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Enormous stress response of anisotropic solution of paly-benzyl-L-glutamate) to sinusoidal
electric fields with low frequencies unexplained by the electrohydrodynamic instability

Katsufumi Tanakd, 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 polyy-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.
[S1063-651%98)51808-9

PACS numbsg(s): 83.80.Gv, 61.30.Gd, 83.50.Pk, 83.70.Jr

The electrorheologicdER) fluids are known as the fluids the electrohydrodynamic instability. However, the reported
which show the ER effect, that is, large enhancement in apresults are unexplained by the secondary flow induced by the
parent viscosity and recovery to the original viscosity byelectrohydrodynamic instability, which suggests the effects
application and removal of an external electric field, respecof inertia of anisotropic domains in our PBLG solution in-
tively. It is known that suspensions composed of polarizabléluced by the external electric fields.
particles and insulating solvenfd—3], and homogeneous  Poly(y-benzyl-L-glutamate with an average molecular
fluids such as liquid crystals of small molecuf@ and so-  Weight based on viscosity of 1.1810°> was purchased from
lutions of flexible polymers with polar side grodf] show Sigma Cher_nlcal Co._ The molecular weight distribution of
the ER effect. Recently, liquid crystalline polymers, the sideth® PBLG dissolved in chloroform at room temperature was
chain type[6,7] as well as the main chain tyd&,9], have also qharaqter!zed by gel permeauon chromatogrgphy. The
attracted intense interest because of the comparable enhan@é’—lyd'SperS'ty 'ndEXMW/M“ was 67 W'th a broad distribu-
ment of apparent viscosity to the ER suspensions. In the cag'é)r.] Ohf the m((j)ledcula:jwe%ht. The(:)swelght axeragelz molecular
of the ER effect for liquid crystalline polymers, the interac- V\ie'gdt \évgg] ?hUCISBLtGO € 3(5. lésmg td(_e pc: ys(;y_renle4
tion among anisotropic domains should be taken into accoun andar - 'he as recelvec was dissglved In 1,4-

b liuid tall | v d t show th ioxane. The concentration of the PBLG was 15 wt. %, and
ecause fiquid crystafine polymers usuaily do not Snow gy g o 1ytion was found to be anisotropic at the concentration
monodomain texturgl0] which liquid crystals of small mol-

i and room temperature from the optical observafi@h Tex-
ecules easily show under weak shear flow. However, the Elg, e of the solution in a quiescent state was observed by an
effect for liquid crystalline polymers composed of rodlike optical microscopgOlympus, BH-2 equipped with a cam-
molecules can be basically explained by the following fac-era and crossed polarizers. External electric fields up 1.6
tors similar as the ER effect for |IQUId CryStals Composed Oka/mm were app“ed to the solution using a dc power sup-
small molecules; that is, the changes in contribution of theyly. The stress responses were measured with a rotational
Miesowicz viscositie$11] induced by external electric fields rheometefRheology Engineering, MR-300V2Hn the pres-

and the electrohydrodynamic instabili#] that is accompa- ence and absence of external electric field. A fixture of par-
nied by the secondary flow such as macroscopic vorticesllel plates with a constant gap of 0.4 mm was used as elec-
The electrohydrodynamic instability is caused by an anisottrodes when an electric field was applied to the PBLG
ropy of the conductivity or of the dielectric constant in a solution. The PBLG solution was deformed at a shear rate
liquid crystal itself[12] and it is sometimes caused by the (the one at the edge of the parallel plate62.6 s to be a
electrical conduction of charge carriers injected from elecsteady flow. The sheared PBLG solution was stimulated by
trodes even in the case of isotropic liqu[d2—-19. It should  sinusoidal electric fields with amplitudes up to 2.5 kV/mm
be noted that the threshold voltage of the electrohydrodyand frequencies lower than 1 Hz. The sinusoidal electric
namic instability for a liquid crystal decreases as the frefields were applied to the PBLG solution in the direction
quency of applied alternating electric fields decreaseperpendicular to the parallel plates using a piezo-drive am-
[14,15. plifier (MESS-TEK Co., M-2603B driven by a signal gen-

