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Effect of electrical field on polypeptide phase behavior involving
a conformationally coupled anisotropiceisotropic transition
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Abstract

Effect of external electrical field on phase equilibrium was reported for poly(g-benzyl L-glutamate) (PBLG) in a mixed solvent containing
denaturant acid where a helixecoil transition coupled anisotropiceisotropic transition exists. The experimental results revealed that the
anisotropic phase and helix conformation can be stabilized when an external electrical field is applied. In the presence of electrical field, the
anisotropiceisotropic phase boundary shifts to lower polymer concentrations and the helixecoil induced anisotropiceisotropic transition
becomes stable in the denaturant acid. The lattice model derived in our previous work was further generalized by implementing a free energy
term contributed from external orientational field of dipole type. The calculated phase diagrams have been compared with those experimentally
observed. A good qualitative agreement has been achieved.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Helixecoil conformational transition of polypeptide has
been extensively studied as a simple model of a cooperative
conformational variation in biological macromolecule [1e3].
Poly(g-benzyl L-glutamate) (PBLG) is a well-known polypep-
tide that can exhibit a-helix or coil conformation, depending
on temperature and solvent. Above a critical polymer concen-
tration in a helicogenic solvent, such as dichloroethane (DCE),
PBLG forms lyotropic liquid crystal where PBLG adopts
a-helix conformation. As sufficient organic denaturant sol-
vent, such as dichloroacetic acid (DCA), is added, the above
solution undergoes an acid-induced anisotropiceisotropic
phase transition caused by helixecoil conformational transi-
tion [4,5]. Such a kind of conformational variation coupled
phase transition was also observed by cooling down the above
solution [4e7]. For example, cooling down PBLG/DCE/DCA
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solution, the denaturant solvent attacks the hydrogen bond
involved in the helical conformation and converts the a-helix
into a random coil. The random coil form is predominant at
lower temperature where acid molecules are firmly attached
to amide linkages. Since the randomly coiled polymer chains
are geometrically inconsistent with the long-range orienta-
tional order of the liquid crystal, an anisotropiceisotropic
transition could be observed at lower temperature.

Since the electrical dipole moment value of a PBLG residue
is about 3.5 Debye along its axis [8], the helical rod-like
PBLG molecule has a considerable large permanent dipole
moment. Such a large dipole moment has its positive pole at
the amino end and the negative pole at the carboxy end [9].
Application of an external electrical field is expected to align
the rod-like molecules in the direction of electrical field [10]
and give a marked effect on either the phase behavior of
PBLG liquid crystalline solution or the conformation of
PBLG molecules. Some experimental reports regarding the
effect of external electrical field on the polypeptide phase
equilibrium are available in the literature [11e14]. For exam-
ple, Toyoshima et al. reported an experimental result of the
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effect of external electrical field on the high-temperature phase
transition between liquid crystalline and isotropic phases in
PBLG/1,4-dioxane solution [15]. The existence of electrical
field stabilizes the liquid crystalline phase and shifts the aniso-
tropiceisotropic phase transition temperature upward.

In addition to the experimental investigation, theoretical
considerations have also been carried out to predict the effect
of external field on phase equilibrium of rod-like molecules.
Extending Flory’s theory of phase equilibrium of rod-like mol-
ecules by implanting an additional energy term, Marrucci and
Ciferri have first investigated the effect of the external orien-
tational field on the isotropiceanisotropic phase transition
[16]. They concluded that the introduction of an external
orientational field narrows the biphasic region and shifts the
isotropiceanisotropic transition concentration to a lower
value. Shibaev et al. have studied the influence of the external
orientational field on phase equilibrium of a thermotropic
liquid crystalline polymer containing stiff and flexible frag-
ments [17]. They introduced an exact orientational distribution
function proposed by Flory and Ronca in the lattice theory.
The results showed that the introduction of an external field
could stiffen the flexible polymer chain and lead to a stabilized
liquid crystalline phase. Sukigara et al. reported the influence
of external electrical field on the isotropiceanisotropic phase
transition in rod-like polymer solutions by applying the lattice
model [18]. The theoretical phase diagram showed that the
application of an external electrical field results in a narrower
phase transition region and a lower critical concentration for
liquid crystal formation. Erman et al. combined the equilib-
rium lattice model [19] with a lattice flow model [20] to ana-
lyze the phase behaviors of block copolymers consisting of
rigid blocks and flexible chains in an extensional flow field
[21]. They found the biphasic region shifts to lower concentra-
tions with increasing the intensity of the flow field. The orien-
tation degree of rod-like components increases sharply in the
presence of the extensional flow field.

