. On the otheT hand, nsp of PVA17UF increases very
rapSdly with increasing cF in the high cF region. This increase

in nsp indicates that cluster forrnation by interrnolecular

hydrogen bonding is dominant in this region.

     Tt was assumed that E was given by

The quantity cG is the concentration at gelation point. Then, the

critical behavior of the specifSe viscosity of PVA17VF can be

described by

          nsp--(cG-cF)-k (3-7a)

or

         n.p-i-(cG-cF)k (3-7b)

The exponent is identical to that of viscosity, because actualiy

the scaled quantity should be (n-no), or nsp instead of n in-

Equation 3-1. Zn order to deterrnine the exponent k for PVA17UF,
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 we piotted nsp-1 against cF. The plots are shown in Figure 3-2.

 The data in this figure correspond to four data points in the
 region of cF higher than 3.3kgm-3 in Figure 3-1; the curve shown

 is obtained by curve fitting for these four data.

     By cornbining Equation 3-7b with its derivative, the
 following equation is obtained.

                                                     '

          -n.p-1(dn.p-11dc)-1=(cG-cF)/k (3-8År

Using data on the fitted curve in the range of cF=5.50 to
:2.2kgrn-3, and their differential values, the quantity in the

ieft hand side of Equation 3-8 was calculated and plotted against

cF. The results are shown in Figure 3-3. From these plots, it was
deduced that k=1.67 and cG=13.lkgm"3. Using this value of cG,

all data for PVA17UF were re-plotted double-logarithmically in

order to check the validity of the rnethod used for the
determination of k and cG. The results are shown in Figure 3-4.

The line in this figure is of slope -1.67. As ean be seen from

this figure, the five data points at high cF side can be well

approximated by a line of slope -1.67. Therefore, the five data

points are located in the scaling region where nsp is described

by Equation 3-7a. Only nsp at the highest (cG-cF) deviates frorn

the line, this deviation arising because it is too far from the

critical regirne.

    The vaiue of k obtained here is larger than those reported
by both Adam et al.6 for polyrnerizing systerns, and Durnas et al.7

for the gelatin system. It is unknown at pTesent exactly why the
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 value obtained here is different from their values. The reason

 for the enhanced vaZue of k appears to be due to the shrinkage of

 moiecules by ehe intramolecular hydrogen bonding. The shrinkage

 does not occur for the polyrRerization systems employed by Adam
 and coworkers.6 since the triple heiiÅëal dornains acts as cross-

 linking points for a gelatin gel, the clusters of gelatin

 rnolecules may occur by the forrnation of the triple helical

 domains even at concentrations lower than that of the gelation

 point. However, the tripZe helical dornains can not be easily

 formed within a molecule. Hence, shrinkage of a molecule does not

occur foT geiatin soiutions.

            3-3-2 Divergence of Zntrinsic Viscosity

     rn Figure 3-5, nsp/c and (lnnr)/c are plotted against c for
                     'the non-cooled PVA solution (PVA17U). Both the reduced and

inherent viscosities show a linear relation to c. The intrinsic

viscosity [n], which corresponds to the intercept, and is
identical fer the two lines, is equai to O.122rn31kg. The constant

k' of the Huggins equation is O.43 for this systern.

     Zn order to determine [n] of PVA17UF, we measured viscosity

of diluted soiutions. In this dilution process, the associated

polymer chains (clusters) forrned by inter-molecular hydrogen

bonding rnay be eiiminated. For PVA17UF, intra--molecular hydrogen

bonding also exists, as wiil be discussed later. The intra-and

inter-molecular hydrogen bonding is chemically equivalent. The

effect of the dilution on [n], if any, is the elimination of the

intra-molecular hydrogen bonding as well as that of the inter-
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 ittaieeular hyctrogen boRtiikg. Alth"ffgh {n] ef PSSAS7ifF at
 aF=13.2kgfsff3 "gas larger t}}a" that Qi PifA}7U because ef the

 inereased iormatien ef PVA clnsters. the smailer {n] eausefi b\

 the S"tre-melecuiar hlrdr{)gen he}idi"g Ngs definitely ebservea fer
 pvA"gF at cFÅq12.2kgfra3, as Ss shew}i 2ater. IEhen, we peglecte6

 the Effect ef the eiSmSnativn of hydregen bending by diiutSgft Sk

 obtainSng k' and ln].

     Figure 3-6 shows sSgtRar pSgts ie]r i PVAi7UF ef
 cF=9.9ekglm3. As caR be seeR frcf{t the figgire, a iineer portSgn is

 ebsersped ter both nsp.lg and ÅqlnRrÅrSe vs. c piets at
ceneentratiens iewer tÅ}{aR apprexi}iiate}y 4kgSm3. The Srttercept.

whSeh co=responds tg lnj. is alt Å}deRticai e.legnt3fkg fer b"th

lines. Sy comparing [R] ef tkis sempie with that cf PVA!7V in

FSgure 3-5. it was ehserved that fn] ef FvA17UF at cg=9.9eXgliR3

i$ smaliev than that ef PVA17U. At cF mueh iewer than the
t encent=atian fsi geSetiert, rRaiecuies heve difkgBlty ierming the

ciusteTs h}t the intei-tuoiecuier liydrogen bending. ffeweveT. the

intra-moleeu}ar hyctrogen b"nding ea}T be iersued even at that

ceReeRtratieR. The intrB-meleeular hydregen ber!dSrtg f{takes

mc}ecuiar evRfeymatieii cempact. Of ceuTse. beth the ce}Rpaet

genferifiatign ef igQieeuXes end the fergitatien ef PVA ciusters big

the inter-ptelecuiar hydregeR bending eccuT simuiteReeusly fer

thSs sampie. HeweKper. thSs resuit implSes that the reductieR eÅí

inl is mere dotaSnent fer this sampie thaft the increase ei ie] by

the fematteft of the ciusters at eF=9.9ekgfm3. en the ether hand.

k' of this sampSe Ss largeT than thet ef PVAI7U whictik was sheNR

in FSgure 3--5. eehe values ei !n3 aRdi k' with prgbabZe er=e=s fer

-sLg-
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PVAi7if and PVA17UF at various cF, as well as v}sp and ingr at

eBeh c are susEstitarized in Tabie 3--i.

     Figure 3-7 sheves piots of k' vs. cF for PVA17VF samples. The

constant k' ef PVAS7U is aSso shewft as an arrow in the figure. As

can be seen frem this fisfuTe, k' fer PVA17VF at varSeus cF values

exarnined ik this stedy was larger than that for PVA17U. The vaiue

of k' is almost eoRstant for PVA17UF et cF equai te and iower
than 7.72kg/m3. Aiso k' increases with increasing cF for PVA27VF

samp!es at cF higher thaR 7.72kglm3. The constant k' is a measure

ef poiymer-pozymer interaction,!2 and almest independent ef

meieeular sifeight foT lÅ}neer pciyfaers.12 Hewever. the cxusters

Sormed in PVA17UF selutiens are consideTe(S to be branched
pelymers. cragg et al.13 h3ve $hewn that k' increases with

increasing meiecular weight by branchSng for fractienatect
branched polymers. It has been shown13 that pelymers with broad

moleeuler weight distribution have high value of k'. Molecular

weight distTibutSon of elusters beceines braader, as the system
cemes cieser to the gelatioft point.5ilO For the case where inter-

meiecuiar hydrogen bonding is domSnant. the inereased k' with

incTeasing cF vaSues eccurs beaause ei the eiiects eS bcth

increased branching by the iormatSon of clusters and breadening

on raoiecuiar weight distribution of the elusteTs. Ne cF
depe'ndence of k' at low cF region tn FiguTe 3-7 suggests th6t the

efEect of the foxmation oE PVA clu$tg!s on the t"go-hodies

interaetion is stSll small in this cF regSen. The =easDfi whl; }Åq'

of PVAi7UF in thts cF region is larger than that of PVA17U is net

ciear, but it may be cieseiy related te the reduetSen in $ize eE
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Sample c/kgm-3 nsp 1nnr [n]lm3kg-1 k,

PVAZ7U

PVA17UFa

PVAI7uFb

PVAI7UFC

pvA17uFd

PVA17UFe

Table 3-1

5.35
3.57
2.67
1.78
3.33
2.78
2.23
1.67
5.50
3.68
2.76
1.84
7.72
5.18
3.89
2.59
9.90
4.99
4.16
3.24
2.59
12.2
4.73
3.64
3.15
2.37
1.58

 the
 (k,)

 CF

Specific vlscos-ty
v-scosity (lnnr).
    constant of
     fQr PVA17U
   for PVA17UF
respectiveiy 3

O.838
O.517
O.373
O.239
O.310
O.252
O.196
O.142
O.605
O.368
O.263
O.166
1.23
O.722
O.495
O.304
2.38
O.799
O.618
O.441
O.332
23.9
1.45
O.867
O.676
O.435
O.270

O.610 (1.22+O.02).lo-1
O.419
O.315
O.215
O.270 (7.74+o.os).lo-2
O.223
O.182
O.131
O.476 (8.18+O.os).lo-2
O.315
O.231
O.157
O.802 (9.9o+o.o3).lo-2
O.543
O.402
O.265
1.22 (1.00+O.03)xlo-1
O.587
O.481
O.365
O.286
 3.21 (1.32+o.o4)xlo-1
O.897
O.625
O.516
O.361
O.239

 ' (nsp). Iogarithm of
   intrinsic viscosity
  the Huggins equation
  and PVA17UF.
with superscript a. b,

.33, 5.50, 7.72, 9.90
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clusters, which corresponds to the increase of monomer density Å}n

a molecule, by the intra-rnolecular hydrogen bonding. For PVA17UF
at cFÅr7.72kg/m3, the increasing ef k' wSth increasing cF is due

not only to the increased rnolecular weight by the forrnation of

PVA clusters, but also to the broadening of rnolecular weight

distribution of the systems.

