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The process of whole molecule libration, or torsional oscillation, of molecular dipoles evolves dynamically in
supercooled solutions and glasses on an observable time scale extending from picoseconds to kiloseconds and
longer. This can be measured using the dielectric loss spectrum of rigid dipolar solute molecules dissolved in
glass-forming solvents such as decalin. The complete spectrum extends from below 100 Hz to THz
frequencies, where the short time behavior can be detailed using the far infrared power absorption coefficient.
This occurs universally and is characterized here for the first time as the ¥ process—the high frequency
adjunct of the a and S processes discovered by Johari and co-workers. Results are presented over a broad
frequency range (kHz to the far infrared, discontinuous) for the halogenated benzenes and for methylene
chloride. In C;H F/decalin there is a well defined 8 process, in C;H,Cl/decalin it is much less intense, and in
C¢H,Br/decalin it is either unresolved or vanishingly small. The multidecade loss profile of methylene
chloride is reported in various glass-forming solvents. The loss shows three peaks (a, £, ¥) in a total range of
over 12 decades. Both the a and B processes in various glasses and supercooled solutions are associated with
very high activation energies of about 100 kJ /mol. This feature: appears to be specific to CH,Cl,. The high
frequency (y) part of the loss in the far infrared region may be studied in detail because of the relation between
the dielectric loss and the optical power absortion coefficient. In some solvents there is a very large difference

between the y profile in the liquid at ambient temperature and the low temperature glass.

INTRODUCTION

The role of macroscopic (bulk) viscosity in determin-
ing the nature of molecular dynamics in the condensed
state is revealed most clearly by measurements'™ in
supercooled and vitreous solutions of small dipolar
solute molecules in solvents such as cis-decalin, which
can be supercooled well below the normal freezing point.
The molecular dynamics and interactions in these low
temperature states are revealed by broadband dielec-
tric spectroscopy to be different from those in the same
environment at room temperature.

This has implications in fields of spectroscopy which
provide insights into aspects of molecular dynamics
other than dipolar rotational relaxation. These include®
infrared and Raman band shape analysis (rotovibration-
al relaxation) incoherent and coherent inelastic scatter-
ing of thermal neutrons (rototranslational motions), de-
polarized light scattering (single particle and collective
rotational modes of motion and their interrelation),
Brillouin spectroscopy of scattered light and acoustic
relaxation (dispersion of thermally propagated sound
waves), mechanical visco-elastic relaxation, and others,
including the rapidly developing techniques using laser
pulses on the time scale of picoseconds to measure di-
rectly the equilibration of some property of a molecule
initially put out of equilibrium by the laser pulse.

The dynamical evolutionfrom an arbitrary initial £ =0
of an ensemble of small dipolar molecules in a low tem-
perature, supercooled environment is enormously slow
in comparison with that at room temperatures. Johari
et al.'™® and Williams ef al.**" have shown that at low
frequencies in a wide range of solutions the dielectric
loss in the supercooled and vitreous environment peaks
more than once. There is a secondary relaxation which
appears at higher frequencies than the main dielectric
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loss. Arrhenius plots of the logarithm of the frequency
of maximum loss against reciprocal temperature in the
region of the latter are nonlinear and the mean activa-
tion energy is high compared with that of the higher fre-
quency (B) relaxation, for which these plots are linear.
The lower frequency peak is termed the o process. Both
@ and 8 peaks appear at very low frequencies (Hz~kHz)
compared with the observable loss at room temperature,
which for small dipolar solutes appears in the micro-
wave (GHz) region.

However, both these peaks are manifestations of the
nature of the dipolar dynamical evolution at elapsed
times which are relatively long, i.e., at low frequen-
cies. They are described by the long-time tail of the
dipolar correlation function, ® which is related to the
loss spectrum via a Fourier transform. In general, a
classical autocorrelation function must be an even func-
tion of time, so that as ¢— 0 the behavior asymptotically
approaches 1 — at?/2+0(t%), where a is a thermodynamic
equilibrium average. This determines (by Fourier
transform) the behavior of the dielectric broadband
spectrum as €'’ (w), where w is the angular frequency.
The properties of the classical dipole correlation
Sfunction imply that theve will be a further peak in the
dielectric loss at frequencies in the far infrared region
(2-250 cm™!). This is because the proper description
of far infrared spectra involves memory and inertial ef-
fects used in combination. This is not possible with a
model whose McClaurin expansion has a term in ¢3, be-
cause this implies that the mean square torque is not
defined properly, being a coefficient of t*.

