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Quasielastic neutron scattering measurements and molecular dynamics simulations were combined
to investigate the collective dynamics of deuterated methanol, CD3OD. In the experimentally deter-
mined dynamic structure factor, a slow, non-Fickian mode was observed in addition to the standard
density-fluctuation heat mode. The simulation results indicate that the slow dynamical process
originates from the hydrogen bonding of methanol molecules. The qualitative behavior of this mode
is similar to the previously observed α-relaxation in supercooled water [M. C. Bellissent-Funel
et al., Phys. Rev. Lett. 85, 3644 (2000)] which also originates from the formation and dissolution
of hydrogen-bonded associates (supramolecular clusters). In methanol, however, this mode is distin-
guishable well above the freezing transition. This finding indicates that an emergent slow mode is not
unique to supercooled water, but may instead be a general feature of hydrogen-bonding liquids and
associating molecular liquids. [http://dx.doi.org/10.1063/1.4954964]

I. INTRODUCTION

As the simplest monohydroxy alcohol, methanol serves
as a model system for understanding the generic properties
of alcohols and, more generally, hydrogen-bonding liquids.
Because the hydroxyl hydrogen is a hydrogen bond donor
and the oxygen atom is a hydrogen bond acceptor, methanol
molecules form quasi one-dimensional, string-like associates,
i.e. contiguous sets of hydrogen-bonded molecules. The
presence of these associates strongly affects the properties
of the liquid. Thermodynamic and structural properties
of methanol have been studied extensively,1 whereas the
collective dynamics have not been investigated thoroughly.
The characterization of these dynamics is important for
understanding both the molecular origins of macroscopic
transport properties and methanol’s glass forming ability.

The collective dynamics of methanol can be contrasted
with those of a simple liquid, such as argon. The relaxation
of density correlations in a simple liquid is well described
by a diffusive collective heat mode and two propagating
sound modes.2 Over molecular length scales, these modes are
strongly affected by the structure of the fluid.3 For example,
the relaxation rate of the heat mode exhibits a de Gennes
narrowing, i.e. a minimum over length scales corresponding
to the main structure factor peak. A general understanding
of how these collective modes are altered in the presence of
extended associates does not exist.

Recently, the static and dynamic properties of associates
in colloids,4 protein solutions,5 and ionic liquids6,7 have
attracted increasing attention. It is still debated which of
the observed features in these systems constitute a definitive
signature of associating behavior.8 A general framework, with
inputs from the mode-coupling theory (MCT) of the kinetic
glass transition, has been developed to model the behavior of

a)Electronic mail: afaraone@nist.gov

colloidal particles with specific types of isotropic interaction
potentials.9 Remarkably, a similar understanding is missing
for many extensively studied associating molecular liquids.

There is some evidence that the formation of hydrogen-
bonded associates does lead to emergent dynamic phenomena
in molecular liquids, as well. A slow relaxation mode was
observed in the collective dynamics of supercooled water by
Sciortino et al.10 via molecular dynamics (MD) simulations.
This mode was found in addition to the heat mode11 and
was dubbed the α-relaxation in analogy with concept from the
MCT. Within this framework, the α-relaxation was interpreted
as resulting from caging effects and the slow relaxation
of water’s tetrahedral hydrogen-bond network. Subsequent
neutron spin-echo spectroscopy measurements confirmed the
existence of this α-relaxation experimentally.12

In this paper, we report the observation of a slow,
non-Fickian mode in the collective dynamics of fully
deuterated methanol from combined quasielastic neutron
scattering (QENS) measurements and molecular dynamics
(MD) simulations. This mode is similar in many regards
to the α-relaxation observed in supercooled water. The
appearance of a long-time decay is often associated with
glassy behavior in supercooled liquids. In stark contrast, the
slow mode in methanol was observed far above the freezing
point (TM = 176 K).

As will be shown subsequently, the observed slow mode
is fundamentally collective in nature and is therefore absent
from the single particle dynamics most commonly investigated
in QENS studies of protonated methanol. However, it is
observable in the QENS spectra of fully deuterated methanol,
where the incoherent scattering from the hydrogen atoms is
minimized. For this reason, we have focused exclusively on
fully deuterated methanol.

