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Résumé. — On étudie des filets de chaines flexibles (ayant N monomeéres entre points d’attache) gonflés dans un
solvant nématogéne (qui peut devenir nématique au-dessous d’une température T.).

1) Au-dessus de T, une contrainte unidirectionnelle ¢ appliquée au gel induit un ordre nématique a I'intérieur
du solvant. Ceci conduit a une large augmentation Az de la biréfringence. Le rapport An/t est indépendant de N,
en accord avec les mesures mécano-optiques de Gebhard et Rehage [1]. On prévoit une forte augmentation de
Anft au voisinage de T,,.

2) Au-dessous de T, on prévoit que le gel collapse quelle que soit la valeur de N : la fraction ¢ de monomeéres
est trés grande (¢ = 0,1) et indépendante de N. A l'intérieur du gel collapsé, la température de la transition N-I
est fortement réduite : I’état nématique disparait souvent complétement. Cependant, un ordre nématique peut
étre maintenu dans un gel gonflé : a) par un refroidissement rapide d’un gel dilué (N grand); b) si les chaines
sont elles-mémes nématogénes.

Abstract, — We consider networks made of flexible chains (having N monomers between crosslinks) swollen in
a nematogenic solvent (a solvent which may become nematic below a certain temperature 7).

1) Above T, a uniaxial stress #, applied to the network, induces a nematic order S; inside the solvent. This leads
to a large increase An of the orientational birefringence. The ratio An/t is independent of N, in agreement with
stress-optical measurements performed by Gebhard and Rehage [1]. én/t is predicted to increase as T approaches
T, .

2) Below T, we predict that the gel collapses into a dense state for all values of N. In this state, the volume
fraction ¢ of monomers is very large (¢ 2 0.1) and is independent of N. Inside the collapsed gel, the N-I tran-
sition temperature is strongly reduced : the nematic phase should often disappear completely. On the other hand,
a swollen gel with a nematic solvent could be maintained : a) by suddenly cooling a dilute network (XN large) ;
b) is the polymer chains themselves are also nematogenic.

1. Introduction. — The static and dynamical pro-
perties of gels swollen in isotropic solvents have been
intensively studied [2, 4, 5, 7, 11]. These properties
have numerous industrial applications (foods, cos-
metics, biomaterials...). The Flory theory of gels [2]
gives a good account of their swelling in solvents of
variable quality. Recent progress on the understand-
ing of polymer solution, based on scaling laws [12],
is also applicable to gels. A network of flexible chains
(degree of polymerization N) is similar to a solution
of free chains with the same N value at the crossover
concentration ¢* between the dilute and the semi-
dilute regime [3]. This has been confirmed by neutron
experiments probing the local conformation of the
chains [4] and by inelastic light scattering for the
dynamical properties [5]. For the particular problem
of swollen gels, the predictions based on scaling or
on a suitable form of the mean field (Flory) theory,
are not very different.

Our aim in the present paper is to extend the Flory
theory to networks swollen by mesomorphic solvents.
Clearly a gel swollen by a nematic — or nearly nema-
tic — liquid should show unusual mechanical and
optical effects. In particular a large increase of the
orientational birefringence has been observed with
TPR (trans 1-5-polypentenamer) swollen in MBBA
(N-p-methoxy benzylidene-p-butylaniline) above the
nematic-isotropic transition temperature T, of pure
MBBA [1]. We study here the swelling of the gel at
equilibrium both below and above the nematic/
isotropic transition point T,. We also discuss the
orientation of the nematic molecules induced by a
stretching of the network.

2. Swelling in conventional solvents. — 2.1 EQuUI
LIBRIUM DEGREE OF SWELLING. — A gel immersed in
a good solvent swells because osmotic effects attract
the solvent inside the gel. An elastic restoring pressure
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of the network opposes the swelling. The equilibrium
equation u, = u,_ between the chemical potential of
the solvent inside the gel (i) and outside (u,_) expres-
ses the balance between the osmotic and the elastic
pressure.

