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Surface tension of the polymer network of a gel
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The surface tension of paly-isopropylacrylamidegel is measured as a function of temperature. It is found
that the surface tension of the gel suddenly decreases as the gel undergoes the discontinuous volume phase
transition. The surface tensions of the polymer network of the gel are evaluated on the basis of a simple theory.
The results yield that the surface tension of the @eHsopropylacrylamidggel is mainly determined by the
area occupied by the polymer chain on the surface of the gel in most of the temperature regions. In addition,
it is also found that the surface tension of the polymer network of the gel shows a singular behavior in the
immediate vicinity of the volume phase transition temperature of thel §&063-651X96)08608-4

PACS numbds): 82.70.Gg, 47.20.Dr

INTRODUCTION phase transition in water when the temperature is raised
[10,11]. The hydrophobic interactions between side chains
Gels are a typical two-component system that consist ofire the main driving force of the volume phase transition of
the cross-linked polymer network and the solvent. It haghe NIPA gel. Exact measurements of the surface tensions of
been established that the gels show a volume phase transitiffese gels are yet to be done and the relationship between the
in response to changes of external conditions such as tengurface tension of the NIPA gel and the volume phase tran-
perature, solvent composition, apd [1]. Many physical ~Sition are not yet known.
properties of the gels show singular behaviors in the vicinity
of the volume phase transition point of the ¢&+4]. Such
singularities of the physical properties of the gel are attrib-
uted to the density fluctuations of the polymer network and Materials
the divergence of the correlation length of the gel.
It is one of the main focus of recent condensed matte
physics to gain the information of the singular behavior of

X o - . monomer (electrophoresis graglewas purchased from
:Eg fhhgjrlgﬁl;g|ufgr?tt;st g} ipfa gﬁgsg;onhgi%%lngltgo;gn un_BioRad laboratories and used without further purification.
derstood in rather simple systems IittFI)e is known about com:rhe cross-linking agenl,N'-methylene-bis-acrylamide ob-
pI€ Sy ’ ta*ined from BioRad laboratories, was used without further

plex systems such as polymer gels. The detailed aspects %urification. The photopolymerization initiator, (3-

the volume phase transition of the gels are, therefore, still g. . . :
A : o imethyl-amino-2 - hydroxypropoxy3,4 - dimethyl-9H -thio-
matter for discussion. The volume phase transition of the 9€] - nthone-9-on@n  chloride (KAYACURE QTX, Nihon

has been studied using smaller gel pieces in recent StUdieli;slyaku Co., Ltd, was used without further purification. The

the typical size of the sample gel was the order of 100 conventional radical polymerization was made using ammo-
[6,7]. The surface properties of the gels are increasingly efhium persulfate (initiator: BioRad laboratorigs and

fective in the volume phase transition of the small gels sincq\I N.N’.N’-tetramethyl ethylene diaminéaccelerator: Bio-
the relative area of the surface becomes larger as the size &f S y y '

the gel becomes smalld6]. An accurate estimate of the ad laboratories The probe material for the measurements

surface free energy is required for a detailed discussion o f contact angles)-decanespecial grade;>99%), was pur-
gy IS req : . chased from Wako pure chemicals Industries Inc., and used
the volume phase transition of the small gels. Besides this, |

may also be possible to discuss surface structures of the g ithout further purification. All glassware used in this study

by detailed analysis of the surface properties of gels having - - made of Pyrex. The ion-exchanged and doubly distilled
y Ay prop 9 gvater was used as the solvent for the measurement of contact
different chemical and network structures. However, not

EXPERIMENT

The monomer, NIPAEastman Kodak Cp.was purified
[)y recrystallization from toluene and-hexane. The AAmM

much attention is paid to the surface properties of gels so faertngles.
[9]. |
In this paper, we would like to report the detailed studies Preparation of gels
on the surface tensions of the p@tisopropylacrylamide In this study two polymerization techniques were used;

gel (NIPA gel). The surface tension of the pghcrylamideé  one is the conventional radical polymerization and the other

gel (AAm gel) is also measured in this study as a referenceis photopolymerization.

