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Abstract. Quasi-elastic neutron scattering (QENS) technique, known to study stochastic motions has been successfully used to elucidate the molecular motions and physical
properties related to them, in a variety of systems. QENS is a unique technique that
provides information on the time-scale of the motion as well as the geometry of the motions. In this paper, results of some of the systems studied using the facility available
at Dhruva, Trombay and other mega-facilities are discussed. Emphasis is given on the
results obtained from three different systems studied using QENS, namely, (1) alkyl chain
motions in monolayer protected metal clusters, (2) molecular motions of propane in Na-Y
zeolitic systems and (3) the study of reorientational motions of liquid crystal in nO.m
series in different mesophases.
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1. Introduction
Neutron scattering is a powerful experimental tool for studying the translational
and rotational motions of atoms and molecules in condensed matter [1,2]. Inelastic
neutron scattering experiments where a finite energy is exchanged between neutron
and the system are used for studying either the periodic motions like molecular
vibrations or the thermally activated stochastic molecular motions which show up
as broadened elastic line known as quasi-elastic line. Quasi-elastic neutron scattering (QENS) technique involves the measurement of spectra within a small energy
transfer range (≤2 meV) centered at zero energy transfer. The time-scale of the dynamical motion (∼10−9 –10−13 s), its geometry as well as the nature of the hindering
potential can all be obtained from QENS experiments.
In a neutron scattering experiment, the quantity measured is the double differential scattering cross-section that represents the probability that a neutron is
scattered with energy change ~ω into the solid angle dΩ [1]. For hydrogenous
systems, it is proportional to (k/k0 ) [σinc Sinc (Q, ω)]. S(Q, ω) is known as the scattering law and the subscript ‘inc’ denotes the incoherent scattering component. k
and k0 are the final and initial wave vectors. Q = k − k0 is the wave-vector transfer
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and ~ω is the energy transfer. For quasi-elastic event, the incoherent scattering law
R
(Q, ω) of a molecule can be approximated as addition of
for rotational motion, Sinc
an elastic and a quasi-elastic components. Quasi-elastic part is a Lorentzian function, where the half-width at half-maximum (HWHM) of the Lorentzian function
is inversely proportional to the time-scale of the rotational motion. It is convenient
to analyse the data in terms of elastic incoherent structure factor (EISF) which can
be defined [1] as the fraction of elastic intensity out of the total intensity in S(Q, ω)
and provides information about the geometry of the molecular motions.
T
(Q, ω), consists
In the case of translational motion, incoherent scattering law, Sinc
only of a Lorentzian [1]. In a system, where both translational and rotational
Tot
(Q, ω) =
motion exist simultaneously, total scattering law can be written as S inc
T
R
Sinc (Q, ω) ⊗ Sinc (Q, ω). Here ⊗ represents the convolution product. However, to
compare with the experimental spectrum, the theoretical scattering law has to be
convoluted with the instrumental resolution function.
In this paper, results of some of the systems studied using the facility [3] available
at Dhruva, Trombay and other mega-facilities will be discussed. The quasi-elastic
spectrometer at Dhruva has been designed by modifying the conventional triple-axis
spectrometer facilitating higher throughput. The scattered neutrons are selected
with respect to energy by a large analyser crystal (in MARX mode) and detected
by a position sensitive detector. Details of this spectrometer are given in [3]. The
instrumental resolution is obtained from the measured FWHM of the spectrum of
a vanadium sample. In the present configuration, the instrument has an energy
resolution of 200 µeV for neutrons of incident energy 5 meV and the wave-vector
transfer (Q) range covered by this spectrometer is 0.67–1.8 Å−1 .
2. Alkyl chain dynamics in monolayer protected clusters (MPCs)
Monolayer protected metal clusters (MPCs) are the monolayers of surfactants
formed spontaneously by self-assembly of the long-chain alkyl thiol molecules on
a nano-sized metal core [4]. Figure 1 represents the (a) schematic of a MPC and
(b) superlattice assembly of MPCs. Dynamics of alkyl chains in an isolated MPC,
AuC18 (Cn = n carbon n-alkanethiolate), and a superlattice of AgC8 MPC have
been investigated for the first time by quasi-elastic neutron scattering (QENS) technique in the temperature range of 300–400 K [5,6] using quasi-elastic spectrometer
at Dhruva. The results have been compared with a layered silver thiolate, AgC 12 ,
chosen to represent a planar two-dimensional monolayer. In the cluster superlattice, QENS broadening was observed even at room temperature and below the chain
melting temperature (Tcm = 333 K) whereas for the isolated cluster it was seen only
above Tcm . In the layered silver thiolate, it was observed above the melting point.
The experimentally extracted EISF at different temperatures are shown in figure
2a for AgC8 . Lines in figure 2a are the fitted ones with proportion (indicated in the
right-hand side of the figure) of alkyl chains participating in the dynamics taken as
a parameter with a uniaxial rotational diffusion model. AgC8 forms a superlattice
structure and this is by virtue of the chain interdigitation among the neighboring
clusters. The fact that 50% of the protons participating in the dynamics in the
temperature range 300–360 K is in accordance with the structural conformation.
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Figure 1. (a) Schematic representation of MPC. 2D SAM represents an
assembly of monolayers on a thin metal film deposited on a suitable substrate.
This resembles the thiolates of MPCs. The alkyl chains assemble on the cluster
surface. (b) Schematic of a superlattice system.

