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Neutron-diffraction study of two organic liquids conducting under a low electric field
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A neutron-diffraction study of two organic liquidsarbon tetrachloride and deuterated nitrobengender
conditions in which they are weakly electrically conducting is reported. Experiments carried out with two
different neutron incident energies do not reveal any significant changes in the measured structure factors with
respect to the unperturbed liquids. The results are discussed in the light of the space and time scales probed in
these experiment$§S1063-651X98)05404-X]

PACS numbeps): 61.20—p, 61.25.Em, 72.86:r

I. INTRODUCTION
S(Q)=f d®r exp(iQr)G(r,0)

Interest in the microscopic description of insulating and ®
weakly conducting organic liquids subject to external electric = f dE exp(—E/2kgT)S(Q,E). (D)
fields has been prompted both by the progress in experimen- o
tal and simulation techniques and by their immediate tech-
nological applications[1]. Particular emphasis has been In practice, in neutron scattering at a continuteactoy
placed on the description of the phenomenology leading tsource, an approximation ®(Q), which we shall denote by
dielectric breakdown of liquid insulators at sufficiently high F(Q), is derived from measurements of the single differen-
values of the applied field and the formulation of the corre-tial scattering cross section with neutrons of a fixed incident
sponding microscopic mode[®,3]. Below the breakdown €nergyE; (corresponding to a wavelengty) [7]. These
threshold, the study of the electrohydrodynamical effects thafneasurements are usually conducted at constant scattering
couple the charge distributions to macroscopically observangle 2 and, in isotropic media, allocated to the elastic
able magnitudes, such as changes in viscosity, has been thalue of the neutron momentum transf¢Q|=Q= (4m/
focus of experimentdl4,5] and simulatior{6] research lead- Mi)Sin(0). F(Q) can be related to an integral over the energy
ing to the formulation of microscopic pictures compatible ransfere of the total dynamic structure fact&(Q,E) along
with the experimental observations. The knowledge gaine&“rved paths determined by the accessible scattering angles

on both regimes of the liquids under electrical disturbancé"d traversing a region of the wave-vector—energy transfer

suggest an alteration of their structure and dynamics over gpace Q.E) determined as well by the neutron incident en-

wide range of time and length scales. With the current avail'yy [8]. The relative weights of theQ,E) points in that

ability of synchrotron radiation and neutron-scattering facili-'J'on are dictated by the instrument design characteristics.

T . . As a consequencé,(Q) differs from S(Q) in that the latter
ties, it is increasingly appealing to approach these prOblem\ﬁlould require the realization of the integral 8Q, E) over

from the complementary perspeciives offered by photoqhe whole range of relevance to the dynamics of the sample

scattering from the electronic distributions and neutron Scatélong constan® paths. In practical terms, this means that

tering from the spatial distribution of the nuclei in the yitraction experiments carried out with different incident
sample. In this paper we address the problem experimentallynergies will probe the integrated dynamical response from
by judging the sensitivity of the structure factors determinedne sample in different space and time scales. A very com-
from neutron diffraction of two organic liquidef a small  mon choice of neutron incident energies in the range of tens
number of atoms per moleculéo changes induced by the of mev will probe the dynamics of the system on a time
application of an external dc electric field in conditions in scale of the order of 10'? s and on a length scale of 1-10
which the samples are weakly conducting. From a theoretica,

standpoint, the structure facto8Q) can be related to the With the above restrictions; (Q) will be expected to be
initial Van Hove correlation functiors(r,0) and to the dy- sensitive to any changes in the static correlations or to those
namical structure facto8(Q,E) via the integral transforms changes in the dynamics rearranging the distribution on the
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explored region of the@,E) plane of the loci for collective 10000
and intramolecular modes. A second limitation inherent to
the experimental technique is the macroscopic size of the
portion of the sample explored by the neutron beam. This 1000 e e e e
implies that contributions from localized changes in the lig-
uid structure or dynamics would be weighted against those
arising from unperturbed regions of the sample. Another
source for concern is the intrinsic sensitivity of the technique
chosen to probe our samples. To gain insight into this sub- o
ject, we mention here that the observation of orientational 010
correlations of polyatomic molecular fluids is a challenging
goal as can be learned from model calculations of even sim-
pler systems showing extreme types of intermolecular corre- 10 o W 1000
lations. In addition, and bearing in mind the lack of contrast o 2 o
in the scattering cross sections between the perturbed and F_IG. 1. Stablllz_atlon values qf the curr(_ant fpr the two Il_qwds
unperturbed molecules when the electric potential differencétUd'ed as a function of the applied pptentlal difference. Triangles
is applied, an empirical estimate renders our experimenta/orres'oond to CGlatT= 291 K and circles to gDsNO, at T=
approach sensitive only to changes affecting at least a fe BLK.
molecules in every hundred.

