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Résumé. — La tension superficielle de solutions semidiluées de polyméres en solvant théta a été mesurée. Des
prédictions théoriques sont faites pour les deux cas d’interface attractif ou répulsif. On utilise 'approche de Cahn
pour le calcul de la tension interfaciale a I'aide de la théorie champ moyen des solutions de polymére. Les mesures
ont été effectuées sur deux systémes en conditions 6 : polydiméthylsiloxane-bromocyclohexane a 29 °C et poly-
styréne-cyclohexane a 34 °C respectivement pour les cas attractif et répulsif. La méthode de 'anneau est utilisée.
L’accord théorie-expérience est bon. Les prédictions théoriques et les résultats sont comparés a ceux obtenus dans
le cas bon solvant lors d’'une étude précédente. La transition 0 solvant-bon solvant est €tudiée pour le systéme
attractif.

Abstract. — A study of the surface tension of semi-dilute polymer solutions in theta solvent conditions is presented.
Theoretical predictions are given for the two cases when the interface is attractive or repulsive. The Cahn approach
for the interfacial tension is used in order to calculate the interfacial tension in the mean field theory of polymer
solutions. The measurements, were performed on two polymer theta solvent systems : polydimethylsiloxane-
bromocyclohexane at 29 °C and polystyrene-cyclohexane at 34 °C for the attractive and repulsive cases respectively.
The well-known ring method was used. The agreement between theory and experiments is good. The theoretical
predictions and the results are compared with those obtained in good solvent case that we reported.in a previous
paper. The transition 0 solvent-good solvent is studied for the attractive system.

Introduction. tions was examined both experimentally and theore-
tically. An attractive (polydimethylsiloxane (PDMS)-
toluene) and a repulsive (polystyrene (PS)-toluene)
interface were investigated.

This paper presents both éxperimental and theore-
tical results for the 6 solvent conditions. On the
contrary to the good solvent case where several data
exist for low molecular weight (< 10%) polymers in
various solvents [12-14], only one experimental study
[12] (M,, < 10%) refers to 6 conditions. We present
here the first study of high molecular weight (> 3 x 10°)
polymers on attractive and repulsive interfaces.

In the past few years very few theories [5, 12] con-

For a long time much effort has been devoted to the
study of the interfacial properties of solutions. Recent-
ly, new theoretical studies [1-10] on these interfacial
properties, in particular for the behaviour of polymer
at liquid interfaces or free surfaces (melt or solution)
have been developed and have raised new interest
for experimental measurements.

In a previous paper [11], the surface tension of
semi-dilute polymer solutions in good solvent condi-

(*) Equipe de Recherche Associée au C.N.R.S. (n° 542).

(**) Associé au C.N.R.S.
(**) Permanent address : Exxon Research, P.O. Box 45,
Linden, N.J. 07036, USA.

sider the 6 solvent conditions. The situation is pre-
sently changing since the approach of J. Cahn (7]
for the interfacial tension and wetting properties of
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fluid-solid interface and some recent calculations
[8, 9, 15, 16] of the profiles of polymer concentration
in the vicinity of attractive or repulsive interfaces seem
good building blocks for new prediction of interfacial
behaviour.

We use a mean field theory, which is particularly
valid in 6 conditions and has serious advantages :
the surface tension is given in analytical form and
gives rise to numerical predictions and comparison
between good solvent and 6 solvent conditions. This
theory indeed describes the essential experimental
findings. The contribution of the very recent scaling
theories [17, 18] are discussed in view of the good
solvent-0 solvent transition.

1. Experimental part.

1.1 CueMicAL SYSTEMS. — We present experimental
results in the semi-dilute range where the physical
behaviour is independent of mass and polymer poly-
dispersity. To make sure of the semidilute regime,
we have used high molecular weight (> 3 x 10%)
polymers since the lower limit volume fraction (@*)
varies as M ~ - in the 0 solvent case instead of M ~°8
in the good solvent case [19].

Two different polymers were used, polystyrene (PS)
for the repulsive case and polydimethylsiloxane
(PDMYS) for the attractive one. The 6 solvents were
respectively cyclohexane (6pg = 34.5°C) [20] and
bromocyclohexane (fppys = 28 °C) [21]. Cyclohexane
was purchased from Merck (Uvasol quality) and
bromocyclohexane, purchased from Merck (zur Syn-
these) was redistilled under reduced pressure (20 torr)
before use.