In the ultraviscous and vitreous states of matter there-
fore, the complete dielectric loss process consists of a
continuous band, covering many decades of frequency,
which sometimes peaks three times (@, 8, and ). The
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a peak is that which appears at lowest frequencies, the
broad B peak lies at intermediateirequencies and the
relatively sharp far infrared peak, designated as v,
always remains at THz frequencies. In contrast, at
about 205 K, the dielectric broadband spectrum con-
sists of the main microwave (GHz) peak, with a barely
resolved THz Y shoulder at higher frequencies.

The purpose of this paper is to characterize the di-
electric loss process over as much as possible of the
range from zero to THz frequencies for dipolar solute
molecules in glassy and viscous solvents. In what fol-
lows, there will be considerable gaps in the actual
coverage we have managed to achieve, e.g., below 10%
Hz and particularly in the range 10°-10'° Hz. The lat-
ter, in particular, needs to be investigated further
before the @ and B parts of the loss are properly char-
acterized. For example, it is desirable to find the point
at which these start to separate, and how they then de-
velop at lower temperatures. The technical problems
are most acute in the microwave (wave guide) region.
This extends the work of Johari et al. and Williams
et al. to include the y peak. The implications for the
other techniques mentioned above in that the latter
should also be within their frequency vange of measure-
ment, and could be characterized by each in turn. The
¥ peak (but not the @ or B) is also within range of com-
puter simulation methods!'® which are designed to solve
the equations of motion of some hundreds of molecules
interacting by means of a model potential.

The proposition that only the v peak is within range
of computer simulation is certainly true of “brute
force” molecular dynamics calculations but not of
Brownian dynamics simulation. Some of this recent
work on alkanes is showing remarkable resemblances
to experiment and might work on glass systems.®

On a still wider basis the existence of peaks in the
extreme broadband dielectric spectrum challenges
much of the current mathematical thought'' on molecu-
lar dynamical modeling, i.e., on approximating the
Liouville equation describing the dynamics of many in-
teracting molecular potentials. This is because a mod-
el must be made to describe effectively the complete
(zero frequency to THz) dielectric spectrum under all
thermodynamic conditions where end-over-end dipole
reorientation is still possible. If such a model de-
scribes perfectly the spectrum under conditions of low
viscosity then it should be developed to see whether it
can also produce an (a, B8, ¥) profile as the viscosity of
the environment increases. In this context dielectric
and far infrared spectroscopy (or “zero-THz spectros-
copy” for convenience) probes the details of molecular
dynamical behavior because of the detailed information
available, both at very high frequencies [through the
optical power absorption coefficient a(w)] and at very
low frequencies, culminating in the static complex per-
mittivity €*(0).

The contribution of the far infrared process to the
static €* is measurable, as in the case of liquids, by
the difference between €., the high frequency intercept
of the Cole-Cole plot, and the square of the refractive
index (n},) at about 200 em™. The difference €.—n%, is
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universally much smaller than the dispersion amplitude
(ep —€.), but it is important to realize that this is no
indication that the Poley absorption (liquids) or ¥ pro-
cess (glasses) is negligible when it comes to molecular
dynamics studies. The band shape is the overriding
criterion.

Dielectric loss spectra of CH,Cl, in glassy solvents
have been measured from static to THz frequencies at
temperatures from 107 K to ambient. A very high
activation energy B process is observed which has char-
acteristics entirely different from those of the halogeno-
benzene/decalin systems.

EXPERIMENTAL DETAILS

The apparatus needed to cover the dielectric range
from static to THz is listed as follows:

(i) Far infrared: 2-250 cm™ (60 GHz to higher fre-
quencies) a Grubb~Parsons/N.P. L. “cube” interferome-
ter with phase modulation and Golay and Rollin detec-
tors. Elliot 4130 Computer, and a Research Machines
380Z microcomputer.

(ii) Microwave: (a) Coaxial wave guide fed by a mul-
tiband controller powering two units for sweep frequency
measurements (frequency ranges 0.01-4.2 GHz or 4-18
GHz). The units contain varactor type diodes whose
characteristic frequencies can be varied with applied
voltage so that a given range can be swept continuously.
(b) Klystron sources and wave guides for spot frequency
measurements at 35-70 GHz (U.C.W., Aberystwyth)
and 112, 68, and 35 GHz microwave interferometry at
the University of Nancy, Lorraine.

(iii) Low frequency and static permittivities were
measured in a cell designed and constructed to produce
reproducible capacitance for small (1-5 ml) volumes of
sample at room temperature and down to 193 K. Mea-
surements into the kHz~MHz region were made using a
“General Radio” inductance bridge.

CELLS FOR MEASUREMENTS IN THE FAR INFRARED

A standard VC-01 variable path length cell was used
for measurement of spectra at room temperature. For
lower temperatures the liquid was held between TPX
(poly 4-methyl pent-1-ene) windows with a polyethylene
spacer; the arrangement being supported in a metal
clamp below the colder finger of a Dewar vessel. The
entire cell is housed in an evacuable sample chamber
and temperatures down to about 100 K are reached us-
ing Ny(1) coolant in conjunction with an attached heating
element. Use of a polyethylene spacer allows a liquid
to be injected at room temperature and the hole sealed
by heat treatment.