However, all these theoretical considerations focus on the
rod-like molecules without chain conformational change,
and the contribution of the molecular conformational variation
has been neglected. Actually, the molecular conformational
variation plays an important role in phase transition of poly-
peptide liquid crystalline solution. Recently, a detailed theoret-
ical study on the effect of the external orientational field on the
phase behavior of a binary system involving a conformation-
ally variable polypeptide has been performed by Lin et al.
[22]. An energy term related to a quadrupole field was intro-
duced into the lattice model. The calculation results showed
that the isotropiceanisotropic phase transition induced by an
external orientational field is possible for the polypeptide
even with very high chain flexibility as long as the coilehelix
chain conformational change is allowed. The external orienta-
tional field promotes the combined action of the coilehelix
transition and liquid crystal formation. However, the effect
of molecular dipole moment of the polypeptide has not been
considered in this theoretical model.

So far, either the experimental evidences or the theoretical
studies for the effect of external orientational field on phase
behavior and molecular conformation of polypeptide are
limited. To the best of our knowledge, no literature has been
reported for the electrical field effect on the conformationally
coupled phase transition of polypeptide liquid crystalline solu-
tion. The purpose of present work is to investigate the effect of
external electrical field on the phase behaviors, especially the
conformationally coupled anisotropiceisotropic phase transi-
tion, of PBLG liquid crystalline solutions, i.e. PBLG/chloro-
form (CHCl3)/trifluoroacetic acid (TFA) solutions. The
influences of the external field intensity, polymer concen-
tration and the acid content were studied. To predict the effect
of external field on the phase behaviors involving a conforma-
tionally coupled anisotropiceisotropic transition, the lattice
theory derived in our previous work was further generalize
by introducing an energy term contributed from external field
of dipole type. Both experimental and theoretical results show
that the presence of external electrical field stabilizes the
anisotropic phase and helix conformation. As an external
electrical field is applied, the isotropiceanisotropic phase
boundary shifts to lower polymer concentrations and the
helixecoil induced anisotropic to isotropic transition becomes
stable in denaturant acid. Qualitatively, the theoretical phase
diagrams are in good agreement with the experimental results.

2. Experimental

PBLG samples were synthesized by the N-carboxy-
anhydride method in 1,4-dioxane at room temperature for
72 h with triethylamine as initiator, and subsequently precipi-
tated in a large volume of anhydrous ethanol. The obtained
PBLG was purified twice by repeated precipitation from
a chloroform solution into a large volume of anhydrous meth-
anol. The viscosity-average molecular weight determined in
DCA at 25 �C gives values of 50 000 and 204 000, respectively
[23]. Triethylamine and 1,4-dioxane are of analytic grade and
dried over sodium and distilled to remove water before use.
Tetrachloroethane (TCE), CHCl3, TFA and all other solvents
are of analytic grade and used as received.

PBLG solutions were prepared by dissolving measured
amount PBLG in a given volume solvent. For PBLG/CHCl3/
TFA solutions, CHCl3 and TFA were mixed first with various
TFA contents. The polypeptide volume fraction, vp, was
estimated from the density (1.27 g/cm3) of PBLG. After being
homogenized at 25 �C for 24 h, a certain amount of PBLG
solution was sealed in a capillary glass tube and stabilized
for 2 h before use.