     Figure 3-8 shows piots of [n] vs. cF for PVA17UF. The value

for PVA17U is also shown by the arrow in this figure. The value

of [n] of PVA17UF increases with increasing cF. The value of [n]
of PVA17UF at cF less than or equal to 9.90kglrn3 is smaller than

that of PVA17U. Only one sample of cF=12.2kglm3, that which is

closest to the gelation point, shows larger [n] than that of

PVAI7U.

     Figure 3-9 shows double-logarithmic Plots of [n] vs• (CG--

cF) for PVA17UF. The critical concentration used was
cG==13.lkg/rn3, as shown previously. As can be seen from this

figure, the data fall on a line of siope -O.20Å}O.03. The

intrinsic viscosity [n] is written by:

          [n]-(cG-cF)-X (x=o.2oÅ}o.o3) (3-g)

The uncertainty of cG affects the value of x; the error in the

estimation of cG propagates the error of x. The error in the
estimation of cG was within O.lkg/m3, as rnentioned above. we

                                        'calculated the error of x propagated from the uncertainty of cG.

The error was within O.Ol. This error range is narrow enough

compa=ed wSth that originated frorn the uncertainty tn the plots
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 (+O.03) in Figure 3-9.
     According to a scaling theory,5ilO x for Rouse clusterslO is

 related to the other scaling exponents as:

 for cases where the hydrodynamic interaction is ignered in
•caicuZation of [n]. By the 3d percolation, exponents e and v are

O.4 and O.9, respectivgly.10 This gives x=1.4. Since B and v are

1.0 and O.5 respectively. for the Bethe lattice,5rlO x for Rouse

clusters described by the classical theory of the Flory-
Stockrneyer type should be O. Even in this case, however, [n]

dÅ}verges logarithrnÅ}caliy with increasing cF. On the other hand, x

for zimm ciusters,10 for which the hydrodynamic interaction is

taken into account in calculation of [n], is expressed as:5

For the 3d percolation, x is identical to O if the hyperscaling
law5,10 is valid, and [n] shows logarithntc divergence at .the

gelation peint.5 sieveTs8 has reported that x for zimm clusters

described by the classical theory is O, and [n] remains a finite

value even at the gelation point. The value of x obtained by our

experirnent does not agree exaetly with any of the exponents

predicted by the 3d peTcolation and classical theories. The

exponent x obtained in this study is consÅ}dered to be affected by

the reduced [n] at cF region below the geiation point, though we
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do not know how the reduced [n] affects x at present. The effect

of the reduced [n) rnay be characteristÅ}c of PVA systern. The

exponent x for PVA17UF is rather smali and the diveTgence ef [n]

at the gelation point is weak. This means that the critical

behavior of [n] for PVA17UF resembles that for Zimm clusters

predicted by the 3d percolation theory, or that for Rouse

clusters by the classical theory, in a sense of the weak
divergence at the gelation point. sievers8 has shown that zÅ}rnm

clusters are more preferable than Rouse clusters for the
deseription of the critical behavior oE [n] in the vieinity of

the gelation point. The experimental results described above
                          'rnight suggest that the critical behavior of [n] of PVA solution

shouid be considered to be close to that of Zimm clusters of the

3d percolation theory rather than that of Rouse clusters of the

elassical theory.

                        3-4 Conalusions

     The critical exponents for the specific viscosity (nspÅr and

intrinsic viscostty ([n]) were examined for poly(vinyl alcohol)

(PVA) solutions. The critical exponent for nsp was found to be

1.67. This value is larger than those reported previously for

various polyrnerizing systerns and for a gelatin system.

     The constant in the Huggins equation for viscosity (k') for

PVA clusters was higher than that of iinear PVA, and the value of

[n] for PVA clusters was srnaller than that of linear PVA at

lower polymer concentrations, at which PVA solutions were
prepared and cooled. The critical exponent for [n] was O.20. The
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weak divergence of [n] resernbles the critical behavior of Zimm

clusters predicted by 3d percolation theory, or that of Rouse

clusters by the classical theory of Flory-Stoekmeyer type. The

critical behavior of [n] of PVA solutions, however, rnay be

considered to be close to Zimm clusteTs of the 3d percola:ion

theory rather than that of Rouse clusters by the classical

theory, because Zimm clusters are rnore preferable than Rouse

clusters for the description of the critical behavier of [n].
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                        Chapter 4

CTitical Behavior of Modulus of Poly(vinyl alcohol) Gels near

                    the Gelation Point

                       4-1 Zntroduction'

     ln the previous chapter, the critical behavior of the

specific and intrinsic viscosittes was described. The critical

behavior of the other physical quantities has been investigated
                                                      1-13                                                          andtheoretically and experirnentally by rnany research groups,

the experirnental data were analyzed by using the percolation
                                                        .14-19theory, whtch is now closely related to the fractal theory.

More recently, rnuch attention has been also paid to a dynamic
scaling exponent for modulus; cates6 and Muthukumar7 have

proposed theoTies determining an exponent for the frequency

dependence of modulus at the gelation point. Experimentaily,
winter and coworkers8 have extensively investigated the

viscoelasticity of eritical gels.

    The critical behavior of modulus (E) is expressed by using a

exponent (t) asl,14 .

E--Et (4-1)

Here, E is the relative distance from the gelation point. When we

use c as a variable, E for E is defined by using c and cG, the

concentration at the gelation point, as

E=(e-cG)ICG (4--2)
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     The elasticity bas beerl considered to scale in, the sarne way

as conductivity.ir12r14 The.value of t was theoretically obtained

frorn the aRalogy between conductivity and rnodulus. showing
tst1.s.1,12,14 :n this rnodel, the effect of blobs on E of the

criticai gels was ignored. Martin et al.15 have also shown that

te2.67, which fundarnentally corresponds to the critical
exponent for steady-state cornplianee (JeO). Therefore, it is

unclear whether their value is valid for E. On the other hand,
classical theorylr14t20t21 predicts exactly t=3. Experimental

resuzts on t have been also scattered;2r3t9'ii thus the vaiue of

t seems to be stUl uncertain at present. Zn order to clarify

the aritical behavior of E, the value of t rnust be evaluated for

various gel systems. For this purpose we evaluated the value of t

for poly(vinyl alcohol) (PVA) gel systerns. This chapter
describes the resuits of the critical behavior of E. First, a new

scaling relation for E is presented, and then the experirnental

resuits for t for PVA gels are described. The experimental

results contain those for the preliminary study. The PVA gels

focused here was very tenuous so that the preliminary study was

conducted in order to check whether testing apparatus in our

laboratery can be used for the elasticity rneasurernent of such

tenuous gels with enough accuracy.

                4-2 Critical Behavior of Modulus
                                                          '
     In order to explain the critical behavior of the exponent t

for the gel systems, we introduce a scaling relation between E

and E neaT the gelation point on the basis of fractaiity of geis
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near the gelation point. We introduce here the system size (L). L

is of the order of a dirnension of the reaction bath considered.

We call the molecular weight of the gel simply the inass. For the
gels far from the gelation point, the rnass is proportionai to Ld.

Here, d is the space dirnension. The gel considered here is,

however, the critical gel, narnely, the gel near the gelation
                                                           dfpoint. The mass ef the critical gel (mf) scales as mf--L
with L and the fractal dimension (df).15-18 The backbone cluster

                                                        15-18is defined by cutting off the dangling ends from the gel.

The backbone is cornposed of singly connected bonds, and blobs
where the bonds are rnuitiply connected.17r18 The rnass of the

backbone of the gel (rnB) is given a fractal dimension dB by

mB-LdB, and is mostly dontnated by the mass of biebs in the

backbone.17t18 The other fractal is the rninimum (or chemical)

path defined on the fractal objects.17r18 The path length is

measured by the numbeT of connected units and therefore by a
dimension of rnass. The rninirnum path iength (z) scales as17rlB

2-LdrnÅ}n. The exponent drnin i$ the fractal dimension for the

minirnum path. The connectivity of chains in the baekbone is

expressed by using a chemical dimension (dbc) for the backbone,

which is defined by dbc=dB/dmin. This gives the relation
rnB-Zdbe. Just abeve the gelation threshold, the struÅëture of

backbone has been approxirnated by the node-iink-blob model14,19

in the percolation theory. According to this rnodel, the backbone

forms the superlattice network of nodes. The connective strand

between neighboring nodes is composed of links and bZobs, and its

Euclidian length is order of correlation length (ig). The link is
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a union of singly connected (or red) bonds, whose total mass
(mred) scales as15r17rlB mred-Ld'ed. The strand cornposed of

links and blobs can be regarded as the model of the backbone

fractal near the threshold.

