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A new flexible molecular model of methanol was developed for computer simulations applicable to conditions
from the liquid to the supercritical state. The proposed model considered methanol as three interaction sites,
oxygen atom, methyl group, and hydrogen atom, and was represented as the sum of intramolecular and
intermolecular potentials. The intramolecular potential function introduced a Tetkalnman potential and

the intermolecular potential function applied an OPLS function. The potential parameters were adjusted to
represent the experimental saturated liquid density of methanol & 2bhe estimated critical point of the
proposed modell = 232.2°C, pc = 0.278 gcm3) was found to be close to the experimental critical point.
Transport properties and vibrational spectra were in good agreement with the literature values. The fluid
structure of methanol was studied via analyses made on the spatial distribution function. Methanol was found
to have chainlike structures in the liquid state and perturbed structure at supercritical conditions. From the
analyses, roughly half of the hydrogen bonding molecules in the liquid state were preserved even in supercritical

conditions.

Introduction Flexible methanol models have been published by Palitfi&s,
which are based on the BJH water mo#felThe Palinkas
methanol models can change its dipole moment according to
the thermodynamic state and exhibit a gégquid frequency
shift in the vibrational spectrum. However, the functional form
of the model is a sum of the CCL model and unique polynomial
functions that requires much effort to compose an aqueous
made much progress in describing hydrogen bonding fluids asSystem with the currently ‘.Jsed water model_s. Methanol, like
evident from the many potentials such as SPGPC/ELL water, can be represented in terms of thrge sites: oxygen at.om,
TIPS?2 OPLS!2 and other model¥*~16 Our research group has methyl group, and hydrogen atom. In a dilute aqueous solution
published a flexible model for water denoted as the cm4p-mTR at ambient liquid conditions, for example, it has been sugge_sted
modell” which could accurately represent water's critical that a methanol molecule could replace a water molecule in a

) . ; o —hydrogen bonding network and only slightly perturb the
Pég%erﬁfs and its hydrogen bonding behavior in the supercritical hydrogen bond network structure. In this work, we propose a

Most methanol potentials proposed in the literature are rigid methan_ol mO(_jeI based on the cm4p-mTR potential that can be
modelst-2! Jgrgensefi22 and Haughney et & originally conveniently implemented by representing methanol as three

developed methanol models that reproduced thermodynamicSiteS'.We Qiscuss 'gh.e model’s C”“C?" point, vibrational spectra,
properties and the structure substances in the liquid S,[a,[e_self-d|ffus|on co_eff|C|ents, and the simulated fluid structure and
However, despite the importance of the critical region, rigid hydrogen bonding.

models have lower critical temperatures compared with the

experimental value¥ 25 Molecular flexibility may be an ~ Molecular Model

important factor to improve the model capability for representing
the critical point, because this is one aspect that allows relaxation
of the kinetic energy transfer of molecular collisions. In addition,
molecular flexibility can provide vibrational spectra that can
make a direct comparison with Raman or infrared spectra.

The structure of hydrogen bonding fluids change greatly when
fluid conditions are brought from the ambient state to the
supercritical staté? Many researchers have tried to elucidate
the hydrogen bonding structure of fluids at higher temperatures
and pressures from neutron diffractibh X-ray diffraction?®
and theoretical approach&s¥. Theoretical approaches have

The proposed model considered the methanol molecule as
three sites: an oxygen atom (site 1, O), the methyl group as a
whole (site 2, Me), and a hydrogen atom (site 3, H), and was
represented as the sum of intramolecular and intermolecular
potentials. The intramolecular potential functions were based
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t Tohoku University. which was modified for methanol model. We adopted three

zCurrentlxr/] at SUDE;Critical Fluid Reslearch Cen(ter. ) | intramolecular vibrational modes of methanol—®e stretch-
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TABLE 1: Intramolecular Potential Parameters for the
Proposed Methanol Model
re_le re,lJA 99'21;{deg DOH/kJ-moI’l Q13/A71
1.430 0.945 108.5 435.1 2.3083