The NIPA gel is known to show a discontinuous volume The AAm gel was obtained by the conventional radical
polymerization of AAm and the cross-linker. The AAm
monomer and the cross-linker were dissolved into water at

*Present address: Department of Chemistry, Faculty of Science&soncentrations of 693 and 7 mM, respectively. Thenb0f

Kyushu University, 812, Fukuoka, Japan. accelerator was added to the 25 ml of the above solution.

TAuthor to whom correspondence should be addressed. The pre-gel solution thus obtained was degassed for 20 min
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sample gel was, therefore, tightly fixed on the surface of the

glass(ﬁf;fed by Bind-Silane) glass plate. The glass plate, which is not treated with the
Bind-Silane, was carefully removed from the gel under water

-~} spacer % after the gel was prepared. The sample gel was soaked in a
cel large amount of water several times in order to equilibrate

water

and wash away the residual chemicals. Then the gel was set

glass plate .
micrometer syringe in the cell of the contact angle measurement apparatus.

gel
@ ’YSV
sessile bubble

Contact angle measurement

The surface tension of the gel was evaluated by the sessile

Yow bubble method13]. A goniometer(type A-2010 A, Erma
contact angle 8 Inc.), equipped with a temperature controlled cell, was used
o— v water in this study. After the sample gel was immersed in water in

the cell of the goniometer, a bubble of air or a drop of
FIG. 1. Schematic representation of the preparation of th«J]'decane was attached to the surface of the gel that was

sample gel and the measurement of contact angles. The sample Efgfposed to Wate_r as schematically illustrated in F_|g. 1. The

is polymerized between the gap of the gel mold that consists of twd/0lumes of sessile bubbles were controlled; the diameter of
glass plates and spacers. The surface of the one glass plate is treatB§ Sessile bubble was maintained 1 mm with a micrometer

by the Bind-Silane. The gel is, therefeore, bound to the glass plat8yfinge. Then the contact angle between the gel and the
chemically. The sample gel is then immersed into water in theSessile bubble was measured as a function of temperature.
temperature controlled cell of the goniometer. The sessile bubble ofhe temperature was changed between 5 to 50 °C with an
the air (saturated vapor of wateor n-decane is attached on the accuracy better than 0.1 °C. All the apparatus was set on an
surface of the gel from the lower side. Then the contact angle beoptical table to avoid external mechanical disturbances. The
tween the sessile bubble and the gel is measured at equilibrium. Theeasurements were made at an equilibrium state of the gel.
contact angles of both edges of the sessile bubble are measured. The

subscriptsS, V, andW in this figure indicate the gel, the gwvapor THEORETICAL BACKGROUND

of watep, and water, respectively. The contact anglés deter-

mined by the balance between three interfacial tensiegs ysw, In this section, we consider the theoretical background of
and v,y . The definition of the contact angle is also shown. recent advances in the analysis of the surface tensions of

materials. When a sample of solid, for instance a hydrogel,
at a temperature of 5 °C. The initiator, 250 of the 0.1-g/ and a sessile bubble of air, which is saturated with water
ml-aqueous solution of ammonium persulfate, was added tgapor, are kept contact under watgolven) as schemati-
the pre-gel solution. The solution was stirred gently and thergally shown in Fig. 1, the surface tension of each phase is in
poured into the gap of the gel mold. The gelation was comequilibrium. Then the contact anglg is defined[13]. The
pleted within 30 min. balance between three surface tensions yields the following

The photopolymerization technique was applied to pre-Young’s equation:
pare the NIPA gel since this method is useful even under the
lower reaction temperatures. Here, we briefly describe the Ysv= Yswt YwyCO 6y). 1)
outline procedure of the photopolymerization technique. The
details of the photopolymerization method and the charactet-ere, y; denotes the surface tension between two phases
ization of the resultant gels will be reported elsewherg.  andJ. The subscripts, V, andW represent the solid phase,
The NIPA monomer and the cross-linker were dissolved irthe vapor phase of water, and the liquid phase of water,
distilled water at concentrations of 693 and 7 mM, respectespectively. When the bubble of air is replaced by other
tively. The molar fraction of the cross-linker was thus fixed sessile bubbles, such as a liquid, which is immiscible with
at a concentration of mole percentmol % in both gels of the solid and the solvent, a similar equation also holds in this
AAm and NIPA. The photo initiato0.2 mol % of total ~System. The contact angle of this systéinis, however,
monome) was dissolved into the pre-gel solution and de-generally different from the above system because the sur-
gassed for 20 minutes at 5 °C. The gelation was then madi@ce tension of the liquid is different from that of air:
under a nitrogen atmosphere at 10 °C by irradiating the uv
light at a wavelength of 365 nm. The onset of the gelation YsL= YswT YwLCOL 0, ). 2
was observed within 30 min under these experimental con-
ditions. The solution was kept under the same conditions fof he subscriptL denotes the phase of the liquid that is im-
6 h to ensure the complete reaction. miscible with water and solid.