As far as we are aware, no similar experimental studies offonted area of the electrodes wés 28 cn. The container
simple molecular liquids have been reported in the literaturavas cleansed thoroughly with the liquid to be us&tl,:
and the many aspects involved in the response to the electdRiedel, optical quality; GDsNO,: Aldrich, 99.9% isotopic
cal perturbation of insulating liquids support our choice of anpurity in D) in the experiment and subsequently filled with
experimental line of approach. the filtered sample. The ensemble was sealed with Teflon
stoppers and placed into the neutron beam, taking special
care to illuminate only the central part of the sample, far
from the Teflon ring. Thermal stabilitgto within 1 K) was

For our study we have chosen two liquids with differentachieved by placing the sample container ensemble in a
intermolecular potentials: carbon tetrachlori@Cl,) and closed circuit refrigerator, thermal contact being ensured by
deuterated nitrobenzet€ D sNO,). The former constitutes a copper link between the refrigerator and the grounded elec-
an example of a nonpolar system exhibiting a high degree dfode. The sample temperature was measured by means of a
isotropy in its intermolecular potential. The latter possesses Bt resistance thermometer attached to the grounded elec-
high dipolar moment per molecule, close to 4 (d D  trode. For the measurements under weak conduction condi-
~3.3356< 10 %° Cm), and can be obtained commercially tions, a dc potential difference was applied to the aluminum
with a high degree of chemical and isotopical pufiity re-  electrodes while the current conducted by the sample was
lation to the fully substitution of H by D atomslts com-  monitored with a microamperimeter. The potential difference
paratively large and elongated molecular shape makes it applied to the platesM,) was measured by an additional
good candidate to exhibit, under electrical stress, anisotropigoltmeter. It was applied in a stepwise procedure: Following
scattering patterns. Both liquids have been extensively studz small increase iV,, we observed a rapid increase in the
ied macroscopically in connection to the electroviscous efcurrent followed by a decrease with a time constant of the
fect [4,5]. Nitrobenzene has been characterized by Kerr eforder of minutes and final stabilization at a valye Once
fect measurements as a liquid showing bipolar homochargthe current had decayed to this stable value, the potential
behavior following the application of 3-kV/mm electric po- difference was increased again. The maximum valu¥ pf
tential differenceqd9]. Electrochemical studies in conjunc- was dictated in the case of the nonpolar liquid ¢6Y the
tion with electron-spin resonance measurements have led tesign of our power supply and in the case of the polar liquid
a mechanism for ionic conduction following electrolytic dis- by a limit found in bench test§tests of the experimental
sociation of the liquid. In the case of CLh similar mecha- setupwithout neutron beamfor the absence of dielectric
nism is not ruled out, but a more prominent role of the in-breakdown. Typical electrical response characteristic curves
trinsic impurities is to be expectdd0]. for the two liquids studied are shown on Fig. 1. Table |

Our experiments were carried out in a specially designedummarizes the experimental conditions related to the
cell that consisted of two circular aluminum plates held asamples. Neutron measurements were performed for both
distance of 1 mm apart by a Teflon ring spacer that als@amples at the SLAD diffractometarsing the 220 reflection
provided for the containment of the liquid samples. The confrom a Cu monochromatoE;=67.61 meV, 2%26°<1259

I, (nA)
g

Il. EXPERIMENTAL DETAILS AND RESULTS

TABLE I. Summary of sample experimental conditions.

