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I. INTRODUCTION

We are taught at an early stage of our scientific training that there exist

three states of matter—gas, liquid, and solid. Our understanding of the sol-
id state of matter is advanced because the periodicity of molecules within the
structured lattice simplifies solution of the equations involved. And, of
course, it is possible to solve the Schrodinger equation itself for the dilute
gas when the intermolecular interactions are insignificant. As we compress
the gas, two- and three-body interactions become important and complicate
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such analyses. In the condensed liquid state the proximity of molecules is of
the order of the internuclear separations within the molecules, the liquid is
held together by attractive forces, and the whole ensemble behaves as an en-
tity. A liquid flows freely, takes the shape of a containing vessel, and may
even form droplets in free space held together by surface-tension forces in
the peripheral regions, where the intermolecular forces are modified.
Analyses are now enormously complicated. The intermolecular potentials are
complex, time-varying quantities composed of attractive and repulsive forces.
The phase is a cooperative molecular one in which a vast number of mole-
cules move and interact cohesively.

The calculation of the intermolecular forces is considered to be at the root
of the problem. But an intermolecular potential has been calculated for the
simplest of liquid systems—argon and neon—only recently. This was
achieved by measurement of the differential cross sections of argon and neon
using modulated molecular beam techniques.! It is significant that the
potentials calculated differed greatly from the Lennard-Jones potential, the
potential that is even now being used extensively in the Monte Carlo and
molecular-dynamics computer calculations of condensed-phase systems. In
fact, the potentials for neon and argon themselves have different shapes and
are not related by any simple scaling factors.

Thus, the elucidation of the liquid state of matter, the life-supporting state
and the state in which most of our chemistry takes place, eludes us. As Berne
and Harp? have said, “understanding the liquid state has proven to be both
a challenge and an embarrassment to generations of outstanding chemists
and physicists.” Onsager’s 50-year-old theory accounting for the dielectric
constant of a polar fluid and the conductivity of a salt is still used exten-
sively. Only recently has a full quantum calculation for the gas-phase ex-
change reaction

H+H,->H,+H

been achieved. Obviously, we cannot yet contemplate extending such calcu-
lations to the solution state. This can be achieved on}y when we have de-
tailed knowledge of the intermolecular potentials. In fact, the state of the art
is such that we usually cannot calculate the solubility of one substrate in
another even where no reaction takes place. Engineers and applied scientists,
of course, would wish to be able to predict such solubilities, but it is only
recently that theories of solution have reached the stage at which the right
sign of volume change and a correct order of magnitude may be estimated.’
As Hildebrand® has said, “of the various thermodynamic functions for the
mixing process, the volume change on mixing at constant pressure has in-
trigued scientists for years. However, it is still little understood.”
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A. Intermolecular Forces

The actual study of liquids has provided little information on intermolec-
ular forces. The numerous polymorphs in the solid states of many sub-
stances testify to the complexity and diversity of these forces. One still often
sees in the literature the use of hard sphere potentials that neglect attractive
energy completely.

The ideas behind such potentials have been used for over a century.® The
work of Van der Waals® in 1873 implied that the structure of a liquid is
primarily determined by repulsive forces, with the attractive forces provid-
ing only a uniform background energy. The liquid could thus be regarded
as a system of hard spheres. At that time the properties of such a system
were not known. Such information has become available only with the recent
rapid progress in computer methods for studying molecular dynamics. The
properties of such a system are obviously not compatible with many of the
pertinent facts. Though the Lennard-Jones interaction is a significant im-
provement, it does not represent satisfactorily the liquid-state interactions
even between neon and argon. When we recall that the R-12 repulsive en-
ergy (unlike the R-6 attractive energy) has no physical justification, this is
not so surprising.

The failure of liquid studies to provide information on potentials is ex-
emplified by the fact that information for calculating the potentials is still
commonly derived from the macroscopic properties of dilute gases: from the
second virial coefficient (at low gas densities), from the transport properties
of gases, from the scattering of molecular beams by gases, and from X-ray
determinations (again at low densities). All of these techniques have limita-
tions. The second-virial method is not discriminating in distinguishing be-
tween potentials. Even if B, is known for all temperatures, this determines
only the positive part of the potential curve and the area beneath the “nega-
tive” part of the abscissa. The experiments should be carried out to the ex-
tremes of temperature.’ At the lowest accessible temperatures below the boil-
ing point, the 12-6 potential gives B, values that are less negative than the
experimental ones, indicating that the minimum of the 12-6 potential is not
deep enough and that the third virial coefficients, calculated using the
Lennard-Jones potential derived from the second virial coefficients, are too
small. As Prigogine® emphasizes, “we cannot determine the correct law of
force using only the second virial coefficients.”

Transport properties used to measure the potential suggest that model
potentials cannot be used to fit data over a whole temperature range. Quot-
ing Prigogine® again: “For high temperature, there is a significant deviation
of the calculated transport properties from the Lennard Jones potential.”
There are severe problems with the scattering-of-beams technique, the most
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serious being the inapplicability of the Born approximation and the need to
use complicated quantum-mechanical calculations.

Even assuming we have a pair potential between two molecules accurate
enough for the calculation of measureable bulk quantities, we then have to
assume that the potentials are additive, so that the potential energy of the
bulk is the sum of interactions between all possible pairs of molecules in the
ensemble. This is probably an oversimplification. Hildebrand* reminds us
that “the molar volume V, is defined as that volume at which soft molecules
begin to be sufficiently separated between collisions to acquire fractions of
their momentum in free space. At volumes smaller than V, they are in fields
of force not appropriately described by pair potentials. The role of tempera-
ture is only to determine volume. Values of ¥, depend on the capacity of a
molecular species to absorb collision momentum by bending, vibrating or
rotating.” Three-body forces are thought to be important even in the calcu-
lation of certain properties of rare-gas solids, such as the zero-point energy
and the Debye temperature. In light of this it may seem surprising that
two-body interactions can form the basis for a discussion of intermolecular
forces in liquids. Buckingham’ sums up the situation thus: “In spite of our
increasing knowledge of interaction energies, we must confess that we do not
know accurately the potentials for any organic systems, not even (CH,),. So
we are forced to use empirical or semi-empirical potentials.” And these, of
course, in spite of obvious deficiencies. For example, a long-standing objec-
tion to the Lennard-Jones potential is that an assembly of such molecules
has a configuration of minimum potential energy in the hexagonal close-
packed structure. However, all inert gases except helium crystallize in the
cubic close-packed structure. The fault probably lies in the neglect of small
nonadditive terms in the potential energy of the assembly. If we wish to
consider polyatomic, polarizable molecular liquids, electrostatic terms have
to be added and the shapes of molecules accounted for so that repulsive
forces will change with the orientation’ of the molecule. As discussed in the
first article of this volume, the hydrogen atoms are important in a computer
simulation of CH,Cl, for describing its molc):(cylar dynamics. Narten
et al.!® reported a similar observation in their X-ray-diffraction study of
liquid neopentane.

The influence of molecular shape on the intermolecular potentials may be
observed straightforwardly by comparing different isomers of a given for-
mula. For example, since the critical temperature (7,) is roughly propor-
tional to the pair potential, we can conclude that in the series of pentanes
tabulated below cyclopentane has the largest energy of interaction and
neopentane the smallest.

Account must also be made of the fact that the origins of the attractive
and repulsive forces need not be the geometrical centers of the molecules. We
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n-Pentane Isopentane Neopentane Cyclopentane

T, 469.6 450.4 433.8 511.6

<

AS, /R 7 5.5 1.5 0.4

shall consider the consequences of this in discussing the coupling of a mole-
cule’s rotation with its own (or a neighbor’s) translation in later sections.
Buckingham® again sums up: “We are still ignorant of energies near to the
minima in the potential wells, and we know little of the effects of many body
interactions. It is commonly assumed that the medium diminishes the inter-
action between polar species, but in fact polar or polarizable molecules
placed between opposite electric charges increase their attraction.”

It may easily be demonstrated that an external field stabilizes a liquid
drop, increasing the attraction between those molecules whose diameters are
smaller than a critical diameter (characteristic of the liquid under study), if
the dipole moment of the drop is larger than the corresponding dipole mo-
ment of the same number of noninteracting dipoles. If the solution is as-
sumed ideal, it is found, analogously to the case of supersaturated vapors,''
that!?

ol 3 - e 1)

where M, is the dipole moment in the absence of an electric field, M, is the
dipole moment in the presence of the field, P(r)= —(dF/dV )y is the
“pressure” over the drop of radius r (F is the free energy and V' the volume
of the drop), P(o0) is the corresponding pressure over a plane interface of
the same liquid whose density is p = (3N, /4xr?), (N, is the number of non-
interacting dipoles), E is the external electric field, and T is the temperature.

This equation shows that the external electric field favors the growth of
regions where the concentration of dipoles is increased. This can be seen in
a simple laboratory experiment if a large field is applied across two parallel
brass electrodes to a nondipolar liquid such as CCl,. Small droplets of liquid
are quickly expelled through the top of the two sealed electrodes™. The elec-
tric field also induces bulk translational motion in molecular liquids. We shall
consider this phenomenon in a later section.

Computer simulation is presently being used to refine our “trial poten-
tials” by comparison with experimental data. As we shall see, new experi-
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atal results may also provide direct access to details of the interactions
ween molecules in the liquid state.

B. The Liquid State and Its Range of Existence

Liquid argon is considered the model liquid because its dis_persion energy
1ssumed to be pairwise additive and its atoms have spherlca}l symmetry.
liquid argon the attractive energy is caused by mutual md_uctpn from the
ctrons fluctuating in the electron clouds. As we hav‘c said, in molecular
aids the pair potential depends on orientation and interactions betwegn
ctrostatic moments may contribute to the attractive energy. If thf: polariz-
lities are such that partial charges are located on the peripheries of the
Jlecules, then temporary (chemical) bonds such as hydrogen ponds may
m. The role of molecular shape in determining the properties of con-
nsed-state systems is displayed even among the less complex_ molecular
scies. If molecules are flexible, coupling of intramolecular and mtermplec—
ir modes of motion may occur. Coupling of rotational and translational
>tions may be seen in fairly simple molecula.r liquids, so the two modes
1y not always be separated, as is customary in, for §xample, the calcula-
n of equilibrium properties (AH, AS, AE, and density) frorp the rel.evant
rtition functions. The complexity of the interactions, and this cpuphng of
sdes of motion, has frustrated and delayed understanding of hguld-state
havior. As Kohler' says, “at present there exists no model which wogld
produce satisfactorily the properties of liquids over the whole density
n\g\;:c; will now ask some simple questions and see what answers may be
ovided. We must not confine ourselves to macroscopic, bulk cqngdera-
»ns. Bulk properties have their origin at the molecular level and it is here
at many of the subtleties of condensed-state matter may be observed. Bulk
snsiderations alone obscure many of these details. N

At the triple point of a substance gas, liquid, and solid phases may co-
ist—the states converge and are in equilibrium with each other. Apd the
snventional belief that a sharp melting point indicates no continuous
-adation of properties between liquid and crystal is not str?ctly true. It 1s
»ssible for a liquid to be cooled below its normal me!t1qg p01pt and to pass
ot into the crystalline solid but into a disordered solid in which there is no
ng-range order. The important variable in this process 18 thg rate Qf c_aolmg.
* the rate is fast the liquid is changed into a glassy state with all its imper-
«ctions literally frozen in. The viscosity of the liquid increases ‘stcadlly unt.ll
approaches the glass-phase transition. The short-range order in the glgss is
irtually perfect, but there is no definite long-ragge o.r<.ler. Glasses are inter-
rediate between liquids and solids; their high viscosities prevent rearrange-
sent of molecules into the completely regular crystalline form. It is now
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widely believed that it should be possible to cool any liquid into a glassy state
providing the cooling rate is fast enough and the final temperature low
enough to prevent the glass from recrystallizing. These requirements are
easily met in computer simulation studies as Evans '* has described for one
liquid system. Stillinger'® has done similarly for water in a computer simu-
lation. They observe that the diffusions are markedly slower because the hy-
drogen bonds are frozen in and are stronger.

Glasses are interesting in their own right and offer challenging “test
situations” for the molecular dynamicist. A few degrees’ change in tempera-
ture near the glass-phase transition (7,) may vary the viscosity of the system
by several orders of magnitude. This has fascinating spectral consequences,
as Evans et al.!” have discussed. Recent interest has been directed toward
quenching liquid metals into glassy states because the unique physical
properties so acquired (e.g., the combination of high mechanical strength,
ductility, and remarkable magnetic properties)'® have technological impor-
tance. By changing alloy composition, one can make paramagnets, ferro-
magnets, ferrimagnets, and spin glasses. In ferromagnetic glasses consisting
primarily of transition metals it is found that coercive forces are extremely
low.! These materials make good soft ferromagnets. Another property they
may exhibit is a high resistance to corrosion’® compared with their crystal-
line equivalents. '

As we have said, the numerous polymorphs of many solids testify to the
significant range of structures, and consequently properties, that a solid may
have. But what of a liquid? Does a similar gradation of molecular behavior
exist in the liquid phase? Liquid helium has fascinated scientists more than
any liquid apart from water and is the only known system in which two liquid
phases almost certainly exist. Important quantum effects are found in this
simple system (and some hydrogen-isotope systems). It remains a liquid down
to 0 K and may be solidified only under considerable external pressure. In-
terestingly, Dyson?! has suggested that all matter is “liquid” at 0 K because
of quantum-mechanical barrier penetration. The lifetimes for such processes
are so long that even the most rigid materials cannot preserve their shapes
or their chemical structures for comparable times. Dyson says that on such a
time scale “every piece of rock behaves like a liquid, flowing into a spherical
shape under the influence of gravity. Its atoms and molecules will be cease-
lessly diffusing around like the molecules in a drop of water.”

Some liquids obviously have, at certain densities, properties similar to
those of compressed and even dilute gases. Liquids are known in which
rotational spectral detail may be resolved at submillimeter (far infrared) fre-
quencies,?? as in the gas phase. If HCl is dissolved in argon, spectral fine ro-
tational detail is resolved for argon densities between 100 and 480 Amagat.
The density dependence of the different linewidths is distinctly nonlinear and
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different for different lines. Such behavior is the same as in the compressed
gas state, but in striking contrast to that observed in dilutf: gas systems. If
HCl is dissolved in SF, and CCl,, rotational fine structure s resolved in the
former in the liquid state, but not in the latter, even though the Lennard-Jones
parameters and masses of SF¢ and CCl, are quite simi}ar.” Such observa-
tions provide vital clues to details of the dynamics. Itlls apparent that the
ratios of mass and size of the probe to the mass and size of the solvent are
significant in determining the dynamics, and that it is not just the transla-
tional motion but also the rotational motion of the solvent that modulates
local density fluctuations. In fact it can be established straightfowardly that
rotational and translational motions are strongly coupled even in spch. sim-
ple liquids. Expressed in classical terms, since translatipnal frequencies in the
liquid are usually comparable to rotational frequencies, these motions be-
come easily coupled. . .
The simplest spectroscopic example that shows the effect of this coupling
is the induced rotational absorption of HD in liquid argon.” The observed
experimental rotational energy states of H, or D, in liquid argon are, w1th1n
experimental error, equal to their gas-phase values. Because the electrical
center and the center of interaction of the HD molecule are located halfway
between the two nuclei but the center of mass is somewhat displqced, a HD
molecule may rotate about its center of mass, in an argon liquid environ-
ment, only if the electrical center, which is displaced from the genter qf the
cavity, simultaneously translates back into the center of Fhe 2csavuy a‘r‘ld is re-
stored to a position of minimum potential energy. As E\ylng says, for HD
or any molecule whose center of interaction does not coincide with its center
of mass, rotational and translational motions are coupled by the solvent cav-
ity.” The spectral consequences are such that resolved‘ far-infrared' rota-
tional details show large half-widths, erratic frequency §h1fts, and a}ddltlonal
absorptions arising from the relaxation of the rotatidnal selection Fulc?s.
Transitions + 1, +2, +3, and +4 are all observed for the HD-argon ‘hqu1d
system, a consequence of the rotation—translatiop cpuph'ng perturbation.
In such systems, when spectroscopic detail 1s resolzxged, m(‘)le.:cular—
dynamics analyses are greatly simplified. So Marteau et al.. , examining the
far-infrared collision-induced absorption of liquid Kr—Ar mixtures, were gble
to assign certain features of their spectra to nonlocalized phonon27(c011ectwe
translational) modes in the liquid. So too, Bulanin and TonkoY have as-
signed a feature at 38 cm™! in their spectra of D, —argzosn so!utlons to pho-
non absorption by the liquid argon. And Chantry et gl. attributed features
in the far-infrared spectra of CS, and benzene to lattice modF:s of the trans-
lational type. In recent years it has become customary to.atmbute t.he broad
absorptions of these latter two liquids to rotational motions, that is, to the
motions of dipoles induced by neighboring molecular quadrupoles or oc-

COOPERATIVE MOLECULAR BEHAVIOR AND FIELD EFFECTS 301

topoles in the liquid. However, it is generally not possible to distinguish be-
tween rotational and translational molecular contributions, whether single-
molecule or collective, to such broad and featureless profiles. By considering
simple molecular liquid systems we may easily establish the importance of
both rotational and translational modes of motion in determining the total
dynamics of the system.

