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The effects of mechanical stress on the volume phase transition of @\pislypropylacrylamidge

(PNIPA) gel as well as a copolymer gel composed of N-isopropylacrylarfidBA) and sodium

acrylate (SA) were investigated in the relatively low stress region. The PNIPA gel without
elongational stress showed the behavior close to the second order phase transition. The character of
the first order transition became clear under tension, and the transition temperature increased with
increasing applied stress. Similar behavior was observed for the NIPA-SA copolymer gel, but the
copolymer gel showed the first order transition in the whole stress range investigated. The
thermodynamical linear region, where the transition temperature varies linearly with applied stress,
was narrower than the mechanical linear region determined by the stress—strain relation of the gels.
The change in the transition behavior by the application of the mechanical stress originated chiefly
from the volume change in the gels by the applied mechanical stress. It was found that the curve of
the transition temperature against applied stress corresponds to the phase boundary between the
swollen and collapsed phases for the gels. On the basis of the experimental data, a
phenomenological model describing the volume phase transition of the polymer gels is proposed in
the frame of the Landau-type free energy expression.2000 American Institute of Physics.
[S0021-9606)0)51341-5

I. INTRODUCTION work to polymer gels induces the volume change in the poly-
mer gels. The polymer gel under elongation has lower poly-
Some polymer gels show a discontinuous volumemer concentration, or larger volume than that at rest, namely,
change responding to an infinitesimal change of an externgh the nondeformed state. Generally, the effects of the appli-
field such as temperature. The discontinuous change in Vokation of the mechanical work on the phase transition behav-
ume is called the volume phase transition of polymer gelsjor cannot be compared directly between the deformed and
Many studie$ have been attempted to clarify the mechanismnondeformed gels, because they are different in polymer
of the volume phase transition of polymer gels. In most studzoncentration and then the difference may affect the phase
ies, poly(N-isopropylacrylamidg(PNIPA) and PNIPA based  pehavior of the gels in the different way. When the applied
copolymer gels have been used. PNIPA gels are electricallytrain (or, stressis so small that the stress—strain relation
neutral but the gels show the discontinuous volume change @émains linear, however, the effects of the applied mechani-
a certain temperature around 35 °C if the crosslink densityg| stimulus may be expected to appear only as a change in
and polymer concentration are low enough. The theder  yolume (polymer concentrationof the gels. The aim of this
veloped by Tanakat al, which is based on the free energy study is to examine the effects of the application of the
expression of the Flory type, can describe a basic feature @fmaller elongational stress on the volume phase transition
the volume phase transition of the polymer gels, but the apthrough the change in volume for polymer gels near the criti-
plicability is limited to the polymer gels with higher ion ca| point for the volume phase transition. The effects of the
content than the critical value. The origin of the volumejntroduction of ionic groups to network chains on the transi-
phase transition of the neutral PNIPA gels still remains un+jon behavior are also investigated. A theoretical model with

clear at present. The effects of the application of the methe | andau-type free energy expression is also proposed on
chanical stress have also been investigated to clarify the nghe pasis of the experimental results.

ture of the phase transitioh® For PNIPA gels as well as

PNIPA based copolymer gels, it has been well established

that the discontinuous character becomes stronger as the éb-EXPERlMENT

plied stress increases, but the effects of the mechanical stress Two types of polymer gels were prepared by radical po-

on the phase transition cannot be still fully understood in théymerization technique in distilled water. One is a PNIPA gel

region of small deformation as well as Iarge deformation. sample-coded as PNSO00, and the other is a copolymer gel
We have showti™ that the application of mechanical comprising N-isopropylacrylamide (NIPA) and small

amount of sodium acrylatéSA), which is sample-coded as

dAuthor to whom correspondence should be addressed; electronic maiP_NSlO- m the polymerizatiqn, N, N’_—methylene-
takigawa@rheogate.polym.kyoto-u.ac.jp bis(acrylamide (BIS) and ammonium peroxodisulfd#eP)
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were used as a crosslinker and as initiator, respectively. Thi 0.3

