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Neutron-scattering evidence for the coupling of shear and reorientational motions
in the viscoelastic liquid quinoline
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The anomalous behavior of several thermal and dynamical properties of liquid quinoline within the
temperature range of 260 ~ T ~ 310 K is investigated. The neutron quasielastic scattering spectra are an-

alyzed using, for the purpose, previous dynamical information available from NMR relaxation and depo-
larized light scattering. The temperature dependence of the mass-diffusion and reorientational
coefficients is derived from the experimental data, evidencing that only the rotational motion shows a
clear deviation from Arrhenius behavior. The presence of shear wave excitations which couple to reori-
entational motions is manifested as a strong inelastic background which shows a marked wave-vector
dependence.

PACS number(s): 61.20.Lc

I. INTRODUCTION

The existence of thermal anomalies at temperatures
within the normal liquid phase of a large number of
(mostly) organic glass formers as revealed by calorimetric
and susceptibility measurements within the hydrodynam-
ic range (light-scattering, NMR, etc. ) seems to be nowa-
days a well-established fact [1—3]. In this respect, liquid
salol and quinoline have constituted, for more than two
decades, an interesting benchmark where phenomenolog-
ical approximations cast in terms of macroscopic trans-
port coeScients seemed to be at odds with the experimen-
tal measurements. As a matter of fact, both liquids show
the presence of noticeable (quinoline) or strong (salol)
shear wave excitations at low temperatures [4—6] with a
frequency dispersion which also shows a considerable
dependence with temperature [4]. Such facts, which
could not be accounted for by simplified generalized hy-
drodynamics developments, generated a substantial
theoretical eff'ort [1] which, cast in form of the Mori-
Zwanzig projection operator technique [7] or linear ir-
reversible thermodynamics [8], can account for the
strong temperature dependence of the depolarized (IP or
IH ) Rayleigh-Brillouin spectra in terms of the oscillation
and relaxation of the shear modes which couple to collec-
tive reorientational motions in order to relieve the micro-
scopic stresses generated within the liquid.

The case of liquid quinoline is paramount since, apart
from evidencing the presence of shear excitations [4,S] at
high temperatures (253 —320 K) with a well-defined tran-
sition between propagative and di6'usive regimes [5], a
well-defined anomaly was found by several macroscopic
properties such as the heat capacity, NMR relaxation
times, or even magnetic susceptibility measurements [3].
What is even more remarkable is the fact that such an
anomaly could not be found in a closely related chemical
analog (isoquinoline), thus indicating a clear microscopic
origin of the measured behavior.

The purpose of the present work is therefore to assess
whether such an anomaly can be traced down to micro-
scopic scales, using for the purpose high-resolution quasi-
elastic neutron scattering, as well as the previous data
from other sources.

A brief description of the experimental and data
analysis procedures is given in Sec. II, and the main re-
sults are described in Sec. III. The relevance of the
present findings are discussed in Sec. IV and the main
conclusions are finally given in Sec. V.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Experiments

The experimental neutron quasielastic measurements
were carried out using the IRIS high-resolution spec-
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trometer located at one of the neutron guides of the ISIS
spallation neutron source of the Rutherford Appleton
Laboratory. The sample was obtained from a commer-
cial purveyor (Merck purity 99) and was used without
further purification. For the neutron measurements, the
sample cell was formed by two aluminum foils of 0.05
mm separated by a spacer of 0.5 mm (sample thickness)
which was mounted on a standard (orange} cryostat. The
spectra were measured for several temperatures covering
the liquid range (250—310 K} as well in the frozen state,
which served as a standard reference. Both pyrolitic
graphite (002) (PG002) and mica (006) (MI006) refiections
were used in order to cover a momentum-transfer range0
of 0.4~Q ~ 1.7 A '. The resolution in energy transfer
estimated from vanadium runs as well as from the deeply
frozen sample was about 5.5 peV (half width at half max-
imum) for PG(002) and about 5.1 peV for MI(006).