Even though QENS is well suited to probe the length
and time scales associated with the molecular dynamics
of methanol,13 the unambiguous interpretation of QENS

0021-9606/2016/145(1)/014502/6/$30.00 145, 014502-1
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data is complicated by a limited energy resolution, the
size of the accessible energy window, and the presence
of both incoherent and coherent scattering contributions.
Consequently, complimentary MD simulations are essential
in this case for the accurate interpretation of the QENS data.

II. EXPERIMENTS AND MD SIMULATIONS

Fully deuterated methanol (CD3OD, D 99.8% purity)
was purchased from Sigma-Aldrich14 and used without further
purification. Quasielastic neutron scattering (QENS) measure-
ments were made using the Disk Chopper Spectrometer (DCS)
on NG-415 at the NIST Center for Neutron Research. Multiple
scattering was largely suppressed using an annular sample
geometry with radial thickness of 0.08 mm which results in
better than 90% transmission. Measurements were performed
at a neutron wavelength of λ = 0.5 nm. In this configuration,
the DCS instrumental energy resolution is approximately
Gaussian with a full width at half maximum of roughly
100 µeV. A standard vanadium sample was used to determine
detector efficiency and instrumental energy resolution. Data
were reduced and corrected for scattering from the sample
container to obtain constant Q spectra, using routines available
in the DAVE software package.16 The sample temperature was
controlled using a closed cycle refrigerator with an accuracy
of roughly 1 K.

The experimental QENS spectra were modeled at the
atomic level using data from molecular dynamics simulations.
These simulations were performed with Gromacs 4.6.317 using
the leap frog integrator and a 2 fs time step. The OPLS-
AA18 force field was used to model (protiated) methanol.
The simulations were performed in the N PT ensemble
(P = 100 kPa = 1 bar) using a Nosé-Hoover thermostat
(τT = 0.5 ps) and a Parrinello-Rahman barostat (τP = 2.5 ps).
The periodic simulation box contained N = 2048 molecules.
Lennard-Jones and Coulomb interactions were truncated at
1.1 nm and the Particle-Mesh Ewald method was used to
account for long-range electrostatic interactions. The system
was equilibrated for 5 ns at each condition and data were
collected for an additional 5 ns. Experimentally accessible
correlation functions were calculated using the scattering
cross section of deuterium rather than hydrogen.

III. NEUTRON SCATTERING THEORY

Scattering theory in multi-atom systems is often presented
in terms of particle-number normalized correlation functions.
In this section, we instead express scattering quantities in
terms of volume normalized correlation functions in order to
simplify the presentation and analysis.

The collective dynamic correlations between atomic
species α and β in the volume V are characterized by the
atomic full intermediate scattering function,

Fαβ(Q, t) = 1
V


i, j

e
iQ·


Rα
i
(t)−Rβ

j
(0)


, (1)

where Rα
i (t) is the position of the ith atom of species α at time

t and the magnitude of the wavevector Q = |Q| determines the

inverse length-scale probed. In the above expression, the angle
brackets indicate an ensemble average. Similarly, the atomic
self intermediate scattering function, which characterizes the
self dynamic correlations of species α, is given by

Fα(Q, t) = 1
V


j

e
iQ·


Rα
j
(t)−Rα

j
(0)


. (2)

The intermediate scattering functions are readily calculated
from MD trajectories.19

The double differential cross section measured by QENS
can be expressed as the sum of a coherent term and an
incoherent term,

S(Q,E) = Scoh(Q,E) + Sinc(Q,E), (3)

where the magnitude of the wavevector and energy transfer,
Q = |ki − kf| and E = Ei − Ef, respectively, are defined by the
differences between the initial and final wavevectors, ki and kf,
and energies, Ei and Ef, of a scattered neutron.13 The coherent
dynamic structure factor is a weighted sum of atomic dynamic
structure factors,

Scoh(Q,E) =

α,β

bcoh
α bcoh

β Sαβ(Q,E), (4)

where bcoh
α is the coherent neutron scattering length of atomic

species α. Scoh(Q,E) reflects the collective dynamics of the
system and is comprised of both self and distinct parts. If
the three hydrogen atoms of the methyl group are treated
as being equivalent, ten distinct terms contribute to the sum
in Eq. (4). Many QENS experiments have focused solely on
the incoherent dynamics of methanol, due to the inherent
complexity of modeling Scoh(Q,E).