agents were dissolved in 100 ml of distilled water. Molar

concentrations for PNS00 were 1525 m{MIPA), 25.4 mM

(BIS) and 3.5 mM(AP), and those for PNS10 were 1518

mM (NIPA), 10 mM (SA), 25.5 mM (BIS), and 3.5

mM (AP). As an accelerator, N, N, N, N'-

tetramethylethylenediaming@40 ul) was also used for the

polymerization of the polymer gels. The total monomer con-

centration before gelatiotnamely, in the pregel solution &

was fitted to be 15 wt. %. After the pregel solutions were

poured into glass tubes, the gelation was performed at 20 °( ”

for 24 h. Then, the gels were removed from the tubes, anc 0.1 T

were kept in distilled water for 2—3 d to wash out the reac-

tion residues and also to achieve the equilibrium swelling. o PNS00

PNS10 reswelled to a larger extent than PNSOO in the equili- e PNS10

bration process. The diametdrand lengthL of the gels

were, respectively, about 30@m and about 15 mm at 0 L . '

30.0°C. 0 0.5 1.0 1.5 2.0
The cylindrical gel specimens were fixed in a specially G /10°Pa

designed water bath. The temperature of the specimens we 30

kept constant by circulating temperature-controlled water in _ _

the outer jacket of the apparatus. The accuracy in the me&lG. 01. A pIqt of strainesz, against stressrz for PNS00 and PNS10 at

surement of temperatufiewas =0.02 °C. Bothd andL were 80.0°C. The lines were drawn as a guide to the eye.

monitored by a combination of a charge coupled device cam-

era and a TV monitor through the glass window of the ap'groups into network chains. As stated in Sec. Il, the gels

paratus. EI(_)ngatlon was made by applying metal We'ght%ere immersed in distilled water after preparation to wash

each_ of Wh'.Ch was 35 mg, to the bottom of _the cylindrical out the reaction residues, and the gels swelled further in this
specimen with an adhesive. oThe_ stress—stcram curves for t’Erocess. The change in volume was larger for PNS10. This
gels were measured at 3.‘0'0 Cin elonga}tlonal mode. .In th eans that the polymer concentration for PNS10 is lower

measurements, th_e tensigstres3 was varied by Cha?”g'“g than that for PNSOQO0, although the final concentration for the

the number of weights from one to two, a_nd thgn finally togels could not be measured with reliable accuracy because
four. The temperatur€é dependence af was investigated on the specimens were too small. The resultsEgs, however,

heating and then.c.)n cooling in the regionohear the vol- indicate that the polymer concentration decreases by the in-
ume phase transition temperatdrg. The temperature was troduction of ionic groups

varied at an interval of 0.1 °C and the tension was varied in In Fig. 2, the reduced diameter is plotted agaifigor

the same way as n the case of the mechamcal tests. pNso. Hered,, is the value ofd at 30.0 °C and is also the

A combination of the true stresse_md engineering _stram value in the deformed state for the gels under tension. A
€ was employed for the data analysis. They are defined bydiscontinuity is observed on all of the four curves, and the

f transition temperatur€;, , defined as an average of tempera-

=g (1) tures for the onset and completion of the discontinuous
change, increases with increasing load. The degree of the
discontinuity increases with increasing load for the curves,
but the discontinuity for the curve without loading is rather
small compared with that for the other curves. No hysteresis
is observed for the curves except for the highest load;
namely,T,, is identical both on heating and cooling. On the
other hand, the curve at four weights shows hysteresis. For
the curve at the highest load, the transition temperature and
IIl. RESULTS AND DISCUSSION degree of the discontinuity, both of which were defined as an
average on heating and cooling, show the highest values. The
estimated discontinuity range @ldsg is almost identical for
the curves under loading, while that for the curve without

Figure 1 shows a plot of;, againsto;, for PNS00 and  weight is very narrow and is shifted to the upper side. In this
PNS10. The data points for each gel specimen fall well on &tudy, the measurements were performed at an interval of
straight line, showing a linear stress—strain relation in thi€.1 °C, meaning that the change in diameter may be classi-
load range. The slope of the line gives the initial Young'sfied as a discontinuous transition even if the actual change is
modulus at 30.0 °CHE5g). The value ofEzy for PNSO0 was  continuous, when the change is very steep. The upward shift
8.5x 10" Pa and that for PNS10 was k10 Pa, indicating  and the narrowing of the discontinuity range for the unloaded
that the modulus decreases by the introduction of ionicurve suggests the possibility that thelependence curve of

T =30.0°C

02} .

