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Enormous stress response of anisotropic solution of poly„g-benzyl-L-glutamate… to sinusoidal
electric fields with low frequencies unexplained by the electrohydrodynamic instability

Katsufumi Tanaka,* Akio Takahashi, and Ryuichi Akiyama
Department of Polymer Science and Engineering, Kyoto Institute of Technology, Matsugasaki, Kyoto 606-8585, Japan

~Received 9 March 1998!

Transient stress responses to sinusoidal electric fields with frequencies lower than 1 Hz were reported for an
anisotropic solution of poly~g-benzyl-L-glutamate!. An enormous increase in stress with hysteresis was found
at higher frequencies of the electric fields, while the smaller increase in stress with no hysteresis was found at
the lowest frequency. These results are unexplained by the electrohydrodynamic instability.
@S1063-651X~98!51808-9#

PACS number~s!: 83.80.Gv, 61.30.Gd, 83.50.Pk, 83.70.Jr
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The electrorheological~ER! fluids are known as the fluid
which show the ER effect, that is, large enhancement in
parent viscosity and recovery to the original viscosity
application and removal of an external electric field, resp
tively. It is known that suspensions composed of polariza
particles and insulating solvents@1–3#, and homogeneou
fluids such as liquid crystals of small molecules@4# and so-
lutions of flexible polymers with polar side group@5# show
the ER effect. Recently, liquid crystalline polymers, the s
chain type@6,7# as well as the main chain type@8,9#, have
attracted intense interest because of the comparable enh
ment of apparent viscosity to the ER suspensions. In the
of the ER effect for liquid crystalline polymers, the intera
tion among anisotropic domains should be taken into acco
because liquid crystalline polymers usually do not show
monodomain texture@10# which liquid crystals of small mol-
ecules easily show under weak shear flow. However, the
effect for liquid crystalline polymers composed of rodlik
molecules can be basically explained by the following fa
tors similar as the ER effect for liquid crystals composed
small molecules; that is, the changes in contribution of
Miesowicz viscosities@11# induced by external electric field
and the electrohydrodynamic instability@4# that is accompa-
nied by the secondary flow such as macroscopic vortic
The electrohydrodynamic instability is caused by an anis
ropy of the conductivity or of the dielectric constant in
liquid crystal itself @12# and it is sometimes caused by th
electrical conduction of charge carriers injected from el
trodes even in the case of isotropic liquids@12–15#. It should
be noted that the threshold voltage of the electrohydro
namic instability for a liquid crystal decreases as the f
quency of applied alternating electric fields decrea
@14,15#.

In the present paper, unexpected results of transient s
responses of an anisotropic solution of poly~g-benzyl-L-
glutamate! ~PBLG! to sinusoidal electric fields with frequen
cies lower than 1 Hz are reported. The reported results
discussed in terms of the changes in contribution of
Miesowicz viscosities induced by external electric fields a
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the electrohydrodynamic instability. However, the report
results are unexplained by the secondary flow induced by
electrohydrodynamic instability, which suggests the effe
of inertia of anisotropic domains in our PBLG solution in
duced by the external electric fields.

Poly~g-benzyl-L-glutamate! with an average molecula
weight based on viscosity of 1.183105 was purchased from
Sigma Chemical Co. The molecular weight distribution
the PBLG dissolved in chloroform at room temperature w
also characterized by gel permeation chromatography.
polydispersity indexMw /Mn was 67 with a broad distribu
tion of the molecular weight. The weight average molecu
weight was deduced to be 3.53105 using the polystyrene
standards@9#. The PBLG as received was dissolved in 1,
dioxane. The concentration of the PBLG was 15 wt. %, a
the solution was found to be anisotropic at the concentra
and room temperature from the optical observation@9#. Tex-
ture of the solution in a quiescent state was observed by
optical microscope~Olympus, BH-2! equipped with a cam-
era and crossed polarizers. External electric fields up
kV/mm were applied to the solution using a dc power su
ply. The stress responses were measured with a rotati
rheometer~Rheology Engineering, MR-300V2E! in the pres-
ence and absence of external electric field. A fixture of p
allel plates with a constant gap of 0.4 mm was used as e
trodes when an electric field was applied to the PBL
solution. The PBLG solution was deformed at a shear r
~the one at the edge of the parallel plates! of 2.6 s21 to be a
steady flow. The sheared PBLG solution was stimulated
sinusoidal electric fields with amplitudes up to 2.5 kV/m
and frequencies lower than 1 Hz. The sinusoidal elec
fields were applied to the PBLG solution in the directio
perpendicular to the parallel plates using a piezo-drive a
plifier ~MESS-TEK Co., M-2603B! driven by a signal gen-
erator. The detected signals of stress response were digi
by a 12-bit analog-to-digital converter, and the data w
stored in a personal computer. The details of the experim
were reported elsewhere@7,9#.