Knakdmol™ plkdmol™t yidkdmol™t yigkdmol™t d/kImol~?
3022.3200 221.1240  139.1369 103.1043 93.2820

TABLE 2: Intermolecular Potential Parameters for the
Proposed Methanol Model

interaction site m/g-mol~* gle e/kJmol™* olA
oxygen 16.000 —0.700 0.7539 3.0645
methyl group 15.034 0.265 1.2307 3.7300
hydrogen 1.008 0.435 0.0100 0.9000

equilibrium geometries was generally small. Consequently, the
intramolecular potential functions were expressed as follows:

Uinra= Uiz T Uggt Uy 1)
Up,= Krlerlz2 (2
U;3= Don(1 — exp[- alSArli’])z 3

1
Uyi3= Eﬂ(Ae)errlS T V2ol 128O0AT 15+ Vg3l 15AOAT 3+
O(Ar A1) (4)

where Doy is the dissociation energy for the - bond.
Subscripts +3 denote oxygen, the methyl group, and the
hydrogen site, respectively. ThgandAr; are separation and
displacement from the equilibrium distance between atard
j, andA@ is the bending angle for HO—Me subtracted from
the equilibrium angle. Thé 12, aus, B, Y12, ¥13, ando are
potential parameters that were fitted to reproduce vibrational
frequencies in the gas phdsedependently of intermolecular
potential?® The determined parameters are listed in Table 1.
The intermolecular potential function used was a three-site
OPLS-typé3 potential:

Uinter: zz4€ij
[

wherei andj denote each interaction site of the methamol,
ande are the Lennard-Jones (LJ) parameters, qaadr are

O'i]_ 12

a9

®)
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TABLE 3: State Points for Simulation
supercritical ~ near-critical ~ subcritical  liquid
T/°C 245 245 195 25
plg-cm™3 0.716 0.463 0.716 0.787
250 .
O 200 4
=
o 150 .
5
®
@ 100 4
o
§
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Figure 1. Vapor—liquid coexistence densities. Circles: MD simulation
with the proposed model. Filled circle: model’s estimated critical point.
Solid line: experimental data obtained from IUPACKilled square:
experimental critical point.

TABLE 4: Critical Temperature and Density of the
Proposed Model and Literature

proposed OPLE OPLS® IUPAC3:
To/°C 232.2 220 2115 2395
pclg-cm—2 0.278 0.25 0.262 0.279

TABLE 5: Peak Frequencies in Vibrational Spectra

Me-O  Me—O-H O—H
libration stretching bending  stretching
supercritical 245 1028 1240 3530
subcritical 193 1025 1240 3590
near-critical 485 1028 1248 3508
liquid 560 1033 1305 3440
liquid (harmonic) 560 1033 1308 3705
exp value®
liquid 655 1029 1420 3337
gas 1034 1346 3687

momentum scaling and afterward it was controlled with the
Nose-Hoover thermostat. The electrostatic forces were ap-
proximated with a cutoff distance of 10 A for each interaction
pair, and energy contributions outside cutoff cavities were
treated with a sitesite reaction field methdd3® with a

dielectric continuum. For this study, we chose the four state

the partial charge and the separation between interaction sitesconditions listed in Table 3, three of which had been the target
respectively. The original OPLS model neglects a LJ parameter of structural analysis using neutron diffraction H/D substitution

on the hydrogen site. However, in presimulations with the
flexible model, we found that large €H stretching occurred,
leading to the dissociation of the-{ bond above a critical
point. To prevent this phenomenon, a LJ parameter on the

by Yamaguchi et at.

Critical Properties of Proposed Methanol Model

hydrogen site was introduced. Moreover, the LJ parameter on We estimated the vapetiquid saturated densities of the

the O site was adjusted to fit the experimental liquid saturated
pressure of methanol at 2& and 0.787 gm~2, which were
taken from IUPAC3® The determined intermolecular potential
parameters are listed in Table 2.