L-Lg
€= LO y
wheref is the tension an& is the cross-sectional area under

elongation,L, being the value oL at rest. Specificallyo
ande at 30.0 °C are designated agy and e, respectively.

)

A. Volume phase transition of PNIPA and NIPA-SA
copolymer gels
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FIG. 2. Temperatur@ dependence curves of the reduced diametdsg, for
PNSO00. Hered stands for the diameter ani, is that at 30.0 °C. The curves
were drawn as a guide to the eye.

FIG. 3. Temperatur& dependence curves of the reduced diametes, for
PNS10. Hered stands for the diameter anti, is that at 30.0 °C. The lines
were drawn as a guide to the eye.

d is continuous for the unloaded curve. Even in this case, )
there exist two possibilities: one corresponds to the seconfll 9€!S- The region above the curve corresponds to the col-

order transition and the other is the steep change with a finitiPSed state while the region below the curve to the swollen
slope. Although we cannot distinguish one from the otherState, meaning that the curve is a phase boundary between

definitely only from the experimental results shown here, thé_h_ese two phases. As can be seen from the curve for PN_SOO’
curve without loading must be closer to the curve showindt is also understood that the boundary starts from the critical

the second order transition. Then, we regard here the chan
in the unloaded curve as the second order transition and aldB
T,, for the curve as the critical temperatufg. This means
that PNS0O0 has the critical compositiguolymer concentra-
tion); namely,
the second order in the stress-free state.

Figure 3 shows a similar plot for PNS10. A discontinuity
is also observed on all curves, and only the curve at the
highest load shows the hysteresis behavior, as is the case
PNSO00. The degree of the discontinuity in diameter is rela-
tively large for all curves, suggesting that for PNS10 the
discontinuous change actually occurs in every circumstanc
investigated in this study. The transition temperature and the
degree of discontinuity increase with increasing load.

The transition temperaturd,, is plotted against the
stress at 30.0 °Cdf3g) in Fig. 4. As can be seen from the <_
figure, T, increases linearly with increasing load except in
the case of the highest load for both types of specimens, an
saturation ofT,, is observed for the curves at high stresses.
ComparingT,, at the same stress level, PNS10 shows highei
T, than that of PNS00. The similar behavior has also beer
reported by Suzuket al® As shown in Fig. 1, the linear
region observed in stress—strain behavior, which we may cal
the mechanical linear region, extended up to the highest loa
for both gels. Thus, the linear region on thg vs o4, plot,
which we call the thermodynamical linear region, becomes
narrow compared with the mechanical linear region. The two

338

int. The tensior(or stresy dependence curves af,, as

e curves in this figure, have been obtained for various
PNIPA based polymer gefs® but so far it has not been
noticed that the dependence curve actually corresponds to
the gel shows the volume phase transition ofhe phase boundary for the gel specimen. The existence of

336 |
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curves i_n Fig. 4 are parallel, SUQQ?S“”Q that the effects OfG. 4. A plot of transition temperatu®, against applied stress at 30.0 °C
mechanical stress ofy, are almost identical for both types o, for PNS00 and PNS10. The curves were drawn as a guide to the eye.
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. o . . FIG. 6. A plot of the reduced volume against temperaflirior PNS00.
FIG. 5. A plot of degree of discontinuity measured in the reduced dlametehereyv is the volume)V, being the volume at the critical point. The nu-

Ad/ds, against applied stress at 30.0 #, for PNS00 and PNS10. Here, erais stand for the number of weight. The curves were drawn as a guide to

Ad is the change in diameter at the transition temperaturedagds the  the eye. The region inside the dashed curve corresponds to the unstable
diameter at 30.0 °C. The curves were drawn as a guide to the eye. region.