We may now envisage instances in which one of these two modes of
motion (rotation and translation) is constrained in the liquid because of, for
example, the shapes of the molecules. Consider long, rodlike molecules. Ro-
tation about certain axes will be hindered because an orientational order is
introduced into the system. The molecules may remain positionally dis-
ordered, with their centers of mass delocalized. What effect does such order
impose on the liquid system, and do such systems exist in nature? Edgar
Allan Poe wrote in 1837:%

I am at a loss to give a distinct idea of the nature of this liquid, and cannot
do so without many words. Although it flowed with rapidity in all declivities
where common water would do so, yet never, except when falling in a cascade,
had it the customary appearance of limpidity. It was, nevertheless, in point of
fact, as perfectly limpid as any limestone water in existence, the difference
being only in appearance. At first sight, and especially in cases where little de-
clivity was found, it bore resemblance, as regards consistency, to a thick infu-
sion of gum arabic in common water. But this was only the least remarkable
of its extraordinary qualities. It was not colourless, nor was it of any uniform
colour—presenting to the eye, as it flowed, every possible shade of purple, like
the hues of a changeable silk. The variation in shade was produced in a manner
which excited as profound astonishment in the minds of our party as the mir-
ror had done in the case of Too-Wit. Upon collecting a basinful, and allowing
it to settle thoroughly, we perceived that the whole mass of the liquid was made
up of a number of distinct veins, each of a distinct hue; that these veins did
not commingle; and their cohesion was perfect in regards to their own par-
ticles among themselves, and imperfect in regard to neighbouring veins. Upon
passing the blade of a knife athwart the veins, the “water” closed over it im-
mediately, as with us, and also, in withdrawing it, all traces of the passage of
the knife were instantly obliterated. If, however, the blade was passed down
accurately between the two veins, a perfect separation was effected, which the
power of cohesion did not immediately rectify.

This remarkable account of the character of liquid crystals, first brought
to our attention by Gray,” introduces us to another state of matter—the
liquid crystalline state. Liquid crystals in which the molecules are position-
ally disordered, but orientationally ordered, are called nematics. Because of
the forces arising from their mutual interaction, the molecules adopt a com-
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1 mean parallel orientation. Such systems have fascinating properties and
imnological applications, which are discussed at length in many texts.

Vhat if there is positional as well as rotational order, but only in one or
. directions (and not three directions, as in the crystalline solid)? Again,
h situations do exist in nature and are also classified as liquid crystals.
h positional order in only one direction, they are called smectics. “In ad-
on to possessing mean longitudinal parallelism (rotational order) each
lecule conditions the mean position of its neighbour so that the mean dis-
ce between their centres (or ends) is minimized. This results in planes of
sctural discontinuity which are perpendicular to the direction of parallel-
.. The layers of molecules so constituted can slide with equal facility in all
ections over the planes of discontinuity.”>®
There are tricks that we may play even on these liquid crystalline systems
produce additional phases of matter. Let us return to the nematic phase
1 recall some more elementary chemistry—the chemistry of chiral sys-
ns. Chiral molecules (containing, for example, an asymmetric carbon atom
ached to four different elementary groups) display the fascinating prop-
y of handedness; that is, the separate atoms (or groups of atoms) may be
-anged (if we envisage a planar representation of the molecule) in clock-
se or anticlockwise directions. The two different molecules are then mirror
ages of each other; that is, they possess a plane of symmetry. If we dis-
lve such a molecule in a nematic liquid crystal we cause the structure to
ist and to undergo a helical distortion. Some liquid crystals are twisted in
is way in their natural form and may be considered distorted nematics; they
e called cholesterics and are chiral liquid crystalline systems.

Optically active, isotropic molecular systems, even those consisting of
aall molecules, display more clearly than any others the importance of
olecular shape and of the size of the atoms of a molecule in determining
e packing and molecular dynamics of the liquid state, and consequently
s physical properties.’”> A computer simulation of 1,1-fluorochloroethane
veals that spectra obtained with all of the spectroscopic techniques (dielec-
ic, infrared, Raman, neutron scattering, Kerr-effect measurement, nuclear
\agnetic resonance, and light scattering) will be the same for the R and S
Lantiomers, but may be different for the racemic mixture. This is a conse-
sence of a subtle detail of the molecular dynamics—the coupling of a

jolecule’s rotation fo its own translation. Certain cross elements of a mixed

station—translation matrix are opposite in sign for the two enantiomers

secause they are mirror images). However, this has nc effect on the mea-
ared spectral properties of each individual enantiomer. If R and S species
re mixed to form the corresponding racemnic mixture, the elements of op-
osite sign must cancel and vanish, this being the only observable dynami-
al difference. This has remarkable effects on measured spectra and, indeed,
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on physical properties. In 1,1-fluorochloroethane the effect is sufficient to
shift, .for example, the far-infrared frequency of maximum absorption of the
enantiomers (which occurs at 35 cm~1) to ~ 65 cm™! in the racemic mix-
ture (the pt}enomenological Debye loss time is approximately halved). The
dlﬂeregces in the dynamics are most pronounced. The role of the molc;cular
atoms in determining condensed-state properties may now be easily ex-
gnl{ned, because if we replace the chlorine atom in this molecule with a larger ‘
iodine atom to obtain 1,1-fluoroiodoethane, the dynamics and physical
properties are dominated by the mass and assumed sphericity of the iodine
atom. That even physical properties may be modified in the racemate rela-
tlv.e'to the individual enantiomeric systems may be seen by considering lactic
a‘c1d' (CHOHCH,COOH). At room temperature the racemic mixture is a
liquid, whereas both enantiomers form solids (melting points 18°C and 53°C
respectively). A consideration of these optically active systems brings to thé
fore the subtlety of the roles of rotation and translation and the couplin
between the two in determining condensed-state properties. *

Ix} a molecular crystal there may exist positional order (the centers of
gravity of the molecules are located on a three-dimensional periodic lattice)
but rotational disorder. Crystals so arranged are often called cubic meso:
phases or plastic crystals. The molecules are globular and may undergo ther-
mal rotatory motions freely, in some cases more freely than in the liquid.>*
That the§e rotary motions are accompanied by translational displaccmer;ts
(t'he motions are coupled in the solid) is illustrated by the blurred X-ray-
diffraction patterns that are always obtained in such systems. However
computer §imulation shows* that in bromoform, for example, a solid rota:
tor phase‘ is formed below the freezing point at 281 K, rototranslation func-
tions, which may be observed in a frame of reference with moving axes, are
relatively small in these very liquids that form rotator-phase states. It is ’pro-
pqsed, therefore, that a dynamical prerequisite for the existence of cer-
tain types of rotator phases is that rotation be largely decoupled from trans-
lation.}5®

Submillimeter spectra (Fig. 1) firmly substantiate the existence of a solid
rotator phase in bromoform. The rotator-phase spectrum is shifted slightl
to higher frequencies relative to the liquid spectrum, but remains a broad ang
ffsatureless band. No lattice modes, which are characteristic of the crystal-
line solid, are resolved until the sample is cooled below —2°C. In tertiary
b_ut)_ll chloride, in which two solid rotator phases exist between the isotropic
liquid and nonrotator crystalline solid states, a marked hysteresis may be
ol?served as the sample is cooled and reheated through the phase-transition re-
gions (Fig. 2). Using a spot frequency at 84 cm ™! from a tunable far-
infrared laser, spectroscopic changes were monitored as the sample was first
slowly cooled through the transition region. The first transition, liquid to ro-
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tator solid phase I, is barely observable at 247.53 K. The sec;);\(lz t?}r:(s:l:;);lé
rotator phase I to rotator phase 11, is more prgnqunced at 219. - c i
transition, rotator phase II to crystalline solid, 1nvolve§ t.he most 51gnf1 ean
drop in throughput intensity, at 182.9 K. The most §tr1k1ng fegtu;e o these
curves is the marked hysteresis seen as the sarlnple is reheqte t 'rotl;‘g he
phase-transitions region (slowly over abou‘% 1% h). There is no In éc;l o
whatsoever that the crystalline solid passes into rotator phases II an f o
stead, the sample melts at a higher temperature (~ 268”K) than any os he
transition temperatures. Using such “ mole.cular prqbes (thcla) lvquqlgi tIi)mo
troscopies) to follow phase transitions provides us with valuable mnsl

the freezing and melting processes.
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Figure 2. Far-infrared microscopic probe of the freezing and melting processes in r-butyl
chloride.

Sciesinska and Sciesinski reported similar observations for cyclohexanol.*
As they said, “the phase situation in solid cyclohexanol still remains
unclear. The number of ascertained solid phases varies from four to seven
depending on the method of investigation and the authors.” In Fig. 3 we re-
produce a diagram of theirs that gives the temperature dependences of in-
tegral transmission (the transmitted power over a given frequency region) for
cooling (b, c, e, g, and h) and heating slowly from liquid-nitrogen tempera-
ture (points f, d, and a). The various phase transitions are exposed distinctly
because they most often cause a change of integral transmission due to in-
creased scattering even when the absorptions are similar for both phases. Nor
is this hysteresis confined to those substances that form rotator-phase solid
states. Michel and Lippert*® reported on *“two ways of freezing acetonitrile”
(CH,CN). Their phase transitions for acetonitrile are reproduced in Figs. 4
and 5 which show the results of monitoring the »; symmetric CH, deforma-
tion mode, the », C—C stretch, the »; C—H antisymmetric stretch, and the
combination modes », + », (C—N+C—C) and v, + v, (CH; def + C—C).
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Figure 3. Integral transmission for cyclohexanol, obtained using an IRIS Spectrometer.
Points b, c, ¢, g, and h represent the cooling process; points f, d, and a, the heating process. The
shases are as follows: a, liquid; b, supercooled liquid; ¢ and e, rotator phases; d, crystal IT; f,
arystal I11; and h, crystal (metastable). Note: Again the material passes through rotator phases
sn cooling but not on reheating. (Reproduced by permission from ref. 35.)

Michel and Lippert stated that

presolid states, metastable processes, and hysteresis can be observed as a
continuous function of temperature and speed of cooling... hysteresis effects
occur in both directions while acetonitrile is passing through presolid and
metastable states. When cooling very slowly, one can\pbserve a presolid state
with a lifetime of less than half a second. It is cha:a\cterized by a rapid de-
crease of the maximum intensities of the combinations modes. A definite
melting point is not found when reheating, but rather a transition region with
a shape similar to a titration curve. The first sign of the phase transition can
be observed eight degrees before melting. The proper melting region is con-
tained within two degrees. Directly after melting the liquid is different from
the one before freezing at the same temperature. After some minutes or after
reheating, the old situation returns.

We shall consider the nucleation process in molecular liquids in more de-
tail in a later section, and shall see that external electric fields can be used to
induce nucleation.

We have tended to label some condensed-phase properties as anomalous
when they have failed to fit our restrictive preconceptions about condensed-
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Figure 4. Acetonitrile phase transitions: v;, symmetric CH; deformation; »,, C—C
stretch; and v;, C—H asymmetric stretch. Note the existence of hysteresis and presolid states.
The diagrams show intensities at fixed wavenumbers on cooling and reheating. (Reproduced by
permission from ref. 36.)

state matter. For example, the 10% contraction of ice on melting is not
anomalous at all. As Eyring et al.*’ point out, “when a normal system, such
as argon, melts it expands twelve per cent. Such an expansion is typical. The
atypical ten percent contraction of ice upon melting can be made to disap-
pear if one first applies some 2,500 atmospheres pressure at an appropriate
temperature, to the hydrogen bonded tetrahedral ice I and so transform it
into close packed ice III, which is a fifth more dense. Ice I1I then melts with
a normal ten percent expansion.” Problems have arisen because of our de-
sire to label matter strictly as solid or liquid, making no allowance for inter-
mediate states that may exist. The numerous ice polymorphs that exist attest
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Figure 5. Acetonitrile phase transitions: », + vy, C—N+ C—C; vy + vy, CH; def. + C—C.
The combination modes show a rapid decrease in the presolid state. (Reproduced by permis-
sion from ref. 36.)

to the slight molecular readjustments that are necessary to produce different
phases—a gradual gradation of properties through the liquid and into the
solid is in fact apparent.

Water, of course, is the most extensively studied of all liquids because in-
formed opinion holds that life may arise in, and be supported by, only a
suitable aqueous medium.*® Quoting Stillinger,'® “it is only since 1960 that
it has become technically feasible to produce a quantitativeénd deductive
theory [see Vol. 1 of this issue] for liquid water without large elements of un-
certainty. It is no coincidence that this period coincides with the general
availability of rapid digital computers. These computers have provided es-
sential numerical advances in both the quantum mechanical and statistical
mechanical aspects of the field that underlie present understanding.” Sub-
millimeter spectra reveal the complexity of the water-molecule interactions,
as well as subsequent dynamics that even now no theoretical molecular
modeling successfully reproduces.'” Rahman and Stillinger observed that the
molecular dynamics depends strongly on the form of the hydrogen bonding
in the liquid: “There was no evidence of a hopping process, but, rather,
translational diffusion proceeds via individual molecules participating in the
continual restructuring of the labile, random, hydrogen bond network.” It is
possible to break up the hydrogen-bonding network by dilution.!” The effect
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of the hydrogen bonding is to broaden the zero-teraHertz spectral profile so
that it spans eight or nine decades of frequency, compared with only two
when the bonds are absent. This typifies the extremes of molecular behavior
and properties that the isotropic liquid state may adopt. A full, consistent
understanding in accord with the pertinent facts must start at the molecular
level itself. It is not possible to explain many recent phenomena of the liquid
state (some of which are discussed in later sections) with, for example, hy-
drodynamic theories that set out to explain liquid-state behavior in terms of
macroscopic data. These do not consider the detailed molecular structure of
the medium, let alone the structure of the molecules, as is so often neces-
sary.

From the foregoing it is apparent that within the liquid state there may
be many variations of molecular behavior. Near the freezing points consid-
erable molecular rearrangement may occur, and pretransitional phases have
been proposed. There may exist a considerable short-range structure that
extends even to macroscopic distances in some liquid systems (liquid
crystals). This structure disintegrates at the boiling point and some liquids
even display the freedom of motion associated with the gas phase itself. Re-
cently, another “new state of matter” has been proposed—a liquid crystal-
line state in which the sample is a solid film. Certain solid films of PBLG
that show liquid crystalline properties represent “a new and very interesting
phase of matter. It is quite possible that other rodlike molecules which ex-
hibit a liquid crystal phase such as DNA can be induced to form the same
state, in vitro or in vivo.”>’

II. COLLECTIVE MODES IN LIQUIDS

A. Liquid Crystalline Systems

We have seen that because of molecular shape a molecule’s rotation may
cause a simultaneous translation of neighboring molecules. Rotation and
translation are mutually coupled and cooperative molecular behavior in
liquids has its origin on the molecular level itself. If the center of mass is dis-
placed from the center of interaction a correlation between translation and
rotational degrees of freedom is introduced. This permits the explanation of
some thermodynamic anomalies, such as the higher vapor pressure of HT
compared with D, discussed by Babloyantz.*’ At 20.3 K the vapor pressure
of HT is about 36% higher than that of D, and the molar volume and vapor
pressure of HD are larger than the expected values obtained by interpola-
tion from the values for H,, D,, and T;.

Since rotation—translation coupling effects are so pronounced in these
simple systems, they must also be present in other liquids. However, they are
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not easily distinguished using spectroscopic methods. Recent advances in
computer technology are shedding new light on the problem. Various ele-
ments of the autocorrelation matrix (p(0)J7(z)) show that the coupling
of rotation with translation exists for most molecules and indirectly affects
laboratory-frame autocorrelation functions measured with the spectrosco-
pies. Here p is the linear center of mass momentum and J the molecular
angular momentum. This mixed function vanishes for all times 7 in an iso-
tropic molecular liquid in the laboratory frame because the parity of P to
time reversal is opposite in sign to that of J.* The second-moment auto-
correlation functions (P?(0)J (¢)) are invariant to frame transformation and
may be observed in the laboratory frame. They provide us with a detailed
description of molecular rototranslation, as may be seen in Fig. 8 for
CH,CN. Evans'>® concludes that “the dynamics in the region of the boil-
ing point may not be significantly affected by R-T interaction but the
liquid—solid transition and molecular behavior in this region may be severely
affected.” These coupling effects are so important because, as Warner !
points out in reference to liquid crystalline systems, “the ordering of rods
under the influence of their packing density and shape is a purely entropic
process... . ordering results from a coupling between the rotational and
translational entropy of the rod... . such a coupling would be revealed down
to wavelengths of the order of the rod dimensions.” Our picture is therefore
one of a local molecular order arising from steric constraints and from the
tendency for molecules to order themselves over short distances as a conse-
quence of their shapes and the requirement that “hard” molecules confined
to a limited volume do not overlap. This short-range molecular ordering must
arise to some extent in all condensed systems. And, as Warner points out,
“this steric aspect of ordering is, given constancy of volume, independent of
temperature. Experiments at constant volume confirm the constancy of the
steric component of the ordering process.”*? The effect of molecular asym-
metry in dominating correlations and leading to a residual short-range
orientational order is discussed by Wulf.*?

