
Analysis of shear viscosity and viscoelastic relaxation of liquid methanol based on
molecular dynamics simulation and mode-coupling theory
Tsuyoshi Yamaguchi, and Antonio Faraone

Citation: The Journal of Chemical Physics 146, 244506 (2017);
View online: https://doi.org/10.1063/1.4990408
View Table of Contents: http://aip.scitation.org/toc/jcp/146/24
Published by the American Institute of Physics

Articles you may be interested in
Nonequilibrium molecular dynamics simulations of nanoconfined fluids at solid-liquid interfaces
The Journal of Chemical Physics 146, 244507 (2017); 10.1063/1.4986904

How good is the generalized Langevin equation to describe the dynamics of photo-induced electron transfer
in fluid solution?
The Journal of Chemical Physics 146, 244505 (2017); 10.1063/1.4990044

Mass density fluctuations in quantum and classical descriptions of liquid water
The Journal of Chemical Physics 146, 244501 (2017); 10.1063/1.4986284

Dielectric and structural relaxation in water and some monohydric alcohols
The Journal of Chemical Physics 147, 024502 (2017); 10.1063/1.4991850

Nanoscopic length scale dependence of hydrogen bonded molecular associates’ dynamics in methanol
The Journal of Chemical Physics 146, 194501 (2017); 10.1063/1.4983179

 Liquid–liquid phase transition in an ionic model of silica
The Journal of Chemical Physics 146, 234503 (2017); 10.1063/1.4984335

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/56140772/x01/AIP-PT/JCP_ArticleDL_110117/AIP-3075_JCP_Perspective_Generic_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Yamaguchi%2C+Tsuyoshi
http://aip.scitation.org/author/Faraone%2C+Antonio
/loi/jcp
https://doi.org/10.1063/1.4990408
http://aip.scitation.org/toc/jcp/146/24
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4986904
http://aip.scitation.org/doi/abs/10.1063/1.4990044
http://aip.scitation.org/doi/abs/10.1063/1.4990044
http://aip.scitation.org/doi/abs/10.1063/1.4986284
http://aip.scitation.org/doi/abs/10.1063/1.4991850
http://aip.scitation.org/doi/abs/10.1063/1.4983179
http://aip.scitation.org/doi/abs/10.1063/1.4984335


THE JOURNAL OF CHEMICAL PHYSICS 146, 244506 (2017)

Analysis of shear viscosity and viscoelastic relaxation of liquid methanol
based on molecular dynamics simulation and mode-coupling theory

Tsuyoshi Yamaguchi1,a) and Antonio Faraone2
1Graduate School of Engineering, Nagoya University, Furo-cho B2-3 (611), Chikusa, Nagoya,
Aichi 464-8603, Japan
2NIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg,
Maryland 20899, USA

(Received 28 April 2017; accepted 12 June 2017; published online 30 June 2017)

The role of the prepeak structure of liquid methanol in determining its shear viscosity was studied by
means of molecular dynamics (MD) simulation and mode-coupling theory (MCT). The autocorrela-
tion function of the shear stress and the intermediate scattering functions at both the prepeak and the
main peak were calculated from the MD trajectories. Their comparison based on MCT suggests that
the viscoelastic relaxation in the ps regime is affected by the slow structural dynamics at the prepeak.
On the other hand, the MCT for molecular liquids based on the interaction-site model (site-site MCT)
fails to describe the coupling between the prepeak dynamics and shear stress. The direct evalua-
tion of the coupling between the two-body density and the shear stress reveals that the viscoelastic
relaxation is actually affected by the prepeak dynamics, although the coupling is not captured by the
site-site MCT. The site-site MCT works well for a model methanol without partial charges, suggesting
that the failure of the site-site MCT originates from the existence of a hydrogen-bonding network
structure. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990408]

I. INTRODUCTION

1-alcohol is a class of amphiphilic molecules in which a
polar OH group is attached to an end of a nonpolar linear alkyl
chain. In its liquid phase, the OH groups form the characteris-
tic linear hydrogen-bonding network structure. The polar OH
groups cluster together through the hydrogen bonding, and
the excluded alkyl chains also gather. The domain structure
of 1-alcohols composed of the polar and nonpolar domains
resembles that of room-temperature ionic liquids and surfac-
tant solutions, and it is an interesting question how such a
structure affects the macroscopic properties of liquid alcohols.
In particular, since the characteristic mesoscopic structure
of surfactant solutions is responsible for the large structural
viscosity, the effects on shear viscosity could be especially
important also in the case of 1-alcohols.