Figure 1 shows the stress responses to sinusoidal ele
fields @E as defined in Eq.~1!# with a frequency~f ! of 1 Hz
and different amplitudes (Em) plotted semilogarithmically as
a function of time~t!,

E5Emsin@2p f ~ t2t0!#, ~1!
ic
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where t0 is a delay time of 0 s in the case of the results
shown in Fig. 1. The stress responses are vertically shifte
higher orders, as shown in Fig. 1. The sinusoidal elec
fields were applied when the PBLG solution showed a sa
rated stress under no electric field. The waveform of
stress response atEm51.0 kV/mm is much different from
the waveforms atEm52.0 and 2.5 kV/mm in the figure. Th
waveform, which was plotted on a linear scale@16#, was
sinusoidal atEm51.0 kV/mm and it was nonsinusoidal con
taining higher order harmonics atEm52.0 and 2.5 kV/mm.
@The waveform of the stress response atEm50.5 kV/mm can
be also sinusoidal. The stress atEm50.5 kV/mm was obvi-
ously larger than the saturated stress (s0) of 8.7 Pa mea-
sured by the rotational rheometer under no electric fie#
The fundamental frequency of the stress responses is a
twice the frequency of applied electric fields. The amplitu
of the stress responses increases with an increase in the
plitude of applied electric fields. Further, the normaliz
maximum ER response, which is defined here as (sm
2s0)/s0 , wheresm is the maximum stress over a period
each sinusoidal electric field, is 20 forEm52.5 kV/mm and
f 51 Hz. The resulting normalized maximum ER response
much larger than the normalized ER response@9# of 11,
which was induced by the stepwise electric field with
strength of 2.5 kV/mm.

Figure 2 shows the transient stress as shown in Fig
plotted against the instantaneous amplitude of external s
soidal electric fields (s-E curve! with different amplitudes.
The hysteresis of thes-E curves as shown in Fig. 2 is sym
metric with respect to the vertical axis ofE50 kV/mm and it
changes depending onEm . ~We will discuss the hysteresis a
E>0.) At Em51.0 kV/mm ~and probably atEm50.5 kV/
mm!, s shows the maximum atEm . Above Em52.0 kV/
mm, s shows the maximum at a smaller instantaneous
plitude thanEm and an additional hysteresis loop can
seen. The area of additional hysteresis loop~or total hyster-
esis loop! at Em52.5 kV/mm is much larger than that a
Em52.0 kV/mm. It is considered that the PBLG molecul
~or domains in the polydomain texture, such as those sh
in Ref. @9#! with a large permanent dipole moment alo
helix axis were tilted toward a stable tilt angle or align
parallel to the electrodes surfaces by the shear deforma
under no electric field. The PBLG molecules~domains!

FIG. 1. Stress responses to sinusoidal electric fields with a
quency of 1 Hz and different amplitudes plotted semilogarithm
cally as a function of time.
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would be oscillated around a tilt angle by the sinusoidal el
tric fields withEm50.5 and 1.0 kV/mm under shear flow. O
the other hand, the PBLG molecules~domains! were thought
to be fully rotated by the sinusoidal electric fields withEm
52.0 and 2.5 kV/mm, and the reverse orientation of the
pole moment would be induced by the electric fields. T
full rotation of the PBLG molecules can be closely related
the effect of inertia induced by the external sinusoidal el
tric fields. Similar critical changes in the stress response
mentioned above were also found when the stepwise ele
fields were applied to the PBLG solution. However, the cr
cal strength of the stepwise electric field of 2.5 kV/mm@9#
was slightly larger than the critical amplitude of the sin
soidal electric field withf 51 Hz, which suggests that th
critical response of the PBLG domains to the external el
tric fields depends on the frequency of the external elec
fields as discussed later. Further, the electrohydrodyna
instability could also affect the critical changes in the E
response because the amplitude of the electric field of
kV/mm, which gave the critical changes in the waveform
stress response was larger than the maximum strength o
electric field in the optical observation (E51.6 kV/mm) at
which no electrohydrodynamic instability was observed@9#.
If the secondary flow such as macroscopic or local vorti
are induced by the electrohydrodynamic instability, rodli
molecules of PBLG can also rotate on a large scale in
solution between parallel plates and the contribution of
Miesowicz viscosityhc (.hb ,ha) to the apparent viscosity
can be increased.