1.1.1. — One sample of polystyrene was used
(M,, = 426 500, M, = 322000, I, = 1.32), purchased
from EAHP (Strasbourg, France). In order to calculate
the volume fraction of polymer in solution, we used
the following values for the densities at 35 °C :

pps = 1.0753 g/em® [22] p,, = 0.765 g/cm® [23].

All the solutions were prepared by weighing polymer
and solvent. The solubilization was performed in an
oven at 54 oC ~ 6 + 20 °C during one week at least.

When examined by light scattering, the solutions
revealed no aggregates, thus indicating a good solubi-
lization.

1.1.2. — Two samples of polydimethylsiloxane
(PDMS) were used (Table I), from the same origin
asin [11].

Table I. — Molecular weights of the PDMS samples.

Polymer M, pc M, 6pc 1 pGPC
| 54 000 170 000 3,15
111 414 000 616 000 1,49
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The values of the densities were measured in the
laboratory on a PAAR DMA 45 apparatus at 29 °C :

Peecy = 1.3257 glem®,  pppys = 0.9753 g/em? .

The solubilization was performed at 49 °C during
at least one week for the first solubilization and at
least 24 hours for the further dilutions.

1.2 SURFACE TENSION MEASUREMENTS. — We used
the well-known-ring method [24-25]. The measure-
ments were performed at 34 °C for the polystyrene-
cyclohexane system and at 29 °C for the polydime-
thylsiloxane-bromocyclohexane system. The tempera-
ture was controlled within a range of 0.05 °C. The
apparatus was a modified Lauda tensiometer as
described in [11].

Because of the longer kinetics of equilibrium for 6
systems, after the solubilization stage in the oven at
0 + 20 °C, we transfer the sample in the tensiometer
and let the solutions equilibrate at 6 temperature
during at least one night.

The measurement of the tension is given for each
experiment within 0.02 mN/m and the reproducibility
is between 0.05 and 0.1 mN/m.

Repulsive interface.

For each concentration of the solution, at least, two
measurements were performed. The surface tension
of the cyclohexane at 34 °C was determined :

Yo = 23.80 + 0.05 mN/m.

The 0 range was calculated following reference 26
to be 6 + 5 °C. The concentration range was limited
to &, = 0.15 since above this concentration, the
viscoelastic properties of the surface increased the
duration of the measurement so that some evapora-
tion of the solvent occurred on the film leading to
unreproducible results.

Attractive interface.

The surface tension of bromocyclohexane at 29 oC
was determined to be y, = 33 + 0.05 mN/m.

The 0 range is around 4 °C for sample III and 12 °C
for sample I [26].

2. Theory. Comparison with the good solvent case.

Following the Cahn approach [7], our starting point
is to write the surface energy y as :

g

y—vo=v14’s+J
0

dz { F(®) —

2
—uhd5+7rb+b(¢)<(i—f> } Q2.1

where 7y, is the surface tension of the pure solvent,
the z direction is normal to the surface and measured
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into the solution, F(®) is the free energy density for a
semi-dilute polymer solution of volume fraction @,

oF
By =6_¢P

) is the chemical potential,

g2 0 (E
w(=2%55(5)].

is the bulk osmotic pressure, L(®) describes the
solution stiffness to spatial fluctuations of the concen-
tration and y, is a local solute-interface interaction
energy/area which describes the attractive (y, < 0)
or repulsive character (y, > 0) of the interface (@,
is the polymer volume fraction at the interface).
The integral term represents the energy change
associated with the deformation of the concentration
profile in the vicinity of the surface. The 6 tempe-
rature corresponds to a tricritical point, so we expect
that (to within logarithmic corrections) the mean
field approximation is adequate. In mean field theory,
the Flory-Huggins free energy density for semi-dilute
solutions is [27] :

