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Liquid-crystalline properties and reentrance phenomena in PBLG solutions
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In dilute solutions of poly-y-benzyl-L-glutamate (PBLG), the only observable transition is intramolecular
helix-coil transition. At higher concentrations, intermolecular correlations become important under suitable
conditions resulting in transitions of the system to liquid-crystalline states. We present here a mean-field
analysis of combined helix-coil and isotropic-nematic (cholesteric) transitions, taking into account the effect
of "induced rigidity" as proposed by de Gennes and Pincus. Coupled self-consistent equations for the
orientation and helix-fraction order parameters are derived and solved, a universal phase diagram as well as
temperature and density dependence of order parameters calculated, and results compared to actual
experimental data. We find qualitative agreement but a poor quantitative fit for PBLG in pure solvents. In
solvents containing denaturing agents, we predict an isotropic-nematic-isotropic reentrance phenomenon,
and propose experimental conditions under which it can be observed.

I. INTRODUCTION

Liquid-crystalline states in polymers have be-
come of significant interest in polymer physics
since the development of Kevlar at Dupont' and
X-500 at Monsanto. ' Fibers spun from mesomor-
phic states have been found to possess tensile
strengths reaching 30x10~ dyn/cm'. Also, biol-
ogists have a natural interest in liquid-crystal-
line states of substances such as polypeptides.

When polypeptides such as poly-y-benzel-L-
glutamate (PBLG) are dissolved in suitable or-
ganic solvents such as dioxane, m-cresol, methyl
chloride, and chloroform, they form + helices.
PBLG has a chemical structure(""

—C—N —C—l, 8 =CH, —CH, —Ci

The hydrogen in the polymer forms hydrogen
bonds stabilizing the helical conformation. The
latter then behave like ri.gid rods. '

When the concentration of PBLG is low, the
heli. ces assume random orientations and the
system as a whole remains isotropic. As the con-
centration is increased, at a critical value p„
domains of liquid-crystalline states begin to ap-
pear. As the concentration is further increased,
the domains grow and at a second critical value

p~ the entire sample becomes liquid crystalline. '
Thus a two-phase transition is well defined.

II. THEORY OF PHASE TRANSITIONS IN LIQUID
CRYSTALS

In the liquid-crystalline phase the helices are
orientationally aligned. Their mean direction is

represented by a unit vector called the "director. "
On account of the chiral nature of the molecules,
the director rotates about an axis in the sample
normal to the directors. This mesophase is
called "twisted nematic" or "cholesteric. " Choles-
teric liquid crystals manifest many unusual proper-
ties: high optical rotation, visible optical peri-
odicities, iridescent colors, selective scattering,
and transmission of circularly polarized light. The
determination of these properties can be used for
detecting the presence of the liquid-crystalline
phase.

The degree of alignment of the molecules with
respect to the director can be measured by the
order parameter'

a, = P, cos8 8dg, (1)

where Q denotes the orientation of an individual
molecule, 8 the angle between the molecule and
the director, and f(8) the normalized distribution
of the molecules over various orientations. In the
isotropic phase where the molecules point in ran-
dom directions, f(8) is constant I/4w and o, =0,
In a perfectly aligned case f(8) =5(8) and hence
o = l.

Experimentally cr, can be measured by using
NMR, x.-ray, and optical techniques. It is often
seen to lie in the range 0.3-0,7."o, is a function
of the concentration of the polypeptides as well as
the temperature of the solution. But it appears to
be independent of the solvent, provided that the
solvent does not interact with the polypeptides.
This point will be elaborated further in Sec. III.