     To determine the elastic propertieS of critÅ}eal gels which

can be regarded as the peraolation clusters. we replace the bonds
in the links and the blobs by springs. For polymer gels a bond

corresponds to a polymer chain between crosslinks. We ean also

rearrange all the singly connected springs in series and alX the

rnultiply connected ones simiXariy, with keeping the original

connectivity. After the replacernent and rearrangement, the

series of singly connected spTings can be again replaced by a

Åqlong) spring. The series of rnultiply connected sprÅ}ngs can

also be consÅ}dered to be a (large) blob composed of spTings with

various length, because there is no singly connected bond in the

unÅ}on. We assume that the elastic behavior of the spring is

linear at microscopic strain rnagnitude (yrn) smaller than a finite

but small critical value (yo) and the spring is rigid at ymÅryo.

When rnacroscopic tensile strain with the magnitude of y(=5LIL) is

applied to the backbone fractal, the origin of elasticity of the

backbone is quite different depending on the value of y. The

spring rnodel proposed above logically gives a critical
macroscopic strain rnagnitude (yc), which is expressed by L

and yo as

         yecryoL(dred/drn`n)-i (4-3)
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According to the finite size scaiing,15r18 L can be considered to

be identical to the correlation length (e). The quantity ig scales
                                              'as ig-E-'" with the exponent v. yc is a critical quantity near the

gelation point and it should be infinitesimal in a space of d

Xower than 6, because dninÅrdTed for the percolation clusters with

ideauy infinite L.17,18 when d=6 (classical limit), however, it

is expected that ycgyo because of no blob in the backbone of the

percolation ciuster. Namely, dB=dmin=2, and dred is also two for

    18d=6.

     These results irnpiy that there are two distinct regirnes

depending on applied strain, yÅqya and ycÅqyÅqyo. in the elastÅ}c

response of the percolated cluster in the gels. The rnacroscopic

eiastic properties of gels in the first regime (vÅqyc) are

dondnated by the deforrnation of the link composed of singly

connect' ed bonds. The other regime (ycÅqyÅqyo) is the case that'the

effect of the blob on elastic properties are fully consSdered. :n

other words, the singly connected bonds will. contribute mainly to

the rnacroscopic deformation at yÅqyc. On the other hand, at YÅrvc

the singly eonnected bonds behave as a rigid body as a whole

because they are fully extended, and the bonds in blob mainly

contrÅ}bute to the macroscopic deformation. !n the 3d space where

actual gelation takes plaee, it is very difficult to satÅ}sfy the

condition of yÅqyc experirnentally: As the systern approaches the

gelation point (igDco), the mass of the backbone rnB is rnostly

dontnated by the blob 'and yc-ÅrO. We believe that all the

experirnents on E of critical gels have been carried out in the
                                            t
CaSe YeÅqÅqYÅqYo, based on the model proposed above.
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     E of the clusters is proportional to the number of the

active chains (N) in systern volume.

We try to estimate the scaling form for N in the case that Y Å}s

srnall but finite at yÅqyo. Although exact scaling law for N has
not been obtained, N is assumed as N-Zh. rn a space of dÅq6 where

the large blob exists, N will be the number of different paths in

the blob. As d increases, h decreases because the blob structure

becomes tenuous. We expect h=O for the "miting value for d=6.

Taking above consideration into account, we write h with dbc as

a following form.

The relation between E and L is given by

          E-L"(d+dmÅ}n-dB) (4-6)

Then, E scales with E as

         E-.E(d+drn sn-dB )y (4-7)

which means t=(d+dmin-dB)v. When d=6 (classical limit), t=3.
because dB=dmin=2 and v=112,14,17r18 which recovers the value of

t predicted by the classical theory.lt14r20t21 For d=3, we

                             -75-



obtain t"2.

peTcolation

27 by using
cluster.18

drnin gl.33, dBgl.74 and vffo .875 for the

                       4-3 Experimental

     PVA used in this study was supplied by Unitika, Co. The

average degree of polymerization is 1700, and the average degree

of saponification 99.5molg. The soivent used Sn this study is a

ntxture of dÅ}rnethylsuZfoxide (DMSO) and water (W) (4:1 by

weight), which is designated as DIW or DMSO/W. Details of the gel

preparation is described in Chapter 2. Dynamie Young's rnodulus

(E'År of PVA gels was measured by means of a Rheornetrics SOIids

Analyzer (RSAZr) by a frequency (co) sweep rnode at 250C. The

range of ut was lo-1 to lo2s-1. The initial young's modulus (Eo)

of the gels was measured by using a tensile tester (Orientec RTM

250) in tensUe and cornpressional rnodes at 250C. PrioT to the

dynarnic mechanical and tensile testing of PVA gels, the

prelirninary experirnents were carried out under the sarne

experirnental conditions.

                  4-4 Results and discussion

                    4-4-1 PreliminaTy Study

     Figure 4-1 shows the frequency dependence of dynandc Young's

rnodulus (E') ef PVA geis. No variation with frequency is observed

for any gel and E' increases with increasing polyrner
concentration. Figure 4-2 shows the polymer concentration, c,

dependenee of E' for PVA gels. Zn this figure, the dependence of

E' on the concentration difference from the critical
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concentration of gelation, cG is also shown. Here, the value of
E' used is that at a frequency of 1 s-1. we used cG=13.lkg/rn3,

which was obtained by examining the cTiticaX behavior of the

viscos-ity for the PVA solution systerns as shown in the prevSous

chapter. E' increases with inÅëreasing c, and the relation of E'
vs. c is expressed by a curve. At c higher than 75kglrn3, the

curve is approximated by a straight line of slope 2.4. This

dependence of E' of c in the high c region agrees fairly well
with the result derived from so-called "cft theorem".1 This

agreement also shows that experirnental data obtained here are

reliable. The concentration dependence of E' is stronger in the

region of lower c, but the iinear relation between logE' and

log(c-cG) is observed over a concentration range examined. The

exponent t is then estimated to be 2.4. The value of t obtained
here is srnaller than that of the classicaz theory,lr14,20,21 but

is slightly larger than those repor.ted by previous
researchers.9tlO,12,14 The exponent lies within the range of

value reported by Adam et al.11 The. reported values of t are a

little scattered; the value wUl depend on the system used for
                                                Lstudy. We think that the value of t obtained here is not
erroneous but reZiable, and the rneasurernents were also rnade with

enough accuracy even for the gels at iow c.

    The crossover behavior of t has been observed at about E;2
for casein mchezle gels,9 and at about E=3 for agarose gels.iO

though the reason why E of the crossover point depends on ,the

type of gel is stiLl unclear. If the crossover of t is a
universal phenornenon for the sol-gel transition, the c=ossover
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behavior shouid also be observed for PVA gels at almost the sarne

region of E, as for casein rnicelle gels and agarose gels. Hence,

we expected that the crossover behavior for PVA gels was observed

at E=2-3, which corresponds to the region of (c-cG)=39.3-52.4

kg/m3. As can be seen from Figure 4-2, however, the crossover

behavior of t is not observed for PVA gels. This impiies that

only one exponent describes the critical behavior of E' of PVA

gels over a rather wide range of E.

         4-4-2 Critical Exponent of Modulus for PVn Gel
     Figure 4-3 shows the c dependence of E' at ut=ls'1 and Eo of

PVA gels at 250C. The figure involves' the data obtained in the

prelintnary study. The absoiute values of E' and Eo obtained by

the preliminary experiments are slightly lower than those in this

study. This is due to the difference in the sarnple lot. The data

obtained in this study fall on a single curve. Xn the high c

region, the curve can be approximated by a straight line, but
data points in the low c region, less than about 80 kgrn-3, show a

stTonger c dependence than those at high c. This strong c
dependence at low c suggests the critical anomaly of E' of PVA
geis. The piots of E' at ut=ls'1 and Eo vs. E using the value

cG=13.lkg/m3 are shown for PVA gels in Figure 4-4. This also

eontains the data obtained by the prelimÅ}nary experiments shown

before. The critical exponent t should be evaluated frorn the

plots of moduius against E in the critical region of c. The

critical region of E extends to E lower than about 5 which
cerresponds to cet80kg/m3. All data points within and out of the
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critical region obtained in this study Eall on a singXe line. We

deternined t from the slope of the line by least-square method,

showing t=2.31+O.04. The absolute values of E' and Eo obtained in

the prelirninary study is sitghtly lower, but the yalue (tt2.4) is

ciose to that (t=2.31) obtained in this study, suggesting that

the value is reliable for PVA gels. Comparing the value with

the prediction (tg2.27) of our model, the agreement is excellent.