CELLS FOR LOW TEMPERATURE DIELECTRIC
MEASUREMENT

Criteria for low temperature/low frequency measure-
ment:

(1) A liquid sample must be held between a pair of
electrodes and cooled rapidly into a glassy phase.
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(2) Measurements must be made over a range of fre-
quencies at fixed temperatures from about 100 to 150 K
30 temperature stability must be good.

(3) A sufficiently small cell volume must be used to
prevent shattering of the samples upon cooling.

(4) Condensation, especially on electrode terminals,
must be avoided.

(5) The insulation material and cell geometry must
be such that inherent cell losses are negligible and the
ratio of active to support cell capacitance must be large.

(6) Temperature gradients in the sample must be
small, and the mean temperature measurable.

The cell was designed and built around the sample
holder used for the low temperature far infrared mea-
surements. The problem of sealing with Teflon spacers
was overcome by mounting the electrode assembly (ac-
tive cell) side by side with a (nonactive) reservoir sec-
tion where the spacer material can be polyethylene.
Typically, a 2 K temperature gradient is expected within
the measured sample and a similar uncertainty exists
in the measurement of its mean temperature. This is
inabsolute temperature, and not in temperature differ-
ences. The cell is described fully elsewhere. '?

Repeatability and reproducibility were carefully
checked against literature results, where available.

MEASUREMENT OF THE GLASS TRANSITION
TEMPERATURE (7yg)

Standard differential thermal analyzers are not suit-
able for the low temperatures used in these studies, so
apparatus was constructed using a pair of glass tubes
containing the two copper-constantan junctions of a
thermocouple to monitor temperature differences be-
tween the samples in each tube. The tubes, one con-
taining the decalin solution and one standard liquid CCl,,
were frozen in liquid N, and then suspended in a Dewar
vessel containing a small amount of N,. The absolute
temperature of the decalin system is monitored using
a second thermocouple, and potentiometer. At the glass
transition which is the point (or range) of temperature
over which the ultraviscous solution vitrifies, there is
a change in the rate of heat uptake of the decalin system.

ELIMINATION OF SPURIOUS EFFECTS

These can be recognized and controlled by careful
monitoring of the capacitance and conductance. They
include: (i) conductance proportional to the loss, due
to impurity; (ii) insulation losses which decrease with
temperature; (iii) separating out of the solute and
decalin, crystallization and shattering; (iv) Maxwell/
Wagner loss which vanishes at the melting point of the
decalin solvent.

The temperature behavior of capacitance and conduc-
tance illustrates that decalin solutions may be super-
cooled but become unstable towards 183 K. To observe
the glassy phase the cooling rate must be sufficiently
rapid to cool the sample in less than a few minutes
through the region from 183 to about 143 K, where it
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becomes kinetically stable. The behavior of the capaci-
tance in the temperature region from 143 to 113 K ap-
pears to indicate considerable rotational freedom, for
example, in CH,Cl,/decalin solutions.

The methylene chloride systems were less stable
than the halobenzene solutions and care was taken to
avoid crystallization, which could involve either ag-
gregates to CH,Cl, nucleating in the amorphous matrix
or in addition crystallization of the decalin solvent.

DISCUSSION OF RESULTS

Some 23 dipolar solute molecules have been studied?®
in the ultraviscous and vitreous states of various glass
forming solvents. In this section we discuss the sig-
nificance of some of these results (halobenzene and
methylene chloride solutes). The existence of a relaxa-
tion process at low frequencies must irrespective of its
detailed origin be associated with a short-time process
which will appear in the far infrared. The a and 8 fea-
tures are causally related, i.e., they and the ¥ peak
are manifestations of the same underlying dynamical
process and are representable in terms of a single ori-
entational correlation function, which has a natural non-
exponential behavior at long and short times.

To exemplify our data, we consider 10% v/v halo-
benzene/decalin systems, In the following, we pre-
sent our results in the form of dielectric loss [€''(w)]
and infrared power absorption coefficient [a(w)] related
by

a(w) =we' (w)/n(w)c , &y

where ¢ is the velocity of light and n(w) the frequency-
dependent refractive index. The power absorption co-
efficient is observed naturally by the attenuation of in-
frared radiation and because of the w factor in Eq. (1)
which provides us with a very detailed “closeup” of the
high frequency part of the overall loss curve, i.e., the
far infrared spectrum. These are illustrated in decalin
glass at 110 K in Fig. 1 and at room temperature

(296 K). The glass phase spectra are much more sym-
metric than those of the liquid solutions due to the
proximity of the main microwave (GHz, Debye”) loss
in the latter.