In the case of studying the effect of the external field on the
phase transition, a direct current electrical field was applied.
The electrical field direction is perpendicular to the axis of
the capillary tube. Taking account of the dielectric effect of
the air and the glass between the electrodes and PBLG solu-
tion, the actual electrical field intensity applied on PBLG so-
lution has been corrected according to Gauss theorem [24].
Some simplifications have been made in correction: the capil-
lary tube wall was simplified as two glass plates to neglect the
curvature of the tube wall; the dielectric constants of air, glass
and PBLG solution would not change with the variation of
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temperature. Thus, the actual electrical field intensity applied
on PBLG solution can be given as

E¼ U=3s

�
d1þ 2d2=3gþ d3=3s

�
ð1Þ

where U is the voltage between the electrodes, d1 is the total
distance between tube outside and electrode board, d2 is the
thickness of the tube wall, d3 is the inner diameter of tube,
3g is the dielectric constant of glass with value of 5.60 [24],
3s is the dielectric constant of PBLG solution, and which
can be calculated using equation 3s ¼

P
i vi3i where vi and 3i

are the volume fraction and dielectric constant for the respec-
tive components [25]. The dielectric constants of CHCl3, TFA
and TCE are 4.90, 8.55 and 5.82, respectively [26]. The dielec-
tric constant of PBLG is reported to be 3.8 [27]. Since the
effect of the variation of polymer and solvent concentrations
on 3s is very small in present work (within 2.7%), this effect
is neglected for simplicity. Under such a condition, the cal-
culated 3s for PBLG solutions is 5.6. The field intensities
mentioned in this work are all the corrected values.

The phase transition observations were carried out using
a Leitz-Ortholux II polarizing microscope. The phase transi-
tion temperatures of PBLG solutions were detected by the
polarized microscope during heating and cooling of the solu-
tions on a Mettler FP82HT hot stage with a programmable
temperature controller. Liquid nitrogen was used to cool
down the solution. The heating rate and cooling rate are
1.0 �C min�1, respectively.

3. Experimental results

Fig. 1 shows dependence of phase transition temperatures
of PBLG solutions on the intensity of the applied external
electrical field. Illustrated in Fig. 1(a) is the result obtained
for PBLG/CHCl3/TFA system. In the absence of the external
field, PBLG solution shows typical liquid crystal textures
within temperature range 60e100 �C. As temperature goes
down, isotropic spherulites begin to appear and PBLG solution
enters the biphasic phase. With further decreasing tempera-
ture, the complete extinction of the anisotropic phase occurs
at �10 �C. For PBLG/CHCl3/TFA solution, when the temper-
ature is decreased, TFA acid molecules start interrupting the
hydrogen bond involved in the helical architecture and a
helixecoil transition takes place [6,7,28,29]. Since the random
coil polymer chains are geometrically inconsistent with the
long-range orientational order of the liquid crystal, an aniso-
tropic to isotropic transition, where highly cooperative
helixecoil transition is coupled, occurs [4,5,28,30]. On the
other hand, upon heating PBLG liquid crystalline solution,
the helical PBLG chain could become flexible due to the ther-
mal energy, giving rise to a high-temperature anisotropiceiso-
tropic transition as shown in Fig. 1(a). When PBLG solutions
are subjected to the external electrical field, the anisotropic
phase tends to be stabilized. As it can be seen, with increasing
strength of the electrical field, the high-temperature aniso-
tropiceisotropic transition temperature increases, while the
low-temperature one decreases.
Observations were also performed for PBLG/TCE systems.
The results shown by Fig. 1(b) demonstrate a similar effect on
the high-temperature anisotropic to isotropic transition as that
of PBLG/CHCl3/TFA system. Such an electrical field depen-
dence of the high-temperature anisotropiceisotropic transition
temperature was also reported by Toyoshima et al. for PBLG/
1,4-dioxane solution [15]. In addition to the field dependence
on the transition temperature, it is noted from Fig. 1 that for
both PBLG/CHCl3/TFA and PBLG/TCE systems, the high-
temperature anisotropiceisotropic phase boundaries tend to
be narrowed as the intensity of the electrical field increases.
However, this effect is weak in the low-temperature transition
region.