In the present paper, unexpected results of transient streggator. The detected signals of stress response were digitized
responses of an anisotropic solution of goWpenzyl-L- by a 12-bit analog-to-digital converter, and the data were
glutamaté (PBLG) to sinusoidal electric fields with frequen- stored in a personal computer. The details of the experiments
cies lower than 1 Hz are reported. The reported results ar@ere reported elsewhef&,9].
discussed in terms of the changes in contribution of the Figure 1 shows the stress responses to sinusoidal electric
Miesowicz viscosities induced by external electric fields andfields [E as defined in Eq1)] with a frequency(f) of 1 Hz

and different amplitudesH,,,) plotted semilogarithmically as
a function of time(t),
* Author to whom correspondence should be addressed. Electronic
address: ktanaka@ipc.kit.ac.jp E=Esin27f(t—tg)], )
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FIG. 1. Stress responses to sinusoidal electric fields with a fre- FIG. 2. Transient stress as shown in Fig. 1 plotted against the
quency of 1 Hz and different amplitudes plotted semilogarithmi-instantaneous amplitude of external sinusoidal electric fields with
cally as a function of time. different amplitudes.

wheret, is a delay time 60 s in the case of the results would be oscillated around a tilt angle by the sinusoidal elec-
shown in Fig. 1. The stress responses are vertically shifted tic fields withE,,,= 0.5 and 1.0 kV/mm under shear flow. On
higher orders, as shown in Fig. 1. The sinusoidal electriche other hand, the PBLG molecul@omaing were thought
fields were applied when the PBLG solution showed a satuto be fully rotated by the sinusoidal electric fields wih,
rated stress under no electric field. The waveform of the=2.0 and 2.5 kV/mm, and the reverse orientation of the di-
stress response &,=1.0 kV/mm is much different from pole moment would be induced by the electric fields. The
the waveforms aE,,=2.0 and 2.5 kvV/mm in the figure. The full rotation of the PBLG molecules can be closely related to
waveform, which was plotted on a linear scale5], was the effect of inertia induced by the external sinusoidal elec-
sinusoidal aE.,=1.0 kV/mm and it was nonsinusoidal con- tric fields. Similar critical changes in the stress response as
taining higher order harmonics &,,=2.0 and 2.5 kV/mm. mentioned above were also found when the stepwise electric
[The waveform of the stress respons&gt=0.5 kV/mm can fields were applied to the PBLG solution. However, the criti-
be also sinusoidal. The stresskt= 0.5 kV/mm was obvi- cal strength of the stepwise electric field of 2.5 kV/ni#]
ously larger than the saturated stresg)( of 8.7 Pa mea- was slightly larger than the critical amplitude of the sinu-
sured by the rotational rheometer under no electric field.soidal electric field withf =1 Hz, which suggests that the
The fundamental frequency of the stress responses is abocitical response of the PBLG domains to the external elec-
twice the frequency of applied electric fields. The amplitudetric fields depends on the frequency of the external electric
of the stress responses increases with an increase in the afields as discussed later. Further, the electrohydrodynamic
plitude of applied electric fields. Further, the normalizedinstability could also affect the critical changes in the ER
maximum ER response, which is defined here as, ( response because the amplitude of the electric field of 2.0
— o)l og, Whereo, is the maximum stress over a period of kV/mm, which gave the critical changes in the waveform of
each sinusoidal electric field, is 20 f&r,=2.5 kvV/mm and  stress response was larger than the maximum strength of dc
f=1 Hz. The resulting normalized maximum ER response i®lectric field in the optical observatiorEE 1.6 kvV/mm) at
much larger than the normalized ER respof8¢ of 11,  which no electrohydrodynamic instability was obsery&d
which was induced by the stepwise electric field with alf the secondary flow such as macroscopic or local vortices
strength of 2.5 kV/mm. are induced by the electrohydrodynamic instability, rodlike
Figure 2 shows the transient stress as shown in Fig. inolecules of PBLG can also rotate on a large scale in the
plotted against the instantaneous amplitude of external sinwsolution between parallel plates and the contribution of the
soidal electric fields §-E curve with different amplitudes. Miesowicz viscosityn. (> 7, ,7,) to the apparent viscosity
The hysteresis of the-E curves as shown in Fig. 2 is sym- can be increased.
metric with respect to the vertical axis Bf=0 kV/mm and it Figure 3 shows the stress responses to sinusoidal electric
changes depending df,. (We will discuss the hysteresis at fields [E as defined in Eq(1)] with an amplitude ofE,,
E=0.) At E;,=1.0 kvV/mm (and probably aE,,=0.5 kV/  =2.5kV/mm and different frequencies plotted semilogarith-
mm), o shows the maximum aE,,. Above E,=2.0 kV/  mically as a function of (t—ty), wheret, is a delay time of
mm, o shows the maximum at a smaller instantaneous am@.575f ! s in the case of the results shown in the figure. In
plitude thanE,, and an additional hysteresis loop can beFig. 3, the smaller increase in stress response is fourid at
seen. The area of additional hysteresis l¢optotal hyster- =0.01 Hz. Furtherf(t—ty) at the minimum of the stress
esis loop at E,,=2.5 kv/mm is much larger than that at response gradually approaches zerd @screases. The latter
E,=2.0 kV/mm. It is considered that the PBLG moleculesdependence of (t—ty) suggests the stress responsef at
(or domains in the polydomain texture, such as those showr 0.01 Hz was synchronized with the external sinusoidal
in Ref. [9]) with a large permanent dipole moment along electric field.
helix axis were tilted toward a stable tilt angle or aligned Figure 4 shows the transient stress as shown in Fig. 3
parallel to the electrodes surfaces by the shear deformatigolotted against the instantaneous amplitude of external sinu-
under no electric field. The PBLG moleculddomaing  soidal electric fields with different frequencies. The hyster-
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FIG. 3. Stress responses to sinusoidal electric fields with an FIG. 4. Transient stress as shown in Fig. 3 plotted against the
amplitude of E,,=2.5kV/mm and different frequencies plotted instantaneous amplitude of external sinusoidal electric fields with
semilogarithmically as a function df(t—tg). different frequencies.

