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Résumé. 2014 Les interactions entre chaînes polymériques dans un mauvais solvant (polystyrène-cyclohexane à des
températures plus petites que 35 °C) ont été étudiées en utilisant des mesures d’intensité de lumière diffusée. Les
résultats obtenus, dans des solutions diluées, montrent que la concentration de demixtion, CD, est reliée au second
coefficient du viriel, A2, de la pression osmotique. Les variables réduites à utiliser pour avoir une courbe universelle
ne sont pas celles prédites par les théories de champ moyen ou de loi d’échelle. Il est trouvé empiriquement que

CD/Cc et A2/Ac2 sont fonction de Tc - T/Tc  M0,31w. Mw est la masse moléculaire, Cc et Ac2 sont respectivement la
concentration critique et Ie second coefficient du viriel à la température critique Tc.

Abstract. 2014 The interactions between polymer chains in a bad solvent (polystyrene-cyclohexane at temperatures
lower than 35 °C) was studied using light scattering intensity measurements. The results obtained in dilute solutions
show that the demixing concentration CD is related to the second virial coefficient A2 of the osmotic pressure. Using
the reduced variables predicted by mean-field or scaling theories the demixion curves are dependent on

Mw, the molecular weight. Empirically, it is found that CD/Cc and A2/Ac2 are only functions of Tc - T/Tc  M0.31w. Cc

and Ac2 are the critical concentration and the second virial coefficient at the critical temperature Tc.
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1. Introduction.

In a polymeric system of linear and flexible chains
diluted in a bad solvent, attractive interactions can be
strong enough to induce a phase separation in the
solution. Among the two coexisting phases one is
diluted while the other is more concentrated in the
chain concentration. The phase diagram (Fig. 1), tem-
perature T versus concentration C, presents a complete-
ly forbidden range of concentrations limited by a

coexistence curve and with a critical point (Tc, Cc) at
its maximum (UCST). Above Tc and in the vicinity of
Tc [1, 2], intermolecular interactions are, within a mean
field framework, directly related to intramolecular
interactions. These interactions govern the deswelling
of an isolated chain which has been extensively studied
and is well described, at first order, by existing
theories. The purpose of this paper is to analyse
intermolecular interactions, whatever the temperature
and the molecular weight, in the very dilute regime

(C « C c ). Experiments are performed on polys-

tyrene-cyclohexane system with chain molecular weight
Mw ranging from 1.71 x 105 to 2.06 x 107 daltons, over
a temperature domain from 10 °C to 35 °C, correspond-
ing to a bad solvent situation. Using light scattering
measurements [3], two quantities are determined : the
demixing concentration CD and the inverse of the

osmotic compressibility C ac . The demixing concen-8C

tration C D, in the dilute phase (CD .r. CC) of the

coexistence curve, is a function of temperature and
molecular weight:

The coexisting conditions are defined by equalizing the
chemical potential and the osmotic pressure in the two
coexisting phases. The inverse of the osmotic compress-
ibility of the dilute solution is given by :
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Fig. 1. - Phase diagram (T, cp ) of a polymeric system. Full
line corresponds to the coexistence curve. Tc and (p,, represent
the coordinates of the critical point. The dashed area is the
forbidden region. At the reduced temperature TD the two

coexisting phases have the concentration cp D and ’P SD’

H being the osmotic pressure of the solution, A2 the

second virial coefficient between chains (1), C the
weight concentration of polymer per unit volume and R
the perfect gas constant.

In these bad solvent conditions the attractive interac-

tions, corresponding to a negative A2, progressively
increase as the temperature decreases down to the
demixion occurrence. We present here a comparative
discussion of the two quantities A2 and CD measured
on the same molecular weights samples. By light
scattering experiments, for each molecular weight, at a
given temperature, using samples having different

concentration we determine A2. Using one sample
having a given concentration, decreasing the tempera-
ture, step by step, we determine the demixing tempera-
ture TD. For T &#x3E; Tp, the transmitted intensity is a

constant while it deeply decreases as the temperature
decreases for T  Tp. Experimental details are given in
reference [4] and in the thesis of one of the authors (R.
P.) [3] where the apparati and data analysis used are
extensively described.
The effective 0 temperature of the system, at which

attractive and repulsive interactions compensate is

experimentally determined by two methods :
- either as the temperature where A2 is equal to

zero.

(’) The second virial of the osmotic pressure A2 is in fact an
effective second virial coefficient between statistical units of

two different chains.