Py,

F(¢)=(T/03){(<P/N) Lno +%vd)2 +%wd§3 +}

2.2

where a is a monomer dimension, N is the degree of
polymerization and T is the temperature measured
in energy units. The first term represents the transla-
tional entropy of a polymer chain; v and w are,
respectively, the second and third virial coefficients
associated with the monomer-monomer interactions.
For semi-dilute solutions the first term is usually
neglected. This point could be questioned in the
repulsive case where the volume fraction in the
depletion layer can be less than the overlap volume
fraction @*. But the thickness of the depletion layer
is found experimentally to be close to R; [28] and at
this length scale, the translational entropy may be
ignored; the interfacial energy is thus mainly domi-
nated by the repulsive and gradient terms [27]. On the
other hand there may be some limitation for the mean
field approach in the adsorption layer where the
concentration can be larger than @* We can then
follow the steps of our previous calculations but
settingv = 0 and keeping the third coefficient 1/6 wd>.
For the semi dilute regime the stiffness function
L(®) in mean field theory is [27] :

a2\ T
Lo = (m) &
The interfacial energy then becomes :

Y= Y =" 4’s+'[ dz{%w(d53—3¢¢,f+2d)b3)+
o

o (0T
24 ¢\ dz a’
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Setting y? = ®/®,, x = z/¢, with £, the Edwards
correlation length [29]

& = a/w'? @) and o,' = (T/6 7y, a)(1/&,)

a dimensionless mean field adsorption constant, the
surface energy is conveniently written :

Y=V _ 2, -1 J-m { 2 1\2(.,2 (dJ’>2}
=yi+o, dx -1 +2)+\ =) -
Vo ®, Viton | 0*=-D*0*+2 e

2.4

For fixed y,, the Euler-Lagrange equation derived
from 2.4 is

d’y 2 2

2= -Do7+ D 2.5
which has a first integral

Loa-»or+22 @6

which satisfies the boundary condition d®/dx = 0
as ¢ — &,. Reinserting dy/dx into (2.4), we obtain
(asin[11]):

Y — %o 2 -1 ® dy)z
=y>+20, —] dx
Y1 ¢b ¥ J'o (dx

or

=y2+2a-1r<9l)dy Q.7
s m dx .

Vs

since for x =0, y =y, and for x = 00, y = 1.
Dealing with 6 solvents, we assumed to have a
strong adsorption, ie. |g,|> 1,y> > 1 for the
attractive case and y? < 1 for the repulsive case.
The interfacial free energy is then minimized by

amys=(%) =1 -0+ 2.9

letting in the attractive case

y? ~ | o, | or more explicitely

2
o, = 6('_%1) w12 2.9)
and in the repulsive case
2 T
1220 or 0= (L2 T wn)eg.
Ys Om or s ( 6 7, a?. w b
(2.10)

68
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The interfacial tension is then easily calculated
knowing y, from (2.7) leading :

— in the attractive case (6, < 0, | 6, | > 1,y > 1,
71 <0)

|ysla® _
v—yo=3v1< o L

T 1/2

617, |a*

= (2.11)
w2 &,

4 q?

— in the repulsive case (6,> 0,0, > 1, y <1)

2 (Twhi?
y — vo=\£<——>¢,§. 2.12)

6 a?

a
-‘VW
0 a5 &
¥ (mN/m) .
b pol
G o

Fig. 1. — Theoretical variation of the surface tension of
polymer solution in good solvent (solid line) and 6 solvent
conditions (dotted line). a) attractive case; b) repulsive
case. The following numerical values were taken : | y,,, —
Voo | = 10 mN/m, y, = 5 mN/m, a =5 A, v = 1 (GS)),
w = 1 (8 S.) corresponding to a coupling constant y, a*/T
equal to 0.31.

These equations are plotted on figure 1 together
with those which were obtained in the good solvent
case. We can point out two remarks :

2.1 ATTRACTIVE INTERFACE. — For a given value of
the coupling constant (y, a*/T) which is always smaller
than 1, the sharp drop at ¢, — 0 of the surface tension
is larger for the 0 solvent (Ay/y, ~ (y, a*/T)) than for
the good solvent where (Ay/y, ~ (y, a®/T)?) : the
weaker repulsive interactions between monomers
allow a denser adsorption layer in the 6 solvent case.
The variation of the surface tension is linear in @,
for good solvent and quadratic in @, for the 6 solvent
with a coefficient of the same order of magnitude.
As &, is much smaller than 1, this leads to smaller
variations of y for the 6 solvent than for the good
solvent (in the semi-dilute concentration range).
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2.2 REPULSIVE INTERFACE. — In comparison with
the good solvent case, we find a change in the expo-
nent of the concentration dependence varying from 3,2
in the good solvent to 2 in the 8 solvent. The coeffi-
cients of ®2/? and &7 are of the same order of magni-
tude, and we expect a smaller variation of y for the 6
solvent than for the good solvent in the @, concen-

tration range.