The peak frequency of the far infrared a(w} can be
related theoretically to the mean square torque on a
solute molecule due to its molecular environment, It
is well known®®® that Debye’s description'® of dielectric
loss, using the concept of space-isotropic rotational dif-
fusion, leaves this torque undefined. The Debye theory
produces a plateau in a(w) extending lo infinile fre-
quencies. This is related directly to the fact that the
orientational correlation function of rotational diffusion
takes the form of a single exponential, which behaves
incorrectly as £~ 0, Rotation diffusion may be described
as infinitesimally small changes of orientation taking
place infinitely quickly, so that the details of molecular
motion at short time are not considered properly be-
cause the angular acceleration is infinite.

Viewed on this background the spectra of Fig. 1 give
the detail of the short time molecular movements which
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power absorption

cm!
FIG. 1. Power absorption coefficient @(¥) (neper cm™!) vs
7 (cm™) for halogenobenzenes in decalin (10% v/v concentra-
tion). (1) Fluorobenzene/decalin at 293 K (P, =39 cm™,
where w =21V¢); isotropic liquid solution. (2) At 110 K, Tpay
=57 em™}, vitreous solution. (3) Chlorobenzene/decalin at
293 K (Pgey = 34 cm™); (4) At 110 K (P =53 cm™).  (5) Bromo-
benzene/decalin at 293 K (T, =23+ 3 cm™). (6) At 110 K (Tpay
=48 cm™).

in supercooled and vitreous media eventually evolve into
motions taking place on an immensely slower time
scale, observable as (a,8) features in the dielectric
loss. The complete dynamical process is governed

{a)

log loss

log (loss)

tog(w)
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mathematically by Liouville’s equation. It is not enough
to approximate this using rotational diffusion.

This point is emphasized by the very large shifts be-
tween liquid and glass in the peak frequences wg,, of
Fig. 1. These are proportionately different for each
solute, being 18 cm™ (46% increase) in CgH;F solute,
19 cm™ (56%) for C4HCl, and 20 cm™ (87%) in C4H;Br.
This frequency is not defined with rotational diffusion,
there is no theovetical peak, only a plataxu, but the ob-
served changes reflect environmental effects on molecu-
lar dynamics in detail. The integrated cross-sectional
absorption intensity [the area of @(w)] per molecule is
smaller in the glass, which indicates a reduced ampli-
tude of molecular torsional oscillation (libration) that
counteracts any internal field effects.

By determining the rate of shift of the & and 8 fea-
tures to give activation energies, we may reasonably
extrapolate to yield the complete dielectric loss spec-
tra of Fig. 2 whose far infrared portion appears as the
feature labeled y. We note that our observation of a 8
process in CgH;F/decalin is novel and of especial inter-
est since it is observable at 10 kHz, 60 K below the glass
transition temperature (Tg=133 K). At 148 K, 15K
above Tg, the loss in the kHz range is dominated by the
a process of three decades half-width, If the measure-
ment temperature is lowered this moves out of range to
lower frequencies while the shoulder of the § loss ap-
proaches from higher frequency. At our lowest acces-
sible temperature of 77 K the 8 process may be dis-
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FIG. 2. (a) Zero—THz dielectric loss spectrum for 10% v/v

fluorobenzene in decalin, illustrating the (o, 8, ) triad at

143 K in the supercooled solution. At 293 K the spectrum is
made up only of 8 and v components, as is the case in the glass
at 110 and 77 X, the o component In the latter two cases having
moved to “immeasurably” low frequencies. Plots of log;y (€°7)
against log,, (f/Hz). (1) 77 K; (2) 110 K; (3) 143 K; (4) 293 K.
(b) Zero—THz dielectric loss spectrum of 10% v/v chloroben-
zene in decalin. (1) 120 K (glass); (2) 130 K (glass); (3) 138K
(ultraviscous supercooled liquid); (4) 143 K (supercooled); (5)
293 K. Note the decreased amplitude compared with (a) of the
B process of curve (4). (¢) Bromobenzene/decalin (10% v/v).
(1) 110 K (glass); (2) 145 K (ultraviscous liquid); (3) 293 K,
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FIG, 3. Isothermal low frequency loss spectra for 10% v/v
fluorobenzene in decalin. (1) 148 K; (2) 143 K; (3) 137 K; (4)
127 K; (5) 110 K; (6) 77 K. Glass transition temperature
=133 K. Plots of €’ vs logy, (f/Hz).

tinguished as a band of 4 decades halfwidth.