In the nematic phase of a liquid crystal, in addition to this short-range
order (which must also be present in the isotropic phase), there exists a
long-range order—molecules are oriented on the average with respect to 2
direction known as the “director.” Long-range distortional fluctuations of
this director exist, and new hydrodynamic modes (not present in normal
liquids) associated with fluctuations of the director have been predicted.“4
Evans* has reported the resolution of new resonant modes in the nematic

¥Evans has recently computed laboratory-frame rotation—translation cross-correlation
functions in a polyatomic, chiral molecular liquid (M. W. Evans, Phys. Rev. Lett., accepted,
1985).
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Figure 6. (a) Far-infrared spectrum of 4-cyano-4-n-heptyl biphenyl and related mole-
cules: — , 4-cyano-4-n-heptyl biphenyl at 296 K, nematic phase; ---, the same with a field of 7
kV cm ™! applied; - - -,2.52 mol dm~? 4-cyanobiphenyl in dioxan at 296 K corrected for solvent
absorption; -—-—, 0.9 mol dm > biphenyl in cyclohexane at 296 K corrected for solvent. (b)
Far-infrared spectra of 4-cyano-4-n-heptyl biphenyl under external magnetic fields: — ,
nematic phase with no field; ---, with a field of 400 G; ---, with a field of 800 G. Note the

appearance of sharp resonant modes in the nematic phase of the liquid crystal in strong electric
and magnetic fields. (Reproduced by permission from ref. 45.)

phase of a liquid crystal at submillimeter frequencies (Fig. 6).* He wrote that
“the intensity and frequency of these modes are controlled by externally ap-
plied electric and magnetic fields. Their existence suggests that this spec-
troscopy may serve as a convenient tool for the study of liquid crystals.”
However, continuum theory shows that external fields damp out fluctuations
in the director and reorient it so that it is either parallel or perpendicular to
the fields. In strong enough fields (magnetic fields of > 1000 G), the director
motion is prevented. Evans observed no indication of any disappearance of
the modes in his experiment, even though electric fields an order of magni-
tude greater than the magnetic fields (a maximum of 1000 G) were used. In-
terestingly, Bulkin® reported that some mid-infrared bands disappear at the
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crystal to nematic phase transition. Bulkin concluded that “ these bands arise
from sum and difference modes between lattice vibrations and internal
vibrations...the disappearing bands are an indication of the coupling be-
tween molecules and hence are of importance in understanding ordering
forces in the crystal as compared to those in the liquid crystal.” Bulkin also
reported pretransitional effects in the crystalline phase prior to melting, and
that Schwartz and Wang* observed “striking changes in the relative inten-
sity of several Raman bands as a function of applied external electric field
strength in the nematic phase. Certain bands increased in integrated inten-
sity, while others showed the opposite effect.”

Evans has attributed his new modes to collective modes, that is, inter-
molecular or phonon vibrations. As Bulkin again says, “in the nematic phase
we again have the possibility of observing ‘pseudo-lattice’ vibrations, i.e.,
intermolecular motions characteristic of the long range order in this
phase...it may be possible to propagate phonons even in liquid crystals.”
There is not much evidence to support Evans’s results in the nematic phase, *
but there is some in the case of more highly ordered smectic phases. Smeotic
phases, particularly such phases as smectics B and H, are, of course, much
closer to crystalline phases than are nematics. So, Amer and Shen*® observed
that diethylazoxybenzoate and diethylazoxycinnamate, which have smectic A
phases, each have a single low-frequency Raman mode in the crystalline
phase, at 22 and 26 cm ™! respectively. In the smectic phase, this mode ap-
pears to shift, with the maximum at about 14 cm™~'. It vanishes abruptly at
the smectic A—liquid transition. And Schnur and Fontana,* studying
terpthal-bis-butyl aniline in the low-frequency, lattice-vibration spectrum re-
gion, observed that a number of bands in their spectra were almost the same
in the smectic B phase as in the crystal. At the smectic B—smectic C transi-
tion most of this structure disappeared. Evans has reportgd the changes in
the spectrum of 4-cyano-4-n-heptyl biphenyl as the samplé was slowly cooled
into the solid (Fig. 7). A constant magnetic field (600 G) was applied
throughout the cooling process. It was anticipated that a uniaxial single
crystal might be produced in this way. In this process the most intense ab-
sorption, at ca. 180 cm™?, gradually shifts to the strongest lattice mode at
ca. 165 cm~! in the solid (Fig. 7 shows only two spectra), firmly establishing
the common molecular origin of these two modes.

It is important to realize that the local molecular order may be as pro-
nounced in the isotropic as in the nematic phase of a liquid crystal, and that
the long-range order itself, which is characteristic of the nematic phase, is
associated with and dependent on this well-established local order.

*See also R. Chang, Mol. Cryst. Lig. Cryst. 12, 105 (1971).
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Figure 7. 'The far-infrared spectra of 4-cyano-4-n-octyl biphenyl as it is slowly cooled into
the solid phase, with a field of 600 G applied throughout the cooling process: @, 8 CB near the
freezing point; O, a single cyrstal of 8 CB. (Reproduced by permission from ref. 45.)

B. Isotropic Liquid Systems

What of isotropic, small-molecule molecular liquids? There is consider-
able evidence in the literature for some liquids that suggests that a signifi-
cant local order exists extending to molecules that do not belong to the
nearest-neighbor shell.¥ For example, let us look at acetonitrile. It has a large
dipole moment (3.9 D). Thermodynamic, dielectric,* other spectroscopic,*?
and X-ray- and neutron-diffraction experiments> all reflect a strongly ori-
ented structure in the pure liquid. For example, light scattering and nuclear
magnetic!* N relaxation probe the tumbling motion of the C; axis. In this

*A. R. Ubbelhode (The Molten State of Matter, Wiley-Interscience, New York, 1978) pre-
sents a dearth of other precise experimental methods for elucidating molecular texture in quasi-
crystalline assemblies such as the melt.
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where 7 is the single-particle orientational time and g is the second-rank
structure factor. If 7,4 and 75 are studied in a solution of acetonitrile in a
solvent that shows weak depolarized scattering and does not form com-
plexes with acetonitrile, 7,y and 7 should become equal at infinite dilution,
when pair correlations are negligible. It is observed®* that the factor g2
(from the ratio 1 g /75) at lower concentrations is unity; that is, pair correla-
tions vanish. In pure CH,CN g2 reaches a value of 1.4. This value of g
indicates that a more parallel or antiparallel configuration is favored (since
gsy) is symmetrical with respect to 90°, it is impossible to distinguish
between the two cases). Further information comes from the ordinary g
factor, which is 0.78 for acetonitrile at room temperature. This negative de-
viation of g§) from unity suggests that antiparallel alignment is the most
likely structure. That g{? deviates more from unity than does g§) can be
understood if pair ordering extends to neighbors that do not belong to the
first shell of reference particles. That is, there is a suggestion of a significant
local order in CH,CN arising from molecular-shape considerations, as dis-
cussed by Warner and Wulf, and from the strong intermolecular forces due
to the large dipole moments.

Information about pair correlations, of course, may be obtained from dif-
fraction experiments, results of which have been reported for acetonitrile. To
obtain this information the maximum number of diffraction experiments
must be carried out. Neutron experiments on different isotopes of the sub-
stance must be performed together with X-ray-diffragtion analysis. For
acetonitrile X-ray data are available, as are neutron-diffraction data for
CD,CN, CH4C'N, and CD,C"’N. These data allow three coefficients of the
molecular pair-correlation functlon to be calculated: g{®, the center—center
correlation term; and the orientational correlation terms g§*" and g&*. For
acetonitrile g9 is composed of two fluctuations: one at 4.7 A, correspond-
ing to a first-nearest-neighbor peak; and a second at 8.5 A, corresponding to
a second-neighbor peak. The orientational correlation terms give informa-
tion concerning the orientation of a molecule relative to the center—center
system irrespective of the orientation of the partner molecules. For 0° <y <
90°, g% is negative, and for 90° < y <180°, g4’V is positive. Also, for
0° < y < 54.7° and 125.3° < 8 <180°, g(202) is positive, but for 54.7° <y <
125.3° it is negative. Thus, below 4.4 A preferred orientations of the dipole
axis relative to the center—center line are found in the range 90° < 8 <125.3°,
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whereas from ca. 5.2 A preferred orientations of 0° < 8 < 54.7° dominate. A
second reversal is observed at 6.8 A that restores the initial situation.

Another X-ray investigation®>® revealed a short-range structure consist-
ing of a bundle of five molecules in which a central molecule is surrounded
by four antiparallel neighbors. A pronounced correlation is observed be-
tween these five molecules. The cluster diameters are 11 A. Each cluster has
eight molecules occupying sites in an orthorhombic unit cell with 95% site
occupancy. This is in good agreement with the cluster diameter D of 13 A
estimated using a theory of Loshe®® based on dipolar interactions in liquids.

P. Ignacz>® has proposed a new theory for the liquid state based on this
postulate of a significant local structure in liquids. The fundamental hy-
pothesis is that the physical behavior of liquids is determined by their
molecular structure. Both electrostatic and steric processes participate in the
formation of the structure. Ignacz suggests that during melting the solid
crystal decomposes into uniform octahedral groups of molecules. These
groups or elementary crystals he calls “liquid grains,” and he shows that the
cubic lattice of molecules built up by octahedral formations is complete
without any lack or surplus of molecules. The grains, and within them the
molecules and atoms, are in thermal motion. The six peripheral molecules of
a grain are in vibration relative to the central molecule. If the value of the
vibrational energy exceeds the bond energy, then the grain disintegrates. The
thermal motion of grains can be described in terms of the laws of thermody-
namics. At the boiling point a second crystalline change is assumed to occur
during which all the grains decompose totally. Below the boiling point, dis-
tances between the peripheral molecules of neighboring grains are not essen-
tially larger than distances within the grains; the ratio is about 1:1.3. These
distances exceed those between molecules in a solid crystal by less than 10%.
This is in accord with diffraction studies on liquids in which local structure
and the distances of neighbors appear to remain approximately constant rel-
ative to those in the corresponding solids. Since the grains get close to one
another in the liquids, their peripheral molecules have a mutual influence.
This influence can be shown statistically to be attractive, which explains the
cohesion of liquids.

Let us return to our discussion of acetonitrile. The existence of this pro-
nounced local structure must complicate significantly any attempts to obtain
single-particle properties (e.g., single-particle correlation times) using the
various spectroscopies. In fact several types of relaxation can and do con-
tribute to the decay of the correlations observed in the various experiments.
Furthermore, these relaxations contribute differently to correlation func-
tions determined from different experiments. The experimental situation is a
complex one, and considerable uncertainty is still associated with the experi-
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nental measurements, with the reduction of the data to a form suitable for
somparison with theory, and with the theories themselves, which are often
sversimplified. What we suggest now is a contribution of collective molecu-
lar motions to spectral profiles even in simple isotropic liquid systems.

Computer simulation (see the first article of this volume) shows that rota-
tional motion is strongly coupled to translation in liquid CH,CN. The mo-
ment of inertia of CH,CN about the unique (Cy,) axis is about 18 times
smaller than the other two (equal) principal moments of inertia. The an-
isotropy of rotational motion consequently is large and must involve
simultaneous translation of the molecular center of mass. Mixed correlation
functions with linear and angular momentum components exist in a moving
frame of reference fixed in the molecule. For convenience this may be de-
fined by the three principal moment of inertia axes. Vector quantities such v
(the center of mass velocity), J (the angular momentum), F (force), and Tq
(torque) may be defined in either the laboratory or the moving frame. We
denote the components of v, for example, in the laboratory frame by v,, v,
and v,; and in the moving frame by v;, ;. and v,. If we define three unit
vectors e, €,, and e, with respect to the frame (1,2,3), the velocity compo-
nents are then related by

U1 = vxelx + vyely + vzelz.
V=€, Ue, TUE,

Uy = U8y, T Ue3, 1 Ve,

In symmetric top CH,CN |e;| = |e,|, s0 that v, = v,. In these relations e,
is the x component of e, in the laboratory frame and so on.

Having made the transformation into the moving frame for each vector
v;, J, F, and Tq, we can simulate the various auto- and Anixed correlation
functions of interest, for example, the function (v(z)J T0)) /({ vE(0))/?
(J2(0))'/?), where the angle brackets denote a running-time average over
vector components defined with respect to the moving frame of reference
(1,2,3). The functions describe in detail the interaction of rotation with
translation in acetonitrile molecules in the liquid state. By symmetry, all the
elements of (v(1)J(0)7)/((v}())/*(J;(0))'/?) vanish except the (1.2) and
(2,1) elements. Figure 8 shows that these elements are mirror images of each
other peaking at +0.23 and vanishing by symmetry at = 0.>7 The ex-
istence of these functions provides direct information on rototranslational
and cooperative molecular motion. The molecular dynamics of a hetero-
nuclear molecule such as CH,CN in the condensed state may not be ap-
proximated by the customary, and still popular, theories based on rotational
diffusion alone. Evans® and Ferrario® have recently developed the tradi-
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tional Langc?vin and Fokker Planck equations so that they may be used with
rgtotranslathn. As Berne and Montgomery®® say, “spectroscopic tech-
niques rarely if ever determine the pure reorientational correlation functions

C(1) = <Pz(“(0)'“(1))>’

where P,(x') is the Legendre polynomial of order # and u is a unit vector
embedded in the molecule. Instead the correlation functions

G, (k. 1) = ( P, (u(r)-u(0))expt[ik-Ar(r)] )

are deternuneq where Ar(#) = r(¢)~r(0) is the displacement of a molecule in
a time ¢ and Kk is the wave vector defining the scattering between the probin
beam and the molecules of the fluid.” Berne and Montgomery’s calculationi
were ba§ed on a rough sphere model and did not take molecular shape im-
plicitly into account. They add, therefore, that e

mo;ee:l 1molecules, unlike rough spheres, sweep out a volume larger than the
ular volume when they rotate. Thus in dense fluids volume fluctuations
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_ must occur if these molecules are to rotate in certain directions. This should
lead to a much stronger coupling between rotational and translational mo-
tions in real molecular liquids than in rough sphere fluids. And, by establish-
ing the importance of coupling in rough sphere fluids [which they did], it
becomes all the more obvious that these effects should be heeded in real
molecular liquids.

So, there exists a pronounced interaction of rotation with translation and
a significant local molecular structure in acetonitrile. This structure may
persist in solutions of 10% and lower concentration, may actually be in-
creased, and varies with the solvent used. For example, the relaxation time
in benzene (25% volume/volume) is 6.7 ps at 297 K, decreasing to 3.1 ps at
333 K. In CCl, under the same conditions the relaxation times are 7.6 and
4.5 ps, respectively. Care must be exercised in using solvents to eliminate
correlation effects, as is customary in, for example, nuclear magnetic reso-
nance (NMR) experiments. Solvents may actually increase the apparent
molecular aggregation.!*® As Michel and Lippert® have said, “the en-
vironment of a single acetonitrile molecule is lattice-like and even solutions
are influenced by this structure. ..in solutions in organic solvents a lattice-like
orientation with mainly axial effects is dominant. Small molecules like LiBr,
HBr, Br, and water take the lattice place of one acetonitrile molecule.”
Acetonitrile behaves as a waterlike organic solvent. Its local structure is
extremely stable and survives even if the local lattice is disturbed by the in-
teraction of ions in the system. The local lattice is stabilized by the strong
electrostatic interactions arising from the large dipole moments of the mole-
cules, just as the structure of water is stabilized by the three-dimensional hy-
drogen-bonded network. The structure of water is so stable that at ambient
temperature and pressure a saturated solution of cesium fluoride in water
contains ions and water molecules in the ratio 1:1.2. T}ﬁ?s]extraordinary sta-
bility arises, of course, because the two particles are isomorphous and can
be interchanged in the local lattice structure.

The stability of the CH,CN local structure in CCl, is displayed in Fig. 9.
The plot remains linear up to 20% (volume/volume) acetonitrile in CCl,.
Only thereafter is a striking nonlinearity observed as the local structure is
disrupted. The frequency of maximum absorption of the far-infrared spectra
is denoted as 7. If such spectra could be analyzed with purely rotational
models for the molecular motions then, as Reid®! has discussed, this feature
of the spectrum could be related in a simple way to intermolecular mean-
square torques. However, as we have established, such absorptions are in fact
rototranslational in origin and, in the absence of a suitable theoretical model
for such motion, 7, presently has an unknown dynamical significance. But
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Figure 9. Variation of 7,,,, with number density for CH;CN in CCl,: @, data of Evans;"’
Q, data of Yarwood (personal communication). #,,, is the f-requency of maximum absorpti’on
of the far-infrared spectrum. The nonlinearity of the plot demonstrates the breakup of the liquid
CH,CN local structure in an approximately 20% solution. At this point CCl, molecules re-
place CH,CN molecules at local lattice sites. (Reproduced by permission from ref. 13.)

we can be sure that it reflects in some way local changes in the intermolecu-
lar.mteractions, because the far-infrared frequency region is the energy range
of intermolecular interactions and the time range of collisional and molecu-
lar relaxational processes.

Following the example of Lippert, it is revealing to compare the liquid and
solid phases of CH,CN. Two solid phases are known (a and 8), though an
a.dditional v-phase has been postulated. The a-phase is orthorhombic, with
elgl}t molecules per unit cell; the B-phase is probably a glassy phase. Com-
parisons of the a-phase and B-phase spectra indicate perturbations of the
intermolecular symmetry. There is a loss of long-range order in the 8-phase
that reduces the degree of coupling of lattice vibrations. Lippert has calcu-
lated' values for intermolecular vibrations for the a-, 8-, and liquid phases.
The u?termolecular distances along two axes in the liquid are the same as
thosg in the a-solid. In one perpendicular direction, however, the distance is
significantly longer. Consequently, in this direction the frequency of the in-
termolecular vibration is reduced from 116 cm ! in the a-solid phase to 87
cm ~1in the liquid. The frequencies corresponding to the two intermolecular
distances that are approximately the same in the liquid and B-solid are the
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Figure 10. Absorption spectrum of CH,CN (isotropic liquid state) at far-infrared frequen-
sies. Features are resolved on the low-frequency side of the spectrum. (Reproduced by permis-
sion from ref. 62.)

same (50 cm~!). Are such intermolecular vibrations resolved in spectra of
the liquid? If they were they would provide directly information on the in-
termolecular forces in the liquid. s

Evans'? has rerecorded the far-infrared spectrum of CH;CN neat and in
solution. He suggests that spectral details are resolved on the low-frequency
side of the overall spectral contour for the neat solution and in the region
where they have been estimated (Lippert, above) (Fig. 10). These details dis-
appear at sufficiently low concentrations ( <10% volume/volume) of
CH,CN in CCl, (Fig. 11), as one would anticipate. It is encouraging that
Evans’s spectrum for the neat liquid is similar to that of Yarwood when the
same window materials are used, even though the measurements were re-
corded on different makes of spectrometer.®? It is also encouraging that the
decay of the contour at higher frequencies is very smooth, which gives some
indication of the low noise level of the instrument. However, having said this,
we must emphasize that acetonitrile is a strongly absorbing liquid, so we must
work at the absolute limits of present-day instrumentation. Only higher-pre-
cision apparatus will confirm or refute these results.
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Figuzroe 11.  Far-infrared spectra of CH;CN in CCl, at number densities between 7.2 and
0.6x102% molecules cm > 0-, 72x10%; O, 49X10%; 4, 33X 10%, @, 1.2x10%; O
0.6 xX10“°. Note: The reson_ant. modes at lower frequency disappear in dilute solution a; the:
pronounced local structure is disrupted. (Reproduced by permission from ref. 13.)