Fig. 2 shows the phase equilibria of PBLG/CHCl3/TFA as a
function of polymer volume fraction with and without external
electrical field applied. The open squares indicate the observed
results for PBLG/CHCl3/TFA solutions without external filed.
No anisotropic phase was observed at all temperatures in the
range of low polypeptide concentrations. Liquid crystalline
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Fig. 1. Experimental phase boundary curves as a function of electrical field

intensity for PBLG ðMv ¼ 20:4� 104Þ/CHCl3/TFA solutions with vp¼
0.204 and fTFA¼ 0.309 (a) and PBLG ðMv ¼ 5:0� 104Þ=TCE solutions

with vp¼ 0.145 (b). I: isotropic phase; B: biphasic region; LC: liquid crystal-

line phase.
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phase forms as the polymer concentration is increased. The
phase diagram presents a similar pattern as those observed
in PBLG/DCA/EDC systems [4,5] and PBLG/DCA systems
[28]. When an external field with E¼ 194 V cm�1 is applied,
the liquid crystalline phase becomes stable in both high- and
low-temperature phase boundaries as indicated by the solid
squares. The transition temperatures of high- and low-temper-
ature anisotropiceisotropic transitions tend to be higher and
lower, respectively. However, the influence of the external
electrical field becomes weak in the low-temperature transi-
tion range as the polypeptide concentration decreases. It
should be noted that the low-temperature anisotropic to isotro-
pic is induced by the intramolecular helixecoil transition. This
conformationally coupled phase transition is retarded by the
external electrical field. In other words, the anisotropic phase
and helix conformation are stabilized by the electrical field.
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TFA solutions with fTFA¼ 0.309 observed in the presence of the electrical field
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Fig. 3 illustrates the electrical field effect on the phase equi-
libria of PBLG/CHCl3/TFA as a function of acid content. As it
can be seen, the formed anisotropic phase is destabilized along
both the high- and low-temperature boundaries when the acid
content increases. In the range of a high acid concentration, no
anisotropic phase could be observed at all temperatures due to
the coil chain conformations being unable to sustain the aniso-
tropic ordering. Such a phenomenon is shown for both PBLG/
CHCl3/TFA systems with and without electrical field applied.
But in the case of the existence of external electrical field, the
liquid crystalline phase is stable in both high and low tempera-
tures. From the phase diagrams, it can be also seen that the influ-
ence of the external electrical field turns less pronounced in the
low-temperature transition range as the acid content increases.

4. Theoretical consideration

The theoretical model proposed in our previous work [22]
mainly focuses on the effect of quadrupole orientational field,
which can be caused by uniaxial elongation of polymer solu-
tion such as flow of polymer solution, on the conformational
variation coupled phase transition; however, the molecular
dipole moment has not been considered. In present study,
the applied external electrical field is a dipole orientational
field, which is different from the quadrupole one. Sukigara
et al. have written an expression of energy term related to
the external field of dipole type [18]. It is written to be com-
patible with the present condition as follows

Eex=kT ¼�npx232
0

�
qp2

h

2

�
cos2 ji

�
þ
�
1� q

�
p2

c

2

�
cos2 jj

��
ð2Þ

where np is the number of the polypeptide with axial ratio x, q

is the helix fraction of the polypeptide and the dimensionless
parameter 30 defines the intensity of the applied external
electrical field, ph and pc are the dipole moments of a lattice
segment of polypeptide with helix and coil conformation, re-
spectively. In the above equation, the averaging is performed
over all angles ji between the rigid helix segment and the ori-
entation axis and over all jj between the links of the flexible
coil component and the orientation axis [31].