Figure 2 illustrates how the microwave (or Debye)
loss in the room temperature liquid becomes resolved
from the y feature (which shifts with decreasing tem-
perature in the opposite direction), eventually resolving
also the o and B features at about 180 K. At this tem-
perature the viscosity of the supercooled liquid solution
is a few orders of magnitude higher than in the ambient
liquid. At 143 K, where the a process is measurable,
we can estimate the 8 peak to be at 10° Hz (by virtue of
activation enthalpy). It is of course desivable to check
this estimate with more data measured at low tempera-
tures throughout the technically difficull MHz~GHz re-
gion. However, the estimate is based soundly enough
on the well-known linearity of the 8 peak frequency vs
temperature plot. Some features of both peaks at 137
K (4 K above Tg) may be seen in Fig. 3 and possibly a
shoulder of the @ process at 127 K (6 K) below Tg in the
glass). The o loss maximum in the glass must be at
extremely low frequencies, as indicated by the Arrheni-
us plot of Fig. 4. At 110 K (23 K below) the lowest ac-
cessible temperature of our far infrared apparatus the
B8 process is estimated to center at 3 MHz, and is los-
ing intensity (e, is falling) due to the progressive freez-
ing-in of all large-angled molecular motion. This
means that the molecular mean-square torque is larger
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and that the y peak shifts to higher frequencies as in
Fig. 1. The whole process, from picoseconds to years,
provides us with a new challenge of adequately approxi-
mating the Liouville equation in the course of any ana-
lytical description. It is clear that molecudar dynamics
studies currently rvestrict the model evaluation to a
much too narrow a range of both macroscopic viscosity
and of frequency. There is no description currently
available to explain even the gross features of the

(a, B, ¥) triad in terms of the motion of individual mo-
lecular dipoles. The fastest computers (e.g., the
CRAY)are wholly inadequate to simulate motions over
the decades of Fig. 2. It seems a matter of some urgen-
cy therefore that a range of experimental techniques
should be brought to bear on molecular motion in the
vitreous and supercooled states of matter.

To end the discussion on CgH;F/decalin we note that
the activation energy (AE) for the 8 process, 12 kJ mol™?,
is similar to that derived from measurements in the mi-
crowave region at around room temperature, while AE
for the o process is (90+ 15) kJ mol™!, with no tempera-
ture dependence over a limited range of kHz frequen-
cies. The linearly extrapolated intercept of the @ and 8
plots is about 180 K, this being approximately where
the two features become resolved in the supercooled
liquid.

The zero-THz loss spectra for the CgH;Cl/decalin sys-
tem are shown in Fig. 2(b). At kHz (audio) frequencies
the results have been checked with those of Johari and
Goldstein, ® and are very similar. At 143 K the « and
B peaks are only just resolved, at a much lower temper-
ature than for CgH;F in decalin. The decrease in inten-
sity of the B process as it moves into range from higher
frequencies is more than in CgH;F/decalin, while AE
for the a peak is again about seven times that for the 8.

Dielectric measurements on CgHsBr/decalin reveal in
Fig. 2(c) only the single presence of the a peak, whose

m

tog(f /Hz)

167% "
FIG. 4. Activation energy plots (AEP) for 10% v/v solute/
decalin systems [plots of 10g (fpe/H2) Vs 10-3 K™'I. (1) Fluoro-
benzene (B); (2) chlorobenzene (8); (3) fluorobenzene (a); (4)
chlorobenzene (a); (5) bromobenzene (a); (6) CH,Cl, (8); (7)
CH,Cl, ().
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absorption

power
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FIG, 5, Far infrared spectra for methylene chloride systems

{plot of optical power absorption [a(v)] coefficient (neper cm™)
va wave number (¥ in cm™)}. (1) 10% v/v CH,Cl, in decalin

at 293 K. (2) At 220 K in the ultraviscous liguid; (3) at 107 K
in the glass; (4) at 117 K in the glags; (5) at 127 K in the glass;
(6) 5% v/v CH,Cl, in decalin at 110 K; (7) 10% v/v CH,C); in a
glass solvent made up of 10% pyridine in toluene.

behavior at low frequencies compares well with Johari’s
measurements. In the glass at 110 K only the wing of
this absorption with possibly losses due to impurities
and inherent dc conduction are present at low frequen-~
cies. Theye is no discernible 8 process but the high
frequency far infrared ¥ process is well defined (Fig. 1)
indicating torsional oscillation at these frequencies.

To summarize therefore, in CzH;F/decalin there is a
well-defined B process, in CgHsCl/decalin it is much
less intense, and in bromobenzene it is either unre-
solved or vanishingly small. We therefore form the
hypothesis that it exists only for small ratios of solute
to solvent size. This hypothesis may be evaluated by
using smallev molecules in decalin. Such a molecule
is methylene chloride, a rigid dipolar, asymmetric top.