MD simulations were performed witNVT ensembles con-
taining 500 methanol molecules. The equations of motion were
solved using the velocity Verlet algoritt#nwith a reversible
reference system propagator (-RESPA) algoritAifime steps
were 1 fs for the intermolecular motion and 0.2 fs for the
intramolecular motion. The total simulation time was 300 ps
including 100 ps equilibration. The first 60 ps of simulation,
the temperature was maintained at the desired value with

proposed model with a direct simulation technique of Alejandre
et al3* to examine its performance as a methanol model in the
subcritical and supercritical region. The obtained vagiguid
saturated densities are shown in Figure 1. The data had
fluctuations in the vicinity of the critical point, but they were
in agreement with the saturation data of IUPAXhe critical
point of the proposed model was estimated by fitting the
coexisting density data using the law of rectilinear diameters
and the scaling law with a scaling exponent of 0.32Fhe
critical temperature and density obtained from the proposed
flexible model are listed in Table 4. The proposed model was
found to reproduce the critical point better than the results of
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Figure 2. Dependence of self-diffusion coefficient on the densities.
Filled circles: estimated from MD simulation of proposed model. Open
squares: NMR dat# Open triangles: MD simulatiéh (TIPS model).
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Figure 3. Dipole moment distribution of proposed model.

the current rigid OPLS modét;?>which may be attributed to
the molecular flexibility that allows relaxation of kinetic
energies.

The self-diffusion coefficientDser, was calculated from the
mean square displacement (MSD):

self —

D= lim & () = r(0)10 ©®)
wherer(t) is the position vector at time The maximum time
for estimating MSD was 0.2 ps, which made MSD a constant
slope and was enough time to compute the self-diffusion
coefficient. The density dependence of the self-diffusion coef-
ficient determined from the proposed model at a reduced
temperature of, = 1.15 is shown in Figure 2. For comparison,
the self-diffusion coefficients of Asahi and Nakamitreia MD
simulation of the TIPS model andH NMR spin—echo
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Figure 4. Power spectra of velocity autocorrelation function for H-site.
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the Boltzmann distribution, suggesting the validity of the
simulation near the critical point.

Power spectra for vibrational modes of three sites of methanol
model,l(w), were obtained as a Fourier transform of the velocity
autocorrelation function as follows:

« v(t) v(0)
0 »(0) v(0)

where(t) is the velocity of each atom at timteand w is the
wavenumber. Harmonic potential for € vibration was
applied to examine the effect of unharmonicity for the intramo-
lecular potential. The peak frequencies of vibrational mode and
power spectra for the hydrogen site are shown in Table 5 and
Figure 4.

The peak frequencies around 600, 1030, 1250, and 3500 cm
were assigned as libration, M© vibration, Me-O—H bending,
and O-H vibration, respectively. Falk and Whalley obtained a
gas-liquid frequency shift by infrared spectroscopy that was
250 cnTL.37 In our simulation, there was a 250 cirdifference
for O—H vibration between the anharmonic (3450 driquid)
and the harmonic potential (3700 cin liquid harmonic).
Molecular anharmonicity permitted a large-8 separation with
hydrogen bonding and a red shift of vibrational frequencies.

At higher temperatures, the M&® and the Me-O—H
bending vibrations shifted to lower frequencies. Koda et al.
measured Raman spectral shifts at temperatures from ambient
to supercritical state and the <© stretching frequencies
decreased with increasing temperat¥&he vibrational spectra
of the proposed model were in good agreement with the
experimental data by Koda et al. However, the simulated-e
frequencies at higher temperatures were not as sensitive to
temperature and density as the experimental values. FHd O

(w) = cost) dt

()

techniques measurement are also shown in Figure 2. The self.vibration was composed of the lower (3450 ¢mand higher

diffusion coefficient decreased with increasing density, which
was qualitatively consistent. However, the proposed model
underestimated the self-diffusion coefficient at low densities
compared with the literature values, which may be attributed
to the TIPS methanol model having about a 10% lower critical
temperaturé?