The incoherent dynamic structure factor is a weighted
sum of the self parts of the atomic dynamic structure factors,

Sinc(Q,E) =

α

binc
α binc

α Sα(Q,E), (5)

where binc
α is the incoherent neutron scattering length of atomic

species α.
The dynamic structure factors and intermediate scattering

functions are related to each other via a time Fourier transform,

Sx(Q,E) = 1
2π

 ∞

−∞
dt e−i(E/~)tFx(Q, t), (6)

where x stands for any of the aforementioned superscripts,
e.g. coh or αβ. For brevity, the time Fourier transform can
be denoted by F , i.e., Sx(Q,E) = F {Fx(Q, t)}. In the same
fashion, the inverse transform can be used to define the
intermediate scattering functions,

Fx(Q, t) = F −1 {Sx(Q,E)} . (7)

In a static neutron scattering experiment, data are
collected without analyzing the energy transfer. Hence, static
structure factors can be obtained by integrating dynamic
structure factors over all E. For example, the coherent structure
factor is given by

Scoh(Q) =
 ∞

−∞
dE Scoh(Q,E) = Fcoh(Q, t = 0). (8)
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The last term in the above expression, Fcoh(Q, t = 0), was used
to calculate Scoh(Q) from the MD simulations.

That the self correlations, and therefore the incoherent
scattering, do not contain any structural information is a direct
consequence of the identity,

Sα(Q) = Fα(Q, t = 0) = Nα

V
, (9)

where Nα is the number of atoms of species α.

IV. RESULTS AND DISCUSSION

Measured scattering intensities, at momentum transfer
Q and energy transfer E, were analyzed with the following
phenomenological model:

I(Q,E) = F �
Ae−Γt

	
⊗ R(Q,E) + B, (10)

where F denotes a time Fourier transform, ⊗ is the
convolution operator, and R(Q,E) is the instrumental
resolution function. In the above expression, A is an amplitude,
Γ is the long-time decay rate, and B is a background constant.
The inclusion of B is an approximate means of accounting for
short-time (roughly sub-picosecond) dynamic processes that
lie beyond the ±1 meV energy window employed here. Repre-
sentative QENS spectra and fit curves are presented in Fig. 1.
Discussion of the extracted fit parameters will be deferred
until the corresponding MD results have been introduced.

The coherent and incoherent structure factors calculated
from our MD simulations are presented in Fig. 2. The
coherent structure factor exhibits a single pronounced peak
at Qmax ≃ 17 nm−1. This result is in agreement with previous
measurements.20 We note that the structure of liquid methanol
has been extensively investigated in the past using X-rays21,22

and neutron diffraction with deuterium substitution.23–25 For
fully deuterated methanol, the value of the incoherent structure
factor, which is Q-independent, is much smaller than the
coherent structure factor, except at low Q, where they become
comparable. The coherent structure of the liquid does not
change qualitatively with decreasing temperature, despite an
increasing degree of association, i.e. hydrogen bonding.

FIG. 1. Representative QENS spectra for CD3OD. The points are experi-
mental data and the continuous lines are fits corresponding to Eq. (10). The
width of the spectra is proportional to the decay rate Γ. The spectra have been
normalized to emphasize the dependence of Γ on Q. Error bars represent one
standard deviation.

FIG. 2. The coherent static structure factor, Scoh(Q) of CD3OD, at three
different temperatures. The incoherent structure factor S inc (horizontal line)
is shown at the same temperatures for comparison. Both S inc and the large
Q limit of Scoh vary with temperature through their dependence on the
volume V.