The hydrogen-bonding network of 1-alcohols appears in
the reciprocal space as a prepeak in the scattering experiments.
The prepeak of 1-alcohols appears as a distinct peak when the
alkyl chain is longer than ethyl,1–4 and the prepeak shifts to
lower wavenumber with increasing the chain length, as is the
case of room-temperature ionic liquids.5–8

The dynamics of the network structure can be probed
through QuasiElastic Neutron Scattering (QENS) at the pre-
peak. Sillrén and co-workers measured the intermediate scat-
tering function of 1-propanol at the pre- and the main peaks
by means of neutron spin echo (NSE) spectroscopy and found
that the dynamics at the prepeak is slower than that at the
main peak.9 The slower dynamics of the prepeak has also been
reported for room-temperature ionic liquids.10

a)E-mail: yamaguchi.tsuyoshi@material.nagoya-u.ac.jp

One of us (TY) studied very recently the structural dynam-
ics and viscoelastic relaxation of a series of 1-alcohols from
1-butanol to 1-dodecanol by molecular dynamics (MD) sim-
ulation.11 Slower relaxation of the intermediate scattering
function at the prepeak was confirmed by the simulation. The
viscoelastic relaxation of these 1-alcohols was bimodal. Com-
paring with the intermediate scattering functions, the faster and
the slower modes of the viscoelastic relaxation were ascribed
to the structural dynamics at the main peak and the prepeak,
respectively.

Methanol is the simplest 1-alcohol composed of one
methyl and one OH groups. One of us (AF) studied its structure
and dynamics by means of neutron quasielastic spectroscopy
with isotopic substitution.12,13 The static structure factor of
methanol shows a broad prepeak at q = 12 nm�1, which over-
laps with the main peak at q = 17 nm�1. The analysis based on
the isotope substitution and MD simulation demonstrates that
the prepeak can be assigned to the OH group correlation, while
the contribution of the methyl group is dominant at the main
peak. The quasielastic scattering revealed that the dynamics at
the prepeak is slower than that at the main peak, as in the case
of longer 1-alcohols.9,11

In this work, the relationship between the structural
dynamics and the viscoelastic relaxation of methanol is inves-
tigated in detail based on the mode-coupling theory (MCT), in
order to clarify whether the dynamics of the network struc-
ture of methanol also contributes to the shear viscosity of
methanol. Calculations on a hypothetical model of methanol
without partial charges are also performed in order to extract
the effects of the hydrogen-bonding network. The compari-
son between the time profiles of the viscoelastic relaxation
and the intermediate scattering functions is performed first, as
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we have done on higher alcohols.11 The time profiles suggest
the contribution of the dynamics at the prepeak to the slowest
mode of the viscoelastic relaxation. The calculation based on
the MCT for molecular liquids of interaction-site description
(site-site MCT) is applied for detailed analysis.14,15 However,
the site-site MCT hardly exhibits the coupling between the
shear stress and the prepeak structure, and it fails to reproduce
the slowest mode of the viscoelastic relaxation. The cross cor-
relation between the shear stress and the two-body density is
calculated directly from MD simulation in order to resolve
the origin of the apparent contradiction. The analysis of the
cross correlation demonstrates that the coupling between the
shear stress and the prepeak structure does indeed exist, though
it is lost during the approximation employed in the site-site
MCT.

II. THEORY

The Kubo-Green theory states that the steady-state shear
viscosity of liquids, η0, is given by the time correlation
function of shear stress, P(s), as16–18

η0 =

∞∫
0

G (t) dt, (1)

G (t) ≡
V

kBT

〈
P(s)

xz eiLtP(s)
xz

〉
, (2)

where kB, T, and V mean the Boltzmann constant, the absolute
temperature, and the volume of the system, respectively, and
L stands for the Liouvillian operator.

