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Viscosity calculations of  n-alkanes by equilibrium molecular dynamics

Maurizio Mondello and Gary S. Grest
Corporate Research Science Laboratories, Exxon Research and Engineering Company, Annandale,
New Jersey 08801

(Received 24 January 1997; accepted 6 March 1997

We report shear viscosity results obtained using extensive equilibrium molecular dynamics
simulations. By direct numerical comparison, we show the equivalence of the Green-Kubo and
Einstein approach to the calculation of viscosity in both the atomic and molecular representations.
Comparing the results for two models of linear alkanes, we discuss the molecular factors
determining their low-temperature liquid-state transport properties. In the mass range considered
here (=C,¢), large corrections to Rouse-dynamics scaling are observed, as expected. We indicate,
however, how the scaling relation between rotational-diffusion-time and shear-viscosity still
provides a semi-quantitative way of estimating the latter, using simulations which are at least one
order of magnitude shorter than required for direct determination of viscosityn-fkanes.

© 1997 American Institute of Physids$0021-960807)51022-1

I. INTRODUCTION models, although no direct comparison with experiment was
available.

The study of the transport properties of alkanes is of In this paper we expand our comparative study investi-
considerable practical and theoretical interest. In the petrogating the ability of model A and B to predict the viscosity
chemical industry, the ability to predict and control the vis-of linear alkanes, concentrating om-decane and
cosity of alkanes and their mixtures is critical for rational n-hexadecane as test cases. Some results for the viscosity of
product design and process optimization. The study of théhese two molecules using model A have already appeared in
rheology of alkanes can also offer valuable insight into thethe literature;, while the results for model B are new. All of
short-range, short-time aspects of polymer viscoelasticity. I1the previous numerical results for the viscosity of alkanes
also provides a direct bridge between the liquid-state theoryvere obtained using non-equilibrium molecular dynamics
of simple molecular fluids and the Rouse regime of polymeNEMD)>~*?or, for short alkanes<C,), the Green-Kubo
dynamics. In this paper we discuss the use of equilibriumiG-K) relation®**~**Here we perform all calculations using
molecular dynamic$EMD) for the calculation of viscosity both G-K and Einstein relations and numerically show the
in neat linear-alkane systems, stressing both general methoduivalence of the two procedures. For model A, we com-

ological issues and the limitations of presently availablgP@'® our results with those obtained by NEWFW cur-
n-alkane models. rently typical system sizes and a given statistical accuracy,

In two previous publications? referred to in the follow- we find that the calculation of viscosity by equilibrium and

ing as papers | and II, we investigated by EMD Simulationsnon-equmbrlum methods has comparaple CPU time require-
. e ; . ents. EMD results can also be effectively used as a test for
the static and diffusion properties of several linear an

. he NEMD viscosity calculations, given the difficulties to
branched alkanes. Two models mflkanes from the litera- . : .
) 3 . obtain homogeneous and unbiased thermostatting of systems
ture, that of Siepmanet al,” designated as model A, and .
Padilla and Toxvaefdmodel B were studied. Model A was of flexible molecules under she.
o . o : The transport properties of linear alkanes have often
shown to quantitatively describe the liquid-gas coexistence

) . n rationalized in terms of hard-sphere type mddéfs
curve of then-alkane phase diagramwhile model B was emphasizing the connection with the theory of simte-

optimized to describe the static and dynamic behavior O‘ecular) liquids. Here we offer a complementary approach,
shortn-alkanes(CsHy7 CigHzo) at moderately high pressures stressing the connection wifanentangleppolymer dynam-

and high temperaturésBoth models use a spherical united ics. In particular, we show how the Rouse formula for the
atom(UA) potential, but model Bintroduces a displacement qational diffusion time of polymers can actually provide an
between the centers of force of non-bonded interaction andifective way to estimate the viscosity of linear alkanes. This
the centers of mass of the united atopAsymmetric United a5 poth practical and theoretical interest. From a theoretical
Atom (AUA)]. We used simple extensions of the two mOdelsstandpoint, it shows how medium-sizinean alkanes can

to study the branched alkanes. In | and II, the calculateghe ysed to investigate the relation between the liquid-state
diffusion constants were compared with those obtained frontheory of simple fluids and the Rouse dynamics of polymers.
new pulsed-field-gradient NMR measurements. Our studf¥rom a practical standpoint, the slower statistical conver-
showed that, for a wide range of temperatures at atmospherigence of viscosity calculations, compared to diffusion calcu-
pressure, model B works better than model A in describindations, makes it useful to be able to estimate viscosity from
the diffusion constant of-alkanes. Equilibrium molecular diffusion results.