quency of applied alternating electric fields decreases
[14,15. Accordingly, the threshold voltag®r electric field

in the present experimenat f=0.01 Hz should be lower
than that atf=1 Hz. The secondary flow induced by the

esis of theo-E curves as shown in Fig. 4 is also symmetric
with respect to the vertical axis oE=0kV/mm and it
changes remarkably dependingfon Fig. 4, the area of the
a-E curves(or hyste'r(.asis Ioopsdecr_eases remarkaply hs electrohydrodynamic instability af=0.01 Hz should be
decrea_ses. The additional hysteresis loop ;aﬂ._Hz disap- more remarkable than that &t 1 Hz and the contribution of
pears in theo-E curves at the lower frequepmes. BeldW  ihe Miesowicz viscosityy. (> 7, 7,) to the apparent vis-
=0.1Hz, o tends to show a constant maximum above ancosity can be increased more remarkably in the former case.
instantaneous amplitude smaller thip,. A synchronous However, the tendency of our results is opposite to the ex-
response with no hysteresis is found in theéE curve atthe  pectation as mentioned above. Further, the synchronous re-
lowest frequency of 0.01 Hz in the present experiment. Fursponse with no hysteresis that was found in Fig. 4 is also
ther, the normalized maximum ER response of 9 is inducedinexplained by the electrohydrodynamic instability. The
by the sinusoidal electric field witf=0.01 Hz andE;,  stress response should not be synchronized with the sinu-
=2.5 kvV/mm which is in good agreement with the normal- soidal electric field in the case of the electrohydrodynamic
ized ER response of 11 induced by the stepwise electric fielthstability. These results suggest the effect of inertia of an-
with a strength of 2.5 kV/mm for the PBLG samples pre-isotropic domains in our PBLG solution induced by the ex-
pared similarly as the present stul®). ternal sinusoidal electric fields. Finally, the molecular weight
It should be noted that the maximum shear stress erdistribution of the PBLG is broad and it contains larger mo-
hanced by the sinusoidal electric field with=1Hz as lecular weight components. It is considered that the larger
shown in Fig. 4 is much larger than that witk-0.01 Hz and  molecular weight components would be oscillated around a
the stress response is synchronized with the sinusoidal eletit angle by the sinusoidal electric fields wifh=0.01 Hz at
tric field with f =0.01 Hz. The above results are unexplaineda given insufficient amplitude of 2.5 kV/mm under shear
by the secondary flow induced by the electrohydrodynamidlow, while they would be fully rotated by the sinusoidal
instability: The threshold voltage of the electrohydrody- electric fields withf =1 Hz even aE,,=2.0 and 2.5 kV/mm
namic instability for a liquid crystal decreases as the fre-because of the inertia effect of the anisotropic domains.
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