The site-site MCT approximates the time correlation
function of the shear stress, Eq. (2), in terms of the partial
intermediate scattering function as14,15

G (t) =
kBT

60π2

∞∫
0

dq q4Tr


{
dc (q)

dq
· F (q, t)

}2
, (3)

where bold symbols are matrices with indices of interaction
sites, and a dot “·” stands for the product of two matrices. The
partial intermediate scattering function, Fαγ(q,t), is defined
by19

Fαγ (|q|, t) ≡
1
V

〈
ρ∗α (q) eiLt ργ (q)

〉
, (4)

where ρα(q) stands for the density field of the site α at the
wavevector q. The initial value of Fαγ(q,t),

χαγ (q) ≡ Fαγ (q, t = 0), (5)

is called the partial static structure factor. The direct correlation
function, c(q) in Eq. (3), is related to the partial static structure
factor as

c (q) ≡
[
ρ · ω (q)

]−1
− χ−1 (q), (6)

where the matrixρ is defined as ραγ = ρα δαγ, and ρα stands for
the number density of the siteα. The intramolecular correlation
function, ωαγ(q), is defined as

ωαγ (|q|) ≡
〈
ρ∗s,α (q) ρs,γ (q)

〉
, (7)

where ρs ,α(q) stands for the density field of the site α within
a tagged molecule at the wavevector q.

The site-site Ornstein-Zernike (SSOZ) equation, Eq. (6),
is a definition of c(q) in terms of χ(q) andω(q). Combined with
closure equations such as the hypernetted-chain (HNC) or the
Kovalenko-Hirata (KH) ones, it can yield the static structure
factor of molecular liquids analytically from intermolecular
interactions.19 In this work, however, the SSOZ equation is
used merely to calculate c(q) from χ(q) obtained by the MD
simulation.

The MCT approximation can also be applied to the mem-
ory function for the partial intermediate scattering functions.
The liquid dynamics and the shear viscosity are then calcu-
lated from the static structure in a self-consistent way.20 Since
the purpose of this work is to relate the shear viscosity with
the structural dynamics, however, the partial intermediate scat-
tering functions are evaluated by the MD simulation instead
of the self-consistent MCT calculation in order to avoid the
effects of unnecessary errors associated with the evaluation of
the partial intermediate scattering functions.

Equations (1)–(3) are combined and transformed as

η0 =

∞∫
0

κη (q) dq, (8)

κη (q) ≡
kBTq4

60π2

∞∫
0

dt Tr


{
dc (q)

dq
· F (q, t)

}2
. (9)

The steady-state shear viscosity is divided into the contribu-
tions of liquid dynamics at various wavenumbers in Eq. (8),
and the contribution is described by κη(q) in Eq. (9) within the
site-site MCT approximation.

Under the assumptions that the integral over q in Eq. (3)
is dominated by the contribution around q*, and that the time
profile of the intermediate scattering function at q* scarcely
depends on the atomic indices, the time profile of G(t) in
Eq. (3) is determined by I2(q*,t),21,22 where I(q,t) is a lin-
ear combination of the partial intermediate scattering function
as

I (q, t) ≡
∑
αγ

BαγFαγ (q, t). (10)

Here, Bαγ can be taken arbitrarily under the assumption that
the structural dynamics depends little on the atomic indices.
In particular, by choosing Bαγ = bαbγ, where bα stands for the
neutron or the X-ray scattering length of the atom α, I(q,t)
is equivalent to the intermediate scattering functions deter-
mined by quasielastic scattering experiments. Since G(t) is
also accessible with rheological experiments, the experimen-
tal comparison between G(t) and I2(q*,t) gives information
on the contribution of the liquid structure around q* to shear
viscosity. The characteristic wavenumber q* is usually taken
to be the peak positions of the prepeak or the main peak in
such comparisons.21,22

The MCT expression of the shear viscosity can be derived
through the projection operator formalism. The two-body
density in the reciprocal space is defined as

ρ(2)
αγ (q) ≡ ρ∗α (q) ργ (q) , (11)

δρ(2)
αγ (q) ≡ ρ(2)

αγ (q) −
〈
ρ(2)
αγ (q)

〉
. (12)
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Since the statistical average of ραγ(2)(q) is proportional to the
partial static structure factor, χαγ(q), ραγ(2)(q) can be regarded
as the instantaneous liquid structure. The projection operators
onto the vector space spanned by {δραγ(2)(q)}, denoted as
P(2), are inserted into the both sides of the time propagation
operator, eiLt , as