The experimental data processing was carried out us-
ing the IDA set of computer programs [9]. The absorp-
tion corrections were applied using the SLABS code [10],
and the multiple-scattering contributions were evaluated
from Monte Carlo calculations performed with the
DISCUS code [11], employing for the purpose scattering
kernels based upon rotational diffusion models for which
the relevant parameters were estimated following pro-
cedures delineated in Sec. IIB. The maximum percen-
tage of multiply scattered neutrons never exceeded 10%.
The corrected spectra were than converted into constant
Q by means of a modification of the INCRID code [12]
performed in order to adapt this code for inverted

I

geometry spectrometers. A sample of corrected spectra
corresponding to temperatures at both sides of the re-
ported anomaly is shown in Fig. 1 for three representa-
tive values of the momentum-transfer.

In order to ascertain whether any structural change in
the microscopic short-range order within the liquid phase
takes place within this temperature interval, the x-ray-
diffraction spectra for a set of representative tempera-
tures at both sides of the anomaly were measured using a
Guinier diffractometer (Huber 644) operating with a Cu
Ea, beam issued from a germanium monochromator.
The sample was held in a rotating Lindemann glass capil-
lary (inside diameter dd= 1 mm) and the temperature was
maintained constant along the capillary to within +1 K
with a Cryostream cooler. The diffraction patterns were
registered with a scintillation counter.

B. Data analysis

For a mostly incoherent scatterer such as the one we
are dealing with (o;„, hler„h=7 64), fo.r which the dom-
inant intermolecular interactions can be assumed to be of
Lennard-Jones form (supplemented by small electrostatic
interactions), the usual approximation of decoupling be-
tween orientational motions of different particles can be
safely used [13]. After the partial wave expansion of the
scattering law, the usual rotational diffusion approach
can be followed to write down a model for the
temperature-dependent center-of-mass motions and
molecular rotations as

r,(,T) r„(,T)I ',d(, E,T)=;„„h( ) + y, ( )(2l+1)
E +2[I,(Q, T)], E +2[I „(Q,T)]

where f;„„i,(Q) and y&(Q) are molecular form factors
given in terms of the distances of the nuclei to the molec-
ular center of mass easily calculable from the known
molecular geometry [14], and the model is then specified
by the translational and rotational widths

r, (Q, T) =D, (T)g (Q),
I „(Q,T)=l, (Q, T)+l(l+1)D„(T),

(2)

(3)

in terms of the temperature-dependent translational
diffusion D, ( T) and rotational diffusion D„(T)
coefficients, and a function g ( Q) which characterizes the
wave-vector dependence of the linewidths associated with
the long-range diffusion process.

Since there are data from independent experimental
means, as illustrated below, enabling the establishment of
the temperature dependence of the D„(T) rotational con-
stants, only the I', (Q, T) translational linewidths need to
be determined from fits of the observed intensities with a
model function such as the one specified above. Howev-
er, as can be easily gauged from spectra displayed in Fig.
1, the presence of a noticeable temperature- and wave-
vector-dependent inelastic background, which at the larg-
est wave vector and high temperatures (Q=1.7 A ) be-

0

I d(Q, E, T)= ad;s(T)I '
d(Q, E, T)

I;„,i(Q, T)
+a;„,i(, T)

E +2[I",„„(Q,T)]

eR(E), (4)

where ad;s-(T) and a;„,i(Q, T) are two scaling constants
and the model is then convolved with the experimental
resolution function R (E). Note that, since the wave-

comes the dominant contribution, requires us to supple-
ment the simple diffusional model with a spectral corn-
ponent accounting for this extra intensity. In the absence
of any model to represent this intensity, and taking into
account that, at these relatively high temperatures, such
spectral contributions should arise from heavily damped
low-lying excitations (as well as multiexcitations), such a
background was modeled as an additional Lorentzian
function (an overdamped harmonic oscillator function
will show the same shape), so that the total model func-
tion to be compared with the experimental intensities be-
comes



2768 F. J. BERMEJO et a1.

100.0

4

4
st

I

40.0 .
Ql

20.0

80.0-
Q=1.0 A

60.0 T = 264K pp

0
0

0
6

0
0 p 4

0
W

10.0

5.0 '-

40.0 . . . . , . . . . , . . .
I

35,0 '-

Q=1.0 A

T = 312K
25.0 '-

I

20.0 '-

15.0
0'