geometries were also significantly different between the two  In Sec. Il we briefly summarize models parameters and
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9328 M. Mondello and G. S. Grest: Viscosity calculations of n-alkanes

TABLE |. Lennard-Jones potential parameters. TABLE Ill. Substances and state points simulated.
Model Group o (R) € (kcal/mol) d @A) Substance TK) p° (glcn?)
A (UA? CH, 3.930 0.227 n-decane 298 0.7247
CH, 3.930 0.093 480 0.6138
B (AUAP) CH, 3.527 0.238 0.275
CH, 3.527 0.159 0.370 n-hexadecane 298 0.7703
323 0.753%
#From Reference 3. 373 0.7187

®This is model AUAy, from Ref. 19.
In Table I of Ref. 1,d of CH, was incorrectly reported as 0.159. The 2Different system sizes and run lengths were used. See following tables.
correct valug(0.370 was used in the simulations. ®Normal pressure density, except when otherwise specified.

‘From Ref. 23.

9Density corresponding to a system under moderately high pressure. From

. . - . Ref. 14.
simulation methodology. The equilibrium results for statice- (" rovie Vi of Ref. 24.

properties are presented in Sec. lll. The methodology of the

viscosity calculation is reviewed in Sec. IV, while the diffu-

sion and viscosity results are presented in Sec. V. The con- _

nection with the Rouse dynamics of polymers is discussed itve discuss the use of the Rouse-dynamics model to connect
Sec. VI. We compare EMD and NEMD approaches to thediffusion and viscosity results, we have also reconsidered
calculation of viscosity in Sec. VIl and summarize our con-data from papers | and Il and made comparisons with the
clusions in Sec. VIII. Some technical details of the compu-esults of Cuiet al® Most of the simulations were performed
tation of the AUA stress tensor in the atomic representatiotising systems of 64 molecules. To gain some insight on

are confined to an Appendix. possible finite-size effects and to establish a basis for esti-
mating the error of the calculated transport properties, we
Il. SIMULATION MODELS AND METHODOLOGY also performed very long simulations using i3@ecane and

128 n-hexadecane molecules.

For a comparative description of models(BA) and B
(AUA) we refer the reader to papet However, for ease of
reference and to point out previous misprints and a mino
difference with Ref. 1, we list again, in Tables | and Il, the
non-bonded and bonded interaction parameters for the two The static equilibrium results are collected in Table IV.
models investigated. Bond lengths are kept constant usinghe very long runs required for viscosity calculations pro-
the RATTLE algorithni® and we used a 10 A cut-off for the vide very accurate information about the average molecular
(shifted Lennard-Jone¢LJ) potential. shape. These results confirm the significant difference in

As for the diffusion studies? all the results presented thermodynamic flexibility between models A and B. Model
here were obtained by constant volume simulations, usingg describes a more compaghore thermodynamically flex-
with one exception, experimental densities at 0.1 MPa. Théble) molecule than model A. There is also a difference in the
velocity rescaling algorithm of Berendsen al?* was used expansion coefficienk=d(In RS)/dT between the two mod-
to control the temperature. The equation of motion was inteels, although not quite as large as that suggested by the less
grated using the velocity Verlet algorithm Wi 5 fstime-  accurate measurements of paper |. This leadsvey) slow
step. The molecules and state points specifically investigategbnvergence of molecular sizes for the two models with in-
for this paper are collected in Table Ill. In the Sec. VI, wherecreasing temperatures. In this respect, note that the average
radius of gyration of model A oh-decane at 480 K is still
larger than the value for model B at 298 K. For both models,
the molecular geometry seems to be essentially unaffected

Model A (UA%  Model B (AUAP) Units by the system size.
In Table IV we also report the calculated pressuias

fin. EQUILIBRIUM PROPERTIES

TABLE Il. Intramolecular interaction parameters.