On the other hand, the experimental value of t is larger than

that (tEl.83) predicted by the percoiation theory frorn the
electricai analogyl,12tl4 where st is assurned that only the

singly connected bonds contTibute to modulus. Finally, frorn the

results obtained in this study, we can conclude that the elastic

properties of gels measured experimentaXly near the critical

point is definitely dominated by blobs rather than links.

                        4-5 Conclusions

     The value of critical exponent for modulus (t) was estimated

by using a model based on the percolation theory, and the value

was experirnentally deterrnined for poly(vinyl alcohol) (PVA) gels.

The model proposed has shown that there is a critical strain

(Yc), which distinguishes two regimes in the elastic response of

the gel network near the gelation point. The theory has also

shown that yc is infinitesimally srnall for a realistic gelation

in the 3d space. The exponent t for yÅrve scales as
(d+dmin+dB)vg2.27 with fractal dirnensions, dmin and dB, and the

exponent v for correZation Zength for geis near the geZation

point. The value of t for PVA gels has been found to be 2.31Å}O.04
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                          Chapter 5

    Theoretical Studies on Swelling and Stress Relaxation of

                        Polyner Gels

                       5-1 Zntroduction

     The equilibriurn swelling behavior of gels has been
investigated by rnany researchers.1"6 However, the studies have

concerned mostly the free swelling of polymer gels. The studies
                                                         7,8on swelling under deforination are only a few at present.

Concerning the raechanical properties of gels. theTe are many
studies.9-14 For example, stress-straÅ}n behavior has been

exarnined for various kinds of gels.ilr15 The studies are limited

to the properties at short times. The mechanical propertie$ of

gels at long tirnes are still unclear because of only a few
experimental and theoretieal studies.i4t16 when a gei is

stretched, the free energy of the gel systern will change to

attain a new equilibriurn state under deformation. This rnay cause
a volurne change of the gel. Tanaka et al. have reported17,18 that

the relaxation tirne for swelling is determined by the diffusion

constant and the sample size of freely sweliing gel systerns. The

same concept rnay be appliaable to the swqlZing of the stretched

gel systerns, that is, the swelling of the stretched gel also

takes long tirne until reaching the equilibrium size. As can be

easily irnagined, the swellÅ}ng behavior strongiy affects
mechanical properties of polymer gels. We have alTeady reported

the rnechanical properties at short times, such as the stTqss-

strain behavior and Poisson's ratio (p) of poly(vinyZ alcohol)
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(pvA) geis.19 The mechanical properties of the pvA gels could be

regarded as that of a swollen rubber; p was very close to O.5

independently of the strain rates. This fact irnplies that p of

the gels is a "rnaterial constant". and happens because the

reciprocal of the experimental strain rate, which can be
considered as a time-scaie of the experirnent, is rnuch shorter

than the time required for the swelling and voXume change. rt

is very important to investigate the coupling between swelling

and the mechanical properties under deforrnation for
understanding the properties of geis at long times. The
equilibrium swelling behavior of gels under deformation, and the

dynamics of sweiXing and stress relaxation under uniaxial

elongation are treated theoreticaliy in this chapter.

       5-2 Swelling Behavior of Uniaxially Stretched Gels

    We consider here uniaxial elongation preces$ of isotropic

gels from a freely swollen state, i.e., the state without

external tension. The state is referred to as the reference

state. Therrnodynamics required for describing iree swelling

behavior of poiymer gels is summarized in Chapter 1. In the

present chapter swelling behavior under tension is focused but

the therrnodynarnics employed is alrnost the same as that shown in

Chapter 1 except that now the work done by the externai foree

appears in free energy.
    using Flory-type expression,1 the Gibbs free energy (F) of

the unÅ}axially stretched gel in x-diTeetion can be expressed as20
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         F=Fo+N.kBT[ln( 1-tp )'+XÅë]

           +(N.kBTI2)[X.2+7vy2+N.2-3-lnÅqX.)LyX.IVo)]

            N           +fxlxo(Xx-1) (5--1)

where Fo is the free energy of pure polymer and solvent, Nc and

Ns respectively the number of active chains and of solvent

rnolecules in the reference state, Vo the volume in the reference

state, tp the polymer volurne fraction, kB the Boltzrnann constant,

                              NT the absolute ternperature. fx the external force, lxo the

initial length of the gel in x-direction, and x the polyrner-

solvent interaction parameter. The quantity )Li (i=x. y and z) is

defined by

where li is the sarnple dimension in the i-direction in the

stretched state, lio that in the refeTenee state, and
XxXyXz=V/Vo=Åëo/Åë, where V is the volume in the deformed state and

Oo is the value of Åë in the reference state. The shear rnodulus

Go in the reference state is written by Go=NckBT. Without iosing

generality, we can set lio=1 and accoTdingly Vo=1. rn this case,
             .N.the quantity fx can be considered as the norninal stress acting

in x-direction. Regarding F as a function of )Li, "i
(i,j,k=x, y and z) can be defined as

         lli--( 11)vj )Lk )( 5F 16)vi) (s-3)
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Hi is the swelling stress (pressure) acting norrnally on the

surface of the gel perpendicuiar to i-axis, and lli=O in

equilibriurn, namely,

  . -nx=(kBTfv.)[ln(1•-O)+Åë+xÅë2]
                                   -N.             +(N.kBT/2XyX.)(27L.-)Lil)-f.1)vyX.=O (5-4)

                 '
         - I'Iy" ( kBTIv. ) [ ln( 1-Åë ) +Åë+xÅë2]

             +(NckBT/2)L.)L.)(2Xy-)vy-1)=O (5-5)

         -I'Iz=( kBT!vs ) [ ln( 1-tp )+Åë+)ctp2]

             +(NckBT12XxA•yr)(2Xz'Xz'"1)=O (5-6)

where vs is the volume of a solvent rnolecule and is given by

vs=(:-Åë)V/Ns• The average swelling pressure (n) is written by

n=(113)Zni, and n=O is also satisfied in equilibriurn. The
quantity U-" xco , the external stress exerted on the gel in x-

direction in equilibrium, Ss expressed by

         bi.co =lil.1V.= ( kBTIv. ) [in( i-Åë)+Åë+xÅë2]

                      '(NckBT12XyXz)(2Xx'-)L.-1) (5-7)

                      "vIn the reference state, uxco =O and also ni=O. Then, we obtain

         Nc=-2[ln(1-Oo)+Åëo+xÅëo2]lv. (5-8)

    Hereafter, we deaZ with the gels with ÅëoÅqÅq1, and also eÅqÅq1.

                           -90-



When kÅqÅq1, ln(1-k) can be expanded as -k-(112)k2+O(k3). using

the approximation, we try to obtain the expressions for p, Irli.
    ..,-and uxco -Hx in equilibriurn. Since we consider the unÅ}axial

elongation of isotTopic gels in x-direction. ay=az. Then,
Equation 5-5 coincides with Equation 5-6, and is expressed by

          -IIy=(kBT12v.)(2X-1)(ÅëolV)2

              +(N.kBT12)(2X.-1-v-1)=o (s-g)

Equation 5-8 is also written by

          N.=(Oo2/v.)(1-2x) (s--lo)

Combining Equation 5-9 with Equation 5-10, we have

          (ilv)2+(ilv)-(21X.)"o (s-11)
                                                          '
From this equation, (xy2 and az2 are given by

          7Ly2=X.2'[Xx+(Xx2+8Xx)112]14Xx (5-12)

Since the strain in i-direetion (Ei) for the gel is defined by

we can lineaTize Equation 5-12 using Equation 5-13 when the

strain is srnali. At equilibrium Ey and Ez are wTitten by
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          Ey=Ez="-'Ex16 (5-14)
Equation 5-14 shows that the value of Poisson's ratio p at
equilibrium (pt(p) is 116. Using the value of ptco and the relation

Kos=2(1+ptco)Go13(1-2pco), the osmotic bulk moduZus Kos is given

by Kos=(7/6)Go. The linearized expressions for -ni (i=y.z) and

trxco-nx at fixed Ex are given by

         t"y=GoEx/2'[3Go(Ey'Ez)12] (5-15)

         mn.=GoE./2+[3Go(Ey+E.)12] (5-16)

         ZiYl.co -n.=(5GoE./2)+[Go(Ey+E.)12] (5-17)

In the equilibrium state under tension where IIx=O, 2}xa) is given

by

                         .

         eix cD =7GoE.13 (5-18)

         5-3 Swelling Dynamics of Gels after Elongation

    After a tension in x-direction is applied to a gel, the gel

systern moves toward a new equilibriuin state under tension by

expanding in y- and z-direction. This accornpanies a volurne change

of the ge!. In order to describe the dynantcs of the gel
swelling, we set the size of the gel in y- and z-direction in

the reference state (i.e., the state without tension) is ar. The

small volurne elernept of the gel ean be specified by the position
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vector. T=(x,y,z) (Osy,zsar) in the coordinate of the reference
state. AccerdÅ}ng to Tanaka et al.,i7ti8 the equation, which

governs the tirne (t) dependent motion of the small volume elenient

(dxdydz) at the position of (x,y,z) after instantaneous
elongation with Ex at t=O, can be wrStten by

         ig(6v16t)=(K..+Go13)grad(divv)+GoAv (5-i9)

Here, v(x,y.z,t) is the displaceinent vector specified in the

reference frarne, and ig the friction coefficient between geZ

network and solvent molecules.