Gerschel® is presently reporting “the existence of an unexpected reso-
nant absorption in CH,Cl at millimetre frequencies” (Fig. 12). CH,Cl is, of
course, another strongly polar molecular liquid. Gershel’s results, ébtair’led
using a carcinotron source available in Warsaw, are of high precision and
high re_soluuon. He explains his resonant millimeter absorption in terms of a
dynamical coupling effect that is basically the same physical process as that
assumec_l responsible for the appearance of long time tails in velocity auto-
correlation functions (Fig. 13). The usual exponential behavior of the angu-
lar-.velocity autocorrelation function at long times is replaced by one that
varies roughly as r~%/2 It is observed in the computer simulation of Tresser®*
that‘ tl_le more elongated the rotary molecule is, the more pronounced is the
deYlatlon from logarithmic decay. Because a molecule’s rotation is coupled
to its translation, the effect of a molecular rotation must be to cause neigh-
ponng molecules to translate in a coherent fashion; that is, a vortex is set up
in the surrounding ensemble in which there is a marked degree of correla-
tion be}ween the linear velocities of the molecular centers of mass. Using
generahzed hydrodynamics, Ailawadi and Berne® have shown the normal-
ized angular-velocity correlation function (w(?)-w(0))/(w?) to decay
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Figure 12. Normalized Cole-Cole plots of the complex permittivity for CH3C1‘at 273 K:
—, experimental results; ---, predictions based on Debye’s equation. Note the resolution of three
absorptions, a, b, and c: a is the normal, far-infrared “Poley absorption”; b is a new reso‘na.nt
absorption in a polar liquid and is multimolecular in origin; and ¢ is the Debye relaxano'nal
process. In terms of the normal absorption versus wavenumber spectra this resonant absorption
peaks at <20cm™ 1Tt is important to realize that the frequency regions 1-10 cm™ 1 and 10-100
em— ! are two decades of frequency. It is common practice, however, to characterize this whole
frequency span with about ten data points, as above. High-precision, high-resolution results on
such liquids are still required.

asymptotically as

dnl - _
Cw(t)=——2:m [4n(D +»)] " P72 @22

where I, m, n, v, D, and d are, respectively, the molecular moment of in-
ertia, molecular mass, number density, kinematic shear viscosity (v = n/mn),
self-diffusion coefficient, and dimensionality of the system. For planar mo-
tion, d =2, and in space, d = 3. It follows that the orientational correlation

functions
C,(t)= <P([u(t)-u(0)]>

also behave asymptotically as t~“*2/2, if the effect of molecular translation
on rotation is accounted for. This asymptotic behavior of C,(¢) was calcu-
lated from the “hydrodynamic equations” used to describe a feature of
depolarized light scattering called the “shear doublet” or “Rytov dip,” ob-
servable at low frequency (Fig. 14). It is proposed that this dip originates
from local strains, set up by transverse shear waves, that are relieved by col-
lective reorientations—a macroscopic or collective translation—rotation cou-
pling. This shear dip does not appear to be related to a specific microscoplc
structure and has been observed in a number of molecular liquids, including
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Figure 13. Semilogarithmic plots of the orientational autocorrelation function (a), the
velocity autocorrelation function (@), and the angular-velocity autocorrelation function (O) from
a molecular-dynamics simulation of a two-dimensional system of 1600 diatomic molecules with
periodic boundary conditions, atom-atom potential. (Reproduced by permission from ref. 64.)

polar and nondipolar liquids, and liquids containing planar and nonplanar
molecules and both large and small molecules. It would be interesting to
characterize the feature in terms of the symmetries of the molecules con-
cerned and to discern whether in fact these observations have molecular
origins. The shear waves are analogous to transverse phonons in a crystal.
Evans®? reports that a series of absorptions appear on the low-frequency
side of the far-infrared spectrum of CH,CN. There also appear to be signi-
ficant polarization effects. Such observations had been predicted by
Ascarelli,® who pointed out that if a spectrum is composed of collective
modes then there should be observable differences when different configura-
tions of the polarized radiation are used. Also, a series of absorptions might
be anticipated if the motions of aggregates of molecules are indeed contrib-
uting to the spectrum. A whole set of intermolecular vibrational transitions
that may strongly but incompletely overlap is then possible. Michel and
Lippert® propose the existence of collective modes in this liquid to explain
the presolid state that exists just before freezing and does not depend on the
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Figure 14. High-resolution polarized and depolarized spectra of quinoline showing (¢) de-
viation from a simple Lorentzian and the emergence of () a “shear wave” or “Rytov dip” in
VH and HV spectra. [Reproduced by permission from G.LA. Stegeman et al., Phys. Rev., A7,
1160 (1973).]

temperature of freezing. As we saw in the last section, the freezing point
varies and a significant hysteresis occurs on heating and cooling the material
through the melting point. A sudden increase of the maximum intensities of
the normal infrared modes coupled with a sudden decrease of the combina-
tion modes occurs near the freezing point. Michel and Lippert postulate the
existence of strong cooperative phenomena originating from a coupling of
the molecular oscillations and state that “collective modes might be the ba-
sis of the cooperative phenomena... . the discussion of collective modes leads
us to a model of waves in liquid acetonitrile... .different waves must inter-
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fere and because of this the waves themselves will fluctuate. The dimension
of the dynamical order in the liquid can be described through the size of the
region of the expansion of the phonon-like waves.” Fini and Mirone,®” using
isotropic and anisotropic Raman scattering, have also identified cluster
vibrations on the shoulders of the », and », fundamentals.

Lobo et al.®® have presented a theory of collective molecular behavior in
the liquid state that predicts the existence of collective modes. Starting from
the dynamical extension of the Onasager theory developed by Nee and
Zwanzig,*® but generalizing it so as to be applicable at high, far-infrared fre-
quencies, they studied the dynamical dielectric response of a condensed sys-
tem of molecules with permanent electric-dipole moments. The dielectric
function so obtained, and consequently the far-infrared absorption, contains
a diversity of both collective and single-particle behaviors. This supports the
conclusions that Knozinger et al.,”® Evans,'* and Gerschel® arrived at from
experimental considerations. The first two propose that the submillimeter
band is composite in nature, with contributions arising from single-particle
motions, the motions of dimers, and the motions of higher aggregates of
molecules. Evans et al. discuss the first in detail in their text Molecular Dy-
namics.'” The existence of dimers of CH,CN has been postulated even in the
vapor phase. Rowlinson’s” second-virial-coefficient calculations for AU
locate the maximum value of the dipole-dipole energy interaction at 4640
cal mol =Y, which is larger than even that for water, 4440 cal mol . Interest-
ingly, vibrations of the dimeric water band have been isolated, and at far-
infrared frequencies. Harries et al.,’? in a study of the Earth’s atmosphere
using the sun as a source, reported an absorption feature between 7 and 9
cm ™!, which they attributed to the dimeric water species. Dimers and higher
clusters of water molecules are known to exist in isolation in the Earth’s
atmosphere. Jakobsen and Brasch” have also proposed a contribution to the
far-infrared profile in acetonitrile from dimers of molecules. Bulkin’* tested
their hypothesis by measuring five aliphatic nitriles. He found that if the
spectra of dilute solutions of CH,CN were measured in nonpolar solvents
and concentrations were such that the product obtained by multiplying con-
centration by pathlength was kept constant, then it was not possible to mea-
sure a decrease in the intensity of the absorption band. He explained this
observation in terms of a simple monomer-dimer equilibrium.

A contribution to the spectral profile from higher aggregates of molecules
is established if, following Knozinger et al., one studies the temperature de-
pendence of the spectra at higher concentrations, when aggregates are most
likely to exist. Both total band intensity and frequency of maximum absorp-
tion are seen to decrease when the temperature is raised between 263 and
313 K. In addition there is an increase in the band intensity at 263 K and a
decrease in the total band intensity at 313 K when one increases the con-
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centration; at the same time, an increase of concentration shifts the band
maximum to higher wavenumbers independently of the temperature ap-
plied. All of this can be explained only if at least two different types of ag-
gregates are present. A whole set of intermolecular vibrational transitions are
then possible. Intermolecular vibrations associated with vibrations of hydro-
gen bonds, in structures stabilized by hydrogen bonds, are well known. But
the hydrogen bond is only one of the known intermolecular links. The
acetonitrile structure is stabilized by strong dipolar interactions. It is easy to
show, for example, that the large dipole moment associated with the mole-
cule is actually necessary for the existence of the liquid at room tempera-
ture. So, should we not then have anticipated the existence of absorptions
arising from fluctuations of this significant local molecular order? This order
is so well established that dielectric experiments suggest that the relaxation
times of CH,CN in CCl, and benzene may actually be increased initially
upon dilution’® —the solvent apparently encourages the association of solute
molecules. In much the same way, in the classic example of 2,6-lutidine in
water, the lutidine molecules increase the water structure. Frank and Evans
in 1945 compared this increase in structure with “the formation of an ice-
berg around a hydrophobic molecule.”

The contribution of collective modes to far-infrared spectra implies that
the wavevector k remains finite at these frequencies, as Berne and
Montgomery® have proposed. Following Lobo et al.,* if we deal with a
Kirkwood correlation sphere containing a large number of molecules and do
not restrict the cavity region to the volume around only one molecule, the
relevant O-THz correlation function is

~N

kzluz <k'u,~(t)e"‘""‘”%ﬁkw(o)e"“"f‘°)>
where the sums run over all the molecules within the Kirkwood sphere
centered on r;(0) and p,(¢) and r,(¢) are Heisenberg picture quantities. The
k-p terms appear because it is the polarization charge density that now re-
sponds to our scalar probe and not the polarization, as tacitly assumed in
more simplistic approaches. For k — 0 we are left with a time-dependent
Kirkwood correlation factor

(L)<u.-(:>->j:p,(o>>

3p?

This may be evaluated only by computer molecular dynamics. The familiar
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Kirkwood static correlation factor
1
< ui(O)-Zu,<0)>
1 J

is recovered only at k = 0. This gives us no information concerning the dy-
namics. As Lobo et al. say for H,O, “symmetric orientation about the tetra-
hedral directions, by whatever mechanism and however slow, would suffice
to give the Kirkwood value of the static correlation factor, which accord-
ingly implies very little about the dynamics.”

Consider a fluid made of ions. Here we may define a charge density (in
c.g.s. units) via the Poisson equation

V*E =4mqép

whel"e q is the particle charge and E an external applied field. A term pro-
portional to E(r, ) must be applied to the Navier-Stokes equation. When
solved, this leads directly to a plasma frequency

47 pq?
2 _ 4mpq
W= s

where M is the particle mass. The frequency of collective oscillations does
not vanish as (k| — 0 in this case, but approaches w,. This collective oscilla-
tion in the ionic fluid is called the plasmon and may be simulated by com-
puter molecular dynamics. In some molten salts it is possible to separate and
identify the fluctuations in density and those in charge density. The former
determine sound-wave propagation; the latter determine the plasmons and
are the liquid-state analogues of the acoustic and optic longitudinal phonons
in an ionic crystal. These show up in the far infrared for ionic crystals and
have been identified, for example, by Wegdam and van der Elsken.”
There is a great similarity between ionic melts and molecular liquids. The
dominant interaction in the ionic melt is the Coulomb interaction between
the charged particles, which is attractive for unlike charges and repulsive for
like charges. The induction effects must be larger than in an organic molecu-
lar liquid, because the dipole induced by a charge is larger than that induced
by a dipole. Even in a dilute gas the ions are associated with dipoles,
quadrupoles, or higher multipoles. It is because the interaction between the
multipole associates dies off rapidly with distance that ionic melts and
molecular liquids are so similar.
‘ By similar analogy, therefore, if we consider a molecular liquid and sub-
stitute for the charge density the polarization charge density, as proposed
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above, then the plasmon frequency of polarization-charge-density fluctua-
tions in the molecular liquid is the liquid-state analogue of the longitudinal
optical phonon mode that may be observed in the far-infrared spectrum of a
molecular crystal. Molecular crystal phonon modes are classifiable into those
of translational and those of rotational origin.

The predicted frequencies of Lobo’s longitudinal (w,) and transverse col-
lective (w,) modes are

w?l=w?+ w?

P
where
N2 (e, +2)°
2 _ EARR | a0 B T
wg 4”(V)([* 9. M
and
k,T 27,
2 _ B Zo
] —( I )(1+ " ) (1)

where N/V is the number density of dipoles, p, is the value of the dipole
moment in a vacuum, (1*)"'=(I;1+ I;') is the average moment of in-
ertia for rotations of the dipolar molecule around an axis perpendicular to
the dipole moment, and ¢, is the high-frequency dielectric constant of the
liquid surrounding the dipole. '

Ascarelli® studied nitromethane as a characteristic dipolar liquid with a
large dipole moment (3.4 D) in which he anticipated collective modes might
be isolated. The prerequisites laid down by Lobo et al. for the existence of
collective modes were “physical systems composed of neutral molecules with
large permanent dipole moments ( ~1D). They should also have small mo-
ments of inertia and large ¢, /¢,.” Ascarelli’s results for the power reflec-
tion spectra of different solutions of nitromethane in CCl, are shown in Fig.
15. That the structure assigned to w, is collective was demonstrated by in-
serting a Mylar electret into the sample. The observed value of w, shifted
from ca. 30 to 60 cm !, the Mylar electret producing a further aggregation
of dipoles. Also, this feature completely disappeared when the light was
polarized perpendicular to the plane of incidence, confirming its longitudi-
nal oscillation assignment. The structure assigned to w, was present in all
polarizations and was in excellent agreement with the absorption measured
by Kroon and van der Elsken in a 0.7% solution of nitromethane in n-
heptane by transmission methods. Insertion of the measured values of «, and
w, for pure nitromethane into Eq. (1) gave a value for w, that was in excel-
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Figure 15.  Power reflection spectra of different solutions of nitromethane in CCl,. Polari-
zation is either in the plane of incidence (||) or perpendicular to the plane of incidence ( L ).
The scale on the right side of the figure refers only to the spectrum of pure nitromethane with
light polarized in the plane of incidence. Different spectra are displaced vertically for clarity.
Note that w, shifts to lower frequency with dilution. w, remains approximately constant and in
agreement with absorption measurements. (Reproduced by permission from ref. 66.)
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lent agreement with the value calculated using independently measured
parameters.

Two features of Ascarelli’s measurements were not in accord with the
theory of Lobo et al. First, the theory predicts sharp lines, whereas the ob-
served spectra were much broader than this. Second, the spectra frequently
showed extra structure that was not predicted by theory, in much the same
way that Evans’s spectra for CH;CN showed a series of absorptions. It is
important to recall, therefore, the assumptions used in Lobo’s theory: “In
any system, however strong the interactions, the ‘elementary constituents’
will evolve dynamically like free particles over some initial interval follow-
ing an arbitrary zero of time. By elementary constituent we mean a physical
entity whose internal structure is, or is treated as if it were, fixed and con-
stant. In our present model, these elementary constituents are rigid, non-
polarizable molecules and this initial motion is free translation and free
rotation.” That is, fiexibility of the molecules, the coupling of rotation and
translation, and the polarizability of the molecules are not allowed for. Den-
sity fluctuations and the existence of intramolecular motions would certainly
contribute to a broadening of the spectrum beyond the calculated value.

Before leaving this section, we must mention that several important new
areas of research that may give information on these topics are now receiv-
ing considerable attention. The first is microcluster physics. Microclusters are
defined as aggregates existing in appreciable proportions, where the aggre-
gates may be atoms, ions, molecules, and so on that have lifetimes longer than
the characteristic inverse frequencies for internal motions. This field is al-
ready causing a shift of interest in, for example, the very economically im-
portant field of catalysis from the study of surfaces as general adsorbing
substrates with locally important electronic properties to the study of de-
finite few atom features of cluster type known to be present on the surfaces
of many active preparations. And insights are being gained into the nuclea-
tion process on an atomic level rather than through the more conventional
and restricted continuum approach.