Using a lattice model for the chains, Flory writes
the free energy per site of the swollen gel in the form [2],

31

site

T=(1 —@)log(l — @) + 20 0(1 — @) +

RZ
+3 g a9 O
Xo 1s a dimensionless quantity which characterizes the
interaction energy per solvent molecule devided by 7.
@ = ca’ is the volume fraction of monomers, ¢ is the
number of monomers per cm®, N is the number of
statistical segments of the chains between crosslinks,
f is a constant which depends upon the functionality
of the gel, u, is the chemical potentiel of the pure
solvent, R is the radius of gyration of the chain and
is related to ¢ by the packing condition
95 = No @
a
d, as f, depends upon the functionality of the gel.
R, is the radius of gyration of the ideal chain
(RE = Na?). The first term of eq. (1) represents the
translational entropy of the solvent, the second term
measures the interaction between solvent and mono-
mers, the third term is the elastic energy for ideal
chain extension (we have simplified this term, assum-
ing a significant swelling, i.e. R? > Na?).

The chemical potential of the solvent is given by
the derivative of the total free energy F with respect
to the number n,; of solvent molecules, the number 7,
of solute monomers being fixed.

0
Hs = En—l(”l + n,) F (),

with
ny

¢ = n, +ny’
This leads to :

0
= — 02 % 1F.
llsi - (Y 0(p [ane/§0] . (3)
The degree of swelling ¢! is derived from the equality
of pu, in the swollen gel (u,) and in the solution

(s, = Ho), ie.

1o 2 at'fo\1B
o

-2 4
2@ 37 RZ\N @

where vy/a® =1 — 2y, is the excluded volume bet-

(*) We choose temperature units where the Boltzmann constant
is equal to unity.
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ween monomers. Eq. (4) gives the equilibrium concen-
tration of the gel

1/5 .= 3/5 as(4 31 3
= - - — ~ c*
o=a”v,°° N (3 f) ~ c*a ®)
giving

R~R,=N3%a. 59

Each chain in the gel has a size comparable to the
size (Rg) of a single chain in the same solvent.

The swollen network adjusts its concentration at
the value ¢* = N/R}, in agreement with the theorem
quoted in section 1.

2.2 ELONGATION OF THE NETWORK ; ORIENTATIONAL
BIREFRINGENCE. — We apply a uniaxial stress in the
z direction. The network is elongated in the z direction
(A = L,/L,,) and reduced in the perpendicular direc-
tion. Assuming a constant volume (L,/I, = l/ﬁ).
The configuration of the chains between crosslinks is
now characterized by two lengths, R in the z direction
and R, in the xy plane. Assuming an affine defor-
mation of the gel, even at the scale of one individual
chain, we set :

R, = AR

R, =-LR

/i

where R is related to ¢ through eq. (2).

The free energy per site, including the stretching,
is for a small deformation (A — 1 < 1) :

(6)

Fsie
—7‘—=(1 — @) Log(l — ¢) + x0(1 — ¢) +

2\R?* td®

3l Y- femmmna o

L) RE

We have now two independent variables A and ¢.

They are derived from the minimization equations :
aI’site

oA 0

Hs = HUo -

®

It is convenient to introduce a parameter

_1 (P1/3
K*NG>~

In term of X, eq. (8) leads to
e=i—1= é )

where E = 6 fKT/a® is an elongational elastic modu-
lus of the gel, and to

Sp _ _ 1 ()

0] 30\ K
showing that a stretching force increases the equili-
brium swelling. The volume variation is of second

order in the deformation (6v/v ~ €*) and our assump-
tion of constant volume is well justified.

(10)



THEORY OF POLYMER GELS WITH LIQUID CRYSTAL SOLVENTS

Remark. — The Flory theory works because of the
cancellation of two strong approximations contained
in eq. (7) : a) correlations between monomers are
ignored. The full inclusion of correlation would lead
to a smaller repulsive energy (1/2vyc? - ¢*25 in
eq. (4)); p) the non ideality of the chains leads to a
smaller elastic energy of distortion

¢ Kf + 2R} . ¢ R} +2R?
<—]V —R—2— instead of N 7——) .
F 0

Including these two corrections in eq. (4) maintains
the c* theorem for ¢.

Note however that the mean field eq. (7) does not
lead to the correct gel modulus E. However including
the above two corrections, we find :

K = a*/R?® = va® (11)
(where v is the density of crosslinks) and E = 6 /T
is proportional to v as expected. In all numerical
applications, we will take for K the corrected result

(11).

