PHYSICAL REVIEW E VOLUME 59, NUMBER 5 MAY 1999

Molecular weight distribution and the electrorheological response for anisotropic solutions
of poly(y-benzyldi -glutamate) induced by the convection of the electrohydrodynamic instability
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Transient responses of stress to a sinusoidal electric field were reported for anisotropic solution§yef poly
benzyli-glutamatgs (PBLG's) with different distributions of the molecular weight. The transient stress, which
was induced by the convection of the electrohydrodynamic instability, showed a steep and large increase when
it was plotted against the instantaneous amplitude of the electric field. The maximum stress of a PBLG solution
tended to increase with an increase in the maximum molecular weight of the PBLG in the molecular weight
distribution.[S1063-651X99)05505-]

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

The electrorheologicalER) effect is a rheological re- would be proportional to the maximum molecular weight
sponse of fluids under an external modulation of the electri¢the maximum lengthof the rodlike molecules. The remark-
field; that is, a large enhancement in the apparent viscositgble difference of the mechanism between the full rotation of
and recovery to the original viscosity by application and re-the PBLG molecules caused by the inertia eff@tand that
moval of the electric field, respective\l—4]. Recently, it by the convection of the electrohydrodynamic instability is
has been found that the fluids based on liquid crystallinghe range of the frequency of the applied sinusoidal electric
polymers, the side chain tyd®] as well as the main chain field. The full rotation by the former case is not caused by
type [6—8], show the ER effect. The ER effect for liquid the sinusoidal electric field with lower frequencies approach-
crystalline polymers has attracted intense interest because iofg zero, much less by the dc electric field. On the other
practical applications as well as the scientific aspect of théand, the full rotation by the latter case is easily caused by
dynamics of rodlike molecules. The ER effect for liquid the electric field with lower frequencies because the thresh-
crystalline polymers composed of rodlike molecules can beld voltage of the electrohydrodynamic instability decreases
basically explained by the changes in the contribution of theas the frequency of the electric field decreagHs. In the
Miesowicz viscositieg9] induced by external electric fields present paper, transient responses of stress to an external
and the electrohydrodynamic instabilt] that is accompa- sinusoidal electric field are reported for anisotropic solutions
nied by the secondary flow or convection, such as macroef PBLG’s with different distributions of the molecular
scopic vortices. In the previous paper, a new class of the EReight, and the transient stresses plotted against the instan-
response unexplained by the electrohydrodynamic instabilityaneous amplitude of the sinusoidal electric field are investi-
was reported for an anisotropic solution of pghbenzyli-  gated for the solutions with or without the electrohydrody-
glutamatg (PBLG) [8]. Further, it is proposed that the aniso- namic instability.
tropic domains composed of the larger molecules in the mo- Samples of PBLG’s with the average molecular weight
lecular weight distribution would only be oscillated around abased on viscosity of 4:210* (PBLG A), 1.5x 10° (B), and
tilt angle by the sinusoidal electric field with the lowest fre- 2.8x 10° (C) were purchased from Sigma Chemical Co. Fur-
guency at a given insufficient amplitude under shear flowther, a sample of PBLGD), which contains the larger mo-
while they would be fully rotated by the sinusoidal electric lecular weight components as discussed later, was synthe-
fields with higher frequencies because of the inertia effect osized after the NCA polymerization, the ring-opening
the anisotropic domaing3]. The full rotation of the aniso- polymerization of a-aminoacidn-carboxyanhydridg NCA)
tropic domains can also be induced much more remarkablynonomers, at the laboratory of Yamagata University to show
by the different mechanism of the convection of the electrothe effect of the larger molecular weight components. The
hydrodynamic instability. It is expected that the maximumNCA of y-benzyli-glutamate was prepared in the previous
stress response of a PBLG solution, which is induced by theaper{11]. The polymerization was carried out in dioxane at
convection of the electrohydrodynamic instability, to a sinu-25 °C with triethylamine as an initiator. The distributions of
soidal electric field with sufficiently low frequency increases molecular weight for the PBLG’s dissolved in chloroform at
with an increase in the maximum molecular weight of theroom temperature were also characterized by gel permeation
PBLG because the Miesowicz viscosity. (> 7a,7p) chromatographyGPQ [7]. The results are shown in Fig. 1.