- or as the infinite molecular weight extrapolation
of the critical demixing temperature TC.

Experimentally the second method leads to a slightly
lower 0 temperature than the first method

(A o ztz 1 °C ) [3]. The direct determination of 0 from
the A2 measurements is preferred here as no extrapola-
tion of the measurements is required (6 = 35 °C for our
system). No molecular weight dependence (from
2.4 x 104 to 6.77 x 106) is found experimentally for the
0 temperature.

2. Theory.

From scaling arguments [5], as well as from a mean
field approach, a description of the interactions in bad
solvent leads to the relations :

where T is the relative temperature defined as (2)
T-(J

T = T o. A’ and ? are the respective values of AT 2 c 2

and T at T = Tc and TD is the value of T in the demixing
conditions. With this formalism the quantities CDICC
and A 2/A2 c are functions of only one reduced variable
TI Tc.

In order to determine the orders of magnitude of the
interactions involved, a mean field approach is used.
An expression of the free energy F per unit volume, of
a polymer solvent system has been proposed [1, 2]
(3). .

k is the Boltzmann constant. N is the number of

statistical units of mass m in a chain : N = Mw/mXa,
Xa is Avogadro’s number. cp is the number of statistical
units in a unit volume of the solution : cp = C /m. Part
(a) of F/kT is the translational free energy of the
chains in the solvent. Part (b) of F/kT is the free
energy of interactions between the statistical units,
these being regarded as a Van der Waals gas. v and w
are the second and third virial coefficients between
statistical units [6, 7]. v, as A2, is equal to zero at the 0

(2 ) The Flory definition of T = T T 0) differs from the

definition used in phase transitions physics = T - e .B /
As far as T 1, these two definitions are close to each other.

(3) The complete Flory-Huggins equation leads to ex-

pression 5, providing that cp  1 and thus N &#x3E; 1.



117

temperature [1] and is proportional to the relative

temperature T ; the proportionality factor b = v / T is a
constant. w is weakly temperature dependent and is
often taken to be a constant [2, 7].

This expression of the free energy leads to the

coordinates (cp c’ 7-C ) (see Fig. 1) of the critical point

using, 
a2F- a’F 

-0using a2F 2 = a3F 3 = 0acp2 acp3

On the coexistence curve (Fig. 1) the two phases
(’PD and ’PSD) coexisting at the same temperature

(TD) have identical chemical potential ( aF 1 andaw
identical osmotic pressures (1T = cP 2 a ( F/ cp) ) : :a~

Far from the critical point ( PD  Pc  ’PSD ) these

identities lead to [3] :

Then cp 0 IN is function only of T J N, in agreement
with relation (3). One must note that

fPo/fPc oc cp D IN and T /Tc OC T N/N. Using exper-
imental quantities this can be written as :

This theory leads to coexistence curves independent of
molecular weight if the variables CD J Mw and

T J Mw are used. For the second virial coefficient A2,
formula (4) may be justified by the following argument.
In the good solvent situation it is experimentally
verified [8] that :

and that :

where CT is the overlap concentration at the tempera-
ture T. Since C Tc Cc, relation (4) corresponds to an
extension of relation (11) for T  0.
So this mean field description, as well as scaling,

would lead to representations of coexistence curves and
interactions between chains on single master curves,
whatever the temperature and the molecular weight.
The reduced variable would be r J Mw. It must be

pointed out that T ,Imw is also the reduced variable
of expansion factors of an isolated chain.

3. Experimental results and discussion.

3.1 INTRAMOLECULAR INTERACTIONS. - In the so-

called 0 domain [9] (I T V/M, 1,-5 10) where mean
field theory can be applied, the osmotic compressibility
measured by elastic light scattering allows both v in the
dilute regime (C « CQ ) and w in the semi-dilute

regime ( C &#x3E; C 0 -, T = 0 ) to be determined.

a 7r
In the dilute regime, 2013 is found to be a linear

dC
function of concentration. In the 0 domain, A2 is

experimentally independent of Mw and proportional to
T for T2:0 and for Ts 0 if T ( _ 2 x 10- 2 (see
Fig. 2). This agrees with the mean field description :
A2, the second virial coefficient between chains is

directly proportional to v the second virial coefficient
between statistical units. This leads experimentally to :

From this expression one can deduce the Yamakawa
excluded volume parameter [3, 10] : z = 8.10- 3 x

T J Mw. This agrees with the z value deduced, for
example, from the expansion factor of the intrinsic

vicosity measured in the 0 domain [11, 12]:

Fig. 2. - Second virial coefficient of the osmotic pressure

(A2 (CM’ x mole/g2 ) ) versus the relative temperature T is
the 0 domain ( ) T j£ ) s 10) + : measurements from

references [14, 21, 28, 29] for 1.3 x 105  Mw _ 5.7 x107 ;
0 : measurements for 2.4 x 104 _ Mw  6.77 x 106 (see ap-
pendix 1). The absolute accuracy on A2 is smaller than

5 x 10-5 cm3 . mole/g2; e : correspond to the quantity
- 1.4 , plotted versus Tc, as determined from referencesmw C,’ c 

p

[18-20]. The straight line corresponds to relation (12).
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z = 7 x 10- 3 x T JMw. For our system z is exper-

imentally the reduced variable of the expansion factor
of isolated chain inside and outside the 0 domain for
both T &#x3E;_ B and T s 0 [9, 11, 13-15]. The intrachain
interaction is thus experimentally only a function of the
reduced variable T JMW whatever the temperature
and the molecular weight. It must be noticed in figure 2
that for the lower values of T, A2 determinations in the
0 domain deviate from expression (12).

In the semi-dilute regime, at the 0 temperature,

airlac is experimentally proportional to C 2 [4]. This
leads to a determination of W [3] which is found to be
independent of MW :

From this experimental determination a value of y may
be derived: y = 10- 2. y is the three body interaction
coefficient of the modified Flory equation for the

deswelling of an isolated chain (4). A comparison
between experimental expansion factors and the mod-
ified Flory equation [3, 11], in the collapsed regime,
leads to higher y values ( 0. 1 :5 y :5 1 ) . On the

contrary a comparison between experimental expansion
factors and a tricritical model [16] in the vicinity of 0 is
in good agreement with determination (13) of the three
body interaction.

3.2. COMPARISON WITH THEORETICAL PREDIC-

TIONS. - Substituting experimental values (12) and
(13) for v and w, determined in 0 domain, in (6) and (8)
gives :

I ,

These numerical values are to be compared with the
experimental determinations of T c and C c of the

system. From the literature [18-22], it is found that’ .

(5) (see Fig. 3a) :

(4) If the modified Flory equation for expansion factor a is
written as [17] :

- 

I

one obtains y- ( 9 ± 2 ) x 10-B using relations [3]

w = 3 yl 6 and 2 I2 M W ; ; 1 is the length of thew = 3 y/6 and a d mJY’a 
/ is the length of the

statistical unit and Ro, the radius of gyration at the 0

temperature, equal to 0.29 x MW ( A ) for PS-cyclohex-
ane (mean value from literature measurements).

(5) As previously mentioned T, (M,, , oo
34.0 ± 0.2 ( °C) is not equal to the temperature where A2 is

experimentally equal to zero (35 ± 0.5 °C).

which agrees with (14). On the contrary one can see in
figure 3b that relation (14) is not verified for Cc and
that :

If the mean field description predicts a satisfactory
value of T c it only gives an order of magnitude for Cc.
The molecular weight dependence (Eq. (16)) would
imply a molecular weight dependence of w in the

model ; this is in opposition with the experimental
observation (13).
The relation ,Tc _ M- w 0.5 and Cc _ M- 0.38 obtained

Fig. 3. - Variation of the critical coordinates as a function of
the molecular weight. Fig. 3a : T- 1 versus Mw 1/2 for the
polystyrene-cyclohexane system. Symbols : +, V, x, 0, *

correspond to references [18 to 22] respectively. Fig. 3b :
Cc versus MW in log-log scale for polystyrene-cyclohexane
system : V reference [18] ; 0 reference [19] ; + reference [20].
The full line corresponds to Cc = 6.8 x MW-0.38 (g/cm3) and
the dashed line to Cc = 28/Nlm--w (g/cm,) -
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for polystyrene-cyclohexane system, may well be more
general as they remain valid [3] for a different system :
polystyrene-methylcyclohexane, which was extensively
studied experimentally in the vicinity of the critical

point [23].
A tricritical theory [24] has been proposed to describe

the concentration effects in 0 solvents. It leads to

logarithmic corrections to the mean field expressions.
Providing a proportionality between the boundaries of
the diluted 0 regime and the critical point coordinates,
the tricritical effect is a weak correction for T c

Tc oc N - l2 . ( ln N ) - 3/2) and a stronger correction
for Cc (Cc oc N- . (InN) ) - This effect

could explain the discrepancy between the meanfield
theory (6) and experimental results (15), (16).