the phase boundary enables us to apply the conventional _ . . .
thermodynamical relations valid for systems undergoing thel'2 C higher than that of PNSO0. The degree of discontinu-

first order phase transition to the polymer gels if the stress illy \;v?hs als;) Iatrgefr Ior the 10 V\{[tr.]%tspeqltmenb Thh ese |nd|ca;e
converted appropriately into pressure. For example, using th@al € efiects of tension on the transilion behavior can be

Clapeyron equation we can estimate the change in thermc?—XplalneOI chiefly py the increased .VOIl.m('er decreasgd
dynamical quantities, such as entropy and enthalpy at thBonmer concentrationdue to the application of mechanical

volume phase transition. Figure 5 shows a plot of the degregtress'
of discontinuity in diameter estimated &, againstosg for
PNSO00 and PNS10. As a measure of the discontinuity, the -
discontinuous jump il (Ad) normalized byds, is used. As B. Landau model for volume phase transition under
stated previously, we regarded PNSOO without loading as gensmn
specimen showing the second order transition. In this sense, Tanakaet al. have proposed a thedrjo explain the ba-
the corresponding data point in this figure must be zero, busic feature of the volume phase transition of polymer gels
here the nonzero value, obtained directly from Fig. 2, is plot-using the Flory-type free energy, but the theory is applicable
ted. For both gelsAd/dsy appears to fall on a convex curve only to the ionic gels with higher ion contents. Even using
at small stresses, and the data point at highest stress deviatbe Flory-type free energy, a quantitative description for the
upward from the curve. The curve for PNS10 is located upvolume phase transition of the PNIPA based polymer gels
ward compared with the curve for PNSOQO0. swollen by water cannot be made at present. This is because
Figure 6 shows how the volumé of PNS0O0 changes the transition is accompanied by the dehydration of the sol-
with T. In the figure, a reduced variable defined B/Y_.)-1  vent molecules; namely, the dehydration of the hydrophobic
is used, wheré/, is the value ofV at the critical point and solvation. For these systems a phenomenological model must
was estimated from the curve without metal weight, whichbe useful for the detailed analysis of the volume phase tran-
we regarded as undergoing the second order transition. Theition. The Landau-type phenomenological thétry ap-
transition curve without loading is drawn to show a continu-pears very attractive to explain the volume phase transition
ous transition. This figure excludes the data at highesof electrically neutral polymer gels because the theory gives
weights, which showed the nonlinearity in tig, vs o3y  an essence of the physics of volume phase transition in a
plot. It is clear that the curves under loading have a largesimple form, although the theory has been recognized to bear
volume than those without loading over the entire rang€ of several defects and the applicability is also limited to the
examined andv for the curves increases with increasing semiquantitative level. In addition, the Landau model has an
load. The transition temperatufg, also moves to the higher advantage that the effects of an external field, such as me-
temperature side and the degree of discontinuity becomezhanical stress on the transition behavior, can be easily taken
large, as the applied load increases. In the stress-free stateto account as a perturbation term. Here, a simple model
T, for a PNIPA gel prepared at the monomer concentratiorwithin a frame of the Landau theory is shown on the basis of
of 10 wt. % and the same NIPA/BIS ratio as PNS00 becaméhe experimental results obtained in this study.
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Polymer gels in solvent change their volume by the apwas introduced from the analogy to the van der Waals
plication of the mechanical stre$$-1! From the thermody- fluids? The equatiorh=0 determines the phase boundary of
namical point of view, this originates from the fact that the the gels near the critical point and the constain Eq. (5)
system is semiopen, namely the solvent molecules can mowrresponds to the slope of the boundéigr example, the
freely through the interface between gel and solvent phasesurve in Fig. 4. The model characterized by Edd) and(5)

The reswelling by the application of mechanical stress ihas a wide applicability to the volume phase transition under
considered to occur because the system is unstabilized by thension; namely, the second order transition is realized when
applied stress at a constant volume and then the systeno external field exerts on the systéh=0), while the tran-
moves to a new equilibrium state under deformation bysition is smeared wheh keeps a constant sign over the
changing the volume. This volume change occurs isotropiwhole range of3. If h changes its sign at a certain value®f
cally even if the applied mechanical stréss deformation  in the region of8< ., the first order transition occurs there
is anisotropici! indicating that the reswelling process may and the transition point is identified bg=8.—(AP/K).