The gel mold used in this study, which is schematically ~Consider now the surface tension of a simple mateyial
shown in Fig. 1, was designed to prepare a flat and thin slaf has been shown that the surface tension of a material can
of gel. The gel mold consists of two Pyrex glass platesbe divided into two components: the nonpolar component
These glass plates were fixed by spacers of thickness 1that arises from the dispersive Lifshitz—van der Waals inter-
mm. The surface of one of the two glass plates was treatedction (LW component:y;*, and the polar component due
by Bind-Silane(Pharmacia LKB Biotechnologyby which  to the interactions between the electron donor and the elec-
the surface of the glass plate becomes active in forming cdron acceptof14—17. The latter component is frequently
valent bonds between the polymer network of the gel. Thecalled an acid-base component AB component).
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Y= 7:_W+ YIAB . (3) 22 L e |
Many studies have been made so far to evaluate the surface 20 | éj:;; .
tensions of the materials theoretically. In spite of the exten- L g .
sive studies, a definite theoretical framework has yet to be 18 | 2 .
established. It is, however, suggested experimentally that the - 1
harmonic mean approximation of the surface tension compo-  Contact Angle q¢ - 0o .
nents gives better results for the polymer, water, and organic (degree) - ° o N 7
liquid systemg18,19. Since the gel consists of the polymer 14 o, @™ 7 B B
network and water, we apply the harmonic mean approxima- - o9 w® _
tion to obtain the surface tension components. If the har- LN T ..
monic mean approximation is assumed, the following rela- ]
tionship is obtained: 100 10 20 30 40 50
Temperature (°C
I AW s A N perete 9
Y=YV EYav y:'\\/N-I— 'y\liv yﬁ?%— y/j\E} - @ FIG. 2. The temperature dependence of the contact angles of

AAm gel, OO0, B, and NIPA gel,O, @. The open symbols represent
Here, subscriptd, J, and V refer to phased, J, and V, the contact angles measured in the system of gel-air-water. The
respectively. closed symbols are the contact angles measured in the system of
The above equation can be rewritten as follows for thegeln-decane-water. All the data shown in this figure are obtained in
present case of two sessile bubbles of the vapor and thie heating process.
liquid and the gel in water.
surface of the gel. On the other hand, the volume phase tran-

Y5v W ALY sition of the gel is mainly governed by the interactions that
Ysw= Ysvt ywv—4 W W -4 VB0 | 5 arise within the gel. The presence of the sessile bubbles,
SV wv SV \% e
therefore, does not affect the volume phase transition of the
S W LB AB NIPA gel. In addition, the volumes of sessile bubbles are
YsL= Yout Yiv—4| ot | —4| —p——u5|. (6)  controlled to become about 1 mm. The surface of the gel is
sv T Nv JévJF Lv much larger than the area that contacts the bubble. The ef-

fects of the bubble, even if they exist, are negligible.
The subscriptS in these equations denotes the gel in the y 919

present case. The combination of the above two equations
and Young’s equations yields the following equations:

K v

Yovtdw  Ysvt oy

RESULTS

The temperature dependence of the contact angles of
AAm gel and NIPA gel systems is shown in Fig. 2. The
contact angles measured upon increasing temperature are