The polydispersity indexes dfl,,/M, were 2.4, 230, 140,

and 590, respectively for PBL@, B, G andD. The weight
* Author to whom correspondence should be addressed. Electronaverage molecular weights were deduced to bex2@F,
address: ktanaka@ipc.kit.ac.jp 5.9x 10°, 8.9x 10°, and 3.5¢< 1CP, respectively, for PBLG,
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FIG. 1. Distributions of the molecular weight based on polysty- TIME (s)

rene standards for PBLG's characterized by gel permeation chro-
matography. The maximum components of the molecular Weigh[
for the PBLG’s are also shown by the arrows in the figure.

FIG. 2. Typical transient responses of stress to a sinusoidal elec-
ric field plotted as a function of time for the solutions of PBIGS
with, (C;), or without, (C,,), the electrohydrodynamic instability.

B, C, andD, using the polystyrene standafds. It should be The str_ess res_ponsé:,() is vertically shifted to a higher order as
noted that the maximum molecular weight of PBIGs less ~ Shown in the figure.
than 1@, which is obviously lower than the maximum mo- .
lecular weights of the other PBLG’s. The PBLG's as re-duency of O._Olle is closely related to the ER effect under
ceived were dissolved in 1,4-dioxane. More than two gradefhe dc electric field. _
of purity of 1,4-dioxane such as an infinitely pure grade and Figure 2 shows typical transient responses of sttegs
a reagent grade, etc., were used for the purpose of inhibitiofPr the solutions of PBLGC with, (C;), or without, C,),
and promotion of the electrohydrodynamic instability. Thethe eIectrohydrodynamlc instability to a smusmda_l electric
concentration of the PBLG’s was 15 wt. %, and the solutiondield [E as defined in Eq1)] plotted as a function of tim&),
were found to be anisotropic at the concentration and room )
temperature from the optical observatipf]. External elec- E=Ensin2nf(t—ty)], D
tric fields up to 3.2 kvV/mm were applied to the solutions
using a dc power supply or a high voltage power amplifierwheret, is a delay time of 50 s in the case of the results
driven by a signal generator as mentioned below. Thereforghown in Fig. 2.(In the present paper, the subscript™
we can ascertain whether a solution of PBLG shows the eled€fers to the solution without the electrohydrodynamic insta-
trohydrodynamic instability or not in advance of the ER bility, and the subscript I refers to the solution with the
measurements. electrohydrodynamic instabilityThe stress respons€y) is