E:?sef(;ﬂ;h 1241.'1584 12:5; kcdlmil rad) cluding 2Iong-tail correctior’bs.COntrary to our previous.

0, 114.0° 114.6° deg. papers-? where the pressure in the molecular representation
a, (torsion 2.007 2.062 kcal/mol was reported, here we report the pressure in the atomic
a 4.012 4.821 representatioR> From test runs performed with smaller

a 0.271 0.162 time-steps, we find that the “atomic” pressure is less sensi-
23 ~6.290 :g:g;i tive to changes in the integration time-step. With the 5 fs
a;‘ 0502 time-step used here, the “molecular” pressure is 1 to 2 MPa

higher than the “atomic” valuégsee paper)l Note that this
dntramolecular parameters for-alkanes from Ref. 3. Torsional potentials discrepancy is significantly larger than the statistical errors
are taken from Ref. 22. . reported in Table IV for the “atomic” pressure. To the re-
Intramolecular parameters from Ref. 19. The torsional potefdiafrom .. . “ <
the same reference was used. ported accuracy, the statistical fluctuations of “atomic” and

°In Ref. 1 we used 1.545 instead. “molecular” values are identical.
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TABLE V. Equilibrium results. The square radius of gyratiR@ and the square end-to-end distanﬁé§are
expressed in A Uncertainties in the last reported digit are given in parentiiéBig eigenvalues of the mass
tensor (?) satisfy the equality$+15+15=R3, with I3=13=13. Data for systems of 64 molecules, unless

otherwise specified.

Substance Model  TK) R’ 12/RZ 13/RE RZ, Pemp (MPa)  Run (ng
n-decane A 298 11.48) 0.9191) 0.0641) 96.91) -0.32) 20
298 11.481) 0.9191) 0.06711) 96.91) -1.1(1) 110
480 10.671) 0.8961) 0.0851) 86.41) 11.712) 10
n-decane B 298 10.63) 0.8941) 0.08711) 85.92) 0.92) 20
298 10.641) 0.8941) 0.0871) 85.91) —-0.1(1) 100
480 9.961) 0.8741) 0.1021) 77.21) 25.012) 10
n-hexadecane A 298 26. 0.9021) 0.0851) 226.54) —6.4(2) 30
323 25.342) 0.8951) 0.0911) 217.52) —6.6(2) 40
373  24.492) 0.8861) 0.0981) 206.83) -6.8(2) 15
n-hexadecane B 298 23 0.8721) 0.1091) 189.36) 3.22) 31
323 22.7¢4) 0.8641) 0.1141) 184.65) 4.52) 28
323 22.662) 0.86741) 0.1131) 183.13) 5.1(1) 50
373 21.942) 0.8581) 0.1191) 175.13) 7.001) 45
373 22.002) 0.86Q1) 0.1181) 175.93) 7.31) 20

4n practice, because of round-off error, the minimum uncertainty on the last reported digit is 1.

bSystem of 32 molecules.
For the calculation of viscosity we used a somewhat
dSystem of 128 molecules.

IV. VISCOSITY CALCULATION METHODOLOGY

longer 31.5 ns run.

of-mas$ andf':) is the  component of the force exercised

on atom (the center-of-mass of molecllé due to atom

In analogy with the self-diffusion coefficient, which can

(moleculg j. In Fig. 1, we show the equivalence of the

be calculated using the single-particle velocity correlatlonatomic and molecular versions of tiigeneralizefi G-K re-

function, we can compute the shear viscosityusing the
equilibrium fluctuations of the off-diagonal components of
the stress tensdP. Averaging over the three off-diagonal
components will improve the statistical convergence of the
calculation. Daivis and Evalfshave shown that, for a sta-
tistically isotropic system, we can further improve the con-
vergence of the calculation using the equilibrium fluctuations
of the symmetrized traceless portioR ;) of the stress ten-
Sor (o,p)- Pag includes two independent diagonal compo-
nents and thégeneralizel G-K formula, with the appropri-
ate weight factors, can be written as

V ©
fo (<aEﬁ Paﬁ(t)PaB(0)>)dt.