The far infrared power absorption coefficient of a
rapidly cooled, transparent and presumed monodisperse
sample of 10% CH,Cl, in decalin at 107 K is shown in
Fig. 5 to peak at ¥,,, =114 cm™ compared with its liquid
phase value (at 293 K) of 53 cm™. This 113% increase
makes this system ideal for studying the variation of
Vpax With temperature. Curves for three intermediate
temperatures are also shown. The temperature coeffi-
cient in the glass is similar to the overall shift from
the liquid state, about 3 cm™ per 10 K.

The kKHz loss process (B) in the glass is very temper-
ature dependent. In Fig. € the peak is observable at
110 K and shifts across the two decades of measure-
ment for only a 4 K increase in temperature. By 118
K the glass phase kHz losses are again small, and re-
main so until at 20 K higher a second loss process be-
comes apparent. Before this can be characterized,
crystallization occurs at 140 K and the losses at this
temperature slowly reduce with time. If this tempera-
ture is not reached, the loss spectra are reproducible
upon cooling and intensities do not vary between samples
if they are rapidly cooled. The observed peak at the
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lowest temperatures was thus interpreted as the § pro-
cess although in view of the very high apparent activa-
tion energy (AE) (100 kJ mol '+ 10%) its nature is dif-
ferent from those of the halogenobenzene systems dis-
cussed already.

The origins of this 8 process may be investigated fur-
ther by using different glassy solvents. ¥For this pur-
pose toluene is useful, and also mixtures of pyridine
and toluene {10% of the former). A 10% v/v solution
of CH,Cl, in toluene/pyridine solvent produces a very
large shift in v,, (Fig. 5) of the far infrared, as the
temperature is lowered from ambient to 110 K in the
glass (53-140 em™). The 8 loss peak, clearly observ-
able in decalin has however disappeared. The rate of
shift of v, has reduced in the glassy state compared
with its value in the liquid. The CH2C12/decalin system
produces a linear dependence of V,,, on T throughout
the accessible range. It appears that in the pyridine/
toluene system the rate of shift of v,,, has reduced in
the glassy state compared with its initial rapid rate in
the liquid.

The far infrared behavior is reflected in that of the
dielectric process because the CH,Cl,/pyridine/toluene
system has no B process of measurable intensity, the
rotational motion being frozen in as indicated by the
nondispersive low values of €'(w) obtained, close to
that of the solvent. In other words the activation ener-
gy (barrier height) for the process is very high. In
decalin, an activation energy of 100 kJ/mol is associ-
ated with a prominent 8 process whose magnitude is
about one-third of the total polarization. The CgHyF/
decalin system has a slight concavity of slope (d? Vian/
dT?) is greater than zero while the curve for CgH;Cl/
decalin is more linear and that for CgH;Br/decalin is of
convex slope.

log(f/Hz)

Low frequency part of the multidecade loss spectrum

FIG. 6.
of 10% CH,Cl; (v/v) in decalin. Plot of dielectric loss (€*) vs
log (f/Hz). (1) 106 K (glass); (2) 110 K (glass); (3) 111 K
(glass); (4) 113 K (glass); (5) 118 K (glass); (6) 138 K (viscous
liquid); (7) 140 K {viscous liguid). Note the very rapld move-
ment of the loss across the scale in the range 110 to 118 K,
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The results for several systems can be summarized
in terms of the Evans/Reid factor (Tg), or molecular
mean square torque'* which is proportional to 1, ¥2,,,
where I, is the reduced moment of inertia of a solute
molecule, defined as in the literature.'>® Although
several more accurate measurements are requived to
complete these plots the indication is that for systems
where a B process is absent, i.e., of such weak inten-
sity that it is not resolved, the plots reach their maxi-
mum values in the supercooled viscous phase above Tg,
the glass transition temperature, while for those sys-
tems with prominent B peaks'® the curves are generally
of overall negative gradients which suffer discontinuities
at or below the glass transition range.