The stress responses were measured with a rotational rheertically shifted to a higher order as shown in the figure.
ometer(Rheology Engineering, MR-300V2Et a shear rate (Similar shifts are performed in Figs. 3 and &he sinu-
(the one at the edge of the parallel plates2.6 s 1[8]. The  soidal electric field was applied when the PBLG solutions
sheared PBLG solutions were stimulated by sinusoidal elecshowed a saturated stress under no electric field. The funda-
tric fields with an amplitude &) of 2.5 kv/mm and fre- mental frequency of both of the stress responggg (and
quenciesf) from 0.01 Hz to 1 kHz. The sinusoidal electric (C;) is about twice the frequency of the applied electric field.
fields were applied to the PBLG solutions using a high volt-However, the wave form ofG;) is much different from that
age power amplifiefTrek, Model 609-D, which has a cur- 0f (C,). The instantaneous amplitude of the stress response
rent monitor, driven by a signal generator. At the same time(C;) increases and decreases discontinuously at relatively
the current passing through the solutions was measured dgwer critical instantaneous amplitude of the electric field,
the current monitor as mentioned above or another currer@nd the stress response is almost constant over a half-period
monitor (Trek, Model P0528 The detected signals of stress of the electric field. On the other hand, the instantaneous
response, electric field, and current were digitized at th@mplitude of the stress respons€,} increases and de-
same time by a 12-bit analog-to-digital converter which hagreases continuously and it synchronizes with the applied
four channels of the analog-to-digital converting units. Theselectric field. It is noted that the maximum of the stress re-
data were stored in a personal computer. In the present papsponse C;) is much larger than that of the stress response
attention is focused on the results of stress response inducé€,). The observation of a polarized optical microscope
by the electric field with a frequency of 0.01 Hz because theshowed that the convection of the electrohydrodynamic in-
electrohydrodynamic instability, if it exists, can be inducedstability of solution C;) was remarkably induced by a dc
easily at the frequency. The threshold of the electrohydrodyelectric field with a strength lower than 1 kV/mm. The opti-
namic instability can also be determined conveniently withcal observation also showed that the homeotropic orientation
the sinusoidal electric field, which is well assumed at theof solution (C,), in which the PBLG molecules aligned per-
guasistatic electric field with different strengths. In addition,pendicular to the electrode surface, was induced by the dc
most researchers apply the dc electric field to the ER fluidselectric field with a strength of 3.2 kvV/mm. Therefore, PBLG
Therefore, the ER effect under the electric field with a fre-molecules(or anisotropic domainsof solution (C,) would
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FIG. 3. Transient responses of stress shown in Fig. 2 plotted FIG. 4. Transient responses of stress plotted against the instan-
against the instantaneous amplitude of the applied sinusoidal eletaneous amplitude of the applied sinusoidal electric field for the
tric field. The results of the solutions of PBLB with, (D;), or solutions of PBLGA (A;), B (B;), C (C;), andD (D;) with the
without, (D), the electrohydrodynamic instability are also shown, electrohydrodynamic instability. The responses of stress are verti-
and the responses of stress are vertically shifted as shown in Fig. 8ally shifted as shown in the figure.