Microclusters composed of no more than a few molecules can now be
prepared. As a consequence it is emerging that the thresholds for the onset
of effectively “macroscopic” properties may, somewhat against our precon-
ceptions, actually be in the microcluster size region. Melting transitions are
surprisingly well-defined at the N =100 level, and superconductivity and
ferromagnetism have been shown to set in at cluster sizes that are surpris-
ingly small to exhibit phenomena of long-range order. Wegener and co-
workers’® have carried out Rayleigh scattering measurements in controlled
expansions of H,0 and observed that nucleation starts with a critical nucleus
undoubtedly in the N <100 range. It is interesting that helium clusters are
the only species so far known unequivocally to be liquidlike under the con-
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ditions of nozzle expansion. (The clusters are made with high-velocity ex-
panding jets. It is possible to produce selectively quite high concentrations
9f bound clusters from the dimer to the N =100 range.) The result for helium
is perhaps not so surprising if we recall from an earlier part of this review
that it remains liquid down to 0 K and may be solidified only under consid-
erable external pressure at this absolute temperature. Farges et al.”’ have
produced argon clusters with size range below N =100 and have determined
a pentagonal symmetry giving way to a normal fcc structure at the level of
some 1000 atoms.

The appearance of bulk properties on such microscopic scales is good
news, of course, for the computer simulator, who, because of computer size
and speed, is presently restricted to studying small ensembles of molecules.
It is bad news for the hydrodynamicist, who does not consider the detailed
structure of the medium, let alone the structure of molecules. Continuum
theories cannot project short-range effects.

The second important new technique is the use of electrons as micro-
scopic probes of the fluid.”® The molecular structure in the fluid is re-
organized only slightly to accommodate the electrons. It appears that even
in condensed gases and supercritical vapors the electrons may be solvated
and stabilized. On injection of the electrons, a cavity is created and the di-
poles making up the inner walls of the cluster line themselves up in the field
of the electron. Countereffects from repulsive dipole—dipole interaction also
contribute to determining optimum cavity size, and the continuum, defined
as the fluid outside the coordination shell, is polarized in response to this field
of the electron. Thus, electrons residing in clusters can be viewed as micro-
scopic probes of both the local structure and the molecular dynamics of the
liquid. This enables us to study the evolution of the system from a single
particle to a collective state. Trapped electrons in liquids exhibit far-infrared
absorptions. Kenney-Wallace™ says that “the evidence from solvated elec-
tron studies points toward a molecular model in which a delocalized elec-
tron is initially trapped within small molecular clusters, whose configuration
relaxes under the influence of the electronic charge while the molecular
structure grows. The excess charge may be distributed over a cluster of 4-12
molecules”—a conclusion in accord with many of the inferences we have
made throughout this section. Kenney-Wallace also points out that “ there is
a symbiotic relationship between the excess electron and its supporting fluid,
one which demands an understanding of the local structure prior to the ad-
dition of the electron. Not so surprisingly, such molecular details are seldom
anticipated through a knowledge of only the bulk properties of the liquid.”

In the presence of the solvated electron, inner molecules remain locked in
their configuration for the lifetime of this electron, which at 295 K ranges
from 10~ to 10~ s for most liquids—an indication of the lifetime of the
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local structure in a liquid. There is a characteristic vibration peaking from
ca. 500 cm ™! upwards associated with the cluster as a whole. As an example
of the results that may be obtained, the spectra and dynamics of a solvated
electron in alcohol—alkene systems apparently remain unperturbed for dilu-
tions Xgop < 0.15, indicating that the structural integrity of the cluster is
maintained. All absorptions undergo a shift to lower frequency with increas-
ing temperature, consistent with the idea that the structure is loosened as the
thermal energy is increased. When subjected to pressures on the order of
kilobars, the solvated electron exhibits a shift to higher frequencies, imply-
ing a compression of the trap.

III. THE INTERACTION OF EXTERNAL ELECTRIC FIELDS
WITH LIQUIDS

A. A New Crystal-Growing Technique and
the Thermodielectric Effect

Nothing could be simpler, it would seem, than the description of an elec-
tric field between two large, identical, flat-ended, parallel metal electrodes
separated by a highly insulating liquid and having different potentials. Con-
ventional electrostatic theory leads us to expect a uniform field in such a
situation. In reality, this ideal is but a fleeting transient condition, lasting
perhaps a few nanoseconds. The field rapidly warps to a high degree of in-
homogeneity in microseconds. This was shown by the workers at Grenoble”
by using the Kerr effect on chlorobenzene. Pohl® emphasizes. that at pre-
sent, “experiment overshadows theory in the study of the behavior of real
matter in the presence of real but non-uniform fields.” We will discuss some
instances of this in the following section, which is intended to catalyze inter-
est in an exciting field still in its early stages of development. Quoting Pohl
again:

Non-uniform electrical fields produce unique, useful and frequently mys-
tifying effects on matter—even on neutral matter. With non-uniform fields, for
example, it is possible to classify and separate minerals, pump liquids or
powders, produce images (xerography), provide an ‘artificial gravity’ useful in
‘zero-g” conditions, clean up suspensions, classify microorganisms, and even
separate live and dead cells. And this just starts the list. Applications in bio-
physics and cell physiology to studies of normal and abnormal cells are at an
early but exciting phase. In colloid science the new technique is helping to re-
solve surface properties. At the molecular level, non-uniform field effects are
seeing renewed use in determinations of molecular polarizabilities, in maser
operations and in laser control.
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Figure 16. A simple laboratory experiment demonstrating how a liquid may be suspended
against gravity or even pumped rapidly against gravity (as illustrated for CCl,) in the presence
of strong electric fields. Two brass electrodes are sealed with two insulating polymeric windows.
(Reproduced by permission from ref. 13.)

Here we shall confine our discussions mostly to the author’s own ob-
servations. We shall see that some of the phenomena we report may be ex-
plained in terms of ideas introduced in preceding sections of this review. We
will confine ourselves to electric field effects but point out some similarities
with magnetic field effects on magnetic fluids.

Figure 16 shows a simple electrode configuration that was used to sus-
pend dipolar molecular liquids against gravity.” The two parallel brass elec-
trodes were sealed with two insulating windows; the ends remained open.
One end of this cell was immersed in a neat liquid and a static electric field
(~5 kV cm™!) was applied. Liquid was drawn up into the contained gap.
For example, 11 cm of aniline was suspended in this way. For some nondi-
polar liquids (e.g., CCl,) the effect is so strong that fine droplets of liquid
are expelled very rapidly through the top of the two electrodes some 13 cm
long. A liquid can be pumped against gravity in this way.

Insulating dielectric liquids are attracted from regions of lower to regions
of higher electric field intensity even in the absence of free electric charge. This
may be observed with a simple setup such as that shown in Fig. 17. In the
presence of a field, liquid is drawn into the stronger-field region between the
electrodes that are closest to each other. Jones et al.®! have suggested that
this effect occurs because of polarization charges. These authors demon-
strated how the effect may be used to produce a dielectric syphon (Fig. 18).
At large enough voltages, parametric surface instabilities set in. These are the
electric analogue, in dielectric systems, of the surface instabilities of mag-
netic liquids in magnetic fields normal to the surface.®? A destabilizing effect
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Figure 17. An insulating liquid moves from a region of weaker to a region of stronger field
strength. This may be demonstrated with a simple laboratory experiment. (a) Three brass elec-
trodes (I, 11, and III) are set in an insulating block of material. Electrodes I and III are fixed

permanently in a rectangular hole machined in the block. Electrode II haxz; hole drilled i.n i_ts
base and may be moved between the two fixed electrodes. (b) When a field is applied, hq1.11d
fills the gap between the two electrodes in closest proximity to each other, where the field in-

tensity is greatest.

is produced that results in the appearance of a periodic structure of liquid

spikes. ‘ ' . ‘
Another well-known effect in magnetic liquids is fluid magnetic levita-

tion. Consider the Bernoulli equation to which a magnetic energy term is

added

2
p+ _P;’ + pgh — pofHMdH= constant
0

where p is the pressure energy (work done by the liquid), pv?/2 is the kinetic
energy, pgh is the potential energy, and the last term is the magnetic energy.
Consider now the pressure term in conjunction with the magnetic term. The
equation predicts that the greater the applied magnetic field is, the greater is
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Spiking

Figure 18. The dielectric siphon. The
liquid flows in the direction shown. As it
flows, the surface of the liquid exhibits
parametric instability. The electrode ar-

: — rangement is shown in inset (¢). For photo-
Siphon -~ . .-} graphsof the siphon in operation see ref. 81.

the pressure produced within the liquid. If a body is immersed in a magnetic
liquid, it sinks or floats, depending on its density with respect to the liquid.
Let us suppose it is more dense and sinks. If a magnetic field is now applied
normal to the surface of the liquid and gradually increased, a gradually in-
creasing field gradient is introduced, and at a strong enough field the body
floats and eventually sits on the surface of the liquid, where the lowest pres-
sure is found.

Evans® has used the electric analogue of these two effects, spiking and
levitation, to induce the nucleation process. Consider the electrode arrange-
ment schematically depicted in Fig. 19. For a liquid of nonzero conductiv-
ity, an electric field causes a current flow and, in our case, an accumulation
of negative charge at the liquid surface. In addition, of course, polarized
molecules travel to the surface of the liquid and reorient themselves in
accordance with the direction of the field. As the electric field is increased, a
force is exerted on the surface of the liquid. If the surface charge density is
p,C/m?, this force is given simply by

F=pE

The force tries to pull the charges out of the surface; in a strong enough field,
surface disruption occurs and, as illustrated in the figure, spikes appear.

If a saturated solution of a polarizable solid substance, for example, cam-
phor, is prepared in nonpolar CCl, and an external electric field is applied
using the electrode arrangement described above, the following occurs. The
camphor molecules, or groups of molecules, are polarized and reoriented, and
acquire, in effect, a negative charge on the side facing the upper positive
electrode. The field is nonuniform, diverging across the individual (or groups
of) particle and producing unequal forces on the two ends of the molecule(s).
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(a) H

Figure 19. A mnew crystal-growing technique, as used for the growth of crystals of cam-
phor. (a) The setup with no field. () A field is applied and a “spike” appears. Note that the
PTFE rod used to induce this spiking acquires surface charge in the presence of the field. (¢)
The crystal growing. It may be drawn out of the solution or grown by steadily increasing the

field. The maximum size of the crystal that may be grown depends on the size of and the dis-
tances between the electrodes.

The force on a small neutral body is given by*
F=(P-V)e,

where F is the net electric force on the body, P is the (constant) dipole vec-
tor, ¥ is the del operator, and &, is the external field. Assuming that the di-
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falec;lric body is linearly, homogeneously, and isotropically polarizable, that
1s, that

P=ave,

where a is the polarizability (the dipole moment per unit volume in a unit
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field) and » is the volume of the body, we can write
F=ar(z,v)e, = zvav |e,|’

In a conservative (i.e., friction-free) field the force on the body is the nega-
tive of the gradient of its potential energy. Since P is a constant vector, and
V X xeg, is zero in a static field, we have

F=(Pv)e,=v(P-¢,)

For an anisotropic body, of course, the polarizability a is a tensor and the
calculation is more involved. However, for present purposes, this equation
suffices to illustrate that a force exists impelling the particle into a region of
stronger field.

Let us consider our saturated solution of solid camphor in the nonpolar
solvent CCl,. (The latter is chosen because of its strong response to an elec-
tric field, as already discussed.) The saturated solution is placed in a lower,
cylindrical electrode made of stainless steel. The top electrode, also made of
stainless steel, is isolated from the bottom one with an insulating sheet of
PTFE (or similar material), (see photographs in Fig. 19). An insulating rod
of the same material projects below this surface and is used as the source
that induces the nucleation (Fig. 19); this rod acquires a surface charge. When
the field is switched on (and gradually increased), particles of camphor may
be seen floating on the surface of the solution—the electric levitation effect.
Under strong enough fields a spike of the solution is drawn upward toward
the PTFE rod. As the field is further increased, the spike grows, the CCl, is
ejected out of the field region (just as it was in the first experiment discussed
in this section), and a thin, uniform crystal of camphor remains. The sam-
ples are grown straightforwardly in a continuous manner using this tech-
nique. The crystals grow instantaneously when the field is increased, and
instantaneously stop growing when it is removed. One therefore has great
control over the growth of the crystal. There is a great potential for growing
such samples in sitv in many experiments.

If the drawn-up spike is allowed to touch the PTFE rod, the crystal may
even be grown by keeping the field constant and raising the PTFE rod using
a simple screw device. A crystal of required length may then be drawn out.
The method resembles at this stage the Langmuir trough technique, devel-
oped by Irving Langmuir and Katharine Blodgett between the World Wars
and now used to deposit monolayer films. This method has great potential
in the field of electronics, where it is anticipated that new semiconducting
materials can be developed to supplement the ubiquitous silicon. Some have
speculated that our new crystal-growing technique may be used for such
thin-film production.
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Figure 20. Ice grows preferentially in the region of a strong field. (a) The setup with no
field. A layer of ice is allowed to grow at the bottom of the glass vessel to seal the open end of
the polyethylene insulation tube around the one electrode (thereby eliminating conduction
processes) and to provide a liquid-solid interface before application of the\ﬁeld. (b) With a
field applied and the positive electrode insulated, ice grows up the earth electrode. (¢) With a
field applied and the earth electrode insulated, ice grows up both electrodes and up the surface
of the glass vessel, which must also become charged. [Reproduced by permission from G. J.
Evans, J. Chem. Soc., Faraday I, 80, 2343 (1984).

It was found necessary, at least for camphor, to insulate the top electrode
from the bottom in the way described, because the crystals are easily broken
and splinter if the fields are too strong. Evans®® has even observed that ice
crystals grow preferentially in a field region and around an immersed elec-
trode (Fig. 20) if water is cooled too close to its freezing point in the pres-
ence of a field. And Rajeshwar® et al.® report that it is possible to “ tune or
even alter the thermal decomposition behavior of solid materials by imposi-
tion of electric fields across the heated samples.” They found that the de-
composition temperatures could be lowered by as much as ~100°C in the
presence of the field. This is an important observation because of the signifi-
cance of thermal decomposition of solid materials used in, for example,
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rocket propellants. Rajeshwar et al. report other observations:

Electric field effects have been implicated in various thermophysical and
thermochemical phenomena in solids and in solid-gas or liquid interfaces. It
has been reported that an electric field accelerates the rate of growth of
BaMoO, crystals in silica gel media. A change in the sublimation pattern of
KCI crystals has been observed in the presence of an electric field. The lower
dielectric strengths observed for ionic metal azides relative to other more ther-
mally stable materials have been attributed to ‘electrocatalytic’ effects induced
by the presence of highly conducting metal nuclei. Selective phase formation
at sample—electrode interfaces has been observed in a study of the effect of
electric fields on the transformation of y-to a-Al,0,;. An electric field en-
hancement of dehydroxylation rates in magnesium and aluminum hydroxides,
has also been reported.

Rajeshwar et al.’s differential scanning calorimetry (DSC) results for
KMnO, in the presence and absence of dc fields are illustrated in Fig. 21.
Note the drastic increase in the exothermicity of the autooxidation peak and
the lowering (by ~ 65°C) of the peak temperature for the sample exposed
to the electric field relative to that for the control sample. It is suggested that
the efficacy of the external field in lowering the extrapolated onset tempera-
ture of the DSC peak is related to the extent to which charge transfer plays
a rate-determining role in the very early stages of the decomposition, but this
has not been proved.

Mechanisms for charging particles during the nucleation process have
been proposed. For example, Workhom and Reynolds® found large poten-
tial differences of up to 230 V between the ice and water phases during the
freezing of water. Costa Ribeiro® reports similarly that “in a condenser
whose dielectric is partly in the solid and partly in the liquid state, one of
the plates being in contact exclusively with the solid and the other with the
liquid phase, if a phase change takes place at the boundary between the two
phases, so that solidification or melting occurs at the interface, an electric
current is produced as a consequence of the phase change.” Costa Ribeiro
asserts that electric charges always appear on the interface between the liquid’
and solid phases in a dielectric; he named this effect the thermodielectric
effect. His results have similarities with those of Stephen Gray,® the dis-
coverer of electrical conduction, who reported in 1732 that dielectrics acquire
charge purely by melting and solidification.

Costa Ribeiro also claims that his thermodielectric effect may be observed
not only in melting and solidification, but also in other changes of physical
state in which one phase is a solid (e.g., similar potentials are produced in
sublimation, as confirmed by the work of Rajeshwar et al. discussed above,
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Figure 21. Electric field effects on the differential scanning calorimetry (DSC) results for
KMnO,. This is another example of the reciprocal effect of the thermodielectric effect of Costa
Ribeiro.** The field applied was 2 kV cm ™. The inset shows the dependence of the DSC peak
extrapolated onset temperature, T3, on the applied field, Eqppis for KMnO,. (Reproduced by
permission from ref. 84.)

and in the precipitation of substrates from saturated solutions, as in Evans’s
camphor-CCl, solution). Evans was unaware of Costa Ribeiro’s experi-
ments when reporting his induced nucleation effect.®*> However, Costa
Ribeiro reported in his remarkable paper that “we have tried, but without
success, to detect the reciprocal of the thermo-dielectric effect, that is: the
production of melting or solidification, in a solid—liquid dielectric system, by
application of a potential difference across the interface.” This, the inverse
of the thermodielectric effect, is precisely what Evans has now reported—the
induction of solidification from a saturated solution by the application of
strong external fields.

It is remarkable that Costa Ribeiro’s work has not received the attention,
scrutiny, and acclaim it deserves. His observations are of fundamental im-
portance, yet little reference to his work is made in currently popular texts
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on liquids, solutions, and interfaces, or in the discussion of nucleation, where
it is obviously of most importance. It is well known, however, that in crystal
growth the structure at an interface has a major effect on the growth.® As
Melcher et al.¥® point out, an external field E “influences a liquid at an
interface where the permittivity e undergoes an abrupt change, and there-
fore Ae is not zero, as in the bulk. In some cases it is fruitful to think in terms
of an analogy between dielectrophoretic forces (the force on a non-charged
but polarizable molecule) and surface tension forces because, in a homoge-
neous liquid, the electric field produces only a surface force.”