The 8 loss process in CH,Cl,/decalin is classified as
such because of its occurrence (at kHz frequencies) at
a temperature much lower than the glass transition tem-
perature of the solvent (137 K) and because the presence
of a lower frequency region of loss may be discerned at
a temperature just above 137 K and prior to crystalliza-
tion. The activation energy (100 kJ mol™!) for the pro-
cess is however very high compared with anything re-
ported previously and is comparable with the range of
values found by Johari'™® for a processes, so that its
designation as a 3 process must be substantiated. In
defending this assignment it may be argued that CH,Cl,
is a molecule of very different geometry to those stud-
ied by Johari et al.'™® and the high value of the activa-
tion enthalpy is not necessarily anomalous. It is, how-
ever, remarkable that the 8 processes of similar solute
molecules (such as CH,Br,, SCl,, and SOCl,) which we
measured in decalin solvent during the course of this
work do not have high activation energies. These solute
molecules are only slightly larger than CH,Cl,. To con-
firm the existence of the 3 peak in CH,Cl, decalin, the
solution was monitored for loss and permittivity at a
fixed frequency (1 kHz) while rapid cooling from room
temperature was effected (about 10 K per min at Tg).
Under these conditions measurement of T¢ is less ac-
curate and temperature gradients may exist in the sam-
ple. However, the permittivity increases from 2.6 at
293 K to 3.3 at about 160 K below which the value de-
creases and appreciable loss is observed. The loss is
again minimal at about 136 K until at lower temperatures
the second loss peak appears (as observed under con-
stant temperature conditions). The main loss process
is clearly observable in the 130-160 K regions, and not
at 110 K.

To characterize this process in more detail a study
(see below) of CH,Cl, in more stable decalin/toluene or
decalin/cholesteryl oleyl carbonate solvents allows both
a and B8 processes in CH,Cl, to be characterized. The
B process appears in the kHz region at the same tem-
perature as for the present system and its activation
energy has the same large value.

In view of the possible plasticizing effect of CH,Cl,
solute on the fluidity of decalin, the glass transition
temperature was measured for 5% and 10% v/v solutions.
No appreciable lowering of Tg (less than 10 K) was
found so the B process observed at 110 K is a property
of the glassy state of this system.
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FIG. 7. (a) Dielectric datafor 10% v/v CH,Cl, in 1/7 cholesteryl
oleyl carbonate/decalin glass forming solvents €’/ (w) vs log (f/
Hz). (1) 106 K (8 process); (2) 110 K (3 process); (3) 112 K

(B process); (4) 116 K (8 process); (5) 144 K (a process); (6)
146 K (& process); (7) 150 K (& process). (b) Dielectric data
for 10% v/v CH,Cl, in 1/9 toluene/decalin. (1) 115 K (B8 pro-
cess); (2) 118 K (B process), (3) 120 K (8 process); (4) 123 K
(B process); (5) 137 K (« process); (6) 141 K (a process); {7}
144 K (o process). Inset (c) Loss (€’’) vs temperature (K) for
Fig. 7(a). (1) B process; (2) a process.

The published'® far infrared spectrum for the 4% v/v
CH,Cl,/decalin system peaks at 95 cm™! at 114 K which
is appreciably lower than the spectrum for a 10% v/v
solution. A measurement for a 5% v/v concentration
also given in this figure confirms this variation with
concentration and thus indicates that “solvent shifts”
may occur even in a rigid environment and apparently
with greater effect, the shift on dilution from 10% to
5% at 107 K being 10 cm™, while at room temperature
it is only 2 cm™. A concentration effect was also found
in the kHz region as a broadening of the 8 peak from 3.6
decades of half-widthto4.0 decades, but without any
apparent change in activation energy.

To further attempt to verify the hypothesis made for
the B process, that it occurs only for favorable solute
to solvent geometry and size ratios, the motion of
CH,Cl, was studied in several mixed solvents. To
create only slight changes from the decalin environ-
ment, neopentane- or cyclohexane- (both nondipolar,
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FIG. 8. Dielectric data, for 10% v/v CH,Cl, in toluene/de-
calin. (a) 3/7 toluene/decalin; (1) 125.5 K; (2) 128 X; (3)

130 K; (4) 133 K; (5) 136 K. (b) Arrhenius plot for the peaks
of Fig. 8(a); plot 108 (foex/Hz) v 10° T (K™). (c) Compari-
son of peaks in glasses of increasing toluene content. Loss vs
Temp. Top (1) 1 kHz; (2) 100 kHz in 3: 7 toluene/decalin.
Center (1) 1 kHz; (2) 100 kHz in 1: 9 toluene/decalin. Bottom
(1) 1 kHz; (2) 100 kHz in pure decalin.