W w
WV Lv

’))é\\llv ¢W+ﬁvw_ W+ W
SV \ SV LV

AB
+Ysv

_ Yw €08 00) + v — Ny 74T L I L R B
= 7 . (7 i i
72 ]
W B
Jw_ W s Y _ ywy[1+cog6y)] ® L 1
W W B B~ : .
oyt aw o Yevt A 4 70 -
Y ’ 4
These equations indicate that the components of the surface (m/m) i ""'-gn
tension of a gel areX\y and 45, and hence the total surface 68 — i 7
tension of the gelysy, can be determined independently by - ° .
solving these equationd9]. It is, however, postulated from 66 o, . -
the theory that at least two different sessile bubbles of known | |
surface tensions are necessary to evaluate the absolute value A | | | | |
6 I 1 I I I

of the surface tension of the gel. It is further required that
temperature dependence of surface tensions of sessile 0 10 20 30 40 50 60
bubbles should be known to gain the information on the
temperature dependence of surface tension of the gel. Out of
many candidates, a_|¢vapor of water and n-decane were FIG. 3. The temperature dependence of the total surface ten-
chosen for the sessile bubbles of the present study becausgns of AAm gel, 1, B, and NIPA gel,O, ®. The open symbols
the values of surface tensions and their temperature depepspresent the surface tensions obtained upon increasing tempera-
dence have been already reporf@@]. The measurements tyre. The closed symbols correspond to the surface tensions that are
are, therefore, done in the ternary systems of gel-water-aigptained in the process of lowering temperature. The straight line
and gel-waten-decane in the present study. expresses the extrapolated temperature dependence of the surface
Since the sessile bubbles are immiscible with the polymetension of water. The values of the surface tension of water are
network of the gel and water, the bubbles contact only thesited from Ref[17].

Temperature (°C)
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shown in this figure for the sake of simplicity because almost 10 ,

all the data points taken in the process of raising temperature :

and that taken in the process of decreasing temperature are i

overlapped with each other. It is clear from this figure that Swelling Ratio "o ¢ o,

the contact angles between the AAm gel and air and/or (VG) : %
n-decane gradually decrease with increasing temperature. On !

the other hand, the contact angles between the NIPA gel and ol meo
these sessile bubbles suddenly increase at a temperature of 50 ' . —
about 33 °C. .

The total surface tensions of AAm and NIPA gels are A8 * g,
calculated from the contact angles, the surface tensions of 48 . 7
air, and that ofn-decane as described in the preceding sec- (mN/m) o
tion. The results are plotted in Fig. 3 as a function of tem- KN
perature. It is found from this figure that the surface tension 40 ; ; ;“" =
of the AAm gel decreases monotonically with increasing .
temperature. In contrast, the surface tension of the NIPA gel I o ©
decreases abruptly at about 33 °C. It is also found that the Yy ool "’@% B
temperature dependence of the surface tension of the NIPA (mN/m) St
gel is entirely reversible. The temperature dependence of the
AB component and the LW component of the surface tension 19k . )

is also shown in Fig. 4 with the swelling curve of the NIPA 20 80 40

gel. It is found that the AB component of the surface tension

suddenly decreases at the volume phase transition tempera-

ture of the NIPA gel while the LW component, though it  FIG. 4. The temperature dependence of the swelling ratio, the

seems to show a small cusp at the phase transition temperaB component of the surface tension, and the LW component of

ture, decreases monotonically with the temperature. the surface tension of NIPA gel. The open symbols represent the
results obtained in the process of raising temperature. The closed
symbols are the results obtained by lowering temperature.

Temperature (°C)