The intermediate scattering functions, F(Q, t), corre-
sponding to the experimental scattering intensities were
calculated from the MD simulations by taking appropriately
weighted sums of the atomic intermediate scattering functions.
Representative intermediate scattering functions are presented
in Fig. 3. Qualitatively, two dynamic modes are observed. As
a result, the decay was modeled as a sum of two exponentials,
specifically,

F(Q, t) = S(Q) �(1 − x) e−zt + xe−Γt
�
, (11)

where S(Q) is the neutron-scattering structure factor
(comprised of both coherent and incoherent contributions),
z is the short-time decay rate, Γ is the long-time decay
rate, and x determines the relative weight of the two modes.
Examples of fits are also shown in Fig. 3. With the assignments
A = xS(Q) and B = (1 − x)S(Q)/πz, the QENS and MD
models given by Eqs. (10) and (11) are equivalent in the limit
E ≪ ~z. We note that both fit models neglect the effects of
propagating acoustic modes. This approximation is justifiable
over the experimental Q range, where distinct Brillouin peaks
are not distinguishable. However, use of this approximation
implies that short-time ballistic behavior is not accurately

FIG. 3. Representative intermediate scattering functions for CD3OD calcu-
lated from MD simulations. The functions have been normalized to S(Q)
in order to emphasize the dependence of the long-time decay on T . The
continuous lines are fits corresponding to Eq. (11). At low Q, two decay
modes are clearly distinguishable.
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represented. This consideration does not significantly impact
on our findings, which are primarily concerned with the
long-time behavior.

Equation (11) is similar in spirit to the model used by Liao
et al.11 for their analysis of the α-relaxation in supercooled
water. These authors employed a parameter-free model of
the heat mode based on generalized hydrodynamics and a
stretched exponential for the long-time decay. In our case,
the addition of a stretching exponent does improve the fit
quality, but also leads to spurious correlations, since both z
and Γ are unconstrained in our model. Furthermore, under
the conditions studied, the long-time decay in methanol is not
nearly as stretched as it is in supercooled water.

The quality of the fits is sufficient for both the QENS
spectra and MD scattering functions in light of the simplicity
of the models employed. Given the inherent complexity of the
scattering functions, any reasonable fit model is necessarily
phenomenological in nature. Some systematic deviations due
to the choice of model are apparent, especially at low Q,
but the qualitative behavior is well captured. Previous QENS
data from CD3OD26 were analyzed with a complex model
comprised of five exponential functions accounting for both
coherent and incoherent contributions as well as distinct
translational and rotational contributions. We have found
our simplified model to be entirely adequate for the present
purpose.

The Q dependence of the extracted long-time decay rates
is reported in Fig. 4. These data are the central result of
this work. In what follows, it will be demonstrated that Γ
represents a slow, collective, non-Fickian mode related to
the formation of extended associates in methanol. The mere
existence of this mode constitutes a unique dynamic signature
of association. The MD and QENS results for Γ are generally
in agreement, particularly at T = 260 K. This agreement
validates, a posteriori, the appropriateness of the simulation
and analysis methods. At the lowest temperature, T = 220 K,
values of Γ appear to differ by a constant scale factor. This
may stem from the particular parametrization of hydrogen
bonding employed by the OPLS-AA model. The MD values
of Γ appear to dip at high Q for T = 290 K. If the values of x
are fixed to those extracted from the fits at 260 K, the resulting

FIG. 4. The decay rate Γ as a function of Q extracted from fits of the
experimental (points) and simulation (continuous line) data. Error bars are
contained within the size of the experimental points. The Q and T depen-
dence of Γ appear to be decoupled.

values of Γ fall within the error bars for all experimental points
in this Q range. Hence, these deviations are likely induced by
the proximity of z and Γ at these conditions and the inability
of the fit model to fully resolve the difference between them.

The Q and T dependences of Γ appear to be decoupled in
Fig. 4. The temperature dependence of Γ can be described by
the Arrhenius law for activated dynamic processes,

Γ ∝ exp
(
− Ea

kBT

)
, (12)

where Ea is the activation energy and kB is Boltzmann’s
constant. When applied to the extracted values of Γ, Eq. (12)
yields average activation energies of EQENS

a ≃ 80 meV and
EMD

a ≃ 130 meV. These values both fall within the range
of energies for hydrogen bond formation. This observation
supports an interpretation of the slow mode as resulting from
the dissolution and formation of methanol associates.