Figure 3 shows the stress responses to sinusoidal ele
fields @E as defined in Eq.~1!# with an amplitude ofEm
52.5 kV/mm and different frequencies plotted semilogari
mically as a function off (t2t0), wheret0 is a delay time of
0.575f 21 s in the case of the results shown in the figure.
Fig. 3, the smaller increase in stress response is foundf
50.01 Hz. Further,f (t2t0) at the minimum of the stres
response gradually approaches zero asf decreases. The latte
dependence off (t2t0) suggests the stress response af
50.01 Hz was synchronized with the external sinusoi
electric field.

Figure 4 shows the transient stress as shown in Fig
plotted against the instantaneous amplitude of external s
soidal electric fields with different frequencies. The hyst

e-
-

FIG. 2. Transient stress as shown in Fig. 1 plotted against
instantaneous amplitude of external sinusoidal electric fields w
different amplitudes.
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esis of thes-E curves as shown in Fig. 4 is also symmet
with respect to the vertical axis ofE50 kV/mm and it
changes remarkably depending onf. In Fig. 4, the area of the
s-E curves~or hysteresis loops! decreases remarkably asf
decreases. The additional hysteresis loop atf 51 Hz disap-
pears in thes-E curves at the lower frequencies. Belowf
50.1 Hz, s tends to show a constant maximum above
instantaneous amplitude smaller thanEm . A synchronous
response with no hysteresis is found in thes-E curve at the
lowest frequency of 0.01 Hz in the present experiment. F
ther, the normalized maximum ER response of 9 is indu
by the sinusoidal electric field withf 50.01 Hz andEm
52.5 kV/mm which is in good agreement with the norma
ized ER response of 11 induced by the stepwise electric fi
with a strength of 2.5 kV/mm for the PBLG samples pr
pared similarly as the present study@9#.

It should be noted that the maximum shear stress
hanced by the sinusoidal electric field withf 51 Hz as
shown in Fig. 4 is much larger than that withf 50.01 Hz and
the stress response is synchronized with the sinusoidal e
tric field with f 50.01 Hz. The above results are unexplain
by the secondary flow induced by the electrohydrodyna
instability: The threshold voltage of the electrohydrod
namic instability for a liquid crystal decreases as the f

FIG. 3. Stress responses to sinusoidal electric fields with
amplitude of Em52.5 kV/mm and different frequencies plotte
semilogarithmically as a function off (t2t0).
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quency of applied alternating electric fields decrea
@14,15#. Accordingly, the threshold voltage~or electric field
in the present experiment! at f 50.01 Hz should be lower
than that atf 51 Hz. The secondary flow induced by th
electrohydrodynamic instability atf 50.01 Hz should be
more remarkable than that atf 51 Hz and the contribution of
the Miesowicz viscosityhc (.hb ,ha) to the apparent vis-
cosity can be increased more remarkably in the former c
However, the tendency of our results is opposite to the
pectation as mentioned above. Further, the synchronous
sponse with no hysteresis that was found in Fig. 4 is a
unexplained by the electrohydrodynamic instability. T
stress response should not be synchronized with the s
soidal electric field in the case of the electrohydrodynam
instability. These results suggest the effect of inertia of
isotropic domains in our PBLG solution induced by the e
ternal sinusoidal electric fields. Finally, the molecular weig
distribution of the PBLG is broad and it contains larger m
lecular weight components. It is considered that the lar
molecular weight components would be oscillated aroun
tilt angle by the sinusoidal electric fields withf 50.01 Hz at
a given insufficient amplitude of 2.5 kV/mm under she
flow, while they would be fully rotated by the sinusoid
electric fields withf 51 Hz even atEm52.0 and 2.5 kV/mm
because of the inertia effect of the anisotropic domains.

FIG. 4. Transient stress as shown in Fig. 3 plotted against
instantaneous amplitude of external sinusoidal electric fields w
different frequencies.
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