However at 380 K, the data show that almost all the chains are contributing to the
dynamics. This being closer to the melting point, the chains, which were earlier
held fixed due to interdigitation, now have enough energy to be dynamic.
In figure 2b, variation of EISF is shown at different temperatures for AuC18. It can
be seen that above the chain melting temperature, all the chains are participating
in the dynamics. This is in contrast with the findings on superlattice AgC 8 . In the
case of layered thiolate AgC12 , the data can also be described with a six-fold jump
diffusion model with 100% dynamic chains [5].
3. Molecular motions of propane adsorbed in Na–Y zeolite
The pore characteristics are known to play a key role in controlling the molecular
sieving properties and the adsorption behavior of zeolitic materials. It is widely
reported [7] that the thermodynamic and transport properties of fluids are considerably altered on their physical confinement in well-defined channels and cavity
systems of porous materials. Quasi Elastic Neutron Scattering (QENS) technique
was employed to study the translational and rotational motion of propane adsorbed
Pramana – J. Phys., Vol. 63, No. 1, July 2004
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Figure 2. (a) Variation of EISF with Q for AgC8 at different temperatures.
The lines correspond to uniaxial rotational diffusion about the chain axis. (b)
Variation of EISF with Q for AuC18 at different temperatures. The solid line
corresponds to the uniaxial rotational diffusion about the chain axis.

in Na–Y zeolite at temperature range 300–350 K using MARX spectrometer [3]
and triple-axis spectrometer at Dhruva [8]. QENS results are also compared with
molecular dynamics (MD) studies on the same system.
Translational motion of propane molecule was investigated using quasi-elastic
(MARX mode) spectrometer (energy resolution 200 µeV). Spectra from MARX
spectrometer were fitted with an elastic line (for bare zeolite) and a Lorentzian (for
translational motion of propane) convoluted with instrumental resolution. Figure
3 represents some fitted QENS spectra at some typical Q values at 300 K. Figure
4a represents the variation of HWHM of the Lorentzian with Q2 . It is found that a
model of S(Q, ω) proposed by Hall and Ross [9] is adequate and consistent with the
experimental data. In this model it is assumed that the particles are undergoing
random translational diffusion with a Gaussian distribution of jump lengths. The
scattering law in this case will be a Lorentzian, with HWHM,
·
µ
¶¸
1
Q2 hl2 i
Γ(Q) =
1 − exp −
(1)
τ
6
τ and hl2 i are the residence time and mean square jump length respectively. In
figure 4a solid lines are the fit with eq. (1). The extracted dynamical parameters
are given in table 1. Also given in table 1 are the values of diffusion constants
calculated using MD simulation technique for comparison [10].
Fast rotational motion as predicted by MD simulation was studied using tripleaxis spectrometer (TAS) [8] at Dhruva having low energy resolution (∼3 meV)
at room temperature. The extracted elastic incoherent structure factor (EISF) is
shown in figure 4b. It can be seen from the figure that the experimentally obtained
EISF follows the isotropic rotational diffusion model. The spectra were then fitted
with isotropic rotational diffusion model and the rotational diffusion constant was
found out at RT. DR = 1.05 (±0.09) × 1012 /s obtained from QENS experiment is
found to be close to that obtained from MD simulation (0.816×10 12 /s) [11].
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Figure 3. Fitted QENS spectra at some typical Q values at 300 K. Spectra from dehydrated zeolite are subtracted. Dotted line is the instrumental
resolution.
Table 1. Dynamical parameters for translational motion of propane adsorbed
in Na–Y zeolite.
T (K)
300
324
350

τ (ps)

hl2 i0.5 (Å)

D (×10−5 cm2 /s)
(QENS)

D (×10−5 cm2 /s)
(MD)

4.6 ± 0.5
4.3 ± 0.4
3.8 ± 0.3

2.5 ± 0.2
2.9 ± 0.2
3.0 ± 0.3

2.3 ± 0.3
3.2 ± 0.3
4.0 ± 0.4

3.6
3.2
3.0

4. Molecular reorientations in liquid crystal 4O.8
Liquid crystals usually exhibit several mesophases differing by the degree of ordering of the molecules and the dynamics of these molecules is influenced by the
transition from one phase to the other. Molecules undergo several kinds of motions
leading to complicated trajectories of protons in molecular fluids. The compounds
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Figure 4. (a) Variation of HWHM of the Lorentzian with Q2 . (b) Variation
of EISF obtained from QENS spectra (from TAS) with Q for propane in Na–Y
zeolite.