Costa Ribeiro proposed two laws concerning the thermodielectric effect
and even postulates the existence of a new specific physical constant. His laws
read thus:

1. Law of Intensities: “In isothermal melting or solidification, occurring
at a constant rate, in a thermo-dielectric cell, the intensity of the
current produced is proportional to the time rate of the phase
change.”

2. Law of Charges: “If a dielectric system passes from one state of
equilibrium to another state of equilibrium, the total electric charge
associated with the change of mass of one of the phases is propor-
tional to this change of mass.”

Costa Ribeiro proposes an internal, molecular mechanism for the phe-
nomenon in terms of the Helmholtz double-layer hypothesis. When solid
particles (e.g., camphor in Evans’s experiment) are immersed in an insulat-
ing liquid (e.g., CCl,), they may, because of the existence of a contact
potential, become charged (if the conductivity of the liquid is nonzero) or
polarized by selective adsorption of ions from the liquid or because of the
adsorption of dipoles on the surfaces of the particles. Normally both
processes are anticipated to contribute. When a particle has somehow
acquired a charge or a dipole on its surface, ions or polarized molecules of
the opposite sign will be attracted to the vicinity of the particle, but will be
present in a diffuse layer around the particle. These two layers, a very thin,
tightly bound primary layer and a loose secondary layer, together form the
well-known Helmholtz double layer, which Helmholtz suggested is always
formed at the surface between two phases of material. Ribeiro points out that
a displacement of this double layer as a consequence of the phase change
might account for the electric potentials observed during the phase change.
As Ribeiro says, “there may be a difference in the electronic densities (cubic
density of electrons loosely bound to the atoms) in the solid and liquid
phases... this should permit a theoretical treatment of the subject similar to
the method used in discussing cohesion of solids by means of the collective
electron model of Bloch.”



An excellent review on current approaches in applied quantum mechan-
ics that adopt single-particle density as a basic variable, namely, density-
functional theory, quantum fluid dynamics, and the study of the properties
of a system through the study of “local” quantities in three-dimensional
space, has recently appeared.®® The authors of this review write that

in recent years electron density has attracted a great deal of attention in
connection with its use as a basic variable in applied quantum mechanics. The
appeal of this quantity as an attractive alternative to the quantum mechanical
wave function is basically threefold:

Firstly, it describes the 3D [three-dimensional] distribution of electrons in
a system and hence is a function of only three coordinates irrespective of the
number of electrons present. Thus density-based formulations offer a
tremendous simplification over the usual wave function approach where the
difficulty in solving the Schrodinger equation increases very rapidly with the
number of electrons.

Secondly, it is a fundamental physical observable and can be determined
experimentally.[®! Thus the accuracy of quantum chemical calculations and
approximations can be tested directly. ‘

Finally, being a function in 3D space it enables one to build up various in-
terpretive models thus providing a ‘classical’ picture of quantum phenomena.
The density plays a very important role’®!] in many chemical and physical ap-
plications from both interpretational and computational points of view. Its
vital significance has been emphasized by the statement:**/ ‘A theory of chem-
istry and the chemical bond is primarily a theory of electron density.’

The interested reader is referred to this review for further details. \

Because Costa Ribeiro observed electric charges in crystals formed by
sublimation or by precipitation from a saturated solution, he was careful to
emphasize that the thermodielectric effect occurs not only in processes of
melting or solidification, but also in other types of phase changes in which one
of the phases is a solid. He was unable to observe similar effects in changes
of state not involving the solid state, such as vaporization or liquefaction,
and so concluded that his effect must be related to the passage of the dielec-
tric from a state of ordered structure, the crystalline state, to one of greater
disorder, the liquid or gaseous state, or vice versa. :

For some years after its appearance, no reference to Costa Ribeiro’s work
could be found in the literature. However, the effect reappears in the litera-
ture of the late 1960s. In brief, Dang Tran Quan®® reported the existence of
thermodielectric voltages and variations in the dielectric constants of some
organic compounds near transition points when one of the states involved a
solid. He observed that during cooling or heating at temperatures corre-
sponding to transition points, radiofrequency measurements revealed
abnormal variations of the dielectric constant. For 1-butanol and 1-bromo-
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butane peaks corresponding to crystallization were observed at 134 and 127
K and peaks corresponding to melting at 183 and 162 K, respectively. For
cyclopentanol and cyclohexanone, peaks were observed at 205 and 222 K,
respectively, corresponding to solid-state molecular vibration-rotation tran-
sitions, and at 224 and 223 K, respectively, corresponding to solid-liquid
transitions. ]

Cassettari and Salvetti® reported the design of an experimental setup that
improves the study of the thermodielectric effect, and Mascarenhas® studied
charge and polarization storage in solids over a wide range of phenomena
and materials. Included was a study of the Costa Ribeiro effect, which he
described as “charge storage during a phase transition.”

Dias Tavares®® provided experimental proof of production of the double
space charge in dielectric and organic semiconductors due to the Costa
Ribeiro effect and tested a theory of the distribution of such charges with
two zero-field planes. He accomplished this by the liberation of charges in-
side the crystal using a focused beam of light that crossed thin layers of the
crystal. The current produced changed sign twice when the beam swept over
the thickness of the crystal, showing the existence of the two zero-field planes.
Rozental and Chetin®” showed that a reorientation of polar molecules de-
termines the interfacial potentials and redistribution of ions in a two-phase
system. The potentials detected by molecular polarization reached 10° V
cm ™! for polar substances. Kapustin et al.”® observed thermodielectric effects
when nematic p-azoxyanisole crystallized. The space charge increased with
the cooling rate, in accordance with Costa Ribeiro’s conclusions, to a limit
of 4% 1078 coulombs g 1. And Garcio Francisco®® reported use of the effect
for sclar-energy conversion. It is a fascinating thought that water, the most
abundant of liquids, may yet contribute significantly to solving our world’s
energy problems. An efficient method for the sunlight-assisted electrolysis of
water using a p-InP photocathode is already available. It uses 10.2 mW c¢m ™~ ?
of the incident 84.7 mW cm ™2 sunlight for the production of hydrogen. The
resulting engineering efficiency of 12% is the largest ever obtained for any
scheme for conversion of sunlight to fuel. Green plants are able to convert
1-3% of the incident sunlight to combustible fuels. There is great interest in
this area; the race is already underway to provide a scientific basis for a new
large-scale energy resource option. The thermodielectric effect may make
significant contributions to this race.

Eyerer!® has reviewed the Costa Ribeiro and Workhom-Reynolds effects.
He discusses experimental results, theoretical considerations, and potential
applications of the thermodielectric effect, and reviews the Workhom-
Reynolds effect in the water—ice system.

We will leave the last words on this particular effect to Costa Ribeiro
himself: “From the standpoint of chemical-physics, the new possibility of
associating a specific electric charge with changes of state of aggregation is



346 G. J. EVANS

certainly interesting... the existence of an electric double-layer in solid-
liquid interfaces suggests also the possibility of investigating the correlation
between the thermo-dielectric effect and other electrochemical phenomena of
interfaces.”

Colloidal solutions represent another interesting and important class of
systems in which large electric field effects can be expected and from which
crystals or films may be grown. Hauer and LeBeau*® investigated the prop-
erties of films formed by the gradual extraction of water from benzonite
solutions containing very small and uniform particles. They observed that a
concentration was reached at which Brownian motion ceased and the
particles tended to align themselves. On further removal of the water, the
particles appeared to snap into position and form “crystallites” of highly
anisometric shape. It would be interesting to carry out field experiments at
various points of such an extraction procedure. Of course, colloidal particles
are believed to be prevented from coagulating by potential barriers between
them originating from their electrical charges—each particle is surrounded
by an electric double layer that keeps the system as a whole electrically neu-
tral. As Grisdale!? says, “small amounts of ionic material, many times no
more than are adventitiously present, suffice to create the double layers es-
sential to long time stability of colloidal systems (and also have profound in-
fluences on crystal growth).”

Many biomolecular processes are consequences of high electric field
effects. This follows from the role of the surface (the interface) in all cell
structures, membranes, capillaries, and so on. Davies!®® writes that “such
surfaces almost invariably carry, adsorbed, an excess of ions of one charge
type: this could produce a field in excess of 10° V cm™! at a distanceof 5 A
from the surface.” The molecular consequences can be considerable.
Gregson and Krupkowski'® studied lecithin, an important constituent of
mammalian brain, of egg yolk, and of many other tissues. Its zwitterionic
structure and long chains lead to its forming small inverted micelles in non-
hydroxylic solvents. They found an interesting sequence of changes when the
lecithin solution was subjected to a pattern of rectangular voltage pulses of
width ca. 3103 s and of amplitude varying up to 10° V cm~ L. Two dif-
fering perturbations of permittivity were observed. A small low-field per-
turbation was interpreted as a field-induced distortion of the quasispherical
micelle whose polarity was so increased. The higher fields induced partial
disruption, that is, fragmentation of the almost nonpolar micelle. These ob-
servations suggest a value for the effective field within the micelles (ca. 10*
V cm™1), offer the possibility of monitoring the kinetics of micelle forma-
tion, and illustrate the type of molecular-kinetic features that can be profit-
ably explored by high-field methods.

Hirano'® investigated crystal formation in a supersaturated electrolytic
solution and analyzed the electrical behavior of the crystal-solution inter-
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face. Ubbelohde'® has already postulated that charged microcrystals act as
crystallization nuclei in such solutions and Hirano reported observations that
appeared to support this view. Hirano reported the growth of crystals from
a saturated solution of sodium nitrate (in water) that was electrolyzed be-
tween two platinum electrodes for 10 h in a field of 0.4-0.5 V.cm™ 1. He then
charged a glass surface negatively and observed the “creeping phenom-
ena.”'9” He emphasized that silica glass, which has no ionic structure, failed
to show the creeping. Note the analogies with the water-crystal growth in the
presence of a field reported earlier (fig. 20). Crystals of ice grow up the sides
of a glass vessel whose surface becomes charged by the high fields. Hirano
also observed that crystallization occurred more rapidly in fields of high
frequency, which seems to support the idea that charged nuclei exist in the
solution and determine the crystal-growth process. The collision rate be-
tween such nuclei should be increased by an alternating field.

Ubbelohde'® pointed out how important this mechanism for migration
of nuclei may be in the deposition of crystalline masses at controlled places
in animal systems. For example, it is possible that the deposition of crystals
associated with certain diseases and the formation of teeth and bones are
controlled by this phenomenon. That such a phenomenon is not confined to
electrolytic solutions but also applies to organic molecular systems may have
wide-ranging implications for plant and animal biology. It is interesting, for
example, that citrus orchards have been protected'® from low temperatures,
which destroy unprotected control plants, by placement of high-frequency
electric fields at the ends of the leaves so that high-frequency currents flow
on the sensitive surface layers of the plants. A pronounced effect of electric
fields on the growth of barley has been reported,’® and it is well established
that the common method of inhaling uncharged aerosols for the treatment
of bronchial asthma, nasal and sinus conditions, bronchitis, emphysema, and
other ailments of the respiratory tract is markedly enhanced by first charg-
ing the aerosols.'!’

External fields influence themselves most strongly at those interfacial re-
gions in a liquid where the permittivity undergoes an abrupt change. How-
ever, electric field effects may also be observed in ordinary isotropic liquid
systems, where interfacial effects would not be expected to be so pro-
nounced. We have already considered some spectroscopic consequences of
the interaction of external electric (and magnetic) fields on nematic liquids.
Intensity changes occur, and at far-infrared frequencies, collective modes are
resolved. But what of spectroscopic effects of electric fields in isotropic,
small-molecule molecular liquids? In 1980 Evans and Evans'!! reported
f:lectric-ﬁeld-induced intensity changes in the far-infrared spectrum of an
isotropic liquid, aniline (Fig. 22). The effects are surprisingly large. And
Michel and Lippert3® reported that the m-electrons of the nitrile bond (in
CH,CN) may be polarized by electric fields in axial and perpendicular di-
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Figure 22. The spectroscopic (far infrared) effect of
an electric field on the transmission properties of liquid
B - aniline. The transmission was monitored as the field was
1 2 applied (first arrow) and removed (second arrow). Note
I l that the effects were instantaneous and large. (Repro-

Time (s) duced by permission from ref. 111.)

rections. The polarization is very sensitive and affects the intensity of the CN
mode. Although the axial polarizability is higher than the perpendicular one,
the CN intensity is more sensitive to perpendicular fields. Whereas axial fields
increase the CN intensity, perpendicular fields decrease it. Michel and-
Lippert studied the polarization in static fields of up to 5%x10° Vcm ™' With
an increase in the electric field, a rapid decrease of the CN intensity was ob-
served (Fig. 23). They suggested that the field effect points to a perpend.‘ﬁu-
lar excitation of the w-electrons.

Under the influence of applied external electric fields, matter may be-
come electrified internally throughout its volume. This electrification or
polarization may occur at the atomic, molecular, or bulk level, and particu-
larly at an interface, which may be solid-liquid or solid—gas, as we have seen,
or solid—solid and so on. Such interfaces are sites of natural transfer of elec-
tric charge. Solid—solid interfaces are well studied, of course, because of their
importance in semiconductor devices. It is surprising that interfacial polari-
zation effects between other surfaces have not been studied in such detail,
and that the development of our understanding of polarization phenomena
in such systems has not parallelled the rapid developments in solid state
physics.

We can discern four basic types of polarization at tke atomic or molecu-
lar level, all of which may occur to some extent in our molecular systems.
The coexistence of all four types is particularly likely if charged carriers or
impurities are also present in appreciable quantity. These types are as fol-

lows:
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Extinction

2300 2250 2200 cm~1
. F21§ure 23. . This spectrum depicts similar effects on CH,CN to those on aniline shown in
ig. 22 but at infrared frequencies. ---, No field; — , with a field of 5X10° V cm™?! applied

(Reproduced by permission from ref. 36.)

' 1. Electronic polarization: When an atom is placed in an external elec-
tric field, the electron cloud and positive nucleus shift in opposite directions
gr}d an electric dipole (which may be additional to an existing dipole) or

induced polarization” appears. Note that the effect involves the shift of the
centc.?r of electrical interaction with respect to the center of mass, so we may
pred.lct a change in magnitude of rotation-translation coupling’. This elec-
;:;cs)nll:: Shlf(; .((I:a. 19_8 A) is usually not large with respect to the nucleus and

ults in dielectric const 41 i i i
organie oo ants of 2—4 in organic solids and up to 20 in some

2. lonic or a'tomic polarization: Ionic polarization occurs because if ions
are present, the ions of different signs will be pulled apart by external elec-
tric ﬁe}ds. Tlns effect, though most prominent in ionic dielectrics may also
oceur in organic molecular systems if appreciable amounts of ch;irged car-
[1e1s or impurities are present. Even so, it is only expected to be 15-20% as
large as the effect due to electronic polarization in such systems. It can be
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very large in some solids; for example, it results in barium titanate having a
dielectric constant of ca. 4000.

3. Orientation polarization: This occurs if the molecules have a perma-
nent dipole. Under the influence of the electric field, all dipoles that are not
lined up with the field experience a torque that tends to orient them in @e
direction of the field. This effect can be large, as, for example, in water, which
has a dielectric constant of 80 at low frequencies and room temperature. It
must be significant to some extent in all liquids, because even ]iquic-ls com-
posed of molecules with symmetrical charge distributions l?ecome .dlstorted
in a liquid environment and have temporary dipoles assoc1a§ed with thgm.
Thus even “nonpolar” CCl,, for example, has a rototranslation absorption
at submillimeter frequencies. ‘

4. Hyperelectronic polarization: This type of polarization occurs in large
molecular domains, particularly domains that are elongated, as, for exam-
ple, along polymeric chains, where long-range molecular orbital del'ocal_l-
zation can occur. The electronic shift can then be 100-1000 A, which is
enormous in comparison with electronic polarization effects on atoms along.
Some polymers have dielectric constants of up to 300,000 because of this

effect.

But polarization may also occur at multimolecular or bulk levels. Ong type
of bulk polarization, flexoelectric polarization, results from distortions in the
bulk of insulating nematic materials induced by external electric fields. an-
versely, a splay or bending distortion can create a polarization. Schmidt
et al.l!? observed that the long-range alignment does indeed become dis-
torted in an electric field in a study on nematic MBBA. \

The most well-known bulk polarization is interfacial polarization. This
occurs more often than is generally realized. The crystal-growing procedure
reported above and a phenomenon discussed in the following sec}ion, bub-
bling (the precursor to complete dielectric breakdown), both display ele-
ments of this polarization effect. .

Interfacial polarization arises from the migration of charge carriers
through the dielectric over some distance in the presence qf a field and the
appearance of “space charges” in the medium. Charge carriers may becqme
trapped at impurity centers, at interfaces, or at electrodes if they are not
freely discharged or replaced at the electrode. Pohl*® reports the phenome-
non of insulator-induced conduction, in which the current flow increases
many-fold through a layer of highly purified dielectric liquid if one of Fhe
electrodes is covered with a thick layer of insulator particles, thus promoting
the production of space charges that distort the macroscop.ic‘ field. Interfa-
cial polarization can become large at higher field strengths. Living m?ltter and
soils or earths consisting of conductive regions interleaved with barrier layers
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can appear to have enormous dielectric constants (10,000 or 50). The
technological applications and implications of different combinations of
solid, liquid, and gas interfaces are widespread and varied.