     Since Equation 5-19 has a cornplÅ}cated foTm, we simplify the

equation. The displacement vector (v) can be generally written by

using scaZar potentiai (op/2Go) and vector potential (}li12Go) with

div( il'/ 2Go ) =O as

         v=grad(op12Go)+rot("l!/2Go) (5--20)

From Equations 5-19 and 5-20, we obtain

          (6Arp/6t)=DLA(Aop) (5-21)

          (6Ail,16t)=DTA( Ail,) (5-22)

Here, DL and DT are the diffusion constants given with
Kos=(716)Go by
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          DL=[Kos+(413)Go]7g=5Go!2ig (5-23)

The diffusion eonstant, DL, is identicai to the collective
diffusion constant introduced by Tanaka et al.17r18 The

quantities, Arp and AXIf are given by

         AÅë=2Godivv-2Gotr(uÅ}j) (5-25)

         Ail'=-2Gorotv=-4Goa) (5-26)

where (D is the rotation vector, and uij is the ij component of

strain tensor (u) for the small volurne element and is defined by

i and j components of the displacernent vector (vi and vj) as
uij=(112)(6vi/6xj+5vj/6xi).21 Equation 5-21 corresponds to the

Zongitudinal mode of the diffusion, and Equation 5-22 to the

transverse mode. Xt should be noted that the diffusion of the

gels is generally separated into two modes, and each mode can be

described by the diffusion equation. The longitudinal rnode of the

diffusion accornpanies the volume change, while the transverse

mode does not accompany the volume change but determines the

change of shape. We can see frorn Equations 5--23 and 5-24 that the

diffusion constant for the longitudinal mode is 2.5 times larger

than that of the transverse mode.

    We deal here with the longitudinai rnode of the diffusion for

swelling behavior, since the quantity of inteTest is the degree
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of swelling of gels determined by the iongitudSnal mode of the

diffusion. The swelling after elongation can be assurned to occur

in y- and z-direction, so that v(x,y,z,t) is independent of x.

This rneans that uxy=uyx=uxz=uzx"O, and uxx is constant. We re-

write Equation 5-21 by using Arp=2Gotr(uij) in Equation 5-25 as

          [5tr(uij)/St]=DLAtr(uij) (5-27)

It should be noted that this diffusion equation is defined in 2--

dimensional (2d) space. The volume change (the change of the

cross-$ectional area in the 2d space) of the gels is determined

by the above equation with the initial and boundary conditions

given by

          tr(uij)=(Eyo+E.o) at t=O (5-28)

          tr(uij)=-2pcoEx at boundaries . (5-29)

The quantities Eyo and Ezo are the initial vaZues of strain

irnposed in y and z directions, and are respectively written by

using a macroscopic strain in x direetion (Ex) and pt at short

times (pto) by Eyo=-ptoEx and Ezo=-geoEx, where Ex=uxx. The value of

pto is ideally 112. Equation 5-28 rneans that the cross-section of

the gel shrinks at t=O. and Equation 5-29 shows that the osmotic

pressure acting on the smail elernent at the boundaries reXaxes at

any t(ÅrO).

     The solution of Equation 5-27 satisfying the above
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conditions is

          tr(uij)=ZArnnsin(mry1ar)sin(nnz1ar)exp(-kmnt)

                  -2pt,cp E. (5-30)

Here, the constants in the equation above are given by

          Am.=-32(pLo"'l•tcr) )E./rnnsc2 (5-31)

          kmn=DLn2(rn2+n2)/ar2=(m2+n2)12tL (s-32)
                                                           '

and rL is the longest relaxation tirne for the longitudinal mode,

and m and n are odd integeTs. The t dependence of the average

width of the gel (a(t)) in the y- and z-direction is deterrnined

by

          a(t)2=a.211+Ey(t)+E.(t)]= !dS' (5-33)

                      .
where dS'=dS(1+uyy+uzz) with dS=dydz. The t dependence of Ey (or

Ez) can be written by

          Ey(t)=Ez(t)=[a(t)2--ar2]1a.2

             =(1/2a.2)[ jdy S dZ

             x{ZAmnsin(mfuylar)sin(nxz/ar)exp(-kmnt)

              -2I"`co Ex}] (5-34)
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                     5-4 Stress Relaxation

               5-4-1 Zero-th Order Approximation

     We consider the external stress for srnali volurne element

with pto=1/2 (gx(x,y,z,t)). When gx(x,y,z,t) is instantaneously

released, the small volume element will shrink in x direction and

expand in y- and z-direction. The recovered size in the three

directions are identical. and is deterrnined in oTder to keep the

volurne constant before and after the stress release. This means
     .---that sx is proportional to the difference in uxx between the

stretched state and the isotropically swollen state. Using an
                                          --N.average strain rnagnitude, (uxx+uyy+uzz)/3, sx can be written by

         EITx =3Go [ uxx- ( uxx+uyy+uzz ) 13 ]

           =Go(2Uxx-Uyy-Uzz) (5-35)

Zt should be noted that the average strain magnitude
charaeterizes the new reference state, and is rneasured from the

original reference state, and uxx is a constant (=Ex). Finally,

the t-dependent macroscopic stress, Eix(t), can be expressed by

         b.(t)= i,dS's.(t)/ Sds'E Sdss.(t)lf ds

                       f              =( Go!a.2) dy J dz[2(1+p co )Ex

               -EArnnsin(mJty/ar)sin(nxz/ar)exp(--krnnt) (5-36)

This agrees with Equation 5-18 at long t lirnit because Ftco --116.
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                5-4-2 First-Order npproximation

     In order to describe the stress relaxation in detail, the

eonstitutive equation and the equation of motion are required.

For deformed gel in solvent, the stress acting on small volume

element of the gel (s) can be written by the sum of the osrnotic

                                  .Nstress (s') and the external stress (s) as

and the total strain (u) is also given by

where u' and li are the osmotic and external strains,
respeetively. The quantity s' is given by17r18

         s'=2Go[u'-(113)tr(u)r]+Kostr(u'-u'co )I (5-39)

and depending on po, g can be written by

         g=2Goii+pr (po=1!2) (s-4o)

or

         sN=2Go+[K-(2/3)Go]tr("u-)r (poSl12) (5-41)
                                         '

Here, : Å}s the unit tensor, p the internal pressure, and u' co
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being u' at equilibrium. The quantÅ}ty K is the bulk rnodulus as a

rnaterial constant. The vaiue of p is deterrained by the condition

     Nthat sil (ity,z) is zero for uniaxial elongation. The quantity K

is assumed to be constant independently of the poiymer
concentration of the gel. We deal here also with the case of

po=112 for sirnplicity. As can be seen from Equations 5-37 and 5-

38, the total stress and strain are separated into two
deformation rnodes. The displacement veÅëtor related to u'(v') must

obey the same type of equation of motion because the origin of
the driving force for thern is equa:ly the diffusien. Then, we can

also impose the following condition on v'.

         ig(6v'!6t)=divs' (5-42)

This equation rneans that the reference state for the externai

stress changes with increasing t after deformation. The physical

picture of this equation is natural because the reference state

ahanges with t only by sweiling. For swelling after uniaxial

defrornation of the rectangular gel, the following relations are

obtained.

         V'x=U'xx(YrZrt)X (5-43)

         v'y=v'y(y,z,t) (5-44)

         V'z'V'z(YrZrt) (5'45)
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From Equations 5-42 to 5-45 we can obtain

          (5U'xx/6t)`DTAU'xx (5-46)

It is clear that Equation 5-46 corresponds to the transverse rnode

of diffusion. For swelling of a rectangular gel after uniaxial

(x-directional) elongation, uxx=constant and the swelling occurs

in 2d, namely, y and z directions, but u'xx as well as u'ii

(i=y,z) is t-dependent due to the existence of the transverse

rnode of diffusion.

     rn order to obtain the t dependence of g for the small

volurne elernent, the solution of Equation 5-46 is required. The

initial and boundary conditions for Equation 5-46 are given by

u' xx=O

u' xx=(Voo "Vo)13Vo

    =2( pto"ptco )e./2

at t=O

at boundaries

(5-47)

(5-48)

Here, Vo and Vco are the inÅ}tial and final volurnes of the

elernent. The value of ptco is 1/6, as shown previously. The

soiution of Equation 5-46 under the above initiai and boundary

conditions is

U' .."[(Voo 'Vo)13Vo]{ÅíB..sin(mrylar)sin(nscz/ar)

    xexp(-k'mmt)+1] (5-49)
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Here, Brnn and k' mn are

         Brnn=-16/mnsc2 (5-50)

         k'rnn=(m2+n2)/2TT (5-51)

The quantity TT is the longest reZaxation time of the transverse

diffusion rnode and is given by

FinalZy, the t dependence of the stress acting on the whole gel

(ax) is given by using geo=Z!2 and ptco=1/6 as

         Zii.`(GoE./3ar2)S dy l'dz[7-2EBrnn

             xsin(m:rylar)sin(nxzlar)exp(-k'rnnt)] (5-53)

This implies that stress relaxation based on this approximation

is governed by the transverse rnode of the diffusion.