G (t) �
V

kBT

〈
P(s)

xz P(2)eiLtP(2)P(s)
xz

〉
. (13)

The factorization approximation is applied here as〈
δρ(2)∗

αγ (q) eiLtδρ(2)
α′γ′

(
q′

)〉
� 8π3V

[
Fαα′ (q, t) Fγγ′ (q, t) δ

(
q − q′

)
+ Fγα′ (q, t) Fαγ′ (q, t) δ

(
q + q′

)]
, (14)

which assumes the Gaussian statistics of {ρα(q)}, and the
MCT expression of G(t) is given by

G (t) �
kBT

16π3

∫
dq

∑
αα′γγ′

[
Vη,αγ (q) Fαα′ (q, t)

× Fγγ′ (q, t) Vη,α′γ′ (q)
]

. (15)

The function V η,αγ(q), which is called “vertex function,” is
defined as

Vη,αγ (q) =
16π3V

kBT

∫
dq′

∑
α′γ′

〈
δρ(2)∗

αγ (q) δρ(2)
αγ

(
q′

)〉−1

×
〈
δρ(2)

αγ
(
q′

)
P(s)

xz

〉
. (16)

It describes the strength of the coupling between the shear
stress and the two-body density. The site-site MCT given by
Eq. (3) approximates the vertex function as

Vη,αγ (q) �
qxqz

q

dcαγ (q)

dq
. (17)

One can derive the MCT expression for the memory function
of the intermediate scattering functions at finite wavenumbers
in a similar way with the projection to the two-body density and
the application of the factorization approximation. In the case
of the memory function at finite wavenumbers, there is an addi-
tional approximation that the projected Liouvillian operator is
replaced with the ordinary one. On the other hand, since G(t)
corresponds to the memory function of the transverse current
in the long-wavelength limit, the replacement of the Liouvil-
lian operator is performed at the derivation of the Kubo-Green
formula, Eqs. (1) and (2), without any approximation.18

Instead of Eq. (13), the projection operator is inserted in
this work into only one side of the time propagation operator
as

G (t) �
V

kBT

〈
P(s)

xz P(2)eiLtP(s)
xz

〉
, (18)

which can be transformed as

G (t) �
∫

dq
∑
αγ

qxqz

q2

[
Vη,αγ (q) ρ(2)

η,αγ (q, t)
]
, (19)

ρ(2)
η,αγ (q, t) ≡

q2

qxqz

〈
δρ(2)

αγ (q) eiLtP(s)
xz

〉
. (20)

The trivial orientational dependence is factored out in the def-
inition of ρη,αγ

(2)(q,t), Eq. (20), as a scalar function. The

function ρη,αγ
(2)(q,t)/kBT is interpreted as the response of the

two-body density according to the linear response theory. It is
in principle observable by means of experiments such as Rheo-
SANS,23 which measures the small-angle neutron scattering
(SANS) under the sheared condition, although the q-range in
question is higher than that of SANS in this work.

The physical interpretation of Eq. (19) is then quite sim-
ple. The liquid structure is distorted by the applied shear
flow, which is described by ρη,αγ

(2)(q,t). Due to the coupling
between the liquid structure and the shear stress, which is
described by the vertex function, the distorted liquid struc-
ture yields the shear stress, which is observed as the response
of the shear stress to the applied shear flow. One of us (TY)
has applied similar theoretical formulation to self-diffusion,
ultrasonic absorption, and electrical conductivity.24–27

The pure-shear deformation can be described as the super-
position of the uniaxial compression and the uniaxial expan-
sion, where the axes of the compression and the expansion are
orthogonal to each other. The sign of ρη,αγ

(2)(q,t) is so defined
that it has the same sign as the structural response along the
compression axis.

Under the approximations employed in the site-site MCT,
the response of the two-body density is given by

ρ(2)
η,αγ (q, t) � −kBTq

[
F (q, t) ·

dc (q)
dq

· F (q, t)

]

αγ

. (21)

The comparison between Eq. (21) and ρη,αγ
(2)(q,t) evalu-

ated directly through the MD simulation can be a test for the
approximation involved in the site-site MCT.