0
0

0
0

0 p
0

p 0

60.0 20, 0

I

I
I

~ ~ ~ a I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ ~ I ~ ~ ~ R I L ~ L

~A
C

4
C

50.0 '-

I

40.0 '-

30.0 '-

~ 20,0.
0

10.0

Q=1.4 A

T = 264K
0

0 p

p 0
0
6

16.0-
I

I

12.0 .
I

8.0
0

4.0,

Q = 1.4A

T = 312K

I
FIG. 1. Corrected quasielastic spectra for

two temperatures (264 and 312 K) at both sides
of the reported anomaly. Spectra for Q=1.0
A ' correspond to the MI(006) reAection,
whereas those for Q =1.4 and Q=1.7 A are
from the PG(002) analyzers, respectively.
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vector dependence of I ',d(Q, E, T) is implicit within the
molecular form factors, only a global temperature-
dependent scaling is needed. On the other hand, due to
the lack of any information regarding the inelastic com-
ponent, both temperature- and wave-vector dependencies
are allowed for a;„„(Q,T). The parameters set to be
determined from fits to the experimental intensities are
thus composed of the I,(Q, T) translational linewidth, for
which no prespecified assumption is made, the I';„,&(Q, T)
inelastic width, and the two above-mentioned scale fac-
tors. Such a relatively simple four-parameter model was
able to fit satisfactorily all the constant-Q spectra, al-
though small but systematic discrepancies appeared at
the 1argest wave vectors, as will be commented on in Sec.
IV.

The temperature dependence of the longitudinal NMR
relaxation rates of ' C nuclei given in Table I of Ref. [3]
was analyzed in terms of an approach described in detail
in Ref [15], where for planar rotators such quantities are
expressed in terms of the zeroth-frequency spectral densi-
ty J(0) as

T& '(a, T) =BJ(0)=acos a+bsin a ccos a sin a, —

(5)

where 8=28.5 ps (relaxation due to dipolar coupling be-

tween the carbon nucleus with the directly attached pro-
ton) and a stands for an angle between the C—H vector
and the principal axis of the rotational diffusion tensor in
the molecular plane, which may be substantially dis-
placed from the axis of the free-molecule inertia tensor
due to collisional effects. To quantify such an effect, an
angle P is defined with respect to some molecule-fixed
frame in order to specify the orientation of the principal
axes of the rotational diffusion tensor [15] [see Fig. 2(a)].
The equation written above can thus be solved for relaxa-
tion data measured for seven different carbon nuclei for
each temperature in order to derive values for the angle P
and the three a, b, c parameters which are used to calcu-
late the ratios between the elements of the rotational
diffusion tensor.

III. RESULTS

A. A reconsideration of already existing data

Before embarking on a detailed analysis of the temper-
ature dependence of the inelastic intensities, we have fol-
lowed the procedure outlined above to explore if
significant changes in the orientational motions occur
within the temperature range of interest at time and
length scales accessible to NMR spectroscopy.
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can thus be calculated if an additional independent mea-
surement is available (since only the ratios of the diffusion
constants can be derived from the NMR data [15]). For
such a purpose, the relaxation time measured by depolar-
ized light scattering rLs= [6D, —2(9D, Dz—)'~ ]

' and
given in Ref. [4] for the whole temperature range can be
used, and the temperature dependence of the three indivi-
dual constants is shown in Fig. 3(a). From inspection of
Fig. 3(a), it can be seen that the values of the rotational
constants are close to those found for planar rotators of
approximately the same size (see Ref. [15]), being of the
order of 10' s.