The mixing free energy expression for a system involving
a polypeptide, a randomly coiled polymer, and a solvent has
been written out in our previous work [32]. The expression
can be readily turned to a binary system consisting of a poly-
peptide chain and a solvent by setting the concentration of the
randomly coiled polymer as zero and written as

�ln ZM ¼ ns ln vsþ np ln vpþ xnp

�
1� 1=x

�
� n0½ð1�QÞlnð1�QÞ þQ� þ cx

�
npns=n0

�
�mxnp½qðbþ ln sÞ þ r lnðsS0Þ

� ð1� q� rÞ lnð1� q� rÞ � r ln r

þ ð1� qÞ lnð1� qÞ� ð3Þ

where ns is the number of the solvent molecule, vs and vp

represent the volume fractions of the solvent and polymer,
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n0 equals nsþ xnp, s and s denotes, respectively, the statistical
weight for a unit in the helical state relative to the coil and the
weighting factor for initiation of a helical sequence, m repre-
sents the number of repeat units (i.e., peptide residues) in the
lattice segment, r is the fraction of units that mark the begin-
ning of a helical sequence, b is a Lagrangian multiplier, c is
the polymeresolvent interaction parameter, and Q and S0 are
orientation-related quantities that have been defined in
Ref. [32].

When the binary system is subjected to an external electri-
cal field, an extra term expressed by Eq. (2) should be included
in the lattice scheme. After incorporating Eq. (2), the mixing
free energy expression becomes

�ln ZM ¼ ns ln vsþ np ln vp þ xnpð1� 1=xÞ
� n0½ð1�QÞlnð1�QÞ þQ� þ cx

�
npns=n0

�
�mxnp½qðbþ ln sÞ þ r lnðsS0Þ

� ð1� q� rÞlnð1� q� rÞ
� r ln rþ ð1� qÞlnð1� qÞ�

� npx232
0

�
qp2

h

2

�
cos2 ji

�
þ
�
1� q

�
p2

c

2

�
cos2 jj

��
ð4Þ

In the anisotropic phase, the calculations revealed that the
maximum stability occurs at q¼ 1. Under such a circumstance,
the last term of Eq. (4), which is contributed from the external
electrical field, reduces to �ððx2p2

hnp32
0Þ=2Þhcos2 jii. With

further substituting the conditions for the anisotropy as
specified in Ref. [32], Eq. (4) becomes

�ln ZM ¼ ns ln v0sþ np ln v0p þ xnpð1� 1=xÞ
� n0½ð1�QÞlnð1�QÞ þQ� þ cx

�
npns=n0

�

� np

�
lnðy=xÞ2þmx ln sþ ln s

	
� x2p2

hnp32
0

2
ð5Þ

where the prime symbol (0) is appended to denote the aniso-
tropic phase.

Since the polypeptide chain takes a fully helix form in the
anisotropic phase, the exact lattice treatment according to
Flory and Ronca [33] is utilized for the deduction of the
disorientation parameter y. The external field also affects the
orientational distribution, which makes a further contribution
to the reduced free energy. Therefore, fp adopted by Flory
and Ronca is redefined as

fp ¼
Z p=2

0

sinp j exp



� asin j� x2p2

h32
0

2
sin2 j

�
dj ð6Þ

a¼�
�
4=p

�
x ln
�
1� v0p

�
1� y=x

�	
ð7Þ

y¼ ð4=pÞxðf2=f1Þ ð8Þ

and the quantity Q is given by

Q¼ v0p



1� 4f2

pf1

�
ð9Þ
Chemical potentials of the components in the anisotropic
phase can be readily obtained by partially differentiating
Eq. (5) with auxiliary Eqs. (6)e(9). The results are shown as