III. MD SIMULATION

The MD simulation of liquid methanol was performed at
290 K and 1 atm in almost the same way as one of us (AF)
performed in the previous works.12,13 GROMACS 5.1.2 pack-
age was used for calculation.28,29 The system was composed
of 2048 methanol molecules, which were described by the
OPLS-AA model.30 The molecules were enclosed in a cubic
cell, to which periodic boundary condition was applied. The
equilibrated structure was taken from the previous work.13

The equation of motion was integrated by the leap-frog algo-
rithm with the time step of 2 fs. The production run of
5 ns length was used in most calculations. Since the statis-
tics of the cross correlation between the shear stress and the
two-body density, Eq. (20), was low, the production run was
lengthened up to 50 ns for this correlation function. The Nosé-
Hoover thermostat31 and the Parrinello-Rahman barostat were
employed to realize the NPT ensemble. The long-range part
of the Coulombic interaction was handled with the particle-
mesh-Ewald method with the Fourier spacing of 0.12 nm. The
short-range part of the interactions was cut off at 1.1 nm. The
length of the intramolecular bonds associated with the hydro-
gen atoms was fixed with the LINCS algorithm,32 and the other
bond lengths and bond angles were treated as flexible. All the
five components of the shear stress tensor were utilized for
the calculation of the correlation functions associated with the
shear stress tensor under the consideration of the trivial ori-
entational symmetry, although the definitions were given with
only the xz-component. The shear stress tensor was calculated
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at every 2 steps and recorded at every 100 steps. The spatial
coordinates were recorded at every 100 steps. The q-dependent
correlation functions were calculated directly in the recipro-
cal space. Although the absolute values of the lattice vectors
fluctuated during the production runs in the NPT ensemble,
the magnitude of the fluctuation was rather small owing to the
small compressibility, and the average value was used to show
the correlation functions.

In order to examine the effects of the hydrogen-bonding
network on the shear viscosity of methanol in detail, we also
performed the MD simulation with a model methanol without
hydrogen bonding, hereafter called the non-HB methanol, as
was performed in the previous work.12 The partial charges on
all the sites were removed in the model, while other intra-
and intermolecular interactions were kept the same. The NVT
ensemble was employed for the non-HB methanol in order to
avoid the vaporization, and the value of the density was set
to the average value obtained from the MD simulation of the
normal methanol. The equilibration run of 5 ns length was
performed first, starting from the equilibrium configuration of
the normal methanol, and the subsequent production runs of
5 ns and 50 ns were performed.

IV. RESULTS AND DISCUSSION

Figure 1 shows the partial intermediate scattering func-
tions, Fαγ(q,t), at four different times, t = 0, 0.2, 1, and 4 ps,
which are calculated by our MD simulation. Only the self-
correlations of the O-, H-, and C-atoms are plotted, where the
H-atom stands for the hydrogen atom of the OH group, and
the three hydrogen atoms in the methyl group were referred to
as “M,” as was performed in the previous work.13

The static structure factor, χ(q) = F(q,t = 0), shows two
peaks at q = 12 nm�1 and 17 nm�1, which corresponds to
the pre- and the main peaks, respectively. The main peak is
principally assigned to the correlation of the C-atom, while
the prepeak is to those of the O- and the H-atoms, as was
demonstrated in the previous work.13

The decay rates of the O- and the H-components at the
prepeak are close to each other, and they are slower than that
of the C-atom at the main peak. The relaxation at the prepeak
is slower than at the main peak, in harmony with the previous
work.13

FIG. 1. The O–O (red), H–H (blue), and C–C (green) components of the
partial intermediate scattering functions, F(q,t), of the normal methanol from
MD simulation are plotted as the functions of wavenumber, q. The functions
at the initial time, which are equal to the partial static structure factors, χ(q),
are shown with the solid curves, while those at t = 0.2 ps, 1 ps, and 4 ps are
with the dashed curves, filled circles, and open circles, respectively.

FIG. 2. The running integrals of G(τ) of the normal (red) and the non-HB
(blue) methanols from 0 to t evaluated from the MD simulation (solid) and
those calculated with the site-site MCT (dashed).