T 10kgT

oY)

HereV andT are the temperature and volume of the system,

respectively kg is the Boltzmann constant and

Pup=(0upt 05,)I12— 8up 2 077)' (2
Y
For a system o\ atoms(moleculey,
1 ) .
Tap(D= | 2 valDV(0)
+§J FLIO(rpt) —rh(t) |, (3)

wherevia andria represent, respectively, tkecomponent of
the velocity and position of theth atom (molecule center-

J. Chem. Phys., Vol. 106,

lation for model B ofn-hexadecane at 298 K. This equiva-
lence was first discussed farbutane by Marechal and
Ryckaert® Cui et a

|15 presented a more detailed analysis for
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FIG. 1. Comparison of Green-Kubo calculatipig. (1)] for molecular
(dashed lingand atomiddotted ling shear-stress of-hexadecane at 298 K
(model B. Here we integrate the correlation up to a time roughly twice the
rotational diffusion time ¢z=330 p3. The correlation itself was averaged
over the entire run495 75). We find that the two calculations agree at all
times larger than=1 ps(inse). Following the criterion suggested in Sec. V,
we estimate the statistical uncertainty of this calculation to be in the range
10 to 15%.

No. 22, 8 June 1997
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the case of model A of-decane at the 480 K state point. T ——
Their implementation of model A includes bond stretching L -
and the(running integral in the atomic G-K formula shows 1500 7
stronger oscillations at short times than observed in our fixed
bond-length modél (see inset of Fig. Xl In both cases, how-
ever, the running values of atomic and molecular integrals
converge on time scales much shorter than the characteristic
time required for the two integrals to reach ttsame pla-

teau value.

Alternatively, in analogy with the Einstein relation for
self-diffusion, we can compute the shear viscosity using the
mean-square “displacement” of the time integral of the
shear components of the stress-teffSor

1000 -

500 - —

mean square stress displacement (cPxps)

\%
n=lim o T Tt(<2 (Lag() =L ap(0))? (4) oF ]

0 200 400 600 800
time (ps)

where

t FIG. 2. Comparison of Green-Kubo and Einstein calculat{éts. (4) and
Lag(t)= | Pgg(t’)dt’. (5) (6)] for molecular and atomic shear-stress. Units are chosen so that the
0 viscosity can be directly read from the slopes of the four curves. In the time

This i I h he di . f | range 400 to 800 pgoughly 1 to 27R), the four values are all within 1% of
Is integral has the dimensions of an angular momentun}helr average: 2.18 cP. Note that this variation is one order of magnitude

but, in a system with periodic boundary conditions, cannokmaller than the statistical uncertainty.

be directly expressed in terms of particle positions and

velocities?® Here we are applying to the Einstein relation the

same generalized formulation adopted for the G-K formula}10 loss of information. Here, as in the case of the self-

in Eq. (1). diffusion calculation, we are essentially constructing a ran-

A direct numerical comparison of the two methods of 451, walk and all integration steps contribute equally to the
calculating the shear can be made by rewriting@gfor the g rasyit. When using the G-K relation, on the other hand,

\IQSC?[S'W as a double integral of the time correlation of the, e haye to rely on the accurate integration of a rapidly vary-
«p tensor

ing function over a time interval much shorter than the entire
_ vV t N > simulation run.
=m0 . (< % Pasll )P“ﬁ(°)>)dt '
(6)

Applying these two methodgEgs. (4) and (6)] and using
o, expressed in terms of atomic or molecular variables, we
can now calculate the shear viscosity as the limiting slope of
four distinct curves that can be compared on a single plot.
The equivalence of the results so obtained is demonstrated in
Fig. 2. Again we observe early convergence of the running
values of the four integrals.
In order to perform the calculation, we first record the
value of the stress tensor components, in the atomic and
molecular representation, at each time-step. Using fast Fou-
rier transform, we can then easily calculate the stress corre-
lation using all available informatioftypically 16— 10/ data
points. Even so, some care must be taken in the integration
of the stress correlation which, in the atomic representation, :
exhibits strong oscillatory behavior: The fastest oscillations I S R B SN
have a period of 50 fs which is only 10 times our integration 0 02 04 06 08 1
. . h . time (ps)
time-step(5 fs); see Fig. 3. Because of these fast oscillations
In th.e atom'(? stress aUtocorrelat_'on' itis Cl?ar that a red.UCFIG. 3. Comparison of the short-time behavior of the time correlation func-
tion in sampling could lead to serious errors in the evaluationions of molecular(solid ling) and atomic(dotted ling shear-stress. The
of the G-K formula, Eq(1) [or Eq.(6)]. In contrast, a prac- integral of the two functions over the interval shown, 1 ps, is essentially
tical advantage of the Einstein relation is that the time inte- identical(see inset of Fig. )1 We have also plotted here the time-correlation
functions obtained averaging only the off-diagonal contributions from the
grat_")n of the s_tress tensor components can be perform_ lecular and from the atomic stress tensor. On the scale of the plot, at
on-line and the integrated values saved every few steps witkhort times, these curves are indistinguishable from the total averages.