near-spherical molecules) decalin mixtures were used
as solvents. The former gave glassy solutions in all
proportions with decalin and the latter at least up to
50% v/v. Despite the differences in glass transition
temperature (as low as 120 K for 5% neopentane) the
process was still observed at kHz frequencies at about
110 K with the same high activation energy and slightly
increased intensity (30%). Again crystallization pre-
vented spectral observation of the a process seen
transiently on cooling. However, by combining decalin
with the lath-like molecules of cholesteryl oleyl car-
bonate a more stable system with CH,Cl, may be formed
and both @ and B processes have been observed. For
10% v/v CH,Cl, in 1-7 cholesteryl oleyl carbonate/
decalin, the o peak is observed at 150-146 K. (Figure
7) while almost 40 K lower the 8 peak is observed with
the same activation energy and a lower intensity than
for the CH,Cl,-decalin system {by 50%). The a process
involves relaxation of both CHyCl, (1 =1.6 D) and cho-
lesteryl oleyl carbonate (i = 1. 14 D) although the latter
appears from pure solution measurement, to contrib-
ute less than 20%. For 10% CH,CIl, in 1-3 cholesteryl
oleyl carbonate/decalin, the 8 process disappears and
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only a more intense @ process is observed. A similar
behavior occurs for toluene/decalin solvent as shown
in Fig. 7. For 10% CH.Cl, in a 1/9 toluene/decalin sol-
vent the system is stable and both & and 8 peaks may
be characterized. Less than 10% of a peak intensity is
estimated to be due to toluene so that activation energy
of 119 kJ mol'! may be associated with CH,Cl, motion
in this solvent and can be compared with values of from
138 to 170 kJ/mol for halobenzene solutes in decalin.
The B process has an activation energy of 107 kJ mol™!
and is of greater intensity than for this concentration
in decalin. 1n a 2/8 toluene/decalin solvent the 8 peaks
have lost intensity to the a process while in a 3/7
toluene/decalin system the 8 peak is absent and the

a peaks are of variable intensity and over three times
the height of those in the 1/9 toluene/decalin system
{(Fig. 8). One particular feature of the 3/7 toluene/
decalin system is that the activation energy plot is
nonlinear (Fig. 8). The initial slope implies 28.5 kJ
mol™! which increases at 129 K to 120 kJ mol™. The
estimate of Tg for this system (by calorimetry) is 127 K,
so it appears that at 129 K, the a and B processes sep-
arate, the B process being unobserved but presumed

to evolve along the line of the lowest slope.

A parallel study has been completed by Moliton'® for
solid solutions of diethyl-ether in n-pentane. This
revealed kHz dielectric absorptions at low temperatures
up to 30 X below the melting point (142 K) whose inten-
sities initially increased linearly with concentration but
above 2.5% fell sharply to a negligible level above 4%.
The activation energy for each concentration remained
at a value of 30.7 kJ mol™}. In the present comparison
of CH,Cl, systems, the polarity has been increased by
adding toluene or cholesteryl oleyl carbonate to a point
where the CH,Cl, absorption has become negligible but
without change in AE. Moliton’s measurements have
been repeated for 2% ether concentration to confirm
this rotation in the solid phase, and a higher activation
energy of 76 kJ mol™! was obtained.

As the activation energy of the CH,Cl, 8 process does
not vary significantly with solvent changes it appears
that the solute experiences the same environment in all
cases and could be due to a specific association with
decalin molecules. This behavior in mixed solvents
appears to be specific to CH,Cl, systems as a 10% solu-
tion of chlorobenzene in 1:1 cholesteryl oleyl carbonate:
decalin solution still revealed both a and B8 processes.

It is clear that further accurate work would help ex-
plain the 8 processes observed. The most common
manifestation of the 8 process is as a high frequency
shoulder on the main o process, as exemplified by the
10% chlorobenzene/decalin system. The results for
several more solutes have been presented elsewhere. !*
The activation energies for these 8 shoulders are be-
tween 24 and 30 kJ mol™! values which are intermediate
between the low ones found for tetrahydrofuran and
CgHsF and the high value for CH,Cl,. Arrhenius plots
have been given elsewhere, all the a processes con-
verge to “zero frequency” as Tg is approached. A
variety of relaxation behavior is exhibited in the decalin
glass medium, for various solutes, but none has so high
an activation energy as CH,Cl,.
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An analytical approach to these 8pectral features has
been developed. ¥ This is equivalent to assuming a dis-
tribution of nonequivalent, time-independent sites
{(Johari’s view!™?) and implies that the glassy systems
are nonergodic, i.e., the averages over time and over
molecules are not equivalent.

Finally, we make a specific comparison of results in
three glasses at 107 K. The temperature shift of the
v peak for solutes in pyridine/toluene is greater than for
those in the other solvents. If we define a torque in-
crement by ATq=Tq (107 K)/Tq (203 K) (where Tgq is the
product of reduced m of I(I,) and 7%,,) then ATq is
large in this glass. (This is true also for other solutes,
specifically C{HsF (10%); CH,CN (3%); pyridine (10%);
CgHsNO, (5%); CgH:CN (3%), all v/v). The low frequen-
cy dielectric decrement, defined by &€’ =(e,-¢€’)/
(€, — €=) is also correspondingly high. The question
still remains as to whether it is the greater polarity
of the pyridine/toluene medium that prevents rotation
in this glass compared to decalin and o-terphenyl, or
whether it is the kinematic effects of differing solvent
molecular structure. From our results on solvent ef-
fects in the far infrared the latter is unlikely.
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