The running integral of G(t) from the MD simulation
is shown in Fig. 2 as the red solid curve. The steady state
shear viscosity, η0, which corresponds to the long-time limit-
ing value of the running integral, is 0.51 mPa s, which is close
to the experimental value, 0.59 mPa s.33

The normalized running integral of G(t) was compared
with those of I2(q,t) at the two peaks in Fig. 3. The coefficients
in Eq. (10) are taken to be Bαγ = bαbγ, where bα stands for
the coherent scattering length of the corresponding atom α of
methanol-d4 in this work to imitate the intermediate scattering
function of methanol-d4 determined by QENS spectroscopy.13

The values of the running integral of I2(q,t) may be overesti-
mated a little due to the numerical integration with the interval
of ∆t = 0.2 ps.

The convergence of the running integral at the prepeak is
slower than that at the main peak, as was expected from the
intermediate scattering function. Comparing the dynamics of
the shear stress with that of the intermediate scattering func-
tion, the former exhibits the broader distribution of relaxation
times. The slowest part of the relaxation appears to be as slow
as I2(q,t) at the prepeak. The time profiles in Fig. 3 thus sug-
gest that the shear viscosity of liquid methanol is affected by
the dynamics of both peaks as are the cases of higher alcohols
in the previous work.11 Although G(t) of methanol does not
appear bimodal as the higher alcohols do, this is ascribed to
the small separation of the time scales of the dynamics at the
two peaks.

The site-site MCT expression of G(t), Eq. (3), is applied
to methanol, and the result is compared with that from the MD

FIG. 3. The normalized running integral of G(τ) of the normal methanol
from 0 to t (red) is compared with the corresponding normalized running
integrals of I2(q,τ) at the prepeak (q = 12.1 nm�1, blue) and the main peak (q
= 17.0 nm�1, green).
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simulation in Fig. 2. The methanol molecule is regarded as
the three-site model in the MCT calculation, in order to avoid
the strong low-q singularity of χ�1(q) in the calculation of the
direct correlation function through Eq. (6). The introduction of
the three-site picture corresponds to the restriction of the vec-
tor space onto which the projection operator P(2) is applied.
We consider that the effects of the three-site approximation
are marginal, because the slow dynamics of the M-atoms will
follow that of the C-atom. The integral over q was truncated at
q = 32 nm�1. Although the truncation may result in the under-
estimation of the short-time part, it does not affect the slow
dynamics under interest. Both the direct correlation function
and the intermediate scattering function are determined from
the same MD trajectory. The difference between the two time-
correlation functions is thus ascribed to the limitation of the
site-site MCT approximation.

As shown in Fig. 2, the site-site MCT underestimates the
steady-state shear viscosity. The relaxation of G(t) of the site-
site MCT is faster than that of the MD simulation, and it is
as fast as I2(q,t) at the main peak shown in Fig. 3. Therefore,
the time profile in Fig. 2 suggests the decoupling between the
shear stress and the hydrogen-bonding network structure.

The decoupling also appears in the wavenumber profile of
κη(q) plotted in Fig. 4. The shear viscosity originates mainly
from the structure at the main peak region, q > 15 nm�1, and
no structure is observed in the prepeak region.

Given the decoupling between the shear stress and the pre-
peak structure in the site-site MCT, it is necessary to revisit the
tentative assignment of the slowest mode of the shear relax-
ation observed in Fig. 3 to the relaxation of I2(q,t) at the
prepeak. We therefore examine their coupling in detail based
on the cross correlation between the two-body density and the
shear stress, ρη,αγ

(2)(q,t).
The cross-correlation functions at three different times, t

= 0, 0.2, and 1 ps, are plotted in Figs. 5(a)–5(c). The func-
tions determined directly from the MD simulation are shown
with dots, while those from the site-site MCT approximation,
Eq. (21), are with solid lines.

The initial profiles of the cross-correlation functions are
reproduced qualitatively by Eq. (21), although a small discrep-
ancy is found [Fig. 5(a)]. The difference increases at the end
of the binary collision, t = 0.2 ps [Fig. 5(b)]. In particular,
the theory underestimates the coupling with the O–O corre-
lation at the prepeak, while that with the C–C correlation at
the main peak is overestimated. At t = 1 ps when I2(q,t) at the

FIG. 4. The wavenumber profile of the contribution of the liquid structure at
q to the steady-state shear viscosity η0 in the site-site MCT, κη(q,t), defined
by Eq. (9).