In the simplest, mean-field theory of liquid
crystals, ' we assume the interaction between
molecules in the solution to be given pairwise by

v(1, 2) =v, (r„)+v,(r„)P,(n, n, ), (2)
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where y, = fv, (r)dr, Po is the free energy of the
isotropic states, and p =~/V. The derivation
of free energy beyond the mean-field approxima-
tion has been given elsewhere. '

To find the equilibrium distribution function f(8)
free energy is minimized, subject to the constraint
that f(8) is normalized to unity. This yields" "

f(8) =—exp —~'P v,P, ( co8s) ~,s
Z= exp — ' o,P, cosI9

(4)

with v, as defined in Eq. (1).
The above equations can be used to dermine

order parameter o, as a function of the thermo-
dynamic variable B=py, /kT. Comparison with

experimental measurements of the order param-
eter as a function of the concentration p and the
temperature g will indicate that the mean-fie1. d

theory gives qualitatively the right trend but
quantitatively rather poor fit.

Furthermore, potentials of the form (2) do not
include chiral terms. Hence they are expected to
give rise to the nematic rather than the cholesteric
phase. This point can, however, be easily recti-
fied, "since the chiral part of the interaction is
but a weak perturbation of the orientation align-
ment force.

III. HELIX-COIL TRANSITION

Throughout the above discussion we have as-
sumed that the PBLG molecules are in their
helical state. Sirice only helical molecules can
take part in the formation of the liquid-crystalline
state, the number of molecules in the helicial state
is an important variable.

It is seen that molecules in neutral solvents
become susceptible to transition from helical to
coiled state upon heating. But even at rather high
temperatures (353 K, for PBLG in dioxane, to
473 K in m-cresol) the fraction of molecules in
the coiled state remains small. " The polymer

Q, and 9, giving the respective orientations of
molecules 1 and 2. We can consider the above
potential as the first two terms in an expansion
of the potential in terms of Legendre polynomials. '
%'hile in general the interaction potential between
two cylindrical molecules should be expanded in
spherical harmonics and can be very complex,
the above potential is seen to suffice to explain
certain qualitative features of the liquid-crystal-
line states.

The mean-field free-energy functional for such
a system of & molecules in volume 7'is given by'

s(y(g)) —y, =x&7'fi()))in[(~f(8)id@+-*'mm, al, ())

dissociates before reaching a sufficiently high
temperature to complete the helix-coil transi-
tion. Estimates of the latter range from 700 to
1000 K, too high to be observed experimentally.

Experiments show that the addition of a small
quantity of a second solvent such as dichloroace-
tic acid (DCA) or trifloroacetic acid (TFA) to
the solution of PBLG fends to encourace the
formation of coils." ' These solvents produce
radicals in the solution which tend to form hy-
drogen bonds with the PBLG molecules, thus
breaking the intramolecular hydrogen bonds re-
quired for helix formation and helping to stabil-
ize the coiled state. These solvents are not
neutral, as they interact with the molecules. In
the presence of such nonneutral solvents, PBLG
molecules undergo helix-coil transition when

temperature is varied. For polypeptide solutions
such as poly-L-glutamic acid in 0.2 M aqueous
NaCl+dioxane (2:1)or poly-I lysine in water,
the helical state remains stable at lower tempera-
tures and the coiled state gains stability when the
temperature is elevated. For PBLG, however,
the reverse is true. PBLG is in the coiled state
at lower temperatures and undergoes a transition
to the helical state as temperature is raised. '" '

Under such circumstances it should be possible
for an intramolecular helix-coil transition to be
partially complete. That is, in a long polymer it
should be possible for some series of monomers
to be in the helical state and others in coiled
states. However, one expects that free-energy
barriers would exist, to discourage helical and
coiled monomers from being adjacent. Hence in
polypeptides the rnolecules generally tend to be
nearly all helical or coiled.

Let us consider here a simple model of the
helix-coil transition. Assume that there are g„
degenerate helical states with energy &„and g,
degenerate coiled states with energy q„ for each
individual molecule. Furthermore, let us assume
the molecules to be in either the helical state or
a coiled state. Let N be the total number of mole-
cules, X„of them being in the helical state, and
N —pf„ in coiled states. The free-energy function-
al is given simply as

F(N„) =N„e„+(N —N„)e,

kT Nq Nq N -+„N -Np,

(5)

The equilibrium distribution can be obtained by
mlnlmlzlng 5 with respect to +p.'