It is not easy to separate all of these polarization mechanisms in a real
system, nor to assign an observation to a particular polarization mechanism.
The total induced polarization almost certainly arises from a number of
contributory and competing factors. The spectroscopic effects on isotropic
liquids alluded to above are interesting and need to be carefully analyzed.
Ascarelli* also observed the pronounced effect of an electric field on the
collective mode he resolved in nitromethane. The collective mode shifted
considerably to higher frequencies when the sample was in contact with an
electret (a permanently electrified body).

Interfacial polarization is certainly of vital importance in the nucleation
process. Approaches to nucleation have emerged as a result of studies of in-
terfacial problems.!'® In classical models interfacial energetics have been
treated in terms of atomic bond-breaking and -making at the interface. This
consideration conveniently leads us to another phenomenon of the liquid
state—“bubbling” and dielectric breakdown. In this phenomenon bond-
breaking is induced at the interface between solidlike and gaslike molecules
in the liquid environment by strong electric fields. Bubbling always occurs
before complete dielectric breakdown and demonstrates rather well the im-
portance of interfacial phenomena even in isotropic “simple” molecular
liquids.

B. Bubbling in Liquids in Strong External Electric Fields and
Liquid Structure

Ignacz®¢ discusses bubbling in detail in his new text. His central hypothe-
sis is that the physical behavior and dielectric breakdown properties of liquids
are determined by their structure, and that microbubbles and bubbles are
produced and stabilized by external electric fields. Ignacz proposes the ex-
istence of a local “crystalline structure” in liquids. “ Crystal defects,” he says,
“lead to the generation of unattached gas-like molecules prior to complete
dielectric breakdown.” The thermal motions of aggregates of molecules lead
to the formation of cavities in the liquids and the appearance of solid—-gas
interfaces. These cavities grow into bubbles in the presence of the external
electric fields. Gassing, of course, is even known to occur (to a lesser extent)
in solids. The author has observed bubbling in liquid acetonitrile under fields
as small as 1 kV cm 1,

Let us consider this phenomenon in some detail. According to Ignacz,
bubbling occurs under both uniform and nonuniform electric fields in
strongly stressed regions (interfaces) of nonpolar and polar liquids and at the
interfaces with the metal electrodes. The bubbles become ionized by the ex-
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ternal fields, and atomic bond-breaking occurs at the interface. Quoting
Ignacz:

The mean free path of electrons is 10° times longer in gases than in liquids,
consequently, they can gain 1000 times more energy from a field in the gas.
Becoming free, the electrons accelerate inside the bubble and they can break
out into the parts of the liquid between the bubbles. Here, thin channels are
formed by the kinetic energy of electrons and by several additional processes,
e.g. electron multiplication, photo ionization etc. These channels connect the
neighboring bubbles, thus preparing the total breakdown spark, which bridges
the two electrodes. This spark does not form a continuous channel, it remains
a chain of separate ionized bubbles connected by thinner channel parts.

Ignacz discusses the role of impurities and points out that their presence
distorts the externally applied field: Locally the field becomes strongly non-
uniform. If there is a great difference between the permittivities of the im-
purity and of the medium, then the local field intensity in the medium at the
interface can be 20 to 50 times that of the original field. Bubbling occurs most
easily in liquids containing impurities. Compare this situation with that in a
solid. The microphysical influence of an impurity on the crystalline order in
a solid is of very great importance, since the total physical equilibrium re-
sponsible for the strong bond between molecules can be ensured only by a
perfect order. Every impurity, or boundary, disturbs this order and causes a
decrease in the original polarization of the boundary molecules. So the pos-
sibility of bubbling (gassing) exists also in the solid. If there is a defect in
the structure of a crystal, and some of the neighbors of a given moleculeare
missing, then the polarization of that molecule will decrease to a few percent
of its original value or the bond may no longer exist. If the number of miss-
ing neighbors is as high as four the bond almost certainly will break. An ex-
ternally applied electric field can easily break the bond for even fewer ab-
sent neighbors. When this happens the boundary molecule breaks out of the
lattice and becomes free, entering into a gaslike state. The role of impurities
and the defects they cause is as crucial in determining liquid-state properties
as it is in determining solid-state properties. Recall the situation in colloidal
systems, which may be stable over long periods only because of the presence
of ionic material. As we have said, the amount of such material need be no
more than is adventitiously present to create the double layers necessary for
this stability.

Note how the phenomenon of bubbling requires a short range structure
and demonstrates the role of interfacial phenomena in determining proper-
ties of the medium, which are made more pronounced by the presence of
impurities. Let us consider the first aspect for nonpolar molecules, again fol-
lowing Ignacz’s description. The nonpolar crystalline solid is stabilized by
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van der Waals forces. The field at a lattice point ;j generated by the mole-
cules at other points of the lattice is

a
Ej=§6‘jk_Ek (2)

3
un

where 7, denotes the distances between the points of the lattice, the factors
G« depend on the angles between the directions of the radius vectors and
that of Z, a is the polarizability, and E, is the resultant field in the mole-
cule at lattice point k. Calculations show that the moments and internal fields
of the molecules along a given Z-line all have the same direction P or A,
where in type P £, and M, (the dipole moment of the molecule) are parallel
to Z and in type A both are antiparallel to Z. Along a line perpendicular to
Z there are alternating P- and A-type moments. The moments pointing in
the same direction in a Z-line attract each other, as do two moments of op-
posite directions in a line perpendicular to Z. “In fact, only the above
arrangement can give a cohesive structure.”>® The intermolecular bond en-
ergy of a chosen molecule is given by

V,=—ak}
In the presence of an external field this becomes
Vi=—aE,(E,—E)

A cubic or parallelepiped-based (if the molecules are elongated) lattice is

identical to a lattice consisting of regular or irregular octahedrons. There is
a molecule, c, in the center of each octahedron and its “nearest neighbors”
are the molecules at the six vertices—two of P type and four of A type.
. Thus, Ignacz proposes that during melting the solid crystal decomposes
into uniform octahedral groups (liquid grains, the building blocks of con-
densed-state matter). The cubic lattice of molecules built up by octahedral
groups is complete, with no lack or surplus of molecules. The system of
equations (2), considered exclusively for the molecules of an octahedron,
proves to be a stable formation in itself. As we have seen, the distances be-
tween molecules in the liquid, in some directions at least, are smaller than in
the solid state. These can be calculated as for the solid crystalline state, with
the important difference that we cannot assume that all of the local fields at
a lattice point have the same absolute value. Formally the intermolecular
bond energies are then the same in the liquid as in the solid state.

At the boiling point a second crystalline change occurs during which all
of the grains totally decompose. The grains, and within them the molecules
and'ator.ns, are in thermal motion. The six peripheral molecules of a grain
are in vibration relative to the central molecule. If the vibrational energy
exceeds the bond energy, the grain disintegrates. This must occur at various
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places from time to time, producing gaslike molecules (it is an accepted fact
that a liquid always contains a certain percentage of gas molecules). Gassing
is produced within the bulk liquid itself by natural thermal motions and the
subtleties of the intermolecular interactions. Ignacz calculates that “at room
temperature about 10% of the molecules are unattached, and at a tempera-
ture somewhat below the boiling point this becomes about 25%.” Hence,
“there will always exist cavities in a liquid... a cavity which, for some rea-
son, has survived for some time and exceeds a given size, shows a tendency
to grow into a bubble.”

An electric field contributes to the formation of cavities and their subse-
quent growth into bubbles. Recombination of unattached gaslike molecules
to liquid grains is rendered difficult because they become polarized in the
direction of the P-type molecules by the external field. Their dipole mo-
ments have the same direction as those of the grain fragments, contrary to
the antiparallel direction that would be required for their recombination. We
have already discussed the role of the external fields in breaking intermolec-
ular bonds in cavity regions. The field may be able to detach A-type mole-
cules of a complete grain. The accelerating effect of the field on ions and
electrons causes the microbubbles to become charged and grow to macro-
scopic size. The fields must again have their most pronounced effects at in-
terfacial regions where the change in permittivity is most significant, that is,
across a solidlike—gaslike surface of a grain fragment. The electron distribu-
tion and its distortion at an interface is of paramount importance.

C. The Induced Translation of Liquids in External Electric Fields

From the foregoing it is apparent that the intermolecular forces }n the
liquid state, like those of chemical bonding itself, are expressions of the elec-
trical nature of matter and the distribution of electrons in the system. As
Faraday taught us, magnetic aspects are also directly involved. These elec-
tronic distributions may be modified by external electric fields, particularly
at interfacial regions in the medium. Quoting Davies:'®® “All our under-
standing of the behaviour of molecular systems, including biological sys-
tems, rests on our ability to represent interactions in an electric field, as there
is, in these systems at the molecular level, nothing known to science other
than atoms composed of localized positive and distributed negative charges.”

Evans!? has reported the observation of induced translation in insulating
molecular liquids. Liquids may be suspended and, in some instances, even
pumped rapidly against gravity. Induced translation occurs in both polar and
nondipolar molecular liquids; the phenomenon is a general one. We have
explained it in terms of nonuniform electric field effects on matter and di-
electrophoretic forces. In one of our experiments the electric field between
two parallel brass electrodes warps and rapidly becomes nonuniform in the
region of the liquid-air interface (Fig. 16) and also within the bulk liquid
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itself.” The molecules become polarized, acquiring a negative charge on the
side nearest the positive electrode and a positive charge on the side nearest
the negative electrode. Because the field is nonuniform, it diverges across the
molecules and produces unequal forces on the two effective ends of the
molecules. The net effect, even on nonpolar molecules, is an overall force that
results in the molecule being impelled into the region of stronger field. Ours
is a paraelectric effect resulting from a two-step process, namely, polariza-
tion followed by the action of the nonuniform field on the polarized mole-
cule producing a dielectrophoretic force toward the region of higher field
intensity. Note that the effect of the first stage of this process at the molecu-
lar level may, therefore, increase the influence of rotation on translation, and
vice versa.

As we have seen, we can study this influence with a molecular-dynamics
computer simulation. In a simulation of 108 CHBrCIF molecules, the appli-
cation of a strong external electric field was seen to produce a net transla-
tion of the sample even though the direct effect of such a field on an isolated
molecule is purely rotational. Computer simulation shows that on the
molecular level, a redistribution of rotational to translational energy occurs
in the presence of an external electric field. The statistical correlation be-
tween the rotational motion of a chiral molecule and its center-of-mass
translation may therefore be used to separate, for example, the enantiomers
of a racemic mixture by irradiation with an external field of force—a con-
clusion first arrived at by Baranova and Zeldovich'!® using hydrodynamic
arguments based on the propeller effect in molecules that are left or right
handed. The induced translation of one enantiomer, by symmetry-mirror
images, must be opposite in direction to that of the other.

In the computer simulation''® an electric field effective in the z-direction
of the laboratory frame was applied® to the sample. The effect of the field
was programmed into the algorithm in a variety of ways. The simplest was
to take the net molecular dipole as the arm of the torque imposed on each
molecule by the field of force E, = |E|. A second method was to decompose
the electrostatic characteristics of each molecule into point charges located
at each atomic site and to simulate the torque via the net force ¥,e,E,, where
e; is the fractional charge on each atom of each of the (S)-CHBrCIF mole-
cules. To emphasize the translation effect, a field strength £, was chosen
sufficient to saturate the system, producing an orientation rise transient as
illustrated in Fig. 24. The mean molecular center-of-mass velocities (v, ),
{v,), and (v,) were monitored in the presence of the field over some thou-
sands of time steps using the methods of conventional constant-volume
computer simulation.!!’

The effect of saturating the molecular ensemble with the strong field E,
is to force each and every one of the 108 molecules to rotate in the same di-
rection against their natural thermal motions. An appropriate orientational



= T

) | j |

0 / 100 200
Time (ps)

igure 24. The rise transient (e, ), where e, is a unit vector in the 3-axis of the principal
ent-of-inertia frame of (3)-CHBrCIF. The angle brackets denote averaging over the num-
f molecules in the ensemble at each time step. (Reproduced by permission from ref. 118.)
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Figure 26. The effect of the thermostat on the translational temperature. (Reproduced by per-
mission from ref. 118.)

average such as (e,,) then evolves as in Fig. 25; (that is, it rises from near 0
to near 1 in a finite interval of time—the rise transient. In our case this is
about 0.6 ps from the instant the field is applied. Before application of the
field, the system is in equilibrium with (v,) = (v,) = (v,) = 0 (Fig. 25) and
with a translational temperature of about 158 +25K. The sample is thermo-
statted by the conventional method of temperature rescaling. Figure 26
illustrates the work the thermostat does in restoring the translational tem-
perature to 158 + 25K after the sudden input of energy from the field E, at
¢ = 0. Immediately after ¢ = 0, during the initial lifetime of the rise transient
(about 0.07 ps), the translational temperature is very high, despite the fact
that the effect of E, on an isolated molecule would be purely rotational. After
about 0.07 ps, the thermostat has effectively reduced the temperature once
more to the required 158 + 25K. The important point to note about Fig. 26
is that in the interval from about 0.07 ps to 5 ps the temperature is roughly
constant at the same level as prior to the application of the field E,.

In the interval from 0.07 ps after the field is applied the behavior of (v, ),
(v,), and (v,) is illustrated in Fig. 27. It is clear that all three components
of the mean molecular center-of-mass translational velocity of the 108 mole-
cules gradually increase in magnitude over an interval of time much longer
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Figure 27. The behavior of (1) (v, (2) (v, ), and (3) (v, in the presence of a strong uni-
directional field E,. In contrast to the situation in Fig. 25, the averages are considerably differ-
ent from zero. (Reproduced by permission from ref. 118.)

/

than that of the orientational rise transient. If the direction of E, is reversed
(ie., E,— — E,), the orientational rise transient is unaffected, but the drift
{v) is reversed.

These results can be explained only if rotational and translational mo-
tions are mutually coupled.!'? In simple terms, the field E, forces the 108
molecules to rotate in the same way. Rotational freedom, at least in one di-
rection, is restricted and there occurs a redistribution of the total thermal
energy into other modes of motion. These may be translational modes—
producing the observed translational motion. Because the induced transla-
tional motion for all the molecules is necessarily in the same direction
(because of the unidirectional external field), the whole bulk sample must
translate.

In their paper Baranova and Zeldovich!'® used the electric component of
a circularly polarized electromagnetic field of force and showed that this type
of field produces a translational effect similar to that illustrated above. Note
that the orientational variable {e,,) responds much more quickly to the field
than does the translational variable v. The extreme importance of
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rotation—translation interaction is established. So too vibration and rotation
translation may be coupled. Van Woerkom et al.'*® were perhaps the first to
question the separation of vibrational and reorientational functions in anal-
ysis of infrared and anisotropic Raman profiles for details of molecular dy-
namics. Lynden-Bell,!*® in reexamining the problem, showed theoretically
that in many instances the line has a Lorentzian shape with a width equal to
the sum of the vibrational and reorientational parts. Sometimes, however,
these components become coupled to give complex, non-Lorentzian line
shapes that are sometimes broader than expected, sometimes narrower, and
on occasions showing a central dip. She also found that the linewidth some-
times varied with ¢, that is, with the particular experiment. The coupling be-
tween inter molecular vibrations and other modes of motion must be signifi-
cantly more pronounced.

IV. SOME CONCLUDING REMARKS—A CLASSICAL OR
QUANTUM-MECHANICAL PROBLEM?

Some of the phenomena we have discussed are not predicted by and may
not be explained using classical laws. Classical theories represent ensembles
of molecules, as in a liquid, for example, as a system of particles or, at best,
rigid bodies, and do not consider the detailed electrical nature of matter.
When a body is considered as a particle, it is implicitly assumed that the mass
is concentrated at a point and that all external forces act through the same
point. As we have seen, in general, in heteronuclear molecules the electrical
center (which is also the center of interaction) is displaced from the center
of mass, which leads to the coupling of rotational and translational motions.
Halfman'?® sums up the situation thus: “The particle approximation cannot
serve even as a rough approximation in many situations. For example, it can
give no information concerning the rotational motion of rigid or flexible
bodies and by itself is useless in an attempt to study the dynamics of a fluid.”
Halfman discusses the analogies between fluid fields and electromagnetic
fields and at the same time, by considering two charged particles in relative
motion, provides some insight into the difficulties of applying classical New-
tonian mechanics to the motion of charged particles. And Goldstein'*! warns
that theorems derived for a system of particles should “be applied with due
care to the electromagnetic forces between moving particles.” Electromag-
netic forces between moving particles do not generally obey Newtonian
mechanics;!?! the third law is violated and the conservation of angular
momentum, even in the absence of applied torques, is not valid. Internal
forces of electromagnetic origin do not ordinarily have the convenient prop-
erty of occurring in pairs that are collinear, equal, and opposite.

Molecules in a liquid are held together without being chemically bonded
in the strictest sense. We say that residual forces hold them together-—forces
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hat must be electromagnetic in origin. The molecules and groups of mole-
ules are polarizable; the repulsive forces change with the orientation of the
nolecule and are time-varying quantities; the centers of electrical interac-
ion may not coincide with the center of mass and may be shifted with re-
pect to this center by external electric fields; the distances between the atoms
f the molecule are not constant because of intramolecular vibration; and
he total potential energy of an ensemble of such molecules may not be ap-
iroximated by the sum of interactions of all possible pairs.
Quoting Planck:!??