FIG. 5. The cross-correlation function between the two-body density and the
shear stress, ρη,αγ

(2)(q,t), of the normal methanol at t = 0, 0.2 ps, and 1 ps
is shown in panels (a)–(c), respectively, and its time integral from t = 0 to
20 ps is in panel (d). The O–O, H–H, and C–C components are plotted with
red, blue, and green. The dots are those determined from the MD simulation,
while the site-site MCT approximations are drawn with solid curves.

main peak has almost decayed, the remaining coupling with
the prepeak structure is much larger in the MD profile than in
the theoretical one [Fig. 5(c)]. The time profile of ρη,αγ

(2)(q,t)
was integrated from t = 0 to 20 ps in Fig. 5(d). The integrated
strength of the coupling with the prepeak is greatly underesti-
mated by the theory, while that with the main peak is a little
overestimated. The weak coupling with the prepeak structure
by the MCT-like approximation, Eq. (21), thus explains the
apparent decoupling between the shear stress and the prepeak
structure in the site-site MCT.

The initial profile of ρη,CC
(2)(q,t) is negative and pos-

itive on the low-q and high-q sides of the main peak of
χCC(q), respectively. The main peak of the C–C correlation
thus shifts to the higher-q along the compression axis, reflect-
ing the decrease in the interatomic distance upon compres-
sion. The time profile of ρη,CC

(2)(q,t) indicates that the shifted
C–C correlation relaxes to the equilibrium one in a monotonic
way.

The positive response of the prepeak in ρη,OO
(2)(q,t)

and ρη,HH
(2)(q,t) means that the hydrogen-bonding chain

of methanol aligns along the expansion axis, and the
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relaxation of the alignment is controlled by the dynamics of the
intermediate scattering function at the prepeak. It is this
alignment that the site-site MCT fails to describe.

The slowest part of G(t) in Fig. 2 is assigned to the cou-
pling with the prepeak structure based on the analysis of
ρη,αγ

(2)(q,t), which validates the MCT approximation that
the slow dynamics of the shear stress is described in terms
of the bilinear product of the partial intermediate scattering
functions. The weak coupling between the shear stress and
the prepeak structure is thus ascribed to the failure of the
description of the vertex function in the site-site MCT. On
the other hand, the qualitative agreement at t = 0 exhibited
in Fig. 5(a) suggests that the vertex function of the site-site
MCT works fairly well at the initial time. Given that the dis-
crepancy between the simulation and the theory is evident at t
= 0.2 ps, we consider that the failure of the vertex function in
the long-time region results from the short-time non-Gaussian
dynamics.

Figure 6 shows the partial static structure factors of the
non-HB methanol from MD simulation. The structure of the
normal methanol is also plotted for comparison. The prepeak
completely disappears in the non-HB methanol, reflecting the
absence of the network structure. The C–C correlation is little
affected by the hydrogen-bonding because it is mainly deter-
mined by repulsive packing. The peak position of the O–O
correlation is the same as the C–C correlation in the case of
the non-HB methanol. The height of the former is lower than
that of the latter due to the smaller size of the O-atom than the
methyl group.

The running integral of G(t) of the non-HB methanol is
shown in Fig. 2 as the blue solid curve. The value of the steady-
state shear viscosity is much reduced, and the relaxation of the
shear stress becomes much faster compared with that of normal
methanol.

The calculation of G(t) using the site-site MCT is also
performed on the non-HB methanol, and the result is shown
as the blue dashed curve in Fig. 2. The site-site MCT describes
the time profile of G(t) well. The small underestimation of η0

is explained by the smaller contribution of the binary colli-
sion, which is ascribed to the high-q cutoff in the q-integral of
Eq. (3).

The response of the two-body density of the non-HB
methanol, ρη,αγ

(2)(q,t), is shown in Fig. 7. At initial time,
t = 0, the shapes of the responses of all the components are

FIG. 6. The partial static structure factors of the normal (dashed) and the
non-HB (solid) methanols, both of which are calculated from MD simulation.
The O–O, H–H, and C–C components are plotted with red, blue, and green,
respectively.