Dm0s ¼ ln v0sþ v0p



1� 1

x

�
þ cv02p � lnð1�QÞ �Q ð10Þ

Dm0p ¼ ln v0pþ xv0p



1� 1

x

�
þ cv02s � xQ

� ln f1� ðmx ln sþ ln sÞ � x2p2
h32

0

2
ð11Þ

In the state of the isotropy, the orientational order
parameter S¼ (3hcos2 jii�1)/2¼ 0; thus, hcos2 jii ¼ 1/3.
The hcos2 jji term is also equal to 1/3 due to the random ori-
entations [17,28]. Therefore, the last term of Eq. (4) appears to
be �ððqp2

h þ ð1� qÞp2
cÞ=6Þnpx232

0. Incorporating this result,
together with the conditions obtained for the isotropy accord-
ing to Ref. [32], into Eq. (4) gives

�ln ZM ¼ ns ln vsþ np ln vpþ npðx� 1Þ
þ cx

�
npns=n0

�
þmxnp ln½1� r=ð1� qÞ�

�
qp2

hþ
�
1� q

�
p2

c

6
npx232

0 ð12Þ

Partial differentiation of the above equation yields the
reduced chemical potentials of the components in the isotropic
phase.

Dms ¼ ln vsþ vp



1� 1

x

�
þ cv2

p ð13Þ

Dmp ¼ ln vpþ xvp



1� 1

x

�
þ cv2

s þmx ln½1� r=ð1� qÞ�

�
qp2

hþ
�
1� q

�
p2

c

6
x232

0 ð14Þ

According to Ref. [30], the statistical weight s can be related
to a change in Gibbs free energy DG0 for the helix formation

s¼ expð�DG0=RTÞ ¼ expð�DH0=RT þDS0=RÞ ð15Þ

where DG0 is broken up into an intrinsic enthalpy and entropy
change, DH0 and DS0, respectively. For polypeptides with high
molecular weight, the helix fraction q is given by [5]

q¼ 1=2þ ðs� 1Þ=2
�
ð1� sÞ2þ 4ss

	1=2 ð16Þ

When a denaturant acid is present, the factor of s should be
replaced by [5]

sc ¼ s=ð1þKaÞ ð17Þ

where a is the acid activity proportional to the denaturant acid
content and K is the equilibrium constant due to the binding
which occurs through hydrogen bonding to exposed amide
linkages in the coiled state. K is written in an expression form

K ¼ expð�DGc=RTÞ ¼ expð�DHc=RTþDSc=RÞ ð18Þ

where DHc< 0 and DSc< 0.
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To properly account for the phase behavior, especially the
high-temperature anisotropiceisotropic phase transition, the
axial ratio x is replaced by a temperature-dependent Kuhn
chain axial ratio xk¼ 80 000/T [22]. Furthermore, the parame-
ter c is related to temperature by c¼�Aþ B/T with A and B
specified as 1.667 and 352 [5]. The A and B values are adopted
to simulate the experimental phase behaviors to the greatest
extent in our work [5,22,28,30,32].

The relations governing the phase equilibria of the binary
system in the presence of the external electrical field can
be obtained by equating Eq. (10) to Eq. (13), Eq. (11) to
Eq. (14) with auxiliary relations of Eqs. (6)e(9) and Eqs.
(15)e(18). The effects of the external electrical field intensity
on phase equilibria are illustrated in Fig. 4 where the field
intensity 30 is plotted against T. In numerical calculation, m
is set as 10 [34], which means each lattice segment contains
10 peptide residues. The electrical dipole moment value of
PBLG residue is reported to be 3.5 Debye [8], thus ph is
35 Debye for a lattice segment of rigid helical PBLG mole-
cule. According to mean square end-to-end distance of free
rotation chain and the bond length and bond angle of PBLG
residue [35], pc was calculated to be 2.5 Debye per lattice
segment for randomly coiled PBLG segments. 30 can be
associated with the electrical field intensity in experiment by
multiplying a physical unit. According to Ref. [36], the phys-
ical unit can be t¼ (kT/x0vLC)1/2, where k is the Boltzmann
constant, T is the average experimental temperature, x0 is the
vacuum permittivity, and vLC is the volume of per polypeptide
molecule. Therefore, we can qualitatively compare the theo-
retical results with experimental results. As it can be seen
from Fig. 4, by increasing the value of 30, the anisotropic
phase becomes stable. The high-temperature anisotropice
isotropic transition temperature increases, while the low-
temperature one decreases. Increasing field intensity also

0.0000 0.0002 0.0004 0.0006 0.0008

0

50

100

150

200

T
e
m

p
.
 