Hitherto it has been believed that the only kind of causality with which any
system of physics could operate was one in which all the events of the physi-
cal world might be explained as being composed of local events taking place
in a number of individual and infinitely small parts of space. It was com-
pletely determined by a set of laws without respect to other events; and was
determined exclusively by the local events in its immediate temporal and spa-
tial vicinity. Let us take a concrete instance of sufficiently general application.
We will assume that the physical system under consideration consists of a sys-
tem of particles, moving in a conservative field of force of constant total en-
ergy. Then according to classical physics each individual particle at any time
is in a definite state; that is, it has a definite position and a definite velocity,
and its movement can be calculated with perfect exactness from its initial state
and from the local properties of the field of force in those parts of the space
through which the particle passes in the course of its movement. If these data
are known, we need know nothing else about the remaining properties of the
system of particles under consideration.

In modern mechanics matters are wholly different. According to modevA
mechanics, merely local relations are no more sufficient for the formulation of
the laws of motion than would be the microscopic investigation of the dif-
ferent parts of a picture in order to make clear its meaning. On the contrary, it
is impossible to obtain an adequate version of the laws for which we are look-
ing, unless the physical system is regarded as a whole. According to modern
mechanics, each individual particle of the system, in a certain sense, at any one
time, exists simultaneously in every part of the space occupied by the system.
This simultaneous existence applies not merely to the field of force with which
it is surrounded, but also to its mass and charge. ,

Thus we see that nothing less is at stake here than the concept of a particle
—the most elementary concept of classical mechanics. We are compelled to
give up the earlier essential meaning of this idea; only in a number of border-
line cases can we retain it.

We have tried to retain the concept of a particle in our treatments of
juid-state matter, with limited success. Our molecular theories are still not
redictive; we still cannot calculate with any degree of precision seemingly
mpler phenomena such as the solubility of one substrate in another. In this
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review I have presented experimental evidence that even requires that the
concepts of collective molecular motions and distributed electric charge be
introduced into our theories of liquid systems. Such concepts could certainly
be used to explain some of the spectroscopic and electrical properties of
liquids that have been presented.

Fortunately, to this end, it has recently been shown how the span
between classical physics and quantum physics may be bridged using a
mechanism derived only from classical physics. Piekara!? considers the phe-
nomenon of self-trapping (of, for example, a powerful laser beam in a liquid
such as water), a classical phenomenon based on the nonlinearity of the classi-
cal Maxwell equations. As Piekara reminds us, “Maxwell’s equations are es-
sentially macroscopic, and are generally used in the linear approximation.
However, these equations, with a change of name, ‘microscopic Maxwell
equations,’!? are applied in the same linear form [incorrectly, Piekara be-
lieves] to isolated atoms and charges in any small volume.” The main con-
clusion of Piekara’s paper is that the quantum structure of waves is due to
the nonlinearity of the wave equation. The nonlinear terms result in the
self-trapping of waves, as, for example, in the liquid environment, and the
production of photons. He provides us for the first time with a classical un-
derstanding of the energy quantum.

We have already made reference to the way in which the use of electron
density as a basic variable in applied quantum mechanics may make possi-
ble the simplification of the usual wavefunction approach, the experimental
determination of the physical variables, and the construction of various in-
terpretive models, and thus may ultimately provide a “classical” picture of
what are essentially quantum phenomena. We reiterate that the theory of
chemistry and the chemical bond, whether intra- or intermolecular, per-
manent or temporary, is primarily a theory of electron density. The crystal-
growing procedure and the thermodielectric effect certainly seem to be sub-
tle consequences of electron redistribution across two phases of matter.

APPENDIX A: SOME POSSIBLE CONSEQUENCES OF THE
THERMODIELECTRIC AND RECIPROCAL EFFECTS

As we have seen, the new crystal-growing technique reported in Section
IILA is the reciprocal'® of the little-known thermodielectric effect of Costa
Ribeiro. Costa Ribeiro asserted that electric charges are always produced at
the interface between the liquid and solid phases in a dielectric and may be
observed not only in melting and solidification, but also in other changes of
physical state in which one phase is a solid, such as sublimation and the pre-
cipitation of substrates from saturated solutions. These two effects demon-
strate that mechanisms involving charge migration are involved in the
nucleation process. Workhom and Reynolds®® found potentials of greater
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than 200 V between ice and water phases when a phase change was occur-
ring.

These two effects may explain many natural phenomena. For example,
“before a thunderstorm, fair weather clouds suddenly grow dramatically in
size and begin to exhibit strong electric fields and precipitation... almost
without exception thunderclouds are characterized by convective instability
with strong up-drafts and down-drafts... in a matter of less than 103 sec an
innocuous cumulus cloud can suddenly change into a thundercloud produc-
ing both heavy precipitation and lightning charges.'*® These observations may
now be explained because electric charges are always produced in changes
of state involving a solid, including precipitation (the thermodielectric effect).
Conversely, as the author has shown, electric fields may be used to induce
phase changes at an interface between two states of matter when one of the
states is a solid. Thus, in meteorological studies, “recent years have brought
increasing evidence that electric fields can exert a pronounced effect on the
rate of growth of ice crystals in supercooled clouds; indeed, it appears that un-
der certain conditions electric fields are responsible for ice nucleation phenom-
ena similar to those produced by cloud seeding techniques. Evidence is
rapidly accumulating that electrostatic effects, far from being an incidental
by-product of processes taking place in a thunderstorm, may be vitally im-
portant in determining the behaviour of the cloud.”'?® The growth of ice
crystals in field regions at an ice-water interface, reported by the present
author, seems to substantiate this important hypothesis. Ice crystals may be
grown from the melt in the laboratory in a simple manner using nonuniform
electric fields. ‘

It is known that in thunderstorms the intensity of electrical activity,/ as
indicated by the number and repetition rate of lightning discharges, is closely
related to the intensity of the convective activity. The existence of electrical
forces in the atmosphere creates drafts of air, and it is estimated that in the
strong electric fields in a thunderstorm the accelerations experienced by air
might be equivalent to those resulting from temperature differences of as
much as 5°C. Even so, movements of air in thunderstorms are for the most
part the results of atmospheric temperature differences, which may be as large
as 50°C. ’

Costa Ribeiro deduced that:

1. The current that flows in a thermodielectric cell on isothermal fusion
or solidification occurring at a constant rate is proportional to the
rate of migration of the phase boundary.

2. The total quantity of electric charge separated during the migration
of the phase boundary in a two-phase dielectric system is propor-
tional to the change of mass of one of the phases.
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Considering these two laws in relation to thunderstorm activity, it is ap-
parent that the convective activity resulting from temperature differences of
as much as 50°C is so intense that the ice-water equilibrium in the atmos-
phere is continually and rapidly fluctuating. Law 1 tells us that large cur-
rents are consequently produced. In any natural phenomenon such as a
thunderstorm, vast masses of ice and water are involved, and the changes of
mass brought about by this convective activity are thus large. Very large -
electric charges are consequently produced (law 2), resulting in electrical
breakdown of the atmosphere (lightning). Vonnegut!?’ has estimated that “in
the severe thunderstorms that produce tornadoes, lightning flashes at the rate
of 10 or 20 per second may be capable of supplying power of the order of
108 kW” and has suggested that “if a column of air were heated by electri-
cal discharges it might be capable of producing an updraft sufficient to cause
a tornado.”

There must also be biological consequences of these effects. Heinmets'?®
pointed out the similarities between the Costa Ribeiro effect and electrical
effects in biological systems. Many of the voltage curves recorded during the
freezing of ice water, for example, resemble nervous impulses. We have al-
ready discussed other possible biological consequences in the text.

APPENDIX B: CRYSTAL GROWTH IN MAGNETIC FIELDS

Since writing this review, the author has observed the effects of magnetic
fields'?® on the crystallization of 4n-octyl biphenyl from benzene solutions.
4n-Octyl biphenyl was specifically chosen for the experiment because of the
existence in it of the magnetic moments associated with the «-electron clouds
that are considered necessary for the observation of the effect. The author
has not been able to observe similar effects of magnetic fields on the crystal
growth of, for example, camphor from CCl, solution, as used in the electric
field experiment described in Section III.A. It is important to realize that
n-octyl biphenyl is not a liquid crystal in the melt (it is a solid at room tem-
perature). However, 4-cyano-4n-octyl biphenyl forms both nematic and
smectic phases. The effect of magnetic fields on the crystallization of the
former is therefore all the more surprising.

Figures 28-30 show the effects of magnetic fields on the crystallization of
4-n-octyl biphenyl from a saturated solution in benzene. The magnetic field
induces a bulk translation of the sample — solution is 2xpelled from the field re-
gion when a field is applied. The author believes this is the first report of bulk
translation in an isotropic liquid induced by an external magnetic field.

Figure 28 shows the crystals of n-octyl biphenyl grown from solution in
benzene by evaporation in a darkened room. Note the random arrangement
of crystalline masses. Figure 29 shows crystals of n-octyl biphenyl grown in
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It is interesting that in electric fields (Section IIL.A) crystals grow normal
to the surface, whereas in magnetic fields the crystals grow parallel to the
surface, at least at the field strengths currently used. However, crystals of
azobenzene have recently been *“pulled” out of solution in benzene by this
author using similarly small magnetic fields. Note that the reciprocal, using
magnetic fields, of the crystal-growing technique reported here may also ex-
ist, that is, the magnetic analogue of the thermodielectric effect of Costa
Ribeiro.

It is important not to pretreat in any way the glass or plastic surfaces used
to grow these crystals in magnetic fields. Even surfaces that are repeatedly
used for crystallization may become charged. The author has successfully
grown single crystals on charged glass and plastic surfaces. Also, it is es-
sential to grow the crystals in darkened rooms, away from direct sunlight.
The author believes that electromagnetic fields have similar influences on the
crystallization of 4-n-octyl biphenyl. Figure 31 shows crystals of 4-n-octyl
biphenyl grown in a darkened room under thermostatted temperature con-
ditions. Note the random arrangement of crystalline masses, as in Fig. 28.
Figure 32 shows crystals of n-octyl biphenyl grown in direct sunlight. The
same solution (and same volume of solution) was used for Figs. 31 and 32.
The crystals took significantly longer to grow in direct sunlight, even though
the temperature was slightly higher and one would expect the evaporation
rate to have been increased. In the crystals that grew in direct sunlight, dis-
tinct veins appear to follow the direction of incidence of the sunlight (in-
dicated by an arrow). It would be desirable to repeat such experiments using
electromagnetic fields under conditions controlled precisely using laser light
sources and careful temperature control. /

Living matter, of course, grows in electromagnetic fields. Plant life grows
toward the light source itself, with growth originating at sensitive surface re-
gions. As Calvin'* says, in relation to the study of photosynthesis,

we are now in the midst of trying to determine precisely what happens after
chlorophyll has absorbed the quantum and has become an excited chlorophyll
molecule, a problem that involves the physicist and physical chemist, as well
as the organic and biochemists. The determination of the next stage in the en-
ergy-conversion process is one of our immediate concerns. Either it is an elec-
tron transfer process, and thus comes close in its further stages to the electron
transfer processes which are being explored in mitochondria, or it is some in-
dependent non-redox method of energy conversion. This remains for the fu-
ture to decide.

Present observations may be providing vital clues to the details of such
processes. Studies should be extended gradually to more ordered liquid
crystalline phases and then to biological materials themselves. Certainly it is
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Figure 32.

now established that a specific electric charge is associated with a change of
state or aggregation of matter, that is, with an order—disorder (or vice-versa)
phase change (including a liquid crystalline-to-solid phase transition®®). And
it is established that external fields may influence and even cause such phase
changes. A theory predicting such influences is abstracted in the Appen-
dix C.

APPENDIX C: THE INFLUENCE OF ELECTRIC AND
MAGNETIC FIELDS ON NUCLEATION
KINETICS—THEORETICAL CONSIDERATIONS

‘Kashchievm presents a theory explaining the effects of externally ap-
plied u.niform electric fields on homogeneous nucleation as well as on
nucleation on foreign completely wettable particles. He shows by means of a
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suitably defined effective supersaturation that if the dielectric permittivity of
the new phase is smaller than that of the old phase, the electric field stimu-
lates the nucleation, whereas in the reverse case it inhibits the process. He
points out that his results apply equally to nucleation taking place in an ex-
ternal uniform magnetic field. Shablakh et al.'** have observed in an investi-
gation of the phase structures of the four cycloalcohols from cyclopentanol
to cyclooctanol that time-dependent transformations occurred between some
of these phases, and that at least one of these transformations was sensitive
to the application of an electric field. They discuss their observations in terms
of Kashchiev’s theory.

Kashchiev derives equations for the nucleation rate and the time lag on
the basis of thermodynamic considerations concerning the work required for
the formation of a spherically shaped cluster. According to electrostatic the-
ory, the free energies of the electric field before and after the formation of
the cluster are given respectively by

_Em [ g2
W= fﬂmE dv (3)

_ & 2 Em 2
W, . -/;ZCEC dv + R -/;szchde (4)

where ¢, and ¢, are the dielectric constants of the new and old phases; £,
and €, are the spatial regions occupied by the cluster and by the system;
E=|E|, E.=|E., E,=|E,| and E, and E,, are the electric fields inside
and outside the cluster.

Assuming a spherically shaped cluster, and considering that the sysém too
is a sphere with radius R obeying the inequality R’ > r], where r, is the
radius of the cluster, then in spherical coordinates r, 8, ¢,

3e,,
Ec,r—66+26mEc050 O<r<r,
E 0=-—m Esng  0<6 (5)
o7 g 42, s so=

E.,¢$=0 0<¢<2m

and
€.~ &, (I.\>
E  r=12 (—c) +1|Ecosé r.<r<R
m e, +2e, \ r ¢
E.—€, (T.\> .
E,, 0= 66+26m(7)—1]Esm0 0<f<n (6)

E, . ¢6=0 0<o¢<27
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where the center of the cluster is chosen as the origin of the coordinates and
the polar axis has the direction of the applied electric field.

With a little mathematics, using the inequality r? < R® we find that the
free-energy change due to the field is given by

AWE=W2—WI=—§—';f(>\)vcE2x (7)
where
1-A
fM)=337%
eC
A=6— 0<A<co (8)

m

so that for €, <e,, the electric field stimulates cluster formation, whereas for
€. > g, the field inhibits it.

Using Eq. (7) and the expression of Volmer!** for AG,(x), the isothermal
reversible work required for the formation of a cluster of x atoms (or mole-
cules) in the absence of a field,

aocx?

AGy(x)=— kTSyx + 3 9)

we obtain

2
AG(x)=—kTSx + ‘“’3" (10)

where AG(x) is the work expended in the presence of a field, S, = In(P/P,)
and is the supersaturation, P, is the equilibrium pressure, & is the Boltzmann
constant, ¢ is the specific surface energy, a = (47)'/*(3v,)%? is a constant,
and AG(x)= AGy(x)+ AWg(x). Hence, the effective supersaturation at
which cluster formation occurs is given by

S=8,+Sg (11)

and the influence of the electric field on the process is taken into account
through the additional term

Sp=cE?

in which ¢ =¢,, f(A)v,/87kT is a constant.
The steady-state nucleation rate is given by

aG, \V? —AG
i (] el 8
ST ( 377ka£ ) kNexp kT (12)

where N is the total number of atoms in the system and D, = aax?/? is the
probability per unit time of an atom joining to the nucleus.
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Assuming that the dependence of the frequency factor a on the electric
field strength is weaker than an exponential one, then, following Volmer,'*
we can write

- B

_ 13
(S0+cE2)2 (13)

Jor = Aexp

where B =4(as/3kT)>. A is also a constant. Thus, for ¢>0 (e, <¢,) the
electric field stimulates nucleation, and for ¢ <0 (e,> ¢,,) the field inhibits
the process.

For §,=0, c> 0, the system is saturated before application of the field

and

- B
Jsr= Aexp( c’E* )

that is, the field stimulates nucleation.

For S, > 0, |Sg| < 0.1S,, the system is supersaturated and the su-
persaturation is either enhanced or reduced by the field within the limits in-
dicated.

From Eq. (13) it follows that EZ2 is a linear function of S,

Kashchiev also considers nucleation on a foreign particle. In obtaining
these relations he assumes a spherically shaped cluster, but “in principle, the
more realistic case of ellipsoidal or polyhedral shape may be treated in the
same way, but then serious mathematical difficulties have to be overcome,” !
However, he concludes that “when a uniform electric field is externally ap-
plied to a nucleating system the initial supersaturation S, in it will be effec-
tively either enhanced or reduced, depending on the sign of the constant
multiplying E2x.”

Kashchiev estimates that a field of < 6.14x 103 kV cm ! is necessary to
inhibit the formation of a water droplet. Such a field is orders of magnitude
larger than the fields used by the present author for his camphor CCl,
crystal-growth system, which are, in any case, nonuniform. The growth of
camphor crystals from a saturated solution of camphor in CCl,, for exam-
ple, is observed in fields of only volts per centimeter. Crystals of camphor
may also be grown away from a field region.®® All of this seems to suggest
that the phenomenon is an electrostatic one, involving charge migration as
proposed by Costa Ribeiro.*> Kashchiev points out that the results obtained
in his paper “might be very useful in understanding some condensation
phenomena occurring in the Earth’s atmosphere in the presence of strong
electric fields” (see Appendix A) and that “all results obtained hold good also
when nucleation takes place in an externally applied uniform magnetic field”
(see Appendix B).
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Shablakh et al.!* used their experiments on the cycloalcohols to examine
the detailed predictions of Kashchiev’s model, and in particular a square law
dependence of some functions on the applied field. They observed that for
such functions “the field power lies in the range 1.2 (cyclo-octanol) to 1.7
(cycloheptanol).” They propose that the discrepancies in the field power may
have arisen because Kashchiev’s calculation is based on the nucleation of a
spherical droplet, a geometry which would be inappropriate to the solid-solid
transition they examined. In cyclopentanol they observed a change in the
field power exponent from 2.4 to 14 when the applied field was > 5X
10 kVem ™
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