If C c is not well described by the mean field

formalism, a strong observation is that Ac 2 and mw 1 Cc2 
MW Cc

are experimentally found to be of the same order of
magnitude (see Fig. 4) :

The two physical magnitudes A2 and C,, quantities
both related to interchain interactions, deviate together
from the mean field behaviour (straight line in Fig. 2)
for relative temperatures r 5 - 2 x 10- 2. In good
solvents, A2 is proportional to R 9 3IM2,, Rg being the
radius of gyration of an isolated chain. An interesting
comparison would be to plot also Rgl MW in figure 2.
Unfortunately no Rg measurements are available, for
PS-cyclohexane system, in the range of T where the
second virial coefficient deviates from expression (12).

Considering now the coexistence curve, far from the

Fig. 4. - A; versus M w 1. C c in log-log scale. C c measurements
from references [18-20] and Ai are interpolated through
measurements of the present work. The straight line corres-

ponds to the law A2 = - 1.4 (Mw Cc) -0.99:t0.04.

critical conditions, a comparison is given in figure 5
between mean field predictions (2d-part of formula
(14)) and experimental determinations. The mean field
description gives only a good order of magnitude for
Cp, but with molecular weight distortions. Thus

c c JMw, CD -B/ /R.-, w and A2 . JMW are not functions
of the single reduced variable T B/Mw. This is not

surprising because a mean field description is not

strictly valid either in the vicinity of the critical point or
in the dilute regime : it neglects the concentration
fluctuations.

Fig. 5. - Experimental phase diagram 1 In 
C

Mw - 6’TD
versus - T 2. The absolute accuracy on Tp is 0.5 ° C and C
determination better than 2 %. The molecular weight symbols
are : + 1.71 x 105 ; * 4.22 x 105; 0 1.26 x 106; x 3.84 x 106;
V6.77 x 106. The straight line corresponds to the mean field
calculation (formula (14)). Dashed lines have been drawn just
to have a visual guide.

3.3 ANALYSIS OF THE INTERCHAIN INTERACTIONS.
- In this section we shall try to find the reduced

parameter of interchain interactions. First of all one

may go back to relations .(3) and (4), using only
experimental determinations of the various critical

quantities (formulae (15), (16), (17)). In figure 6,

CD/C,, and A 2/A2 c are plotted (6) versus T / T c: a
systematic splitting with MW subsists for the two

quantities in these representations.
A second attempt is shown in figure 7. If T / T c is

neither the reduced variable of CD /cc nor of A2I A2,
on the contrary the quantity C D/Cc is only function of

(6) It must be noted that owing to (15) the reduced quantity

T / T c is proportional to T MW.
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Fig. 6. - Mean field universal coordinates for demixion curve
and second virial coefficient. Fig. 6a : Semi-logarithmic plot

/ / A B
of C D/ C c versus T / T c’ Fig. 6b : Linear plot of A2 - 1

Ac 2 /
versus T rc.
For molecular weight symbols see figure 5. The meaning of
the other symbols is : V MW = 2.06 x 107, E MW =

1.71 x 105, · MW = 1.26 x 106. 1 and 0 correspond to A2
determination from quasi elastic light scattering measure-
ments [3, 9] (see appendix 2 and 3). Full lines have been

drawn just to have a visual guide.

A2/A2. The empirical relation between A 2 and CD (7)
is :

If in the critical conditions, the quantity Mw A’ 2 Cc is
equal to - 1.4, on the contrary, far from the critical

conditions (c of C c  2.5 x 10-2) it becomes :

(7) Simultaneous determinations of both A2 and CD

( C D  C c) for a given MW is only possible in a narrow

temperature range.

C
Fi . g 7. - Lo g -lo g P lot of C D/ C C versus A-z - c 2. ForFig. 7. - Log-log plot of CD e c versus -. For

AC 2
molecular weight symbols see figure 6. The straight line

corresponds to relation (18). For a given M, and a given T,
A -Ac

A2 _ AZ C is the measured quantity and C n/ C C are interpolatedAC 2
values or extrapolated values for r - T cST c/ 4.

This relation shows that, even in the vicinity of the
coexistence curve, the low concentration expansion of
the osmotic pressure (relation (2)) is valid. The molecu-
lar weight independent relation (18) between A2/A2
and C 01 C c means that the interactions between chains
are really the physical cause of demixion.