DISCUSSION

The surface properties of simple liquids and simple solidgvithin the system contribute only to the AB component of
have been studied in detail from both theoretical and experithe surface tensiof22,23. The reversible decrease of both
mental points of view21]. It has been well established that surface tensionsy and ¥*%, of the NIPA gel are, therefore,
the slope of the tangential line of the temperature depenthe characteristic of the NIPA gel in which the hydrophobic
dence of surface tensiahy/d T as well as the absolute value interaction is the main driving force of the phase transition.
of the surface tensiory is a relevant measure of the surface  In order to analyze the experimental results quantitatively,
properties of the one-component system. The temperatui&e first discuss the effects of the surface concentration of the
dependence of the surface tension is studied in many simpleolymer chain on the surface tension of the gel. Since the
systems so far. It is confirmed by these studies that the supolymer network of the NIPA gel is chemically cross-linked,
face tension of the one-component system is a decreasirije total mass of the polymer network in the gel is constant
function of the temperature. Although the gel is a typicalin the entire temperature region. The volume change of the
two-component system that consists of the polymer networlIPA gel, therefore, occurs only by exchange of water with
and the solvent, the surface tensions of both gels decreasiee surrounding environment. The bulk concentration of the
with temperature as is shown in Fig. 3. It is found from Fig. polymer network in the gel is a function of the swelling ratio
3 that the absolute value of the surface tensions of these ge#d hence the temperature. The surface concentration of the
are close to that of watgR0,21]. Besides, the slope of the polymer chain is, thus, also a function of the temperature.
tangential line of the temperature dependence of surface terhe effects of swelling of the gel on the surface concentra-
sion of these gels at about 20 °C is found to be abedtll tion of the polymer chain, therefore, should be taken into
mN/m K. This value is also close to the reported value ofaccount. We assume that the surface tension of the NIPA gel
water —0.138 mN/m K[21]. These results strongly suggest can be written as follows because the gel is a dilute system of
that the surface properties of these gels are mainly governgie polymer network and the solvent:
by the fluid component of the gel rather than the polymer
network of the gel itself. Most of the area of the surface of
these hydrogels is, therefore, occupied by the solvent. These Yoel= (1~ Psurtacd Ywatert Psurfacnetwork 9)
results are in good agreement with the structural features of
gels since a fraction of the polymer network of these gels is
much less than that of the solvent. In this dilute systemHere, vy, Ywaterr 3Nd Ynework: @re the surface tensions of the
however, the surface tension of the NIPA gel shows arNIPA gel, water, and the polymer network of the NIPA gel,
abrupt decrease at the volume phase transition temperaturespectively. The surface concentration of the polymer net-
The decrease of the surface tension corresponds to the suderk is denoted ashg,ce The above equation is rewritten
den decrease of the AB component of the surface tension. #s follows to evaluate the surface tension of the polymer
has been already suggested that the hydrophobic interactionstwork of the NIPA gel:
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T T T
Vnetwork— Ywater ’yw(;th (10 55 I
surface o
Here, the surface concentration of the polymer network is a Yoo 50T ) -
function of the swelling ratio of the gel. 0%

The swelling behaviors of the gel strongly depend on the (mN/m) o o
restraint applied to the sample gel, that is, the way the aor T EIY
sample gels are fixe[24]. It is, therefore, indispensable to 9
take into account the preparation procedure in order to cal- wk ¢ i
culate the surface concentration of the polymer network from = '. ; =
the bulk concentration of the polymer network. The sample )
gel used in this study is a thin slab of which one surface is o 9992”% o
chemically fixed to the glass plate. The swelling of the gel is v andy~ 80F . oo
uniaxial, namely, only the thickness of the gel varies as a et e
result of the swelling. Assuming a uniform density distribu- (mN/m)
tion of the polymer network in the equilibrium stat@sace i o v
can be written as follows: ofRo0Q

s oeg "
[ 10 o | | =
Psurtace™ Po / (l_)y (11 25 30 35 40
0 Temperature (°C)

mzerreefﬁ?’eIr{cznsdtlgtgretggetg?;frt:ggsogmﬁ epglglmaer: dniergvrr?;krg;e _ FIG. 5. The temperature dependence of the surface tensions of
ence state respect’ively The ratio of the thi,ckness of the ge{ e polymer nework of the NIPA gel. The open and closed symbols

. L T . . are the results obtained in the processes of increasing and decreas-
[/1,is written as follows using the swelling ratio of the NIPA ing temperature
gel, VIV, and/or ¢/ ¢ '

| VAECRPREE region studied here. The reversible decrease of surface ten-
_:(_) _(_O> (12) sion of the NIPA gel, which shown in Fig. 3, is, therefore,
lo Vo ¢ mainly caused by the variation of the surface concentration

of the polymer network of the gel due to the volume phase
transition.