Measurement Melting Maximum applied Current density
Liquid temperaturéK) temperaturdK) applied voltageV, (V) atV,, Is/S (mAicm?)
CCl, 291 250 3000 0.015

CsDsNO, 285 279 2700 0.610
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FIG. 2. Accessible regions of the momentum-energy transfers ol
space Q,E) on the SLAD(continuous lingand D1B(dashed ling FIG. 3. (8 F(Q) for CCl, at T= 291 K as measured on the

instruments as determined by the neutron incident energies and-AD difractometer with a fieldbroken ling and without an elec-
maximum and minimum scattering angles. tric field (continuous ling The sample orientation is at 45° with

respect to incident neutron bealfilb) Difference in the measured

of the Studsvik Neutron Research Laboratory and, for thestructure factorgcontinuous ling and standard error bar{defined
polar liquid only, at the D1B diffractometgusing the 002 by the twp dashed lingglerived from counting statistics and error
reflection from a pyrolitic graphite monochromatg=12.8  Propagation.
meV, 4°<20<84°) of the Institute Laue-Langevin. Figure 2
shows the regions of the)(E) plane sampled on both dif- zene liquid cases. Longer integration timé€2 h on SLAD
fractometers. and 1 h on D1B were used to explore the response at the
The main features of our search for changesFi{Q) maximum applied voltages, at different values of the angle
upon application of the electric potential difference shoulddefined by the normal to the electrodes and the incident
be briefly discussed now: The sample size, reciprocal spadeeam covering a total range of 90° at both sides of the inci-
search scheme, and real-space detector coverage are relevaant neutron beam in steps of 5°. Blaf@ero applied poten-
to the interpretation of our results. In both instruments, theial differencg, normalization, and background measure-
area exposed to the neutron was determined by a cadmiuments were taken at these same orientations after the
mask of rectangular shapgd cm heightx 2 cm width and  measurements with the application of the electric potential
well centered with respect to the Teflon spacer. The normalifference were completed. Figures 3—5 exemplify the mea-
to this area was always kept in the scattering plane. Theurements of the scattered intensities for £&i 291 K and
SLAD diffractometer is equipped with position sensitive de-nitrobenzene at 285 K under the electrical conditions sum-
tectors built from three sets of longHe tubes. One set is marized in Table I, the corresponding blank measurements,
placed in the scattering plane and the other two parallel tand their diﬁerenceAF(Q)zF(Q)V:Va—F(Q)VZO. The

the first set but 3.5 cm respectively above and below thenagnitudeF (Q) shown in those figures has been obtained
scattering plane. The distance to the detectors from thgfter vanadium normalization and background and absorp-

sample position is 1-1.1 m. The D1B difractometer istion corrections. It should be noted that no “inelasticity”
equipped with a multiwire position-sensitive detector that ex-

tends 5 cm above and below the scattering plane at a distance

0.08

of 1.525 m from the sample position. In these circumstances, oos | . {b)
on both instruments most of the scattering plane anisotropy LR i Y et
would not be detected, although it is not easily conceived s *%f ‘ i

that, in the event of changes occurring in the sample upon % e}

application of the electric potential difference, the€Q) ex- Bl S U
tracted from the solid angle covered by our detectors would o Wit

not deviate from that observed in the absence of the electrical
perturbation. On both instruments, short ri@® min) were
taken with the sample plane at 45° with respect to the inci-
dent neutron beam while gradually increasing the electric
potential difference in order to look for changes with time

F(Q). The relatively high flux on the sample positi¢h0® o , , , ,

and 6x 10° neutrons cm? s~ on SLAD and D1B, respec- 00 20 O oan 8o w0
t!vgly) allows for this kind of transient study, although witha |G 4. (a) F(Q) for C4DsNO, at T= 285 K as measured on
limited signal-to-noise ratio in the case of liquid samples.the SLAD difractometer with a fieldoroken ling and without an
These short runs were carefully compared for differencesiectric field(continuous ling The sample orientation is at 45° with
aIIowing for the experimental errors. We consistently fa”edrespect to incident neutron beaifil) Difference in the measured
to observe statistically significant changes in the single difstructure factorgcontinuous ling and standard error bar(defined
ferential scattering cross sections during such short runs botby the two dashed lingslerived from counting statistics and error
in the nonpolafCCl,) and in the polafdeuterated nitroben- propagation.

10

F(Q)