Once the temperature dependence of D, and D~ has
been established, estimates for an effective correlation
time w, can be derived, from which the associated rota-
tional diffusion constants D„(T)=1/6r, entering Eq. (3)
are calculated as [16]

0.5
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FIG. 2. (a) The temperature dependence of the relative orien-
tation of the angle P as calculated from the least-squares solu-
tion of Eq. (6). The inset shows a schematic drawing of the
molecular geometry and the orientation of the principal axis.
(b) Temperature dependence of the ratios of the rotational
diffusion tensor elements D3/D I and D2/D, .
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As a first result, the relative orientation of the principal
axis of the diffusion tensor does not show any significant
change within the explored temperature range as can be
seen from the derived values of the angle P which are
shown in Fig. 2(a). Such a finding indicates that no sub-
stantial change has occurred in the geometrical depen-
dence of the reorientational motion within this tempera-
ture range, and therefore the changes in relaxation rates
should be more sensibly ascribed to changes in the indivi-
dual values of the rotational diffusion coefficients than to
a change in the geometry as a consequence of some
geometrical rearrangement. The temperature depen-
dence of the ratios D3/D, and D2/D, are also given in
Fig. 2(b) and, as can be seen from the plot, such ratios
remain approximately constant within the temperature
range of interest. The presence of a weak temperature
dependence, as shown by the straight lines in the graphs
of Fig. 2(b), cannot be ascertained due to the problem of
estimating the ratios from the relaxation rates, which
leads to a low statistical accuracy for one of the quanti-
ties, as commented on in detail in Ref. [15]. As a matter
of fact, only the first of the two ratios can be determined
with accuracy from the experimental data, the conse-
quences of which will be commented below. The
temperature-dependent quantities
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B. Liquid structure factors

The x-ray patterns for the liquid at temperatures of
T=265 and 295 K, located on both sides of the reported
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peratures since their magnitude becomes compa'rable
with the instrumental energy window [i.e.,
I;„,i(Q, T)=0.25 meV for /=1.4 A ' and T=312 K].
For wave vectors above 1 A ' and for all the explored
range of temperatures, I;„„(Q,T) increases monotonical-
ly with momentum transfer, and such inelasticity be-
comes too weak to be separated from the total spectrum
for Q values below 0.9 A '. The Q dependence of an es-
timate of the inelastic intensities, defined as
I;„„(Q,T)=a;„,i(Q, T)l";„„(Q,T), is finally shown in Fig.
8(a). The overall shape of the curves is reasonably well
accounted for in terms of a simple model for the inelastic

FIG. 5. Temperature dependence of the total (integrated over
energy and momentum transfer) quasielastic intensities. The in-
set shows the variation of this quantity covering the melting
transition.

trum (i.e., the zeroth-order moment of the incoherent
scattering law evaluated for the whole spectral range) is
kept constant with temperature, the most feasible mecha-
nism which can be adduced to explain the observed
behavior should concern the transfer of quasielastic in-
tensity to the inelastic wings of the spectrum, which will
considerably reduce the integrated intensities for our
fixed window of 0.5 meV.

The wave-vector dependence of the I,(g, T) transla-
tional linewidths for several temperatures is displayed in
Fig. 6. A simple Fickian behavior is followed for
momentum transfers below 0.9 A ', a significant change
in slope occurs for —1.0 ~ Q ~ —1.4 A ', and a further
steep increase in slope then covers the rest of the accessi-
ble range of wave vectors.

From the linear (low-Q) part of the curves showing the
wave-vector dependence of the translational linewidths,
estimates for the DT( T) self-difFusion coefficient were cal-
culated, and a plot displaying the wave-vector depen-
dence of such quantities is shown in Fig. 7 as a logarith-
mic representation. No deviations from linearity are ob-
served in all the explored temperature range, and the cor-
responding values for the Arrhenius parameters are
Eo= 11.89 kJ mol '

( =123 meV) for the activation ener-

gy and D&=39.9X10 cm s ' (2.63 meVA ) for the
frequency factor.