                        5-5 Conclusions
                                                    N     The swelXing ratio and Åéhe stress value (crxoo ) in
equiZibrium after uniaxial elongation were evaluated, ernploying

the Flory-type of Gibbs free energy forrnula. Poisson's ratio in

equilibrium (pco ), which deterrnines the degree of swelling under

deformation, was estirnaÅéed to be 116 so far as the applied strain

is not large. The expressÅ}on foT uxco was also derived by the
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free energy. Swelling dynamics, which describes the volume change

of the gels after uniaxial elongation, and stress relaxation were

also formulated.
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                          Chapter 6

    Experimental Studies of Sweiling and Stress Relaxation of

                     poly(acrylamide) Gels

                       6-1 Zntroduction

     In ChapteT 5, equilibriurn Poisson's ratio and stre$s under

uniaxial deforrviation (pco and lixoo, respectively) were evaluated

based on the Flory-type free energy, and the sweiling dynantcs

and stress relaxation behavior were also discussed
theoretically. The main aim of this chapter is to compare the

theoretical predictions with experimental results for
poly(acryiamide) (PAArn) gels. The values of po for PAAm gels

swolXen with water are aiso shown in this chapter.

                       6-2 Experimental

     PAAm gels used were prepared by employing a radical

polymerization technique. Acrylantde (AAm), rnethylene
bis(acrylamide) (MBA; crosslinker) and amrnonium persulfate

(initiator) were dissolved in distilled water at roorn
temperature. The rnolar ratio of rvfi3A to AArn and that of initiator

to Alimi were O.O02 and O.O06, respectively. The solution was cast

into metal mold in order to obtain rectangular gels. Gelation was

performed at 330C, and gels were kept in the rnold fer 3 days for

curing. Gels were rernoved frorn the mold, and transferred in a

large amount of water. Gels were maintained at 330C for about 10

days to achieve the equilibrium swelling. The water was exchanged

everyday.
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     Measurements were qarried out •by using an Orientec RTM-250

tensile tester with a water bath at a constant crosshead speed

 (v). The ternperature was kept at 250C. The extension ratio in i-

direction Xi was calculated by Xi=lillio, where li is the sarnple

dirnension Å}n the i direction and Xio being that at rest. Here,

elongated direction was assigned as x-direction. We assumed here

lz=ly and lzo"lyo, which gives consequently Xz=)vy. The quantity

lx as well as lxo corresponded to the distance of the two rnarked

points at the center of the gel and was rneasured by using a

magnified picture on the video monitor. and ly (as well as that

at rest. iyo) was the width in the central region of the gel
specirn6n near the rnarked points. For x-directÅ}onai deformation,

extension ratio (or strain) was also calculated by using the
                            -crosshead distance (Lx) and that at rest (Lxo). The extension

ratio (strain) caleulated by the combination of lx and lxo is

called hereafter the extension ratio (strain) at local level. and

the other the extension ratio (strain) at global level.
Basically, the local quantities were used for calculation of pto

and poo, while the giobal enes were used for calculation of the
                                                        '                                                           'initial Young's moduius (Eo) and the initial strain rate (Eo)

defined by Eo=vlLxo. The applied force fx in x-direction was

rnonitored by recordeT. The quantity, pto, was calcuZated by pto=-

ln)Lylin)Lx.1 For the swellÅ}ng and stress relaxation under

deformation, the gel sarrtples were kept under the elongated state

after the appiication of eiongatienal strain. The time t=O for

swelling and stress relaxation was taken as the time when the

elongation was stopped. The global strain initially applied to
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the gel samples was fixed to be 10g. The width (ly) as weli as
               Napplied foree (fx) was measured as a function of time (t). The

strains Ex and ey we=e calculated by Ex=Xx-1. and Ey=)vy-l. The

stress at time t ÅqAu- x(t)) was calculated by Eix(t)=IEx(t)ls(t)

where ix(t) is the force and S(t) is the cross-sectional area of

                              Nthe gels at time t. Actually ux was alrnost identical to the

engineering stress because the applied strain was smaU. S(t)
was assumed to be ly(t)2.

                  6-3 Resu!ts and Discussion

                 6-3-1 :nitial Poisson's Ratio

       As stated in the experirnental section, we elongated the

gel uniaxially (in x-direction) and measured the extension ratio

for the small central region of the sarnple as weli as that for

the whole gel. The former is Xx in the local level and the latter

that in the global level. The extension ratio in experirnents was

controlied globally. The extension ratio in the local level

ranged from 78.6& to 107& of the extension ratio in the global

level for the samples, showing that the extension ratio in the

local level is almost identical to that in the global one.

     Eight gel samples sample-coded as PAAm27Pl to PAAm27P8 were

used to evaluate the value of pto for PAArn gels• Lxo, Eo and pto

are summarized in Table 6-l together with the code narne. The
initial polyrner concentration (co) for the samples was 270kglrn3.

Figure 6-1 shows typical plots of -ln7vy against Xn)Lx, as an

exarriple, for the sample PAArn27P3. The data points can be well

described by a straight line and the slope gives po..The line was
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sample LxO(mrn) v(mm/min) Eo(kPa) 110

PAAm27Pl 32.4 0.5 34.5 0.464

PAAm27P2 36.6 3.0 34.0 0.467

PAAm27P3 35.0 3.0 37.0 0.442

PAAm27P4 34.0 3.0 36.0 0.442

PAAm27P5 41.8 3.0 35.5 0.472

PAAm27P6 46.7 3.0 36.0 0.454

PAAm27P7 29.0 30.0 48.0 0.461

PAAm27P8 33.5 300.0 44.0 0.456

Table 6-1. Sample code l the initial length (LxO)1 the crosshead

speed (V)I the initial Young's modulus (EO) and the

initial Poisson's ratio (1l0) of poly(acrylamide)

(PAAm) gels.
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determined by the least square method. The intercept in the

figure originates from the experimental errors in determining ~x

and Ay. For PAAm27P3, we have ~0=0.442. The other samples also

showed almost the same linearity as PAAm27P3, although we do not

show here.

Figure 6-2 shows the dependence of ~O on EO' As can be seen

from this figure, ~O is independent of EO' For PVA gels swollen

in the mixed solvent composed of DMSO and water, ~O was

independent of Eo. 1 Table 6-1 summarized the value of ~O for all

specimens examined in this study. The average value of ~O with

standard deviation (SD) is O.457~O.011. Although SD is a little

large, the average is closer to that for PVA gels swollen in the

mixture of DMSO and water than that for PVA hydrogels (~0~O.46

for PVA gels in the mixed solvent and ~OeO.43 for PVA hydrogels).

Since water is considered to be a good solvent for PAAm,2 a PAArn

chain is as flexible as PVA chain in the mixed solvent or water

when the chain ends are free. The PAAm chains in the gel are

anchored at both ends by the crosslinks if we ignore the dangling

chains. For such chains, the mobility of the network chain is

mainly governed by the size of the crosslink region; the large

crosslink domains restrict much the mobility of the polymer

chains in the gel. Then, the fact that ~O for PAAm gels is

closer to that for the PVA gels swollen in the mixed solvent than

~O of PVA hydrogel originates from the small crosslink domains

for PAAm gels and PVA gels in the mixed solvent compared with the

crosslink domains for PVA hydrogels.

The size of the crosslink region for PAAm gels will be
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srnaller than that for the PVA gels in the mixed solvent, because

the former is chemically crosslinked and the iatter is formed by

physical crosslinks. This may indicate that po of PAArn gel is

larger than that of the PVA geis in the ndxed solvent. The

difference in po between PAAm geZs and PVA gels in the mixed

solvent is order of rnagnitude of O.Ol, which Ss well within the

experimental error. Polyrner geis with highly rnobile network

chains may have the lirniting value of po around O.47. The

limiting value of pto is srnaller compared with the value of the

incompressible limit (112). Although the dornain size for PAArn

gels and PVA gels in the mixture is different, the size is too

small to affect the mobility of the network chains, which governs

the value of geo, for both gels.