Figure 5. Molecular conformation of 4O.8 liquid crystal.

belonging to the nO.m (alkyloxy benzylidine alkylanilines) homologous series of
liquid crystal where n and m represent the number of carbons in the end chains
on either side of the molecules, attracted considerable interest as, apart from their
wide ranging applications, it is easy to systematically vary molecular structure
of these systems by varying n and m and study the effect of such variations on
the physical properties of these liquid crystals [12]. Reorientational motion of
butyloxy benzylidine butylaniline (BBBA or 4O.4), a member of nO.m series of
liquid crystal, is reported earlier by us [13].
Quasi-elastic neutron scattering (QENS) technique has been employed to study
the molecular motions in undeuterated butyloxy benzylidine octylaniline (BBOA
or 4O.8) at its different mesomorphic phases. QENS experiments were carried
out using high resolution LAM80-ET spectrometer at KENS, KEK, Japan [14].
LAM80-ET is an inverted geometry time-of-flight spectrometer. The high resolution has been achieved by using an array of Mica analysers in backscattering
geometry. The (0 0 6) reflection of Mica analyser provides an energy resolution of
∆E = 17 µeV at a fixed final energy of 1.92 meV with a Q range 0.25–1.65 Å−1
and the (0 0 4) reflection provides ∆E = 6.5 µeV at a fixed final energy of 0.85
meV with a Q range 0.17–1.1 Å−1 . QENS measurements were performed at three
different temperatures for 4O.8: 297 K (crystalline), 328 K (smectic A) and 343 K
(nematic).

86

Pramana – J. Phys., Vol. 63, No. 1, July 2004

Quasi-elastic neutron scattering study

Figure 6. Typical QENS spectra along with separated elastic (dotted) and
quasi-elastic (dashed) components for 4O.8 liquid crystal at 343 K.

4O.8 is an elongated molecule containing two phenyl rings connected with a
CH=N link (core group). Butyloxy and octyl chains are connected to the two phenyl
rings at the end. The molecule is schematized in its trans conformation in figure
5. The straight line passing through the centers of two phenyl rings can be defined
as the molecular axis. For an elongated molecule like 4O.8, reorientation of the
molecule is likely to occur around the molecular axis. QENS spectra for 4O.8 were
separated into elastic and quasi-elastic parts and elastic incoherent structure factor
(EISF) was determined. Separated elastic and quasi-elastic components along with
typical QENS spectra are shown in figure 6 for some Q values at 343 K. The EISF
for particles diffusing on a circle of radius ai for a powder sample can be written as
A0 (Q) =

N Z
1 X π
j0 (2Qai sin x)dx.
N π i=1 0

(2)

Dashed line in figure 7 represents the theoretical EISF using eq. (2), which clearly
indicates that there is more disorder present than just rotation around molecular
axis. As found in other liquid crystal molecules (e.g., TBBA) [15], end chains can
also reorient around its axis in addition to the rotation around molecular axis.
Theoretical EISF calculated by considering the reorientation of alkyl chains around
the chain axis in addition to the rotation around molecular axis is shown by the
dotted line in figure 7. The fact that the experimental EISF is still below the
calculated line suggests further disorder than allowed by the simultaneous rotational
diffusion along the long molecular axis and the end chain reorientations along chain
axis. Further disorder can come from the molecular body axis fluctuation about
its equilibrium position in addition to the reorientation around the long molecular
axis. Although the calculation of scattering law will be difficult since describing
with a rate equation as was done earlier in such cases is not easy, the expression of
Pramana – J. Phys., Vol. 63, No. 1, July 2004
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Figure 7. Variations of experimental and theoretical EISF (see text) with
Q for 4O.8 liquid crystal.

EISF is available for these [16]. As protons in the core group are undergoing body
axis fluctuations about its equilibrium position as well as the reorientations around
body axis, one can write the EISF as
A(Q) =

N ∞
1 XX
(2l + 1)jl2 (Qpi )Sl2 (δ)Pl2 (cos βi ),
N i=1

(3)

l=0

where sin βi = pi /qi . Here qi are the distance of hydrogen atoms from the point of
fluctuation and pi are the distance of the same hydrogen atoms from the molecular axis. N is the total number of hydrogen atoms undergoing fluctuations apart
from molecular reorientations around molecular axis. δ is the parameter which
characterizes the body axis fluctuation. As, apart from fluctuation and reorientation around molecular axis, protons in the alkyl chains also undergo rotations
around chain axis, eq. (3) has to be convoluted with eq. (2). Finally, the EISF
for core protons and the EISF for chain protons has to be added, weighted by a
number of protons in alkyl chains and core. The total EISF calculated in this way
with a parameter, ∆α, which is the average amplitude of the fluctuation where
S1 = hcos αi = coth δ − 1δ are shown in figure 7 by solid lines. The values of ∆α
corresponding to the order parameters S1 = 0.97 and 0.87 are found to explain the
experimental data for smectic A and nematic phases respectively as shown in figure
7. So in 4O.8, molecule is reorienting around its molecular axis with a body axis
fluctuation with an average amplitude of 14◦ (S1 = 0.97) in smectic A phase apart
from chain rotation around chain axis.
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