-
=]
T
1

[=]
T

atomic and molecular stress correlation (cP/ps)
o
I
|
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TABLE V. Self-diffusion (D), rotational diffusion ¢g) and viscosity ) results. Uncertainties in the last
reported digits) are given in parenthesis. Data for systems of 64 molecules, unless otherwise specified.

Substance Model T  Dgwp (107 °cn?s) De, 7= (PS  7emp (CP) Texp
n-decane A 298 16(3) 1400 57(2) 0.67040) 0.8498(3¥
29¢ 15.82) 140 56.54) 0.66415 0.8498(3%
480 751) 10.42) 0.1846)  0.196(6}
n-decane B 298 15(Q) 14.¢  49Q1) 0.59628) 0.8498(3%
298 14.2015) 14.¢¢ 51.55 0.61415 0.8498(3¥
480 721) 9.52) 0.1806)  0.196(6}
n-hexadecane A 298 5@ 3.7¢ 30015 1.6825 3.078(62)
323 9.21) 6.32 1796) 1.11(10f 1.845(37)
373 17.82) 84(3) 0.677) 0.895(18}
n-hexadecane B 298 3. 3.7¢ 33215 2.1830) 3.078(62)
323 6.31) 6.3F 1938) 1.3714)  1.845(37)
323 6.61(5) 6.3 1968) 1.4910)  1.845(37§
373 13.62) 86(2) 0.694) 0.895(18}
373 14.52) 86(2) 0.727) 0.895(18}

#Pulsed-field-gradient NMR result from our laboratories. The estimated uncertainty of the reported value is
+10%. See Ref. 1.

PFrom Table IX of Dymond and ¢ (Ref. 29.

‘System of 32 molecules.

YExperimental viscosity for pressures in the range 10-14 MPa, from Ref. 30.

®Pulsed-field-gradient NMR result from Ref. 31. The declared overall accuracy of the reported values is
+2.5%.

fFrom Table VI of Dymondet al. (Ref. 24. In parenthesis, we give the uncertainty corresponding to the
declared accuracy of the measurement¢6).

9For the same calculation, we previously reported a value of 1.14Re 32. The new(slightly differeny

value, 1.11 cP, and the associated statistical error were determined using the uniform procedure described at
the end of Sec.V.

hSystem of 128 molecules.

The calculation of the stress tensor in the atomic repreN,,,— 1, to account for the fact that the center of mass of the
sentation involves adding up non-bondéd)) and bonded system does not move. An analogous procedure is necessary
contributions. For the UA model, the LJ contribution to the when calculating the velocity autocorrelation functidrto
virial can be calculated by a straightforward application ofcalculaterr, we consider the first-order angular correlation
Eq. (3). For the AUA model, care must be taken to properly of the longest principal axis of a molecule’s ellipsoid of in-
account for the fact that LJ centers of force and atom posiertia. At intermediate times, this correlati¢obtained again
tions do not coincide. To our knowledge this point has notas an average over molecules and initial timisswell de-
being discussed before and technical details are presentedsoribed by a simple exponential relaxation, uniquely charac-
the Appendix. The bonded contributions to the virial are esterized by the time constan (see paper | for details
sentially the same for the two models and, following E), The diffusion results presented here are in agreement
can be expressed in terms of pairs interactGnalthough  with those reported in papers | and II, but are statistically
the unsymmetrized version of the virial can also be wsed.more accurate, due again to the more stringent requirements
Because we keep bond lengths constant, we need to incluad the viscosity calculation. The differences between models
in the virial calculation thelarge contribution of the bond A and B are confirmed. The diffusion constant for model A
constraint forces. is systematically higher than model B, with the relative dif-
ference increasing for slower diffusioflonger molecule/
lower temperature It is also clear that model B describes the
experimental results for hexadecane considerably better than