On the other hand, since a smooth behavior in Q is ex-
pected, the translational linewidths can be factorized as
shown by Eq. (2) and the function g(g) giving the wave-
vector dependence can be parametrized, on empirical
grounds, using simple analytical expressions. In the
present case, as shown by the lines drawn through the ex-
perimental points in Fig. 6(a), a quartic polynomial
behavior such as g(g)=ag —bg with positive
coefficients (a &&b) gives an adequate representation of
data for all the explored temperature ranges and momen-
tum transfers up to = 1.3 A

The I;„,i(Q, T) linewidths characterizing the inelastic
response could not be determined accurately at high tem-
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intensities, defined as I;„„(Q,T) =a;„„(Q,T)l;„„(Q,T}, is finally shown in Fig. 8(a). The overall shape of the curves is
reasonably well accounted for in terms of a simple model for the inelastic intensity of a particle harmonically bound to a
body freely di6'using in the Quid. In such a case, the integrated intensity of the quasielastic spectrum can be written as
[18]

I;„,i(Q, T) ~ exP[ —2W(Q)]In(iriQ /[2M, acoosinh(A'coo/2kii T)]),
2W(Q) =(A'Q /2M, acro) c oth(fi coo/2k~ T),

(9)

where the exponential is a Debye-Wailer term, Io( }
stands for a modified Bessel function, M,z stands for the
eA'ective mass of the particle executing the harmonic
motion, ~0 its characteristic frequency, and the rest of
the symbols retain their usual meaning. It should be no-
ticed that the curvature of the plots is governed by the
e6'ective mass, the oscillation frequency, and temperature
only, and therefore the comparison between experimental
and calculated quantities is meaningful even if the former
are expressed in a relative scale. Some multiexcitation
contributions could also be present in the inelastic back-
ground, and their relative importance can be estimated
from the expected Q dependence of their intensity. Al-
though an accurate separation of such contributions from
the inelastic single-excitation intensity cannot be sensibly
attempted with the present data, a semiquantitative es-
timation can be accomplished supplementing the equa-
tion given above with a term a „i,(T)Q . Estimates of
such multiexcitation contributions performed in such a
way range from 5.2%%uo of the total inelastic intensity at
T=270 K up to -7% for T=304 K, as shown in the in-
set of Fig. 8(a). The nonmonotonic shape of the curve
showing the multiexcitation intensity versus temperature
was somewhat unexpected and may indicate some cou-
pling with the other three adjustable parameters.

The values for the eA'ective masses for the whole range
of temperatures, as calculated from fits to the formula
written above, are shown in Fig. 8(b) in terms of the
molecular mass (1 Mmol =129 amu). A clear break in
the behavior of the temperature dependence of this mag-
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FIG. 8. (a) Wave-vector dependence of the I;„„(Q,T) inelas-
tic intensities for several temperatures. Open circles and the
solid line represent experimental data for T=304 K as well as
the approximation given by Eq. (9), filled lozenges and the
long-dashed line correspond to T=280 K, and filled circles with
the dashed line to T=264 K. The inset shows the temperature
dependence of a „&,(T) given in percentage units of the total in-
tensity. (b) The temperature variation of the effective masses
given in terms of the free molecule mass Mmol.
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IV. DISCUSSION

Before starting to discuss the results described in the
preceding section let us brieAy enumerate the main
findings of the present work.

(i) No significantly large change in the liquid structure
occurs within the explored temperature range. The ob-
served intensity difference between the two extreme tem-
peratures shown in Fig. 4 could perhaps be explained as a
density effect (i.e., the looser packing of the liquid shifts
the first peak towards smaller wave vectors), although a
definite explanation would require data of far higher ac-
curacy.

(ii) The rotational motion shows within this range of
temperatures a clear nonlinear behavior, something
which apart from the recent NMR evidence [3] is also
substantiated by the depolarized light scattering data of
Ref. [4].

(iii) In contrast, the experimental estimates of the
D, (T) translational diffusion coefficient show a clear Ar-
rhenius behavior, and both the individual values of the
coe%cients as well as their activation parameters are in
agreement with estimates for other systems composed of
planar molecules [19].

(iv) A clear inelastic background is apparent at all the
explored temperatures within the liquid range but disap-
pears on freezing. The strong wave-vector dependence
suggests the presence of a harmonic, albeit strongly
damped (or overdamped) component.