0 = = e„—e, + kT
~

ln ~ —ln
5P ~ K N-Ng
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Or

N -Ng gc kT

(&, —&n)= exp — —ln—
kT g„

If x=N„/N—denotes the fraction of molecujes in
the helical state, we find

tween a helical section. This free energy E;„,,
or the parameter Z =exp(-F. , /kT), measures
the tendency of neighboring monomers to settle
down in the same state. Thinking of the molecule
as a set of individual monomers, b.II and 6$ char-
acterize single-monomer properties, while 'K

represents an intermonomer correlation effect.
According to this theory, '

x/(1 —x) = expA, (8) (8)

dT dT 1+e" (1+e")' dT' '

at T =T„„

Thus

eZ', , 4k7'„'

where A =(e, —e„)/kT —ln(g, /g„). We can deter-
mine b, e = e, —e„and ln(g, /g„) by fitting them to
the experimental temperature dependence of x.
First, the point at which x=0.5 determines the
"transition" temperature T„,. At T = T&„A=«r
be=kT„, ln(g, /g„) Next, . the slope of the x(7') is
from Eq. (8),

where X =-,'(I+))+[—,'(1 —$)'+Z$]' ' and( =exp[(bH/
kT) —aS]. For polypeptides, Z is usually small
(=10 '), indicating a tendency for the molecules
to be internally uniform, i.e. , nearly all helix or
all coiled.

In this theory, at T =T„, each monomer should
show no individual preference for the helical or
coiled state. Thus AH=kT„, AS or $ =1; X=1
+ v Z. At T = T„„ then, x(T„,) =0.5, and

dT r r„4VZ &dT r r„—4vZ kT„,

To make contact between this model and our
simple two-parameter model, we compare Eqs.
(I) and (8), and find the relations

(8')

ln(g, /g„) = ~/kT„, MZ. (8 I&)

Thus our simple two-parameter model takes on
some semblance of reality when the two param-
eters are fitted to the transition temperature and
the slope at transition.

Some experimenters"" use a more general
theory to fit their experimental results. They
assume each monomer in choosing between helical
or coil states to encounter a difference in energy
LH and a difference in entropy b, 5. However, they
associate an additional free-energy contribution
with the formation of a boundary or "wall" be-

Since tables of T„„AH, and Z are available for
some polypeptides in various solvents, we can use
this result and Eq. (I) to obtain he and ln(g, /g„),
as shown in Table I. In the future we hope to em-
ploy such data on monomers and effects of walls
to make the theory more quantitative.

IV. LIQUID -CRYSTAL-INDUCED HELIX-COIL
'TRANSITION

Throughout Sec. III we dealt with dilute solutions
of polypeptides, so that each molecule acted in-

TABLE I. Values for ~~ and ln(g, /gI, ) calculated from Eqs. (7) and (8).

Material Solvent
Number of
monomer s

PBLG

poly-L-
glutamic acids

poly-L, -lysines
PBLG 3

PBLG

DCA+ DCE
4:1

0.2 M aqueous NaC1
+ dioxane 2 ~ 1

water, pH 10.1
DCA+ DCE

70Vo: 30%
DCA+ DCE
82%:18jo

1600

260

1500

-35 000 312.5

2 667
-20 700

300
287

-12800 318

2500 304 8.3

8.9
-72.2

-40.3
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dependently. As the concentration of polypeptides'
is increased interactions between molecules be-
come important. As was pointed out by de Gennes
and Pincus, "certain correlation-induced pheno-
mena begin to surface.

The helical molecules are expected to experi-
ence interacting forces like those described in
terms of the anisotropic potential introduced in
Sec. II. If enough of these rigid helices are
present, a liquid-crystalline phase may emerge.
Since the free energy of the system can be lowered
in a transition from the isotropic to nematic phase,
and since only helical molecules can participate
in such a transition, the transition may actually
induce helix formation. This "induced-rigidity"
effect was first noted by de Gennes and Pincus. "
The free energy required for increasing the helix
fraction ubove the low-density equilibrium value
is supplied by the formation of nematic droplets
from an isotropic medium.

