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We reported the experimentally measured viscosity of 216 benzene or toluene molecules were generated in a
benzene and its derivatives under the pressure of 1 througlubic periodic boundary under the experimental conditions,
1,000 bar at 20C and 60°C, respectively. Viscosity was i.e., 1 bar and 26C and 6(°C, respectively. The molecular
considered as the shear free energy and plotted against tireechanical parameters of benzene and toluene were obtain-
pressure. Benzene has the different slope of the viscosigd from the standard CHARMM (Chemistry at HARvard
curve in contrast to substituted benzenes, chlorobenzene aihcromolecular Mechanics) 22 all hydrogen parameter
toluene. The slope was interpreted as the free volume undset®* The system was heated from 100 K to 1500 K by 10 K
the experimental conditions, assuming the thermodynamii every 0.1ps and equilibrated at 1500 K in the 25ps
relation,V = 02 dynamics simulation. It was then cooled to and equilibrated

The shear viscosity is the transport coefficient of theat 293.15 K employing the same dynamics protocol as the
momentum flux along the velocity gradient, which charac-heating dynamics. This procedure generated equilibrated
terizes the macroscopic flow of molecular systems. Oneoordinates of the 216 molecules at 293.15 K and 1 bar. The
should be able to understand the molecular nature of theonstant temperature and pressure molecular dynamics
momentum flux in terms of molecular interactions and thesimulation was carried out for 100ps and coordinate and
dynamical structure of the molecular liquid. Furthermore,velocity trajectories were saved in every 0.1ps. Fof@0
molecular dynamics simulations enable us to examine molesimulations, the 293.15 K equilibrated coordinates were
cular systems at experimentally unaccessible physical statessed to initiate the constant temperature and pressure dyna-
e.g, at extremely low and high temperature and pressure. Imics at 333.15 K.
our simulation of benzene at a supercritical state, we observ- Atomic coordinates and velocities were converted to COM
ed molecular ordering at extremely high pressure. Before weoordinates and velocities of each molecules. CHARMM
undertake the systematic simulations computing the sheanteraction energy routines were used to evaluate the force
viscosity of benzene derivatives at the supercritical state, wexerted on each molecule by all other molecules in the
must address two questions. One is the validity of moleculasystem. A user subroutine interface to the CHARMM pro-
mechanical parameters and the other is the formulation ajram system was written to generate, z, vy, W, Vz, f, fy,
the shear viscosity. Given a set of published parameters f@ndf, trajectories.
benzene and toluene, we have devised a computationalThere are two equivalent formulae for the shear viscosity
scheme with using the available molecular dynamics codecalculation using molecular dynamics trajectories. The Green-
Three different formulations are implemented and examinKubo formula relates the shear viscogjtio the time corre-

ed. In our preliminary calculation, a modified Einstein formulalation function of the off-diagonal elements of the stress
yields experimental data. tensor
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n= VkBT .IO D]aﬁ(t)naﬂ(o)[ldt (1)
ks is the Boltzmann constar¥, is the volume and is the
absolute temperature of the system. The angular bracket
Eg. (1) denotes an average over time origpagis the stress
tensor elemento| B=X, Y, 2).

Nap(t) = IZ miVia(t)ViB(t) + iZj [B(1) -BMO]F; (1) (2)

where F; (t) is the force component on moleculby
moleculej and the summation is over &l molecules.
However the autocorrelation function may contain the lon
time tails, which make the evaluation complicated.

The Einstein formula is an attractive alternative as it doe
not require the force on each molecule.

vl EGEIHO) C IO
where
GapD) = ¥ mvi (DA (@)

BecauseG(t) is not continuous under periodic conditions,
we must utilize its derivative®

AGqg(t) = Gagl(t) = Gagl0) = [, Gl (1) dT  (5)
where the time derivative @(t) is given by
Gup' (1) = Z myv; (v (t) + Z a;(t)fi (1) (6)

Note thaff; is the total force on molecuie
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The shear viscosity is listed in Table 1 with the diffusion
constant. The diffusion constants are evaluated from the mean
square displacement using the Einstein formdlae mean
square displacements of the center of mass coordinate of 216
Molecules are averaged to yield the diffusion constant.

. 1d
D=1m & @
Although the sampling is performed with the relatively short
trajectories, the experimentally measured shear viscosity is
well reproduced. As the 216 molecular system may not
warrant a stationary, homogeneous and uniform fluid, the

07 (t)-7(0)]D

%tatistical precision is improved by averaging over all six

off-diagonal stress tensor components. While the shear vis-

%osity of benzene is slightly overestimated than the experi-

mental result, that of toluene is underestimated from the
trajectory used in this work, The shear viscosity of benzene
is calculated within 10% of the experimental values. Follow-
ing the Stokes-Einstein law, the molecular dynamics simu-
lation yields near constabt)/T.2

The shear stress calculation necessarily involves the entire
system. Therefore we must improve the statistical precision
of the shear viscosity by sampling over long-time simu-
lations, e.g over 1ns. The 100ps trajectories of this work
may not be long enough to warrant an equilibrium state.
Although extended simulations are in progress, the current
results indicate that the modified Einstein formula of Egs.
(3), (5) and (6) is robust in estimating the shear viscosity of
molecular fluids.
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We evaluate the derivatives from the molecular dynamics
trajectories and integrate over time to generate the stres
tensor elements. Six shear viscosity components obtaine
usingXxy, Xz yx, yz zx andzy stress tensor elements in Eq. o
(3) respectively are averaged to yield the resultant shear
viscosity. We used the last 20ps coordinate, velocity and3,
force data of 100ps simulation trajectories.
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Table 1 Shear Viscosity and Diffusion Constant of Benzene and

Toluené

Unit Benzene Toluene
T K 293.15 333.15 293.15 333.15
n cP 0.6869 0.4567 0.4451 0.2775
(0.6300) (0.4110) (0.5980) (0.3884)
D Azlps 0.3269 0.6223 0.2085 0.4463
DniT 10°N/K  7.6598 8.5308 3.1657 3.7175 6.

"The experimental shear viscosity from Ref. 1 is given in the
parentheses. The pressure is 1 bar.
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