In a third attempt, we shall consider the system to be
a critical binary mixture. For mixtures of identical size
molecules, the analysis of the phase diagram is done

7,-r
using a reduced temperature E - T which meas-Tc
ures the relative distance to the critical temperature
Tc. For mixtures of different size molecules, the

difference in size must be compensated by a function of
the molecular weight [25]. In order to determine this
function, the reduced temperature E is plotted as a
function of molecular weight at a given reduced concen-
tration CDICC (see Fig. 8). It is found that, over two
decades of molecular weight, E is proportional to

M- 0.31 ± 0.04W .

Indeed E x Mo- 31 is the reduced variable of both

quantities CD/cc and A2/A2 (see Fig. 9). The dilute
side of the coexistence curve (Fig. 9a) has an exponen-
tial behaviour:

In figure 9b the analytical expression of Cp (20)
transformed into an analytical expression for A2
through relation (18) is a good extension of the
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T - TD
Fig. 8. - Log-log plot of e = 2013_20132013 versus M w for

T,

CD/C, = 3.2 x 10-3. The straight line is the best fit

e =1.1 x Mw 0.31:!: 0.04.

A2 measurements. A second virial coefficient of the
osmotic pressure, between chains, which is an exponen-
tial function of temperature, qualitatively agrees with a
description of the dilute polymeric solution in bad
solvent as a Van der Waals gas of independent statistical
links [26].
Two points must be noted. First, expansion factors of

isolated chain plotted versus EMO- 31 exhibit a wide

molecular weight dependence which does not exist

versus r J Mw. Secondly, Sanchez [27] has reanalysed
the coexistence measurements from reference [23]
obtained with the system polystyrene-methylcyclo-
hexane, in the vicinity of the critical point, over a range
of molecular weights : 1.02 x 104:5 Mw :5 7.19 x 105.
A symmetrization of the two sides of the coexistence
curves, with respect to the critical conditions was
carried out, using two specific reduced variables. One
of these, EMO- 31 is identical to that obtained here from
A2 and CD measurements. Thus EMO- 31 is the reduced
variable of the coexistence curves both near to and far
from the critical point.

4. Conclusion.

In bad solvents, expansion factors and interchain
interactions do not scale with the same reduced vari-
able. For polystyrene-cyclohexane system expansion
factors of an isolated chain may be described as

functions of the single variable T J Mw, during the
evolution towards collapse [3, 9, 11, 14, 15] and in the
collapsed state [3, 11]. A mean field approach then
allows a qualitative description for expansion factor
variations to be obtained but gives only an estimation
of the interchain interactions.
A coherent description is obtained for interactions

between chains in diluted solutions: the second virial

Fig. 9. - Universal coordinates for demixion curve and

second virial coefficient. Fig. 9a : Semi-logarithmic plot of

CD / C versus eMo,". The straight line is the best fit (relation
20 . Fi . 9b : Linear lot of 

A2 _ A2 c 
versus eM0.31 The20). Fig. 9b : Linear plot of A2 - Ac 2. versus EMO.31. The20). Fig. 9b: Linear plot of Ac 2 / versus w The

full line 
A2 - AZ 

c 

= 0.16 x ex 3.5 x EM°31 , For s mbolsfull line is 2 -Ac 2 = 0.16 x exp (3.5 x 0-3’) . For symbolsfull c = 0.16 x 16 x exp (3.5 x emw For symbols
2

see figure 6.

coefficient of osmotic pressure is related to the coexist-

ence curve

which occurs owing to the thermodynamic interactions
between chains, may be described with the same
reduced variable in the vicinity of the critical point and
in the very dilute range where co/Cc and A,/Ac 2 are
only functions of

duced variable EMw seems to be quite general as it is
obtained :

- from two different polymeric systems,
- from different physical quantities : A2 and CD,
- from measurements both near to and far from the

critical point,
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- using various samples of various polydispersity
/ mw B
( 1.01  M n  1.2 over a wide range of molecular
B M. /
weights (105 _ Mw:5 107).
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Appendix 1

Experimental values of the second virial coefficient Az ( A2  0 ) expressed in 10-5 cm3. molelg2 for
Tc T  0.

Appendix 2
Experimental values of the phase diagram in the dilute regime.
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Appendix 3
Experimental values of the reduced second virial coeffi-
cient : A -Ac)/Ac for T S Tc.

(*) Values deduced from quasielastic light scattering measu-
rements.
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