Figure 3 shows the dipole moment distribution in terms of
the density for the proposed model. In the liquid state, the
distribution ranged from 1.7 to 3.0 D with the maximum
population being around 2.3 D. This was different from that
determined by Palinkas et #.and could be attributed to

(3600 cn1?) vibration peaks. It should be noted that these two
peaks were attributed as hydrogen-bonded molecules and
nonbonded monomers, respectively, which implied the hydrogen-
bonding structure still remained in the critical regions. The
vibrational spectra can provide the qualitative degree of
hydrogen bonding according to fluid conditions. However, we
chose to use the three-dimensional pair distribution function,
so-called spatial distribution function, to obtain detailed hydrogen-
bonding information such as orientation and coordination.

Fluid Structure

differences in monomer geometries. At higher temperatures, the Three-dimensional analysis with a spatial distribution function

distributions of the proposed methanol model tended to follow

was conducted for studying fluid structure around an anisotropic
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Figure 5. Principal frame coordinates of methanol.

molecule such as methanol. In this study, the definition of the
principal frame coordinates described by Svishchev and Kusalik
was adopted® As defined in Figure 51 is a position vector
pointing toward a site of another molecule from the oxygen
site, 6 is the angle between the vectoand az-axis bisecting

the angle Me-O—H, andg¢ is the angle between theaxis and

the r-projection onto thex—y plane. The spatial distribution
function atf = 0—360° and¢ = 0° was chosen for analysis.
According to the definition, it can be expected that linear (b)
hydrogen bonding will be observedrat 2.8 A, 60 =60, and
¢ = 0° defined as LHB1 and = 2.8 A, 6 = 18C°, and¢ = 0° b FT L] ,

defined as LHB2 and an area around methyl gréugs 300° T4 AT . B =0.787g-cm”
and¢ = 360°.%° i 1 90,989 140

The oxyger-oxygen spatial distribution function estimated e~
from the proposed modedjoo, in the liquid state is shown in
Figure 6a. We also performed additional simulations with the
original OPLS model, shown in Figure 6b, which yielded a
comparable spatial distribution function. For the case of the first
shell, two sharp peaks occurred at LHB1 and LHB2. The peak
height at LHB1 for the proposed model was about 130 times
higher than that estimated from bulk density. The second
solvation shell could be seenat= 4.5 A, § = 30°, 9¢°, and
150C°, and broader a third solvation shell occurred at 7 A
and 6 < 24C. The two main peaks of the first solvation shell
come from linear hydrogen bonding that bound strongly each
other. It should be noted that the LHB1 peak of the proposed
model was slightly higher than that of the rigid OPLS model. o /4 5 6 Y
This means that that molecular flexibility changes the molecule’s 7 360
dipole moment and it might promote formation of hydrogen Figure 6. Spatial distribution function in the liquid state. (a) Proposed
bonding. In the second solvation shell, two peak# at 30° model. (b) Rigid OPLS model.
and 120 at the same separations imply a chainlike structure
proposed by JargenséhThe peak a® = 90° relates branches
in the chainlike structure. Around the methyl group, it could
be seen that only one broad peak was present=at4—7 A
andf = 18(°. The methyl group has a large exclusive volume,
and this probably leads to the formation of chainlike structures
of methanol rather than three-dimensional networks.