FIG. 7. The cross-correlation function between the two-body density and the
shear stress, ρη,αγ

(2)(q,t), of the non-HB methanol at t = 0 and 0.4 ps is shown
in panels (a) and (b), respectively, and its time integral from t = 0 to 2 ps is
in panel (c). The O–O, H–H, and C–C components are plotted with red, blue,
and green. The circles are those determined from the MD simulation, while
the site-site MCT approximations are drawn with solid curves.

similar to one another, and they also resemble ρη,CC
(2)(q,t

= 0) of the normal methanol shown in Fig. 5(a). The differ-
ence in the amplitudes among the atomic components origi-
nates in that of the peak height of the static structure factor
in Fig. 6. The peaks of all the components shift to higher-
q along the compression axis as is expected. The profiles at
the initial time are reproduced by the site-site MCT fairly
well.

At t = 0.4 ps, the amplitudes of ρη,αγ
(2)(q,t)s decay with

keeping their shapes as are shown in Fig. 7(b). Comparing
the profiles from the MD simulation and the site-site MCT,
the latter overestimates the decay of the negative peaks at q
= 16 nm�1, while it underestimates that of the positive peaks
at q = 19 nm�1. The decay rates of the two profiles agree with
each other on average, which explains the agreement of the
time profiles of G(t) exhibited in Fig. 2.

The integrated responses are shown in Fig. 7(c). The neg-
ative peak at q = 16 nm�1 is overestimated and the positive one
at q = 19 nm�1 is underestimated due to the difference in the
decay rates demonstrated in Fig. 7(b). However, the magnitude
of the response of the two-body density is reproduced fairly
well by the site-site MCT.

The site-site MCT describes the response of the two-
body density of the non-HB methanol, while it fails on that
of the prepeak structure of the normal methanol. The fail-
ure of the site-site MCT on the shear viscosity of the normal
methanol is thus ascribed to the hydrogen-bonding network
structure.
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There are other classes of liquids and solutions that
exhibit prepeak structures, and the roles of the prepeak in
dynamic properties of these systems have been investigated
both theoretically and experimentally.

One example is room-temperature ionic liquid with long
alkyl chains. One of us (TY) applied the self-consistent site-
site MCT to model ionic liquids and found the presence of
the direct coupling between the shear stress and the structural
dynamics at the prepeak.34 However, such a direct coupling
was not so evident in experiments.21,22,34

Another example is the solutions of colloidal particles
with both sticky attraction and long-range repulsion. The glass
transition of these colloidal systems was investigated in detail
both by computer simulations and the self-consistent MCT
calculations.35,36 The long-range repulsive interaction leads
to the formation of the mesoscopic structure represented as
the prepeak, and the structural relaxation at the prepeak is
the slowest microscopic dynamics. However, Henrich and co-
workers have shown by the self-consistent MCT calculation
that the presence of the prepeak does not affect the nature
of the glass transition, that is, the slow structural relaxation
at the prepeak scarcely affects the microscopic dynamics.36

Their result is consistent with that of ionic liquid in Ref. 34
in that the slow structural relaxation at the prepeak does not
appear in the memory function of the intermediate scatter-
ing function at the main peak. The time correlation function
of the shear stress was not evaluated in these studies, and it
would be interesting to know whether the prepeak dynam-
ics of the colloidal solutions contribute to their viscoelastic
relaxation.

V. SUMMARY

The viscoelastic relaxation of liquid methanol was calcu-
lated by MD simulation and compared with the dynamics of
the liquid structure at the prepeak and the main peak. The time-
profile based comparison suggested the coupling between the
shear stress and the prepeak structure. Although the coupling
was not described by the site-site MCT, it was confirmed by the
analysis based on the cross-correlation function between the
shear stress and the two-body density. It was thus revealed that
the shear viscosity of liquid methanol is affected by the dynam-
ics of the hydrogen-bonding network structure, as in the case
of higher alcohols. The apparent decoupling in the site-site
MCT calculation was ascribed to the insufficient approxima-
tion of the vertex function in the long-time region, which may
result from the non-Gaussian short-time dynamics, which is,
in turn, due to the presence of the hydrogen-bonding network
structure.
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M. Götz, Th. Bauer, R. Gulich, P. Lunkenheimer, A. Loidl, J. Mattsson,
C. Gainaru, E. Vynokur, S. Schildmann, S. Bauer, and R. Böhmer, J. Chem.
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