The total free energy of the system is given by

p -p, =N„kT~ f(8) 1n4mf(8}dA ~+2N&
—"y, o', +NI, ez

I' N„

+(V N„)a, +NOT(g„" 1n
"gaN ga

+g, ln
N —Na N -Na

Ng, g, N

(9)

This result comes from combining Eq. (3) with

Eq. (5), now that intramolecular helix-coil and
intermolecular isotropic-nematic transitions ar e
allowed to take place simultaneously. At equilib-
rium, we have first of all

0 =
8

' =N~kT[lnf(8} +1]+—"y,o,P, (cos8) .a(s- s,)

Hence

f(8) = exp[ Bx&x,P, (co-s8)]/Z, (10

with Z= fdQ exp[-Bxo,P, (cos8)] and B=Ny, /VkT. -
Similarly,

, 8(~-~.)
6N.

N
g ln477 g

+(e„-e,) +NkT —ln " ——ln
1 Na 1 N —Na1

N gaN N gN j
Using expression (9) for f(8), we obtain

5(F —F)
k

N y&'
1 Z~ &cryo ( )

5N.
"

V kT '"4)' V

+kT ln " ' =0.Nqg,
(N-Na)A)

gcNa &c &a+1 Z
g(N -N) kT 4~ '

or

x ~, —e„g Z) t' Z=exp ' " —ln ~+in —
~

=exp~A+in-
kT ga 4&)

with A = (e, —e„)/kT —ln(g, /g„). The free energy
at equilibrium is given by

F —Fo Na Na y~P Z 1 Na Na N y2g2
NkT N NkT ' 477 2N N VkT

Using

Na &c ~a Na
1

Na N-Na
1

N-Na
N kT N gaN N gaN

Na Na N-Na
1

N-Na
gaN N gcN

x 1-x= xln —+(1 —x) ln
ga gc

=xln +x in~+in(1 —x}—lng,
x g

1 —x ga

=x A+ln —+xln~-ln 1+exp A+ln—Z
4m g„ 477

Thus the set of coupled self-consistent equations

g, = 8 P cosL9 Q,

f(8) = exp[-Bxo,P,(cos8)]/Z,

Z= exp -Bxcr,P, cos8 Q,

x/(1 —x) = exp[A +in(Z/4v)],

determine the stable and metastable configuration
of the system under the thermodynamic condition
(P, T), or alternatively (A, B), and Eq. (12) for
F -F, gives the free energy associated with each
conf igur ation.

Under suitable conditions there can be two solu-
tions to the self-consistent equations:

(i) Isotropic configuration: o, =0 or f(8) = I/Z
= I/4v.

In this case x/(I —x) = expA, and (FI —F,)/NkT
= -1n(1+expA) —lng, +e,/kT.

(ii) Nematic configurations:

—lng, ,

one finds in a few lines

p zl E'

NkT
'= ——,'Bx'o', —ln I+exp A+ln —

~

—lng, +~.
477] kT

(12)
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-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

-9.96
-8.91
-7.93
-7.05
-6.30
-5.72
-5.30
-5.02
-4.83
-4.72
-4.65
-4.61

0.182
0.269
0.378
0.500
0.622
0.731
0.818
0.881
0.924
0.953
0.971
0.982

0.976
0.965
0.943
0.917
0.896
0.893
0.910
0.931
0.953
0.969
0.980
0.988

0.875
0.855
0.824
0.778
0.714
0.636
0.569
0.505
0.474
0.456
0.440
0.437

g g0,

f(0) =exp[ —Bm,P, (cos6)]/Z,

and

Z= exp -Bxa,P, cos8 Q,

x/(I —x) = exp[A+In(Z/4v)],

~n-~o =-2''„o, - ln 1+exp 3+ln-z
4m

E'
—lng +~ .