be oscillated around a tilt angle by the sinusoidal electridution (D,)) is almost identical to that for solutiorD{). The
field with an insufficient amplitude of 2.5 kV/mm under observation of a polarized optical microscope showed no
shear flow. On the other hand, PBLG molecules in solutiorconvection and no homeotropic orientatigut only polydo-
(C;) would be fully rotated by the convection of the electro- main texture of solution ©,) under the dc electric field
hydrodynamic instability, and the contribution of the with a strength of 3.2 kV/mm. The optical observation also
Miesowicz viscosityn. to the apparent viscosity would be showed the convection, which was not so remarkable, of the
increased. electrohydrodynamic instability of solutionD{). Because
Figure 3 shows the transient responses of sti@sshown  PBLG D contains a much higher fraction of the larger mo-
in Fig. 2 plotted against the instantaneous amplitude of théecular weight components than the other PBLG’s as shown
applied sinusoidal electric fiel(E). Further, in Fig. 3(the  in Fig. 1, solution D,) showed hysteresis and no synchro-
o-E curve, the results of the solutions of PBLB with or  nous response of stress to the sinusoidal electric field with an
without the electrohydrodynamic instability are shown. Theamplitude of 2.5 kV/mm and an insufficiently low frequency
feature of theo-E curves as shown in Fig. 3 is symmetric of 0.01 Hz.[A sinusoidal electric field with the same ampli-
with respect to the vertical axis dE=0 kV/mm, but it  tude and a frequency much lower than 0.01 Hz would induce
changes remarkably depending on whether the solutioa synchronous response of stress with no hysteresis for solu-
showed the electrohydrodynamic instability or ndturther, tion (D,).] The hysteresis of stress responBg,) as shown
the feature of the-E curves was symmetric with respect to in Fig. 3 is quite similar to the hysteresis induced by sinu-
the point of the origin of the coordinates. Therefore, we will soidal electric fields with frequencies slightly higher than the
discuss ther-E (andj-E) curves atE=0 kV/mm.] In Fig. lowest one, as shown in Fig. 4 in RéB]. Therefore, the
3, solution C,,) shows a synchronous response with no hys-maximum of the stress responde,), which is identical to
teresis, which is characteristic of tlee E curve induced by that of the stress responsB;{ as shown in Fig. 3, would be
the lowest frequency of the electric field for a PBLG solutioninduced by the effect of inertia of the anisotropic domains
without the electrohydrodynamic instabilifg]. On the other [8].
hand, solution C;) shows theo-E curve with a much Figure 4 shows the-E curves for the solutions of PBLG
steeper and larger increase in stress at a critical instantaneodgA;), B (B;), C (C;), andD (D,) with the electrohydro-
amplitude of the electric field, which is characteristic of thedynamic instability. The solutiong|) also shows ther-E
o-E curve for a PBLG solution with the electrohydrody- curve with a steep and large increase in stress at a critical
namic instability.[In the j-E curve measured at the same instantaneous amplitude of the electric field, which is char-
time, the current density of solutiorC() was slightly non-  acteristic of theo-E curve for a PBLG solution with the
Ohmic above the critical instantaneous amplitude of the elecelectrohydrodynamic instability. However, theE curve for
tric field as discussed in Fig. 3, and the maximum of thesolution (4;) is much different from ther-E curves of the
current density of solution@;) of 40 uA/cm? was much  other solutions in the figure. The stress response of solution
larger than that of solutiond,) of 10 wA/cm?.] Itis thought ~ (A,) is almost constant against the instantaneous amplitude
that the solvent of 1,4-dioxane used for solutid®)(con-  of the electric field, and no critical instantaneous amplitude
tained many more impurities than the solvent used for soluef the electric field or the threshold electric field can be seen
tion (C,). The conduction current, which comes from thein the o-E curve. The observation of a polarized optical
impurities, would induce the electrohydrodynamic instability microscope for solution4;) showed remarkable convection
of solution (C;). In Fig. 3, solutions D,,) and O;) show of the electrohydrodynamic instability induced by a dc elec-
similar tendencies as discussed for solutio@ig)(and C;), tric field with a strength of 0.4 kV/mm or lowefThe maxi-
respectively. However, solutionD(,) shows hysteresis in mum of the current density passing through solutiég) (
Fig. 3. Further, the maximum of the stress response for sonvas approximately one order higher than the maxima of the



5696 TANAKA, TAKAHASHI, AKIYAMA, AND KURAMOTO PRE 59

other solutiond. Further, it can be found in Fig. 4 that the induced by the convection of the electrohydrodynamic insta-
threshold electric field for a solution tends to decrease as thigility, is much smaller thano,’s for the other solutions
weight average molecular weight decreases. Therefore, ahown in Fig. 4. It is thought that,, tends to increase with
undetectably low threshold electric field for solutiofy) in an increase in the maximum molecular weight of PBLG.
the o-E curve is consistent with the tendency of the thresh-Accordingly, these results show the convection of rodlike
old electric field as mentioned above. On the other hand, themolecules with the maximum length contributing clearly to
maximum of the stress response for a solutiep, tends to  the ER response induced by the electrohydrodynamic insta-
increase with an increase in the weight average moleculaility.

weight or the maximum component of the molecular weight  Finally, it is noted that enormous increases in stress for
as shown by the arrows in Fig. 1. Especially, for solution  solutions C;) and ;) were effectively induced by the con-
(A;) is much smaller thawor,,'s for the other solutions in Fig. vection of the electrohydrodynamic instability at relatively
4. As discussed in Fig. 1, the maximum molecular weight oflower instantaneous amplitudes of the electric field. Gener-
PBLG A is obviously lower than the maximum molecular ally, the instantaneous amplitudes of the electric field to in-
weights of the other PBLG’s. Therefore, the Miesowicz vis-duce the convection of the electrohydrodynamic instability
cosity 7. for solution (A;) would be much lower tham;'s  will be lower than the threshold electric field of the electrical
for solutions of the other PBLG's, so that,, for solution  breakdown, which is favorable for practical applications of
(A)), which was measured at a constant shear rate and wése ER effect.
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