It is also clear from these figures that both surface ten-

Yoater Yael sions of the _polymer network and the AB component of t_h_e
Ynetwork= Ywater— 273 15— (13  surface tension show the cusp at the volume phase transition
¢ temperature of the gel. On the other hand, the LW compo-
nent is a monotonic function of the temperature in the entire
region. These results again indicate that the singularity of the
surface tension of the polymer network of the NIPA gel is
B _.AB caused by the hydrophobic interactions. The cusp of the
ngwork: Wgter— Wﬁa;e;l—/ge' Ynetwork &t the volume phase transition temperature corre-
ot sponds to the singularity of the second term in Eq. 13,
W Lw YVuvater— Yl B ">, SINCE Yyarer IS NOL singular in the entire
W _gw _ Ywater” Ygel 14) temperature region studied here. It is also obvious from Fig.
network™ Ywater 4213 4173 ( 3 that the numerator of the second term increases at the vol-
ume phase transition temperature. The singularity of the
Thus all the surface tensions of the polymer network of they,emor @t the phase transition temperature is, therefore,
NIPA gel, Ynemork Yaoworks @Nd Yhe o €an be calculated caused by the abrupt increase of the surface concentration of
from the surface tensions and the swelling ratio of the NIPAthe polymer chain. Such an anomaly of the surface concen-
gel. These surface tensions of the polymer network are catration of the polymer chain presumably indicates the effects
culated and the results are plotted in Fig. 5 as a function obf density fluctuations on the polymer network of the gel due
temperature. to the phase transition.

It is found from these figures that the surface tension of It has been well established that the density of the poly-
the polymer network of the NIPA gel is almost constant inmer network fluctuates in time and space in the vicinity of
either lower and higher temperature regions, but abruptlfhe volume phase transition temperature of the NIPA gel
increases in the narrow temperature region, which coincidel2,25,26. The swelling curve of the NIPA gel goes into the
with the volume phase transition temperature of the NIPAunstable region under present experimental conditions.
gel. Although the polymer network is much denser at highefTherefore, two mechanisms can be attributed to the density
temperature regiony,emork IS @lmost the same as that of fluctuations in the gel. One is the static density fluctuations
lower temperatures. These results indicate that the surfadue to the micro phase separation of the gel that diverge at
tension of the polymer network of the gel for the unit area ofthe coexistence line. The other is the dynamic fluctuations
occupied polymer chain is almost constant in the temperaturthat diverge at the spinodal line. In either case, the density

The combination of Eqg10-12 yields the following equa-
tion for the polymer network of the NIPA gel:

Substitution of Eq. 3 into Eg. 13 also yields a similar rela-
tionship for the components of the surface tension:
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fluctuations of the polymer network may create a nonuni-vation of the surface structure of the NIPA gel in the transi-
form distribution of the polymer chain on the surface of thetion region will be of importance to clarify the singular be-
gel. The inhomogeneity created by those density fluctuationbavior of the surface tension of the NIPA ge29]. The
cannot be estimated correctly in the framework of the presertombined studies on the surface structure and the surface
analysis because the surface tension of the polymer netwogkoperties of the gel will open a new insight into the volume
is evaluated on the basis of E(P) whereas, the surface phase transition of the gels.

tension of the NIPA gel is assumed to be expressed by the

linear combination of the surface tensions of the polymer

network and water. The results indicate, therefore, that the CONCLUSION

simple approximation presented in this paper is valid only in

. o ; ; It is found that the surface tension of p@W
the regions far from the transition point. In this regard, thei opropylacrylamide gel abruptly decreases at the volume

measurements of the surface tension of the critical gel are q hase transition temperature of the gel. A simple analysis, in

interest since the information of the divergence of the dy- . .
namic fluctuations can be derivé@7,28. Such studies will which both the concentration of the polymer on the surface

promote a better understanding of the singular behavior o?f the gel and the geometry of the swelling are taken into
the surface tension of the NIPA gel and are now in progressaccount' yields that the surface tension of the (ily

In this paper, we demonstrate the surface properties of thlsopropylacrylamld)agel is mainly governed by the concen-

. fation of the polymer chain on the surface of the gel. Fur-
NIPA gel. The surfac_e tensions Of. the polymer network c)fthermore, it is found that the surface tension of the polymer
the NIPA gel show singular behaviors at the volume phas

transition point. These results strongly suggest that the de%etwork of the gel shows a cusp in the immediate vicinity of

sity fluctuations of the polymer network influence the surface?he volume phase transition temperature.

properties of the gel. It is expected that the density fluctua-

tions of the polymer network also varies with the surface ACKNOWLEDGMENTS
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