OT

The free-energy difference between these two
configurations is thus

1+ p[++I (Z/4

TABLE II. Calculated values of A and B along the
transition curve and order parameters at transition for
nematic (N) and isotropic (I) phases.

A transition occurs at E, =E„. The isotropic phase
is stable if Py&Qg and the nematic phase is stable
if E„&F». For given model parameters Ae =e,
—e„, ln(g, /g„), and y„ A and B are more conven-
ient thermodynamic variables than p and T. Table
II lists the calculated value of A. and B along the
transition curve. Also shown are the order param-
eters at transition for both nematic and isotropic
phases. Note that o,z

=—0. The difference x„—xz
shows the induced-rigidity effect noted by de
Gennes and Pincus. " Figure 1 shows a calcula-
ted phase diagram in the AB space.

V. PBLG IN NEUTRAL SOLVENTS: ANALYSIS OF
EXPERIMENTAL DATA

As mentioned in Sec. II, the mean-field theory
fails to fit the temperature- and density- (concen-
tration) dependent properties of PBLG in dioxane.
It might be hoped that the induced-rigidity theory
of de Gennes and Pincus could account for the dis-
crepancy.

To apply the induced-rigidity model, one needs
first to determine the three physical parameters
be, ln(g, /g„), and y, . The experimental measure-
ment' of o(T) gives us the information that the
transition takes place at p =0.161 and Ty 65'C
=338 K. Hence, once be and ln(g, /g„) are speci-
fied, we can determine y, from the AB phase dia-
gram. In Fig. 2 we plot o(T) for (i) experimental;
(ii) mean field; (iii) be =100.5x338 K=33970 K,

0.8

07-

0.5

0.4—

3.0-

2.0-
0.2—

I.O-

Q. l—

I

300
I

3IQ
I

320
T (K)

I

330 340

-IO-

-4.0 -5.0 -6.0 -7.0 -8.0
B

FIG. 1. Phase diagram of PBLG, showing regions
where isotropic (I) and nematic (N) phases are stable.
A = (b,c/kT) —ln(gc/A) and B=72p/kT.

FIG. 2. Order parameter cr2 as a function of tempera-
ture for PBLG in solvent. o: experimental results (Bef.
6); ™ean-fieldresult; ———:b,e= (100.5) 338
=33970 K; ln(g, /gz) =98.0; y2

—
—,

—10140 K at transition
A =2.5 and B=- 4.831; ——:he'= (20.5) 338= 6929 K;
ln(g~/g&) =18.0 and y2

——-10140 K at transitionA =2.5
and B=—4.831; — —:6e= (28.5) 338 =9633 K, ln(g~/g~)
= 24.0, y& ———9615 at transition A = 4.5 and B=—4.58 ~

Arrow indicates transition temperature (338 K) ~
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0.8 400

0.6—
380—

0'a

04—

360—

0.2—
T(K)

340—

0 I I I I I

0 0.04 0.08 0.12 O. I6
P

0.20 0.24

FIG. 3. Order parameter 02 as a function of density
(concentration) forPBLG inneutral solvent: o: experi-
mental results (Ref. 7);:mean-field result; ———:
result for A =2.5. Arrow indicates assumed transition
density (0.085).

320—

300—

ln(g, /g„) = 98.0, y, = 10 140 K, A „=2.5, and B„
4.831; (iv) 6@=20.5x 338 K=6929 K, ln(g, /g„)

=18.0, and y, =-10140 K, A„=2.5, and B„
4.831; (v) 6&=28.5.x 338 K=9633 K, ln(g, /g„)

=24.0, y2= —9615 K, +tr= ~ ~ Btr= 4.58.
In Fig. 3, we plot o, (p). The experimental mea-

surement' shows a transition at p =0.085 and
T =300 K. In Fig. 3 we plot (i) experimental
points; (ii) mean-field; (iii) result for A=2.5,

'

y~
= -1704 K. At a fixed temperature & remains
constant all along the curve.