It is not immediately obvious that Γ reflects the collective
dynamics of the system since the scattering functions contain
both coherent and incoherent terms. The coherent term
corresponds to collective dynamics, whereas the incoherent
term corresponds to self dynamics. This ambiguity is resolved
by studying the behavior of each term separately. Decay rates
extracted from fits of calculated coherent (coh) and incoherent
(inc) intermediate scattering functions are plotted in Fig. 5(a).
The coherent function was fitted using Eq. (11) with decay
rates zcoh and Γcoh, whereas the incoherent function was fitted
using a single exponential function with decay rate zinc. The
relative amplitudes of the coherent and incoherent terms are
determined by their respective structure factors, Scoh(Q) and
Sinc(Q). At low Q, the values of Scoh(Q) and Sinc(Q) are
comparable, and Γ reflects zinc and the slow self dynamics.
As Q approaches Qmax, Scoh(Q) becomes significantly larger
than Sinc(Q) and Γ increasingly reflects Γcoh and the collective
dynamics. Lastly, as expected for a heat mode, z and zcoh

FIG. 5. (a) Comparison of decay rates extracted from the total, coherent,
and incoherent intermediate scattering functions. The long-time decay rate Γ
is strongly affected by incoherent scattering at low Q, but primarily reflects
coherent scattering in the experimental Q range. (b) Relative weight of the
slow mode. The symbols are the same as in Fig. 3. The relative weight of
the slow mode decreases with increasing Q, indicating that the slow mode is
most prominent over larger length scales.
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oscillate around zinc ≃ DsQ2 at high Q. We note that the
extracted value of z is relatively unaffected by the incoherent
scattering, since z and zcoh are similar over the entire Q range.
To summarize, the slow mode associated with Γ does in fact
represent the collective (coherent) dynamics over the majority
of the experimental Q range.

The preceding discussion illustrates why the slow mode
was not emphasized for the previous QENS measurements of
CD3OD made by Bermejo et al.26 The decay rates reported
by these authors at 250 K are very similar to the values of Γ
reported here at 260 K. In the analysis of these decay rates
of Bermejo et al., high Q data were excluded because they
deviated from the Fickian Q2 behavior observed at low Q. In
hindsight, with the support of the MD simulation results, it
seems likely that the results reported by these authors actually
reflect zinc and the self dynamics observed at low Q.

The relative weight of the slow mode, as parametrized
by x, is shown in Fig. 5(b). We note that in the work of
Liao et al.,11 the behavior of their “collective Debye-Waller
factor” A(Q) is similar to that of x. In particular, A(Q) was
found to be weakly temperature dependent and to decrease
with increasing Q.

Values of z extracted from the fits of F(Q, t) at T = 290 K
are shown in Fig. 5(a). Values at other temperatures behave
similarly. An in-depth look at the Q-dependence of z further
allows it to be identified with the heat mode found in simple
liquids. In the hydrodynamic limit (Q → 0), the relaxation
rate of the heat mode is z = DTQ2, where DT is the thermal
diffusion coefficient. However, this relationship breaks down
over molecular length scales. In dense atomic liquids, for
Q values not too small, the heat mode decay rate is well-
described by the hard-sphere result,27

z =
DsQ2

S(Q) d(Q), (13)

where Ds is the self-diffusion coefficient, S(Q) is the atomic
structure factor, and d(Q) is the so-called velocity transfer
function. Equation (13) has two important consequences.
First, the inverse dependence of z on S(Q) leads to a
minimum in the vicinity of the structure factor maximum
at Qmax. This phenomenon is clearly visible in Fig. 5(a) near
Qmax ≃ 17 nm−1, the location of the methanol structure factor
peak. Second, at Q greater than Qmax, z oscillates around DsQ2,
since S(Q) → 1 and d(Q) → 1 as Q → ∞. This behavior is
also observed in Fig. 5(a) and will be discussed further in the
following paragraph. We note that, in contrast to z, the slow
mode corresponding to Γ is relatively insensitive to the liquid
structure.