(
°
C

)

I

B

B

I

LC

Fig. 4. Calculation results for the phase transition temperatures as a function

of the external field at a given polymer concentration of vp¼ 0.20. Invariant

parameters used in the calculations are DH0¼�1500.0 cal mol�1, DS0¼
�1.2 cal mol�1 K�1, DHc¼�2000.0 cal mol�1, DSc¼�1.0 cal mol�1 K�1,

R¼ 1.987 cal mol�1 K�1, a¼ 0.32, m¼ 10, s¼ 10�4, ph¼ 35, pc¼ 2.5. I:

isotropic phase; B: biphasic region; LC: liquid crystalline phase.
narrows the biphasic phase separation region. Within the
low-temperature range, the intramolecular helixecoil con-
formational changes are coupled with the intermolecular
anisotropiceisotropic phase transition. This transition is cal-
culated to be retarded by the external electrical field. The
theoretical calculation qualitatively reproduced the general
feature of the experimental results as shown in Fig. 1, i.e.
the high-temperature and low-temperature anisotropiceisotro-
pic transition temperatures become higher and lower, respec-
tively, in the presence of electrical field and the phase
boundary tends to be narrowed when the external electric field
intensity increases in high temperatures.

The role of the external electrical field was also shown in
Fig. 5 where transition temperature is plotted against polymer
concentration for 30¼ 0 and 30¼ 0.0004. Other parameters
used for numerical calculations are listed in the caption. As
shown in Fig. 5, the existence of the external electrical field
tends to narrow the biphasic phase separation region and shifts
the anisotropiceisotropic transition to lower polymer concen-
trations. Comparison of the calculation results with the phase
diagram of Fig. 2 shows that the experimental result agrees
well with the theoretical predication.

Illustrated in Fig. 6 is the relationship between the phase
equilibria and the acid activity with and without electrical field
applied. Liquid crystalline phase is calculated to be stable
at lower acid activity, and it transforms into isotropic phase
as acid activity increases. This intermolecular transition is in-
duced by the helixecoil transition. When an external electrical
field is applied, the anisotropiceisotropic phase boundary
shifts to higher acid activity and biphasic region becomes nar-
rower concomitantly. Theoretically calculated phase diagram
is in line with the experimental phase diagram in Fig. 3.
Both results show that the anisotropic phase becomes stable
in high denaturant acid content when an external electrical
field is applied.
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Experimentally, with microscope there had been a difficulty
in determining the I/B phase boundary at lower vp due to very
small amount of liquid crystals in form of dim specks in the
dark field of vision (Fig. 2). Also, owing to the reasons that
very small amount of isotropic drops in the light filed of vision
during LC / B transition and very small amount of dim
liquid crystal specks in the dark field of vision upon B / I
transition, it is difficult to find the LC/B and B/I phase bound-
aries at higher fTFA (Fig. 3). The sharp boundaries at lower vp

and higher fTFA in Figs. 2 and 3 just schematically represent
the phase boundaries. However, the theoretical calculations
predicted these boundaries as shown in Figs. 5 and 6.

5. Discussion

Despite some difference between theoretical and experi-
mental results, either experimental or theoretical phase dia-
grams show that the application of external electrical field
stabilizes the liquid crystalline phase and helix conformation
of polypeptide. The transition temperatures of high- and low-
temperature anisotropiceisotropic transitions tend to be higher
and lower, respectively. In the presence of external electrical
field, the isotropiceanisotropic phase boundary shifts to lower
polymer concentrations. For the solution containing organic
acid, the existence of external electric field would stabilize
the anisotropic phase and make the anisotropiceisotropic
phase boundary to higher acid concentration, i.e. more
denaturant acid is needed to induce helixecoil coupled
anisotropiceisotropic phase transition.