               6-3-2 Equilibrium Poisson's Ratio
                                                         N     The experimental resuits on the values of ptco and (Uxo-

Nuxco )1(NJxo for PAArn gels are sumrnarized in Table 6-2. The

values of Eo for PAArn271 to PAAm278 were a little scattered,

although we tried to prepare the gels with almost the sarne Eo by

fixing the concentration of the reagents as weli as the
conditions for gelation. Comparing the Eo values for specimens

differing in ao, Eo becomes higher with increasing co. The plots

of pco against Eo are shown in Ftgure 6-3. The data points are a

little scattered but they appear to be independent of Eo. [Phe

average value with SD is O.149Å}O.030. Figure 6-4 shows the plots

     -." 's- --Of (Uxo-axco)10xo against Eo. The data points are also
independent of Eo in this region of Eo. The average value of
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sample co/kgrn-3 lyolmm Eo(kpa)a pco (Uxo-Uxco         )1UxO

PAAm271

PAArn272

PAArn273

PAArn274

PAAm275

PAArn276

PAATn277

PAAm278

PAArR 1 9 1

PAAm201

PAAm331

PAAm4O1

270

270

270

270

270

270

270

270

190

200

330

400

9.5

9.0

9.5

9.0

6.2

6.8

3.2

3.1

8.9

9.0

9.3

9.0

 22.9

 41.0

 38.2

 35.0

 49.5

 30.0

 43.0

 31.0

  9.6

 12.5

 78.0

100

O.130

O.116

O.128

O.141

O.202

O.136

O.155

O.187

O.271

O.164

O.173

O.282

O.215

O.199

O.194

O.138

O.242

O.149

O.216

O.146

Table 6-2. Sample code, initial concentration (co), width

in the referenee state (lyo), initial Young's Modulus

(Eo), equiiibrium Poisson's ratio (ILco ), and relative

                  NN .Nstress reduction ((axo-uxoo )laxo) for

poiy(acrylarnide) (PAArn) gels.

a calculated by using global strain.

-l13-



8

O.4

O.3

Oq2

O,1

o 30 60 90 120
EolkPa

Figure 6-3. The Eo dependenae of ptoo for PAArn gels.

-114-



O,8

  ,o, O.6

tb

  #
lb O.4
  lo

2bX

o

6 PAAm271
d PAAm272
GPAAm273
q PAAm274
g PAAm275
p PAAm276

30

e
b
A

v

Q
o

PAAm277
PAAm278
PAAm19i
PAAm201
PAAm331
PAAm40t

 60
Eo/kPa

90 120

Figure 6-4. The

(Bxo

Eo dependence of the
-lixco )/UN xo fOr PAArn

 stress

gels.

reduction,

--- 115-



(Oxo-Oxoo)/Oxo is 0.199+0.048 with SD.

As can be seen from Equation 5-14 in the previous chapter

that the theoretical value of ~OO is 1/6. The average value of

·~OO for PAAm gels experimentally obtained in this study (=0.149)

is close to the theoretical prediction (~OO=1/6~0.167). Geissler

et al. 2- 4 have reported values of ~OO' and ~oo =0.275~0.011 has

been obtained for PAAm gel in their latest work. 3 The values are

higher compared with those obtained in this study. The

difference might be due to the different methods to obtain ~W .

Geissler et al. have estimated ~OO from the combination of two

different moduli, and we measured the values directly from the

dimensional change of the sample in solvent under uniaxial

deformation.

The equilibrium stress can be calculated by using Equation

5-18 as 0xoo=(7/3)GOEx with shear modulus GO' The initial stress,

axO' is given by 3GOEx when the gel is incompressible as assumed

basically in the theory in Chapter 5. In this case, (axO ­

0xoo ) /axo gives the value of 2/9==0.222. The average value of

(Oxo-Oxoo )/OxO for PAAm gels shown here was 0.199. The

difference in (OxO-Uxoo )/~xo between experiment and theory is

not so large.

By using the value of (axo-oxoo)/oxo, we can also estimate

~ro for PAAm gels by experiment when ~o is known, since

0xO=(1+/-l0 )GOEx and 0XCQ =(1+~OO )GOEx . For PAArn gels examined here,

we have (~O-~OO)/(1+I-lO)=0.199. As stated before, the PAArn gels

were not actually incompressible and I-lO of the gels was about

0.46, which gives ~ro =0.17. This is close to the value
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(ptoo=O.149) obtained directly by the ratio Åq-EylEx) at long t

lintt, indicating that the two values of pco obtained
independently by experirnent are consistent with each other.

          6-3-3 Swelling Dynarnics and Sttess Relaxation

     The width deterrnined by experiments is consSdered to be

affected by the transverse rnode ef the diffusion. This rneans the

boundaries of the gels are actually curvUinear. However, since

the change of ly(t) with t was ve=y srnall and then the boundary

can be approxirnated by the plane, we assumed that the t dependent

change of ly(t) originated only frorn the volume change.

     Four kinds of PAArn gels (PAATn271 to PAArn274) were used for

swelling and stress relaxation experiments. Eo of the gels is

almost identical to each other for the PAAm gels (see, Table 6-

2), although the value of PAAm271 is a little smaller compared

with those for the others. The iongest relaxation time (Tl)

determined by swelling and stress relaxation are tabulated in

Table 6-3 and the ratio of the width in the reference state

(lyo) to fina! one (Zyoo), is also shown in the table. The

ratio is almost constant for the four gel sarnples. The value of

Tl for the gels was obtained by the two different ways; one is

obtained from the plots of log(-pcoEx-Ey(t)) vs. t in the long t

region, and the other from th' e plots of log(lix(t)-iixco) vs. t

in the same t range. The values of Tl obtained by the different

ways are almost identical to each other for all the gels. This

implies that the stress relaxation is induced by the swelling of

the gels. The two values for PAATn271 are larger than those for
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the other sarnples. This may be due to the low value of Eo for

PAAm27Z. The diffusion constant (D) was calculated by
D=lyo21(2x2Tl) using the values of lyo and Tl obtained by the

stress reiaxation experirnents. Based on the theoretical
eonsideration presented in the previous chapter. D is the
diffusion constant for the transverse mode under the first order

approximation, but corresponds to the diffusion constant of the

longitudinal mode under the zero--th order approximatSon. The

value of D obtained by experirnents, which is tabulated in Table
6-3, ranges frorn 2.sxlo-7 to 7.4xlo-7crn2s-1. Although we can also

caiculate D by using rl obtained by swelling, which corresponds
                                                       :to that for the longitudinal mode of diffusion, the value -s very

close to the caleulated ones because Tl for the two cases are

alrnost identical, as stated previously. The calculated value for

PAAm271 is slightly smaiier than those for the other sarnples, but

their order of magnitude agrees well with the values of D for the

                                       5-7PAAm gels reported for the free swelling.

     The vaiue of Ey for PAArn274 is plotted against the reduced

tirne (tlTl) in Figure 6-5. Xt is clear that the absolute value of

Ey decreases with increasing t; the width inereases as t
increases. A rnaxirnurn is observed at about log(tlTl)=-1.1 in the

figure. Since the experimental error for Ey is about O.O02, the

maxirnum rnay only be apparent. The leveiing-off at long tirnes

indicates that the gel under a fixed strain reaches the new

swelling equilibriurn state. The solid curve in Figure 6-5 shows

the theoreticai results calculated based on Equatien 5-34 with

pto=1/2 and p =116. Here, lyo is used for ar in the equation. The
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Sample lyco /lyo Tlllo4s DllO'7cm2s-1

PAItm271

PAArn272

PAArn273

PAAm274

O.973

O.979

O.986

O.984

15a

 6.oa

 6.6a

 9.4a

1sb

 7.

 6.

 9.

sb

2b

lb

2

5

7

4

.

.

.

.

5

5

4

5

Table 6--3. The ratio of sample width in the final state to that

in the reference state (lyco11yo) using the values,

the longest relaxatÅ}on time (Tl), and the diffusion

constant (D) for poly(acrylamide) (PAAm) gels.

a

b

measured

rneasured

by

bY

sweliing experiment

stress relaxation
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vaXue of ex in local level was ernployed for the calculation of

Ey, because the strain in y direction obtained by experiment

corresponded to that in the central region of the gels. The value

of pto was O.41 and ptoo=O.128 (Table 6-2) for PAAm274, which are

not so far from the ideai values of po=l12 and poo =116.
Therefore, we limited the theoretical calculation to the ideai

aase and no curve fitting for the experimental data was made

here. Although the E                     values on the theoretical curve are srnall                   y
compared with the experimental data, the t dependence of the

strain is described fairly well by the theory. The difference ef

the absolute value between the experimentai data and calculated

curve originates from the fact that the absolute value of E                                                             y
obtained by calculation at short tirnes is rather sensitive to pto,

and' that in the long tirne region aXso sensitive to pco.

     Figure 6-6 shows the double-logarithmic plots of AEy/AEyo

vS• t/Tl for PAAm271 to PAAm274. Here,

         AEy=-FXoo e.-Ey(t) (6-1)

         AEyo=(IAJo-Fi•co )Ex (6-2)

The values of local E                      were used for the theoreticai calculation                    x
of Ey in Equation 5-34. The curve in the figure is independent

of values of uo and poo. Only the t dependence of the strain

function appears in the figure. The experimental data points for

each gel sample are scattered, but the t dependence seems to be

rather well described by the theory.
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      Figure 6-7 shows the double-logarithmic plots of a-'x(t) vs.

t/Tl for PAArn274. The curve in the figure was calculated from
Equatien 5-36 by regarding Eo=3.5xl04Pa as 3Go, which means that

pto=112 is assumed. In addition, pco=116 is also assurned in the

calculation. Since the stress relaxation behavior obtained by

experirnent is basicaliy deterrnined by the whole gel nature, we

used the macroscopic value of Ex foT the calculation, ignoring

the non-uniform elongation. The theoretical curve seerns not to

coincide with the experirnental data concerning the stress values,

but the curve and the plots are very simiiar to each other

                              -. "vconcerning the t dependence of ux. Although the difference of ux

between theory and experiment mainly originates from the
difference of pto and pco, as in the case of the absolute vaiue of

Ey, the difference at short times. if we see it Å}n the value of

Eo, is about 25rg, and that in the long time region is smaller.