From the fitted I,d(Q, E, T) functions, estimates of the
low-frequency part of the Z(E) generalized frequency
distributions (i.e., for excitations below a cutoff'energy E,
dictated by kinematical restrictions) were obtained fol-
lowing standard procedures [20]. Once such quantities
were evaluated, an estimate of their contribution to the
total specific heat was calculated as

hC(E„T)=J dx x z Z(E), (10)
[exp(x) —1]

with x =A'colk~T, where the upper limit of the integral
was first taken to be 0.5 meV, corresponding to the allow-
able experimental range of energy transfers. A plot of the
temperature dependence of b, C (E„T)is shown in Fig. 9.
Because of the very limited range of energy transfers,
normalization of this quantity to an absolute scale [i.e.,
after normalization to unity of the total Z (E)], obviously
becomes impracticable. However, our interest here is fo-
cused on the temperature dependence and therefore the
comparison may be carried out on a relative scale. The
most relevant feature arising from such an exercise re-
gards the strong temperature dependence of b, C(E„T),
since E, =0.5 meV =5.8 K relative to the temperature
range of interest of 260—312 K. The shape of such a
curve can be understood on the basis of a significant
transfer of intensity towards higher frequencies as the
temperature is raised, which leads to an increase in
specific heat since the very low frequencies do not con-
tribute significantly to b, C (E„T) [i.e., Z (E)
=E I,d(Q, E, T) and therefore their weight to the in-
tegral written above is rather small]. At temperatures
around 300 K and above the transfer of intensity to the
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FIG. 9. Temperature dependence of the 6,(E„T)contribu-
tion to the harmonic constant volume specific heat arising from
excitations with frequencies below E,. The inset shows the re-
sult of extrapolating the data up to 1 meV (see text).

inelastic wings is responsible for the plateaulike shape of
the curve, a feature which is clearly related to the finite
energy window of the experiment. In addition, and to ex-
plore the dependence of such curve with the value of the
E, energy cutoff, the inset in Fig. 9 represents the same
quantity evaluated using E, = 1 meV (i.e., extrapolating
the model fits up to that value of the energy transfer). As
can be seen from the inset, the strong dependence with
temperature is maintained and some hints of a change in
slope about 280 K, reminiscent of those found in Ref. [3],
are apparent as shown by the two straight lines. Howev-
er, additional experimental data covering a larger
energy-transfer range are needed to assess the validity of
such extrapolation.

In order to shed some light on the origin of the inelas-
tic background, consideration was made of the results de-
rived by Wang [7] from a calculation carried out in terms
of the generalized Langevin equation approach for a
dynamical variable formed by components of the transla-
tional momentum density and their complex conjugates,
and those of Quentrec [1] where use is made of some mi-
croscopic information regarding the center of mass and
orientational order within the Quid.

Although the results were only developed to work
within the hydrodynamic region, their implications for
larger Q values can be justified in the same way as em-

ployed in calculations of this kind for other dynamical
variables (i.e., making explicit the wave-vector and fre-
quency dependence of the relevant transport coefficients).
Once this proviso is made we shall note that in both cal-
culations the quantity giving the damping constant of the
shear wave i7=Q r7, /2vrp, where il, stands for the static
value of the shear viscosity and p is the mass density,
governs the passage from the propagative to diffusive re-
gimes. In particular, a useful criterion for delimiting
both regimes is given in terms of a parameter R, which is
normalized to unity and gives the strength of the cou-
pling between shear and rotational excitations (i.e., R =0
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implies that the Quid behave as a Newtonian body
whereas R =1 indicates a Maxwellian behavior charac-
terized by a single relaxation time rM) as [1]

+1 + I+Ls + ~2

8
(1 —R)

( 1 +R I/2)2
Bq=

(1+R)
where the propagative behavior implies that the product

is within bounds 8, and Bz and overdamped
behavior otherwise. From values of the shear viscosity
and density taken from [4] at T=293 K and estimates of
R =0.6 given by Frolich and Posch [21], it becomes clear
that even in the limit of long wavelengths at temperatures
well above melting the transverse modes are heavily
damped (B,=0.3,71rLs=0.1), and therefore no clear
finite-frequency features are observable in the spectrum
of scattered light. The important point to note is the fact
that the relatively large value of R ( =0.6 at temperatures
about T=290 K decreasing when the temperature is
raised to -0.53 at T=308 K [5,21]) implies that the cou-
pling of the thermal shear to reorientational motions does
constitute an efficient mechanism to relieve microscopic
stresses by means of fast reorientational fIuctuations.