Orientational birefringence. — The optical aniso-
tropy coefficient of an ideal chain is known to be
independent of N and practically equal to the optical
anisotropy of one monomer [6], [7]. The birefringence
An of a network of ideal chain caused by the relative
deformation A is then

R? — R?
An = by Aa<2”——l—2> =bvAa(l — 1) (12)
R? + 2 R?

where Aa = o — «, is the anisotropy of polariza-
bility of one monomer and b a constant independent
of N.

It is convenient to form the ratio C = An/t. Using
eqs. (9), (11) we have [1]

(13)

C is independent of N and T and is of the order of
107° m? N~ 1,

3. Gels swollen in nematogenic solvents. — 3.1
PROPERTIES OF THE PURE SOLVENT [8]. — The gel is
now immersed in an anisotropic solvent, which is
nematic below a temperature T,. Below T, the
nematic order is characterized by a unit vector mn
(giving the direction of alignment of the molecules)
and by a scalar S (measuring the degree of molecular
alignment along n). Near T the chemical potential
of the solvent may be expanded in power of S as :

1

b= to+ 54, S? + %BS3 + - (14)

with 4, = (T — T}) d, d is a constant of order one.
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i is not an even function of S because the states S
and (— S) are different. The isotropic to nematic
transition is then always of first order and the transi-
tion temperature T, is slightly larger than TZ. In
practice the nematic-isotropic transition is rather
weakly first order [8] and T, is very close to T

Ty — T 2 x 1073
— = X .

co

3.2 NETWORK IN ANISOTROPIC SOLVENT. — In an
anisotropic matrix the configuration of the chains
becomes anisotropic, as shown on figure 1.

Fig. 1. — Gel swollen with a nematic solvent : polymer chains
between crosslinks form ellipsoid coils (which can be prolate or
oblate, depending upon nematic-monomer molecular interactions).

The general extension of the free energy per site
(eq. (7)) including the spontaneous anisotropy of the
gel induced by the nematogenic solvent may be
written in the following way :

site

— =1 —@)Log(l — ¢) + Jo(1 — ¢) +

2

@ Rﬁ 2 R} t
) [l —0)— —( - 1Da?
(15)

llo
with ¥ = yo + 3, S2

2

1/3 1/3
R“ =).(£V‘é) a, RJ_=—1'<]—V'§'> a.
@ AN @

R, = R3(1 +kS), R = Rg<1 - ﬁ)
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Here u is given by eq. (14). For usual polymer nematic
mixtures y; is positive and of order unity [10]. The
excluded volume v = a®*(1 — 2 %) decreases as the
nematic order appears and the quality of the solvent
is lowered. It is however possible to expect y; to be
small (x; < 1) if the monomers are also nematogenic.
Note that the spontaneous mean square length of
the chain is now anisotropic (R, # R,,). The expres-
sions for R and R, assure that the packing condition
(eq. (2)) is satisfied (R R ¢ = N da’). The extension
ratio A includes now both the spontaneous deforma-
tion of the gel and the elongation due to the stress ¢.
The formulas for R, and R, ensure that 2nd rank
tensors are linear in S, while scalar terms contain
contributions quadratic in S.
In the limit of small ¢ and S, eq. (15) becomes

F,. = T[l Lo? + 3K] +%AS2 — USea® +

site

243
1 2 3 3
+§Ee a’ — tea
with A =41 — @) +2y, ¢ (T —-THd,

T:_Tc’f,:_sz‘P
T d

kfKT|a® ~ vT = (¢/Na®) T (16)

=3

= 6 fKT/a® ~ vT = (¢/Na®) T
Eq. (16) leads to a reduction of the transition tempe-
rature inside the gel. If we ignore the difference bet-
ween T and T, this is given simply by

T, -T
'LTCE =—-2x0/d.
We have to calculate the equilibrium values of ¢, S, e
as a function of the temperature T (or S,, the order
parameter of the solvent surrounding the gel) and of
the applied stress .
The equilibrium conditions are the following :
A) u, is the same in and out of the gel :

anie 1
_ ‘Pza_q;/"’ = o + 34053+ 0(S) . (17)

B) F,,. is minimal with respect to S (the order
parameter inside the gel)

oF;. A
= =S - H=0. 18
S - 2 Ue + O(S?) (18)
C) F,,. is minimal with respect to the deformation
A
Fae - _ys+E =0 19
I e-t=0. @
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We shall solve these coupled equations in two cases :
a) Above T, and under a uniaxial stress # (S, = 0,
t # 0); a nematic order S may be induced inside the
gel (S # 0) by the elongational stress ;
b) Just below T, (T, < T < T,). In this regime
S, # 0 but S = 0. Here our main prediction is that
the gel collapses (for finite, positive, ;).