2.3 COMPARISON WITH EARLIER THEORIES. — Earlier
theories [12, 13, 30] are monolayers theories which
predict an adsorption or depletion layer but no
profile of concentrations. These theories describe
correctly the attractive case where surface tension is
determined by the adsorbed species but they do not
lead to satisfactory results for the repulsive case,
and for high polymers, the meaning of the results
is even doubtful [13] (y < 0). Moreover they do not
follow the Gibbs equation [31]. Poser and Sanchez
theory [10] is similar to our one except that their
gradient coefficient is kept constant while a mean field
theory predicts a & ~! dependence [27, 32].

3. Results and discussion.

We measured the surface tension of polymer solu-
tions in a wide range of volume concentration up to
0.15-0.25.

To our knowledge, only one study [12] refers to
measurements of the surface tension of polymer
solutions in 6 conditions. The authors studied both
attractive and repulsive systems. In the attractive case,
PS in cyclohexane at the water-cyclohexane interface
was used. A discrepancy between theory and experi-
ment was observed which could be due to the low
molecular weight (< 10*) of the samples which are
not the best candidates to test polymer theories. The
repulsive system was : polyisobutylene of M, around
10? in benzene at the water-benzene interface. The
comparison with theory leads to x = 0.2 (Flory
parameter) which corresponds rather to good solvent
case.

The theoretical predictions are related to the semi-
dilute concentration range. In fact, the expression
semi-dilute range deserves some discussion : if all
the authors agree on the definition of the lower limit
(overlap concentration) the upper limit is not so well
understood. Experimentally, the situation is not
clear [33] and we consider that an upper limit of this
range is 0.25 as in [11]. We evaluated the lower limit
of the semi-dilute concentration range using reference
19. For PS with a molecular weight M, = 426 500,
we obtain [26] a limit concentration @* = (0.065
which is a high value and limits the semi-dilute range.
For PDMS, from the hydrodynamic radius of chains
measured in [34], we inferred a limit value &* = 0.063
for PDMS I and &* = 0.035 for PDMS III. Note
that in the case of an attractive interface, the con-
centration near the interface is much higher than in
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bulk, thus extending the validity of semi-dilute calcu-
lation for ¢, < ®*.

3.1 REPULSIVE INTERFACE. — Figure 2 shows the
variation of y as a function of the volumic fraction &,
The comparison with figure 3 of (11) shows that the
general shape of the curve is the same namely
Y — 7o = AP* but that the variation of y with polymer
concentration is approximately six times smaller than
with good solvent.

The quantitative comparison with (2.10) gives
Yo = 23.8 mN/m and w = 0.2 + 0.1. This value of w
is clearly a reasonable one (}).

P(mN/m)

25]

24

23]

05 10 3 Y

Fig. 2. — Repulsive case PS-cyclohexane (35 °C). Plot of y
as a function of @,. The curve corresponds to the equation
2.10. A linear plot in @, was chosen since a plot on &2 would
superimpose most of the experimental points due to the
small variation of y.

P(mN/m)

25,

N ianian s I

D K] 2 o,

Fig. 3. — Attractive case PDMS-Bromocyclohexane (29 °C).
Plot of y as a function of @,. The curve corresponds to the
equation 2.8 (@ M, = 170000, A M, = 616 000). A linear
plot @, was chosen since a plot on @2 would superimpose
most of the experimental points due to the small variation
of y.

3.2 ATTRACTIVE INTERFACE. — The comparison of
figure 3 with figure 4 of the previous paper shows that,
like in the repulsive case, the general shape of the curve
is the same namely :

— no dependence on molecular weight of the
polymer,

— a sharp drop from 33 mN/m to 24.4 mN/m at
very low concentration (®, < 0.001),

— then a progressive decrease of y; the curvature
is more pronounced than in the good solvent case}

— the overall variation of v is also five times smaller
than in the good solvent case.