             .NThe value of crx in the long tirne region agrees rather well with

the expected value in equilibrium (the leveled-off value at long

times in the figure).

     Figure 6-8 shows the double-logarithrnic plots of A"cVfx/ANuxo

vs. tlrl for PAAm271 to PAArn274. Aa'V . and Aliixo are

         AU'--x=bx(t)-?ixco (6-3)

         AEi.o=bi.o-u-V.co (6-4)

Only the t dependence of the stress functien is obseTved in the

reduced plots shown here. The solid curve in the figure was
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 caiculated using the expression of uNx(t) in Equation 5--53, and

 dashed curve was drawn based on Equation 5-36. Here, we also used

 lyo for ar in calculation. The former corresponds to transverse

mode of diffusion and the latter to the longitudinal mode. Here,

 the relaxation tirnes for transverse and longitudinal modes (TT

and rL, respectively) were assumed to be TT=(512)TL, as shown in

Chapter 5 and Tl obtained by sweUing experiEnent was taken as rL.

In calculation, the rnacroscopic values of Ex were ernployed. The

curve for the transverse mode is slightly shifted towards the

longeT time side, but the shape$ of these curves are sintlar to

each other. The two curves agree well with each other in the

short tirne region. The data points aTe located downward cornpared

with the two curves, suggesting that the stress reZaxation of the

gel network only occurs in this tirne region. The stress

relaxation at short times is the same as that observed for
crosslinked rubber.8 on the other hand, data points at long tirnes

lie more closely around the dashed curve. This may show that the

stress relaxation in this time region is described better by the

longitudinal rnode than the transverse rnode. However, since the

data points scattered, we can not say definitely at present which

rnode of diffusion is better for deseribing the experirnental data

of the stress relaxation at long tÅ}rnes. More precise data are

requiTed for the evaluation.

                        6-4 Conclusions

     The initial and equiiibrium Poisson ratios (pto and ptco,

respectively) of poly(acrylamide) (PAAm) gels were exandned. The
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value of po was found to be O.457, and po was independent of

the strain rate. The vaXue of ptoo and the relative stress
reduction ((Nuxo-'ak- xoo )/aN xo) were respectiveZy O.149 and O.199,

which are rather close to the theo=etical predictions shown in

Chapter 5. The swelling dynarnics for PAArn gels could be described

Eairly weil by the theory. The stress Teiaxation of PAAm gels

agreed better with the longitudinal rnode of diffusion than with

the transverse mode.

;
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Summary

     Chapter 1 described the historical background and
motivation for this study; to what extent properties ef pelyTner

gels have become clear at present and what are the problems to be

clarified. The theoretical background for this study was also

revÅ}ewed briefly in this chapter. The percolation and fractaZ

theories, now used widely for analysis for critical behavior of

polyrner gels, were introduced. The classical (mean-field) theory

for gelation was also described in eomparison with the
percolation theory. Fundarnentals in therrnodynarnics used for

describing the swelling behavior of non-cTitical gels, i.e., the

gels far from the gelation point were also summarized.

     Zn Chapter 2, preparation, and swelling and rneehanical

properties of poiy(vinyl alcohol) (PVA) hydrogels, and PVA gels

obtained by swelling precursors in various solvents were
investigated. On the basis of the experimental results, the

structure of the gels in various solvents was estimated. Stress-

strain curves of PVA gels in the rnixture of dintethylsufoxide

(DMSO) and water did not show a shoulder. It was estimated that

the PVA gels had a uniforrn structure with fiexible PVA chains

and that the crosslink domains for the geis were estimated to be

rather small. On the other hand, the gels swollen in methanol,

ethanol and formamide showed a shoulder on the stress-strain

curve. Based on the solvent power for PVA, it was cencZuded that

the gels had a two-phase structure cornposed of PVA-rich and

solvent rich phases. The PVA chains in the PVA-rich phase are
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 crosslinked by hydrogen bonding. The shoulder originated from the

 breakdown of the PVA-rich phase. The degree of swelling of PVA

 hydrogels depended on annealing ternperature, but was alrnost

 independent of the initial polyrner concentration. Mechanicai

properties oi the hydrogels were also influenced by the degree of

 sweiling. A shoulder was observed in double-logarithmic plots of

stress vs. strain for the hydrogels, and becarne clearer as

annealing temperature inereased. This shoulder was closely

related to the breakdown of the microcrystalline domains acting

as crosslinks. Also, the shape of stress-strain curves plotted

double-logarithmicaliy for the hydrogels changed with the

extension rate.

     The critical exponents for the specific viscosity (nsp) and

intrinsic viscosity ([n]) were examined for poly(vinyl alcohol)

(PVA) solutions in Chapter 3. A new piot was proposed to
determine the cTitical exponent for the specific viscosity (nsp)

and gelation threshold (cG). The value of the exponent (k) was

found to be 1.67. This value was larger than those reported

previously for various polyrnerizing systems and for a gelatin

system. The constant of the Huggins equation for viscosity (k')

for PVA clusters (i.e, sol of PVA) was higher than that of linear

PVA, and the value of [n] for PVA clusters was smaller than that

of linear PVA at lower polymer concentrations. at which PVA

solutions were prepared and cooied. The criticai exponent for

[n] was O.20, which implied that the divergence behavior was

rather weak. Thts weak divergence of [n] resembZes the critical

behavier of Zimm clusters predicted by 3d percolation theory, or
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that of Rouse clusters by the classical theory of FXory-
Stockmeyer type. The critical behavior of [n] of PVA solutiens,

however, might be considered to be close to Zimm clusters of the

3d peTcolation theory rather than that of Rouse clusteTs by the

classical theory, because Zimm clusters are more preferable than

Rouse clusters for the description of the aritical behavior of

 [n]•

     The value of critical exponent for modulus (t) was estimated

by using a model based on the percolatÅ}on theory, and the vaiue

was expeTimentally deterrnined for poly(vinyl aleohol) (PVA) gels

tn Chapter 4. The model proposed was based on the multi-
fractaiity of the gel at and near the geiation point. Three kinds

of fractal dimensSons, dimensions of red bonds, minimum path and

backbone, were used for modeling together with the usual fractal

dimension. Zt was also assumed that the effects of backbone was

dominant for the critical behavior of modulus of poXymer gels.

Aadording to the rnodel, theTe was a critical strain (yc), which

distinguishes two regimes in the elastic response of the gel

network near the gelatien point. The theory also showed that yc

was infinitesimaZZy small for a realistic gelation in the 3d

space. The exponent t for yÅryc scaled as (d+drnin+dB)vE2.27 with

fractal dirrtensions, dmin and dB, and the exponent v for
correlation length for gels near the gelation point. The value of

t for PVA gels was found to be 2.31+O.04 and was close to the

one predicted the model proposed. The crossover behavior of

rnodulus was not found for PVA gels investigated here.

     Zn Chapter 5, the swelling ratio and the stress value
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 (Noxco ) in equilibrium after uniaxial elongation were evaluated,

empioying the Flory-type of Gibbs free energy formula. Poisson's

ratio in equilibrium (poo ). which determines the degree of

swelling under deforrnation, was estimated to be 116 so far as the

applied strain was not large. The expression for Z}xco was also

derived as 7GoEx!3 with the shear modulus (Go) and the applÅ}ed

strain (Ex) frorn the free energy. Swelling dynantcs, which

describes the volume change of the gels after uniax'ial
eiongation, and stress relaxation were also formulated. :t was

shown that there were two kinds of diffusion rnodes; one was

called the longitudinal mode of diffusion which deteTmined the

change of volume, and the other the transverse rnode of diffusion

deterntning the change of shape of the gels. The volume change

(or, equivalently, the change of degree of swelling) was found

to be deteTmined by the longitudinal mode of diffusion. The

stress reiaxation was analyzed by two methods: zero--th order and

first order approximations. The results showed that the stress

relaxation obeyed the longitudinal rnode according to the zero-th

order approximation, while it was deterntned by the transverse

mode based on the first order approximation.

    Chapter 6 described the initiai and equilibriurn Poisson

ratios (geo and pco , respectively) of poly(acryXamide) (PAAm)

geis. The value of pto was found to be O.457 and was
independent of the strain rate. The value of ptco and the
                            -. --                                      Nrelative stress reduction ((uxo-uxcD )/uxo) were respectively

O.149 and O.199, which were rather close to the theoretical

predictions shown in Chapter 5. The swelling dynamics for PAAm
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gels was also investigated here and was found to be

                        t.fairly we,ll by the theQry. The stress relaxaPion of

agreed better with the longÅ}tudinai mode of'diEfusion

the transverse mode.

described

PAArn geis

than with
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