Figure 7a and Figure 7b show spatial distribution functions
at supercritical conditionsT(= 245 °C, p = 0.716 gcm™9)
obtained from the proposed model and the rigid OPLS model, ~ - I -
respectively. The structure obtained from the proposed model ions;##* and combinations of thes&® In this work, we
was qualitatively in agreement with that determined from the 2dopted the geometric definition by Yamaguchi et ab
original OPLS model and the neutron diffraction data with H/D €OMpare our results with their data. The hydrogen bond between

substitution treatment estimated by Yamaguchi &ffato clear WO molecules was defined as follows:

[ 72500 T

3

]
QOQ(r,G‘q[;)

at ¢ = 90° for methanol, which was perpendicular to its
molecular plane. In this plane at= 2.8 A andf = 180
exhibited one peak, which was the same as the peak at LHB2.
Therefore, we confirmed that the methanol model could
coordinate up to two molecules at LHB1 and LHB2.

For quantitatively discussing the state condition dependence
of the hydrogen bonding, we evaluated the average number of
hydrogen bonds per molecule. There have been many criteria
of hydrogen bonding: geometric definitiod®’ energetic defini-

peaks occurred at LHB1 and LHB2 and became much broader 20A<r <34A

and lowered compared with those in the liquid state. The R

hydrogen bonding fluctuated but still remained at supercritical 1.4A< ro.py < 2.4 A (8)
condition, but no long-range liquid structural features such as

chainlike structures could be observed. The second shell, where ro..0 and ro..y are oxygem-oxygen and oxygen

4.5 A, and third shellf = 7 A, were different and significantly ~ hydrogen separations, respectively. The estimated average
smaller than that in the liquid state. We also estimatedygae numbers of the hydrogen bond are listed in Table 6. The values
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Figure 7. Spatial distribution function in supercritical state. (a)
Proposed model. (b) Rigid OPLS model.

TABLE 6: Hydrogen Bonding Analysis From the Geometric
Criteria (See Textp

proposed rigid OPLS ref 5 ref 45
liquid 1.90 1.83 1.77
(1.0)
supercritical 1.30 1.16 1.6
(0.68) (0.64) (0.90) (N/A)
near-critical 0.98 0.89 1.0
(0.52) (0.49) (0.56) (0.4)
subcritical 1.43 1.29 1.6
(0.75) (0.71) (0.90) (0.60.8)

aValues in parentheses are normalized values with the value at liquid

state.

in brackets are normalized with the liquid state value. The

Honma et al.

which may be due to the model's temperature dependence of
the dipole moment and its flexible nature that contributes to
relaxation of kinetic energies. Table 6 contains values by
Yamaguchi et al. from the spatial distribution functions from
MD simulations of the empirical potentials tuned by the structure
refinement approach.They were 1.6, 1.0, and 1.6 at the
supercritical, the near-critical, and the subcritical conditions,
respectively. In addition, the values determined by Hoffman and
Conradi from thetH NMR chemical shift* are also tabulated.
Although the average numbers of hydrogen bonding estimated
from the proposed model were up to 20% lower than those by
Yamaguchi et al., and there are 30% variations in values among
researchers. Simulations with the proposed flexible model could
represent the qualitative tendency of hydrogen bonding at higher
temperatures and probably provides a better estimation of the
true solution structure.

Conclusions

A new flexible methanol model was developed that used an
angular form of the TR intramolecular and the OPLS intermo-
lecular potentials. The LJ parameter on the H-site prevented
dissociation at supercritical conditions, especially higher density
conditions. The critical point of the proposed modi]} € 232.2
°C, pc = 0.278 gcm3) was in good agreement with experi-
mental values and provides reliability of the chosen simulation
thermodynamic state of methanol, especially at supercritical
conditions. The fluid structure of a proposed model had a
qualitative agreement with the current model and experiment.
In the liquid state, a chainlike structure was formed, but it was
perturbed in the critical region. We evaluated the average
number of hydrogen bonds via a geometric criteria, it was
qualitatively well-reproduced trend and was quantitatively in
an error range up to 30% from the literatures. More than half
of hydrogen bonds are still preserved in the critical regions
according to present simulations. The proposed flexible metha-
nol model could be applied to study supercritical systems and
those at extreme conditions of temperature and pressure.
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