Figure 6 displays the extracted decay rates for the
center of mass motion. Using the thermal diffusivity, DT ,
measured by photon correlation spectroscopy,28 a naive
extrapolation of the hydrodynamic heat-mode, z = DTQ2,
to high Q gives the results shown in Fig. 6. Clearly this
description of the heat mode deviates from the observed
behavior over the experimental Q range. Using generalized
hydrodynamics, Kirkpatrick has presented an analytic theory
for the heat mode,29 zH(Q), of a dense hard-sphere liquid that
is applicable over the experimental Q range. This theory
requires the hard-sphere structure factor as input, which

FIG. 6. Comparison of decay rates for the center of mass motion, with and
without electric charge. The theoretical curves for the hydrodynamic (dashed)
and hard-sphere (solid) theories are explained in the text.

we have calculated using the Percus-Yevick approximation,2

where the hard-sphere diameter of methanol was estimated
using σ ≃ 2π/Qmax = 0.4 nm. Unlike Eq. (13), Kirkpatrick’s
expression for zH(Q) has the correct low Q limit, but starts
to breaks down for Q > Qmax. Notably, at low Q, the
hydrodynamic and hard-sphere results approach each other
as expected. While it is not surprising that the values of z
extracted from our simulations do not match the hard-sphere
theory exactly, they are remarkably similar. This comparison
greatly strengthens the identification of z as the heat mode in
the system.

The connection between the slow mode and the formation
of hydrogen-bonded associates is highlighted by considering
a model MD system in which electric charge has been set
to zero. Molecules in this charge-free system only interact
via the Lennard-Jones portion of the OPLS-AA potential.
In this system, the intermediate scattering function for
the center of mass (CoM) exhibits a single decay mode
corresponding to the heat mode without any evidence of
the slow mode corresponding to Γ. As seen in Figure 6,
the decay rate of this heat mode is qualitatively identical
to that observed in the unperturbed (charged) system. The
absence of a slow collective mode in the charge-free system
provides conclusive evidence that the observed mode can be
attributed to hydrogen bonding and the formation of methanol
associates. Additionally, both modes corresponding to z and
Γ are observed for the CoM intermediate scattering function
in the unperturbed system. This finding indicates that the slow
mode is not connected with molecular rotations.

The methanol collective dynamics reported here are
qualitatively similar to those observed by Zaccarelli et al.4 in
simulations of a restricted-valence model of gel formation.
In this work, an additional slow mode was observed at Q
values below the structure factor peak and the corresponding
relaxation rate was also found to decrease strongly with
decreasing temperature. The mode was interpreted as resulting
from the slow relaxation of the gel-network with the
characteristic time scale set by the average lifetime of the
gel-bonds. Given the strong analogies between the structure
and dynamics of liquids and colloids,27 it seems likely that the
dynamic phenomena observed in hydrogen bonding liquids
would also be present in systems of patchy, and other network
forming, colloids.
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The short-time, center of mass dynamics of molecular
liquids appear to be reasonably approximated by the
corresponding hard-sphere results with an appropriate choice
of the hard-sphere diameter. In contrast, at present, a theory
to explain the long-time, non-Fickian relaxation identified in
this paper has not been developed. A careful modeling of
the associative interactions (H-bonding in this case) would
be required for this task. In principle, the MD trajectories
contain all of the information required to accomplish this;
in practice, such an effort would require the development
of a new theoretical framework that is beyond the scope
of the present investigation. Unfortunately, a more thorough
understanding of the observed slow mode must be left for
future work.

V. CONCLUSIONS

In summary, we have identified a novel slow mode in the
collective dynamics of liquid methanol through a combination
of quasielastic neutron scattering measurements and molecular
dynamics simulations. This mode is a dynamic manifestation
of the formation of extended methanol associates and exists
in addition to the heat mode found in simple liquids.
An Arrhenius law with an activation energy comparable
to the energy of hydrogen bond formation describes the
strong temperature dependence of this mode. The mode is
similar to the α-relaxation observed in supercooled water,
but it is observable under ambient conditions, far from
the freezing point. Given the emphasis often placed on
water’s tetrahedral hydrogen bond network, it is important
to emphasize that methanol molecules form quasi-linear
associates and not a system spanning network. Taken
together, these findings indicate that an emergent slow
mode might be a generic feature of, at least, a significant
subset of hydrogen-bonding liquids. Such a scenario is
compatible with recent neutron scattering measurements of
the dynamics in m-toluidine30 and 1-propanol.31 Furthermore,
coherent QENS data from other hydrogen-bonding molecular
systems may need to be reassessed in light of these
results.
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