Results for the self-diffusion coefficiebt and the shear- model A. The newand somewhat unexpecbesult is that
viscosity n are collected in Table V, where we also list the the viscosity values calculated in the two models are consid-
values of the rotational relaxation time;. The calculation erably closer than the diffusion values, that is, the product of
of n was discussed in detail in the previous sectibnis  viscosity and diffusion is different in the two models. Also,
obtained from the slope of the mean-square displacement &foth models clearly underestimate the experimental viscosi-
the molecular center of mass, averaged over the all the moties at temperatures close to thexperimental melting
ecules N,,o) in the system and all available initial times. points of the materials investigated. Note, by contrast, that
Note that, in taking the average, the sum of the mean-squamodel A (using a harmonic potential to enforce bond con-
displacements for thdl,,,,; molecules should be divided by nectivity) was found to reproduce the experimental viscosity

V. DIFFUSION AND VISCOSITY RESULTS

J. Chem. Phys., Vol. 106, No. 22, 8 June 1997



9332 M. Mondello and G. S. Grest: Viscosity calculations of n-alkanes

of n-decane at the high-temperature state p@g0 K) listed  7g) segments. The results of this analysis indicates that in
in Table Il (see Refs. 14 and 33Using the fixed-bond- order to obtain 10% statistical uncertainties in the calculated
length version of the model, we calculate a valuejoffhich  viscosity, runs of between 100 and 26Q are necessary. If,
is a few percent smaller than the previous calculations, buas we believeysy is the only relevant relaxation time in the
well within their reported accuracgTable V). We also find problem and we make the conservative assumption that, for
that model B gives similar results to model A at this high viscosity, statistical uncertainty is not reduced by increasing
temperatures. the system size, we can use this result to obtain a useful
Besides comparing with experimental results, valuableestimate of the statistical error for all the systems and state
insights can be gained by a direct comparison of all the calpoints investigated. One should also keep in mind that there
culated constants in Table V. Forhexadecane, we observe is a trade-off between trying to minimize statistical and sys-
larger percentage differences between the self-diffusion corfematic errors of viscosityand diffusion calculations. For
stants of models A and B than observed for the correspondsxample, if one obtains the viscosity using the Einstein ap-
ing 7g or 7 values. Forn-decane, we note that model A proach(Fig. 2), it is important to take the slope of the cor-
exhibits slightly higher self-diffusion and, at the same time,responding curv@) at the earliest possible time, to minimize
somewhat higher viscosity than model B. Thevalues for ~ statistical error, and at late times to reduce systematic effects.
the two models ofi-decane match the trend in the viscosity We find that taking the slope betweer and 2 7 is a
(higher 75's for model A) rather than the self-diffusion. reasonable compromise at the level of accuracy of our cal-
These are the first indications of how the three quantitiegulations. Furthermore, when comparing different models
relate to each other, the central topic of the next sectionand/or state points, it is important to adopt a consistent pro-
They may also offer clues to the differences in the moleculagedure. For the systems of 82decang molecules, we find
factors controlling diffusion and viscosity. In papers | and II, that the statistical errors fdd and 7 are only 2 to 3 times
we attributed the differences in calculated self-diffusion forsmaller than fory. These errors are however expected to
models A and B to differences in dynamical flexibilitire-  Scale as the inverse square root of the system size.
qguency of torsional rearrangementst the two molecular
models. Model A, more dynamica”y ﬂeXible, gives ConSiS-V|_ CONNECTION WITH ROUSE DYNAMICS OF
tently higher diffusion constants. It should be stressed, howpo| YMERS
ever, that the main effect of increased dynamical flexibility is o ) )
to reduce the temperature dependence of diffusion. This will The characteristic relaxation time from the Rouse
typically lead to higher diffusion constantfor longer mol-  model of polymer dynamic8 is
ecules at low temperatures for the more flexible model, but 12M 7
the effect will become less markefbr shorter moleculesat T= wszl"
higher temperatures. Furthermore, at any given temperature,
the transport properties of a molecular system will also bavhere p is the density of the systenM is the molecular
affected by the “average” shape of the molecules. The remass andR the gas constant. Within the context of NEMD
sults reported here and in papers | and Il indicate that th&iscosity calculations of alkanés? r was shown to provide
differences in molecular geometry between models A and B good estimate of the critical shear rate € 1/7) that char-
(model B describes a more compact molegude not play a  acterizes the transition between the Newtonian and the non-
major role in determining the observed differences in theifNewtonian(shear-thinningregime of the viscosity curve as
(translational diffusion constants. On the other hand, as car@ function of shear-rat&. It is physically reasonable to ex-
be seen from the results in Table V, the product of the calpect, and has been verified numericalhat the inverse of
culated viscosity and diffusion constants is consistentiythe rotational-diffusion time 4g) is also a measure of the
lower for model B and this seems to correlate with the moregsame characteristic shear-rate. For skanentangleglinear
compact molecular structurésmaller RZ's) obtained from  chains, it is natural therefore to invert E@),
this modeP* Preliminary tests, however, indicate that a 22oRT
simple optimization of the torsional potential of model B is =" TR (8)
insufficient to provide am-alkane model with the correct
diffusion and viscosity as a function af and T. A more and use it to estimate the system viscosity from the calcu-
global force field optimization is required. lated rotational diffusiori’ From a practical standpoint, the
A comparison of the results for different system sizesmain advantage is that the calculation of the rotational diffu-
presented in Table V seems to indicate a slight tendency dfion, a single-particle property, can be expected to have a
D to increase with system size. This is consistent with resultéaster statistical converge than the direct viscosity calcula-
for butane obtained by Daivis and EvarisA corresponding tion. The results listed in Table VI confirm this expectation
size-dependence fom, if present, remains within the rela- and clearly indicate that this method provides a semi-
tively large statistical uncertainties of our viscosity results.quantitative way of estimating viscosity of line@r quasi-
To establish a basis for estimating these uncertainties, winearn molecules. To became fully guantitative, we would
performed, for both models A and B, a 100 ns simulationhave to account for the relatively small<Q0% for
using a system of 32-decane molecules at 298 K. This n-hexadecanediscrepancies observed, which are state-point
allowed us to perform block averages using 10 rR&200 and model dependent. This approach could be particularly