In Fig. 4 we plot T (p). The experimental result"
shown by a continuous line shows the coexistence
region. The mean-field result is a straight line,
as shown in the figure. For a given he we chose
ln(g, /g„) and y, such that it passes through two
points (a) p, =0.0975, T, =313 K and (b) p, =0.1225,
T, =353 K. Thus we show results (i) b, e =20.5
x 313 K=6416,5 K; ln(g /gz) =16.36, y2 =-14753 K
and (ii) b, e =5.0 x 313 K = 1565 K, ln(g, /g„) = 3.948,
and y, =-18220 K.

The theoretical estimate for the helix-coil tran-
sition is from 700 to 1000K. Hence in our re-
sults it should be

280 I I

0.04 0.08
P

O. I2 O. I 6

(700—1000}K .
ln g, g„

As can be seen from the figures, while it is
possible to obtain slightly better fit to experimental
data than the straightforward mean-field theory,
the quantitative fit is still not good. The large
difference in order parameter at transition can be
accounted for by the addition of a P,(Q, ~ 0,) term
in the potential. However, the overall fit would
remain poor.

There are several possible explanations. First;
the region of validity of mean-field approximation
is too limited. A more general theory which in-

FIG. 4. Phase diagram of PBLG in neutral solvents
showing regions where isotropic (I) and nematic (N) phases
are stable. Continuous line gives the experimental re-
sult (Hef. 16). In the region between two continuous lines
the isotropic and nematic phases coexist; —:mean-
field result (straight line); —~ - — —:4m = (20.5) 313
= 6416.5, ln(gc/A) =16.36; 72= —14753 K; —--:
= (5.0) 313=1565 K, ln(g~/gI, ) =13.948, and )/2= —18220 K;
0 indicates the two points used to fit the theory.

eludes the effect of spatial correlations between
molecules" and anisotropic steric effects' is nec-
essary. Second, the present model is too crude.
And third, the experimental data still contain un-
certainties, some of which are due to analyses
which are highly model dependent.

VI. PBLGIN MIXTUREOF SOLVENTS: PREDICTION
OF REENTRANCE PHENOMENA

In Sec. V we assumed that no denaturing agent
was present in the solvent. Experimentally it is
seen (Sec. III) that in the presence of denaturing
agents such as DCA and TFA, the helices tend to
degenerate to random coils at low temperatures.
If the concentration of PBI.G is large enough to
form a nematic phase, then we should observe a
nematic isotropic transition as temperature de-
creases.

Thus we expect the occurrence of the reentrance
phenomena. At high temperature (-373 K} a large
fraction of the molecules are in helical state,
giving rise to a concentration high enough for a
nematic phase. However, the latter is not stable
against thermal fluctuations. Thus the system
finds itself in the isotropic phase. As the tem-
perature is lowered an isotropic nematic trans-
ition takes place —as discussed in Sec. II. As the
temparature is further lowered the helices would



996 V. T. H, A JAN AND CHIA-WEI WOO 21

tend to coil (Sec. 111). However, the possibility
of the system remaining in the nematic phase in-
duces rigidity, thus sppressing at least temporari-
ly helix-coil transitions (Sec. IV). Finally, when

the system is cooled to a sufficiently low tempera-
ture, the helix-coil transition can no longer be
held back. The molecules coil, causing the solu-
tion to return to the isotropic phase,