4. Behaviour above T.,. — 4.1 NEMATIC ORDER
INDUCED BY GEL ELONGATION. — At temperatures
T > T, the nematogenic solvent is in its isotropic
phase (S, = 0) and the degree of swelling is given
by eq. (5). An interesting new effect appears when a
stress is applied to the gel. Because of the coupling
between the elongation of the gel and the nematic
alignment, a nematic order is induced inside the

deformed gel. From eqgs. (17), (18), (19), we get :

_ Ua® o T
S=—T¢~Nar€ (20)
with
t t
‘7 UT\ 6T

Taking ¢ ~ 1072, N ~ 100, T/AT ~ 10* we find
S ~0.01 for e ~ 1.

4.2 ORIENTATIONAL BIREFRINGENCE. — We have
now two contributions to the birefringence :
— the direct contribution of the monomers given

by eq. (12),
— the contribution of the solvent, proportional to
1 —-¢)S.

Then, we may write :

An = aS(1 — @) + 3bv(ey —ay)e. (21)
For MBBA, we estimate o ~ 5.
Inserting the result (20), we get (assuming 1 —p < 1) :

koa®
20(T — Tc*)] 22)

An = 3 bv(a) — al)e[l +
with a = 3A, C=10"° a =5, and AT/T ~ 0.1,
this could lead to An — Anmy/An,, ~ 3. With
AT|T ~ 0.01, we expect An/An;;, ~ 30!

An increase of the birefringence has indeed been
observed [1]. Contrary to the gel contribution (which
is essentially temperature independent [9]) the nematic
contribution should increase strongly as T approaches
T,. Because of the shift of T, inside the gel, the smallest
value of T —T¥ is T, — T} + 2y, 9T, /d. The
largest accessible value of An — An, /An,, is then
obtained in dilute gels (x; ¢ — 0) and is given by :

koa®

An — Ang, _ 23)
Aniscv Max B 2 C[Tco - T::) .
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For a concentrated gel, T — T*/T cannot be small
(T — T*/T > x, ¢/d) and An is reduced. Gebhard
et al. [1] have obtained An — Ang,/An,, ~ 3 for
¢ = 05.

5. Behaviour below T, .— 5.1 EQUILIBRIUM DEGREE
OF SWELLING. — Starting from a gel swollen by the
nematic solvent above T, we decrease the temperature
smoothly. Just below T, a nematic order appears
in the pure solvent but the gel remains isotropic as
long as |T — T, /T, | <2y, ¢/d where ¢ is the
monomer concentration of the gel in equilibrium
with the pure solvent. ¢ is calculated from the condi-
tion u, = constant. Eq. (17) with S =0, S, # 0
leads to :

Lo, , 2 @ (o) u—p
st -s (%) = .
2a 37 R§ \N T

24)

Just above T., u = po and @ ~ c*a®> ~ 1072 for
N = 100. The first term of equality (24) is then of
the order of 107%.

As soon as a nematic order appears in the pure
solvent, the chemical potential of the solvent decreases
outside the gel and some solvent inside the gel must
be expelled. We can estimate the decrease of u by :

1|T-T*

£l wlg2 1072,

~

T 2 T

A large osmotic pressure is needed in the gel to balance
the appearance of the nematic order and the gel
collapses. The second elastic term of eq. (24) which
opposes gel extension is negligible here, and the
equation for ¢ is simply

1
=0 = T [u(T) = pol (25)

¢ is now independent of N. This result holds as long
as S = 0 inside the gel, that is for :

|T-T, |
——T——<2X1(P/d~

co

(26)

The limiting concentration ¢, such that

|IT-T,|
T

<o

=2y, ¢./d

is derived from eq. (25). By taking

1 _1 20000 | Toy — T3] o2
7(#(T)_I‘o)*§|: d + T S

co

we get :

IUO 2_1[2X1¢]+T00_T:(‘)i|s2
0 -

15 T3 d T

@7
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Taking y, of order unity, the first term is dominant
and we get :

1 v,

A= S3/d 27)

we find that ¢, is very large (¢, ~ S¢ ~ 0.5 — 0.1).