57 NEUTRON-DIFFRACTION STUDY OF TWO ORGANL . .. 4209

0.08

These latter contributions appear typically in a region cen-
tered atE= 0 and with characteristic widths of the order of
1 meV forQ< 2 A1 (for CCl, see Ref[13]) and should
be approached most conveniently by either cold neutron dif-
fractometry[for integratedF(Q) measurementsor prefer-
ably by time-of-flight neutron spectrometry to determine the
S(Q,E) in the low-Q region. This latter investigation is even
more attractive since, unless we assume that the effect of the
tor T application of the external potential difference is localized in
a thin boundary layer near the electrode plates, our present
results are difficult to reconcile with the reported changes in
the viscositieSup to 20% [4,5]: For nitrobenzene an esti-
oo - = = i > 55 0 mate of the thickness of this layer based on the Debye length
ok computed from the dielectric permittivityeE& 34.8¢;), the
FIG. 5. (8) F(Q) for CcDsNO, at T= 285 K as measured on jffusion coefficient D1~10"°> cm? s™%), and the mea-
the D1B difractometer with a fieldoroken ling and without an sured resistivity p~ 108 01! mfl) yields Ap= m
electric field(continuous ling The sample orientation is at 45° with ~50 000 A. This value lies in between those deduced by
respect to incident neutron beaih) Difference in the measured |\ .\ oot capacity measurements on quartz-nitrobencene in-
structure factorgcontinuous ling and standard error baridefined terfaces(500—1300 A and from optical measurements on
by the two dashed lingglerived from counting statistics and error . . .
propagation. steel-nltrobenqene mterfac@]s—lo um), in the absence of
external electrical perturbatio$4]. On the other hand, the
istence of a boundary layer with a characteristic thickness
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corrections have been applied. Figures 3—5 correspond to h q ¢ b ified b f
sample orientation at 45° with respect to the incident neutro@' the Of:'ler 0 )\Dhcan € veriiie | yfneutrqn re ector|r1et|ry
beam. Similar results were obtained for other orientations,}°- While no other experimental information is available,
Together withAF(Q) we have included estimates of the the ’?‘bs_ence of detectable chan_ges_m our experiments upon
standard error associated with a single data poift(&J) on .appl|cat.|on of an external pote_nt|al dlfferenpe in our samples
each instrument. These estimations are based on neutréh CONSIstent W't.h a cru_de picture in which, for_ heutron-
counting statistics and on error propagation through the datgample.classmal Interaction imes of the order of plcoseconQS
correction procedure. As can be appreciated from the ﬁgureélnd typical currents in the microampere range, only one unit

the greatest values @&F(Q) are found on the nitrobenzene charge carrier in every fé molgcules Is needed to account .
measurements on D1B and are localized r@ar 1.7 A~* for the observed current intensity. The absence of changes in

in the region of the first clear maximum B(Q). However, F(Q) upon t_he application of the external poter_1tia| differ-_
although a systematic trend @ seems to exist, it cannot be ence would imply then that the phenomena taking place in

considered as statistically meaningful with our experimentafhe fample are below the sensitivity limits of our experi-
accuracy since there is substantial overlapping with the errdlents:

band. IV. CONCLUSIONS

lIl. DISCUSSION Our aim in this study was the search for differences in the
scattering pattern that can be attributed to the effect of weak
We briefly discuss now our results in the context set in theexternal electrical fields. The limitations of our experimental
Introduction with respect to the limitations of our experimen-approach have been discussed. Although no statistically sig-
tal approach. The absence of significant change$ @) nificant differences have been found in our experiments, the
upon application of the dc electric potential difference sugdirect accesgwithout the need to revert to electro-optical
gests the absence of significant structural changes in the ligesponse tensorgrovided by neutron diffraction to the ini-
uids. Structural correlations can be loosely defined as thosgal Van Hove correlation functio®(r,0) makes this study
prescribed as static by the neutron probe in a given experittractive and worth reporting. In the light of the comparison
ment and it is common knowledge that they are the mosbf our results with data from the electroviscous effect, a fur-
efficiently sampled ones in diffraction experiments on mol-ther investigation of the translationédiffusion) and rota-
ecules composed of heavy atoms. For molecular liquids suctional degrees of freedom seems to be in order to complete
as those studied here, a certain amount of inelastic scatteringe current picture as observed in the thermal and cold neu-
is always present as discussed in the Introduction. The raron accessibléQ,E) windows. Effects localized on a meso-
sponse of the collective origin is expected in the regionscopic boundary layer cannot be ruled out. However, a very
E< 5 meV (for CCl, see Ref[11]) and the existence of crude model accounting for the rate of charge transport in
low-lying vibrationally excited stategpopulated at room our experiments suggests that perturbations to the liquid are
temperaturggives rise to intramolecular response around 20below the sensitivity threshold of the technique.
meV [12]. In principle thus, these two contributions have
been adequately sampled by the joint use of the two diffrac- ACKNOWLEDGMENTS
tometers. Any modifications in the dynamics of the bulk
would have reflected in our restricted integrated measure- The authors would like to thank M. Alvarez, W. S. How-
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