"Reentrant" transitions have been observed be-
fore in liquid crystals under pressure. " The
mechanisms are totally different. To observe the
phenomenon in the present case, no pressuriza-
tion is necessary. As a matter of fact, since the
liquid-crystalline phase can be detected optically—
under crossed polarization microscope' —the ex-
periment can be performed easily. We suggest
mixing 30% dichloroethane (DCE) with 70% DCA.
Add PBLG until the liquid-crystalline phase is
observed at room temperature (about 10—20%
PBLG). Cool the system to about 280 K to ob-
serve a transition to the isotropic phase. Heating
the system to about 330 K should result in another
transition, also to the isotropic phase. There have
been some experiments on helix-coil transitions in
these mixtures; hence information is available on
b, e and ln(g, /g„) as required by our model (see
Table I). Unfortunately, there is no experiment
on the liquid-crystal transition in such mixed
solvents; hence at this time we do not have a way
of determining y, —the anisotropic interaction be-
tween helices in the solution. Assuming y, inde-
pendent of the solvent and only a property of the
helices, we can obtain y, from experiment on
PBLG in pure dioxane. This assumption is not
unreasonable, as it is seen from the critical con-
centration of PBLQ at which the system becomes

0.8
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FIG. 6. Order parameter (72 of PBLG in 70% DCA and
30% DCK as a function of temperature; volume fraction
of PBLG= 0.161.

liquid crystalline; i.e. , the boundaries of the co-
existence region are independent of the solvent—
provided that the solvent is neutral. 4 Thus at
least the neutral solvent does not change the
anisotropic interaction v, (r) hence y, . We have to
assume further that the only effect of denaturing
agents such as DCA or TFA is to induce coiling.
As a consequence of this assumption they do not
change the interaction between helices.

From y, deter mined from PBLG in dioxane and
he and ln(g, /g„) determined from experiment, "'
we can obtain a phase diagram. Assuming 100%
helices in dioxane (corresponding to A- ~ in Fig.
1), the mean-field result Bz„=-4.54, with p,„
=0.161, Tz„——338 K, implies y, /k = (-4.54x 338 K)/
0.161=-9.53x10' K. Ae and ln(g, /g„) are ob-
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FIG. 5. Phase diagram of PBLG in 70% DCA and 30 jg

DCE. T: temperature; p: the volume fraction of PBLG
in the solution; I: regions where isotropic phase is
stable; N: regions where twisted nematic (cholesteric)
phase is stable;: result without taking into account
coil-coil interaction; ———:result including first-order
effect of coil-coil interaction.

290
I I

295
( )

300
I

305 3IO

FIG. 7. The fraction of helices x of PBLG in 70@ DCA
and 30% DCE as a function of temperature. : volume
fraction of PBLG= 0.161; ——:volume fraction of PBLG
less than 0.14 (no liquid-crystalline phase).
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tained from Table 1 with the help of Eqs. (7'), (7' ),
and (8'). The resulting phase diagram showing
reentrance is shown in Fig. 5 and o,(T) and x, (T)
are plotted in Fig. 6 and Fig. 7, respectively, for
one particular solution. For oomparison x(T) for
a dilute solution is also shown. Note the effect of
induced rigidity.

In our model„we could have included a first-
order estimate of coil-coil interaction, by adding
a term (X/&)(N —N„)' to Eq. (9). Here 1 is the
average coil-coil interaction. We can obtain the
equilibrium configuration by minimizing 5 with
respect to &„and f(8). Thus in place of Eq. (11)
we obtain

state, and from Eq. (14) we can show that

T~ = (b, s +Xp)/k ln(g, /g„) .
Experiments show that in dilute solutions of

PBLG in DCA:DCE mixture, the helix coil transi-
tion temperature decreases by 1 K when coerce ntra-
tion is increased by 4/o." Therefore X.= 72.2/0. 04
=1805 K. The new phase diagram appears as the
dashed curve in Fig. 5. As can be seen, there is
a quantitative difference, but no qualitative change.

Reentrant phases are rare in nature and are of
special interest to physicists. Since the experi-
ment proposed is rather simple, we hope to see
experimental verification of this prediction.

x =exp A+in —+ — (1 —x) I,g 2xp
1 —x 4&

(14) ACKNOWLEDGMENTS

and in place of Eq. (13)

F —Fz = --' fix'o2 + ln " —(x' —x') —.(15)
1 —x Xp

XuT ' ' 1-x " ' uv

In dilute solutions we have no liquid-crystalline
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