Although it is not expected to observe the spectrum of
shear excitations in the kinematic range accessible to neu-
tron scattering from a mostly incoherent sample, its effect
on the reorientational motions may explain the origin of
the strong inelastic background measured in the present
set of experiments. What is somewhat remarkable is the
fact that the widths of the inelastic component (of the or-
der of 0.1 —0.3 meV) can be compared with the values of
the correlation times for vibrational dephasing, ~, =0.3
ps=0. 2 meV derived from the analysis of infrared and
Raman band contours of the same material [22], evidenc-
ing characteristic times far shorter than those involved in
molecular reorientations or long-range translational
diffusion. Furthermore, the fact that the collision rate
derived from such correlation times increases by a factor
of 3 —4 after crystallization [22] suggests that the origin of
such a feature is related to some mechanism where the
acoustic phonons are coupled to localized librations.

From consideration of the coo frequencies derived from
the analysis of the inelastic intensities, and extrapolating
the shear wave frequency from data given in Ref. [4] for
T=295 K to the value of the momentum transfer where
it is expected to show its maximum value which corre-
sponds to a wave number of Q /2=0. 5 A ' [23] [half-
way to the Q value corresponding to the maximum of the
first peak of S(Q) Q [24]] an upper bound of 0.8 meV is
found. For larger values of the momentum transfer such
a frequency should exhibit some oscillations with a
minimum located about Q . Therefore it may be expect-
ed that the shear wave frequencies become close to the cc)0

estimated from the analysis of the inelastic intensities

which are of -0.1 meV, something which would enable
an efficient resonance coupling between shear and fast re-
orientational motions.

An additional indication of the coupling referred to
above is constituted by the fact that a linear fit of the
shear frequency versus temperature from data reported
by Rouch et al. [5] indicates that the crossover from
propagating to diffusive regimes occur about T=285 K,
which basically coincides with the temperature where the
change in s.ope of several dynamical quantities is mani-
fested [3].

In the absence of any other feasible mechanism able to
originate such inelastic feature [24,25], and also based
upon the facts that all other transport properties such as
the mass diffusion coefficient and the sound velocity [4]
behave linearly as characteristic of most (simple) liquids,
it seems clear that the observed feature should be attri-
buted to fast reorientational librations which are excited
by the coupling of the orientational degrees of freedom to
thermally excited shear waves. The fact that such an
effect remains visible well within the kinematical range
accessible to cold neutron spectroscopy once more evi-
dences the microscopic origin of such phenomena, and
therefore, further inelastic neutron-scattering experi-
ments covering a larger range of energy transfers as well
as computer molecular-dynamics simulations are called
for in order to unravel the fine details regarding the mi-
croscopic dynamics of this interesting liquid.

V. CONCLUSIONS

The intricate dynamical effects studied for about two
decades within the hydrodynamic limit by means of
depolarized Rayleigh scattering are found to have a clear
correlate at microscopic scales as it is evidenced by the
incoherent high-energy resolution inelastic neutron spec-
tra. To the authors knowledge, no other molecular liquid
has been shown to exhibit, at these length and time
scales, a similar phenomenology.

Several quantities derived from the spectra seem to
reproduce a change in dynamical behavior about T=290
K, something which may constitute a microscopic corre-
late of those phenomena observed at macroscopic scales
such as the change in slope of the reorientational correla-
tion time as measured by light scattering, NMR relaxa-
tion, or even the specific heat.

Further work employing structural analogs (i.e., iso-
quinoline) and molecular-dynamics simulations using
highly refined interparticle potentials are deemed neces-
sary in order to delve into a truly microscopic under-
standing of the origin of the thermal anomalies studied in
this work.
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