As indicated in our previous work [5], due to the difficulties
in relating some theoretical parameters to the conventional
measurements of quantities, a quantitative comparison be-
tween the theory and experiments becomes difficult. However,
the qualitative agreement between the theory and experiments
can still be improved. For example, since the variation of the
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calculated at 30¼ 0 (solid line) and 30¼ 0.0004 (dash line). Other parameters

used in the calculations are similar to those in Fig. 4. I: isotropic phase; B:

biphasic region; LC: liquid crystalline phase.
denaturant acid content is small in the present work, we
ignored the dependence of c on the acid concentration for
simplicity. In the experiments, c could become more negative
as the acid activity increase. If this effect is considered, the
agreement between the theory and experiments could be
improved. Moreover, the comparisons between the theoretical
and experimental results (Fig. 4 and Fig. 1(a)) show that the
theoretical prediction for low-temperature biphasic range is
smaller than that from experimental results, while the
high-temperature biphasic range is larger than that from exper-
imental results. Our calculations show that decrease in the
statistical weight parameter s of Eq. (3), which is associated
with the nature of the helixecoil transition, can broaden the
low-temperature anisotropiceisotropic range. On the other
hand, the effect of orientation dependent interaction is not con-
sidered for simplicity in the present work. As revealed by our
previous work [30], the existence of the orientation dependent
interaction can narrow the biphasic regions of both high- and
low-temperature anisotropiceisotropic transitions. If these
two effects are considered in the theory, the agreement be-
tween the experiments and theory can be further improved
by adjusting the influence imposed by s and orientation
dependent interaction.

In spite of its artificiality, the lattice model has been proved
successful in the treatments of the polymeric liquid crystal
systems [37,38] and has been extended to various systems
[19,39e42]. Our series work further extended the lattice
model to the treatments of the biopolypeptide systems, such
as reentrant transitions in the polypeptides [4,28,30], ternary
mixtures involving a polypeptide with and without an external
quadrupole orientational field applied [31,32]. In present
work, after including the free energy arising from the dipole
type external orientational field into the lattice scheme, the
lattice theory provides a reasonable insight for the conforma-
tional transition coupled phase behaviors of the binary systems
containing a polypeptide and a solvent in the presence of the
external dipole orientational field.

The conformationally coupled phase transitions stimulated
by an external electrical field, which are studied in present
work, may find the future utilization in information storage
and processing devices [43,44]. For instance, the helix forma-
tion is a highly cooperative process along the molecular axis;
the information would spread along the polypeptide main
chain with a very high speed. Such feature makes the poly-
peptide qualified for the potential utilization in biological
computer [45]. In addition, the conformational transition of
proteins plays an important role in biological activities of cells
and organism. The external electrical filed was found to
change the conformation of proteins and further affect the
physiological activities of cells and organism [46,47]. Since
the polypeptide has the similar peptide backbone and second-
ary structures as those of proteins, it provides a useful model
to investigate the relationships between the conformations and
the properties of proteins. The results of present research of
the electrical field effect on polypeptide conformationally
coupled phase transition may offer some useful information
to understand the structures and properties of proteins [48].
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6. Conclusions

In present work, we have investigated the effect of an exter-
nal electrical field on helixecoil coupled anisotropice
isotropic phase transition of PBLG/CHCl3/TFA solutions by
polarizing microscope. To account for the electrical field influ-
ence, the lattice model derived in our previous work was
further generalized by implementing a free energy term
contributed from external orientational field of dipole type.
Both experimental and theoretical results revealed that the an-
isotropic phase where polypeptide adopts a-helix form tends
to be stabilized as the intensity of the external electrical field
increases. The isotropiceanisotropic phase boundary shifts to
lower polymer concentrations and the helixecoil induced
anisotropiceisotropic transition becomes stable in denaturant
acid as the external electrical field is applied. Qualitatively,
the theoretical predictions are in good agreement with the
experimental results.
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