(*) Recent unpublished measurements by Mc. Donald
(West Virginia Univ.) give w = 0.28.

SURFACE TENSION OF POLYMER SOLUTIONS : THETA SOLVENT

1039

Following (2.8), the best fit shown on figure 3
gives :

Yo = 33 mN/m
[7,] =48 £ 0.2 mN/m
w =075+ 0.20.

The value of y, which is related with the surface
tension of the two materials is coherent with the
findings of [11] where we got

711 =2mN/m with yr,; — yp, ~ SmN/m

and here

| 711 = 48mN/m with 5. — Ypg ~ 13mN/m.
The value of w, of the order of unity [27] is reasonable.

4. Transition 0 solvent-good solvent. Attractive case.

Let us consider the two meanfield expressions of the
surface tension in good solvent (G.S.) and 0 solvent

©8):
4 (y, a*\?
Yes — Yo = Vl[;( lT ) +2¢b:|

Tw'’? 6y, a* ]
Tw'2 o, |’

7, @
Each of them depend only on two paramieters 7y,

. 71 a? Y1 a?
and either R or AT for good and 6 condi-

tions respectively. Moreover these parameters are not
correlated with each other in the fit. As a consequence,
the study of the G.S.-0 S. transition on the same
polymer-solvent system gives y, as a function of the
quality of the solvent. Moreover the fact that a is
identical in both conditions permits a better check of
theoretical formula.

We measured the surface tension of PDMS-bromo-
cyclohexane and of pure bromocyclohexane in the
25-55 °C temperature range. One question appears :
does 6 + 25°C correspond to G.S. conditions ?
The vicinity of the 6 point was studied by means of
neutron-scattering by Cotton et al. [35]. If we consider
their (concentration-temperature) diagram as a typical
example, the transition from 6 region to good solvent
region in the semidilute range (@, ~ 0.1) would occur
at 0 +\5 oC. Their experimental data on the radius
of gyration of 2 x 105 M,, polymers indicate that the
good solvent behaviour is observed at 6 + 20 °C.

As for a 6 x 10° M, polymer (polymer III) the
transition is sharper so that we infer 6 + 25°C to
be good solvent conditions even with the polydis-
persity index of 1.5.

Table II compares the drop of the surface tension at
&, — 0(Ay,) and the dependence of y on @, at 0
and 6 + 25°C : the larger dependence of y on @,
(by a factor of ten) at 55 °C indicates G.S. conditions
and gives | y, | equal to 2.5 mN/m instead of 4.8 mN/m
at 0.

3y,a*
Twi?

)’o—'Yo=71[" 1/4 ¢b2 Ln
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Table II. — Comparison of various parameters for the
PDMS-bromocyclohexane system.

Ay, Y&p-0— Yoo=0.1 [ 711
(mN/m) (mN/m) (mN/m)
6 29 oC 8.6 0.08 4.8
GS 55¢°C 6.8 0.5+ 0.1 254+ 1.0
AT (mN/m)
10
¢
[}
13
30 40 50 T6C)

Fig. 4. — Variation of the drop of the surface tension at
@, — 0(Ay,) as a function of temperature for the PDMS-
bromocyclohexane system.

Figure 4 shows the variation of Ay, as a function of
temperature of about 20 %, smaller than the corres-
ponding variation of y, (50 %). It is difficult to draw
more quantitative conclusions since we do not have
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information on v in these conditions (PDMS-GS).
Nevertheless, it is interesting to compare Ay, in our
two PDMS-GS systems, and a system measured by
Gaines [13] (Table III).

Table III. — Result of various PDMS-GS solvent
systems.

Toluene : Ay =3mN/m |y,|=2mN/m
Bromocyclohexane : Ay, = 6.8 mN/m |y, | = 25mN/m
Tetrachloroethylene : Ay, = 44mN/m |7, | = 3.2mN/m

If we consider the same a, characteristic of PDMS,
and similar values of v, the mean field theory predicts
Ay, ayi. The values of table II suggest a lower depen-
dence of Ay, on y,. Recent papers [17, 18] based on
scaling theory predict a weaker dependence of Ay,
on the solvent quality : in yZ both for # and GS condi-
tions. The continuity between GS and 6 solvent
conditions and the above values of table II suggest a
better agreement of the experimental results with
the scaling theories.
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