be accounted for simply by the difference in a swelling pres\When the first order transition takes plac&, (- T.) scales
sure between deformed and nondeformed states, and théth AP as

polymer network is expanded to balance with the solvent (Ty—To)~AP ©6)
pressure. Since the average pressure generated by the appli- ~ ' "¢ '
cation of the mechanical stress is given byr o/3 using a  The coexistence curve has the form of

stress tensowor, we can define a swelling pressuk® acting (T —To)~ @2 @)

outwards inside the gel by e
When the deformation is a uniaxial elongation, Eg).leads
AP= Tr_". 3) the linear relation i, — T;) ~ o. It is clear that this relation
3 holds well for PNSO0 at low stresses sintg for the un-
This quantity determines the degree of volume change belr?;ﬂfcilcl?gggrV;’:Siorﬁ?r?rtﬂzd ﬁ <(i|f:|g\./s4). TCstthnea:;Tr]gv(\j/Z-r
tween the loaded and unloaded states. Usually, the referenge 9 P tr V> 930

. S Nan the mechanical linear region in the ploteaf vs o3.
frame to describe the deformation is chosen to _be the nondeI'he narrowness of the thermodynamical linear region might
formed state of the gels. It should be noted thBtin Eq. (3)

is different in meaning from the swelling pressue the be because this linear region corresponds to the critical re-

osmotic pressujeused in a usual sense, becausthas not gon. . - .
vanished, even in the equilibrium state. The value\efis . The introduction of ionic groups to the network chams
positive when the gels swell by the application of the me_mcreased the volume of the gel. This may be considered

. because a solvent pressyrehanged by the introduction of
chanical stress. ionic groups. When a new type of swelling presswH
The experimental results obtained in this study Showe%efine% b ps. yp gp
for the PNIPA and NIPA-SA copolymer gels that the second y

order transition as well as the first order transition can occur All=p—p, (8

dependingl on the rjnagnitude. of stress. Th_g PNIPA gefs introduced AIl determines the volume change by the in-
(PNSOQ without loading especially had the critical compo- troduction of ionic groups to the network chain in the non-
sition. As stated previously, the stress dependence curve %feformed state. In the above equatipg, stands forp in a

Ty could be interpreted as a phase boundary between ttHaeutral gel with the same number of crosslilRNSO0O0 in

swollen and collapsed states in the pressure—temperatufg. . study. By replacing AP in Egs. (5) and (6) by (AP

pla_nte,T?]nd t?e tcurve for PNS00 jtsrti? f[omdthe Cr(ijticlaflnLAH), the above model may be applied to the analysis of
point. These teatures are expressed by the Landau model iy oftects of the applied stress as well as the introduction of

the second order phase transition under an extended fielg, .. groups on the transition behavior as long as the com-

we ng thgtterms of interest in the expression of the freeposition of the gel is rather close to the critical composition.
energy densihg as In the unloaded state the volume phase transition of PNS10

B C was discontinuous, while that for PNS00 was continuous. In
g=A §(ﬁ—ﬁc)¢2+ Z¢4—h<P : (4 addition, T,, for PNS10 was higher than that for PNSOO.
These may be explained by an existence of a positieor
h=AP+k(B8—- ), (5) PNS10. The linear relation betwedR, and o33 was also

observed for PNS10. The fact that the linear relation between
Ti and o3g was also observed for PNS10 suggests that the
V-T curve showing the second order transition is obtained

Bc=1IT.. The parametep was introduced to convert the p, 455ving relatively small compressional stress because the
negativeT dependence oY for the PNIPA and NIPA-SA force must reduceP.

copolymer gels into a conventional form. The order param-

eterg is defined using the polymer concentration in thegel

and that at the critical poird; as¢=c—c.. The last term in V. CONCLUSION

the right-hand side of Eq4) is added as a perturbation to The effects of the mechanical stress on the volume phase
take into account basically the effects of volume change byransition of PNIPA and NIPA-SA copolymer gels were in-
the application of mechanical stress. This functional formvestigated in the relatively low stress region. The unloaded

whereA, B, andC are positive constants, amg=1/T. The
guantity B is the value ofg at the critical point, namely,
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