Thus the gel is too dense : for finite (positive)
values of the parameter x;, the nematic solvent
cannot effectively penetrate much into the gel. This
is in agreement with the observations of ref. [1] using
MBBA as the solvent. In the future, it may become
possible to find a system polymer-nematic with y,; very
small if the polymer is itself a nematogen. In this case,
we expect a collapse of the gel in a certain interval
T.<T<T,, where |T; — T, |/T, =2y ¢/d
with ¢, defined by eq. (27). But below T, the gel
should swell again ! This may lead to interesting
effects.

5.2 SUPERCOOLING OF THE GEL AT CONSTANT ¢. —
We consider a loose gel (N large). If the temperature
is suddenly decreased below T, = T, [l — 2 x; ¢/d] ¢
remains constant and a nematic order should appear
inside the gel too. The order parameter S in the gel
is slightly smaller than S,. The difference S — S,
can be evaluated as :

S 2 oS
T, -T)~=-%2 (T—) ~ 1072,

SSa
o= © d oT

7T (
(28)

It would be interesting to cool the gel in a magnetic
field and to generate a nematic monodomain (with
the nematic axis n pointing in the field direction).
Magnetic fields of a few kilogauss are sufficient to
align bulk nematic samples [8]. In our case alignment
may be more difficult. But the onset of nematic order
would lead to a macroscopic deformation of the gel.
From eq. (19) valid for small deformation, we get :

e=/10—1=k—s. (29)
2

This is a strong effect. With k£ ~ 1, S = 0.7, we

expect e ~ 1/3. A simple observation of the defor-

mation of the gel could lead to a measurement of the

parameter k (which specifies the anisotropy of a

polymer chain in an anisotropic matrix).

5.3 INSTABILITIES OF THE SUPERCOOLED GEL. —
Two situations may appear when we allow the super-
cooled gel to relax :

A) The gel remains stable and slowly expels the
solvent.

B) A spinodal decomposition may be induced by
a sudden cooling [11].

As T is lowered at constant ¢, v decreases and
fluctuations in concentration are enhanced. As v
reaches a critical value v, [3] such that 8*F/dp* = 0,
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microsyneresis takes place. We have here a competi-
tion between two instabilities : a) the spinodal decom-
position, b) the nematic transition. The spinodal is
somewhat similar to a second order phase transition,
while the nematic phase occurs through a first order
transition. We show on figure 2 a tentative phase
diagram describing these features.

6. Concluding remarks. — We have found that gels
swollen in nematogenic solvents should have remark-
able mecano-optical properties :

1) Above T,, a deformation of the gel orients the
nematic molecules. This could lead to enormeous
increases in the birefringence (An anisotropic/An iso-
tropic ~ 30) when T approaches T, at least in the
case of dilute gels (¢ ~ 1072). Up to now the gels
studied experimentally were only weakly swollen by
nematogens such as MBBA (¢ ~ 0.5). In this case
we expect a smaller effect (An/An;,, ~ 3), which has
been effectively observed by Gebhard et al.

2) Below T, we find that the gel should collapse
whatever the initial degree of swelling. This has been
observed with MBBA by a German group [1]. However
starting from a dilute gel, one could obtain a gel
swollen in a nematic matrix by a rapid cooling. By
cooling the gel in a magnetic field, we expect that the
macroscopic shape of the gel will change as the nema-
tic order appears. Gels swollen by a nematic could
also be obtained by using nematogenic polymers.
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Fig. 2. — Phase diagram for a network swollen by a nematogen :
the coordinates are the excluded volume parameter v which varies
in the same way as the temperature and the distance R between
crosslinks. The curve A represents the swollen gel in equilibrium
with the solvent in its isotropic phase. At point C, the gel collapses.
The curve v* represents the nematic-isotropic transition of the sol-
vent inside the gel. The solvent is isotropic above v~ and nematic
below. v~ is the excluded volume parameter just below 7. The
curve B is the spinodal : starting from a state A, a sudden cooling
at constant R is represented by a vertical line. Starting from A,
fluctuations in the monomer concentration increase and microsy-
neresis occurs at pomt B,. Starting from A,, we expect a sudden
decomposition at point B,, due to the discontinuity of v at the
onset ot nematic order.
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