Y
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TABLE VI. Comparison of estimatedif, and ) and calculated viscosityrgyp and 7yemp) - 7~ IS Obtained
form Eq. (8) and np from Eq. (9). 7emp and nyemp are calculated using equilibriurithis papey and non-
equilibrium MD methods respectiveli o, is the number of molecules used in each of our simulations.

Substance Model Np T (K) 7p (CP) 7, MEMD TINEMD
n-decane A 64 298 0.1%) 0.591(12) 0.670(40§ 0.61(8Yf
32 298 0.1%1) 0.5874) 0.664(15Y  0.61(8f
64 480 0.041) 0.1472) 0.184(6Y 0.197(10%
n-decane B 64 298 0.1% 0.51Q10) 0.59628)
32 298 0.161) 0.5355) 0.61715)
64 480 0.041) 0.1343) 0.1806)
n-hexadecane A 64 298 0.6} 2.0910) 1.6825) 1.63(28¥
64 323 0.4 1.324) 1.11(10) 1.24(12¥
64 373 0.281) 0.692) 0.677)
n-hexadecane B 64 298 0@y 2.31(10 2.1830)
64 323 0.542) 1.425) 1.3714)
128 323 0.52) 1.434) 1.4910)
64 373 0.27) 0.69914) 0.684)
128 373 0.281) 0.702) 0.727)
n-tetracosane A 100 333 1.22) 2.8(5Y 2.56(35f
squalane A 100 333 2.7(8) 5.2(6) 5.4(5)

% or direct comparison, we performe®Ref. 38 fixed-bond NEMD simulations of model A ofi-decane
(Nmoi=32, 7=0.680(42) at 298 Kand n-hexadecaneN,,= 100, »=1.71(14) at 300 K, using the 298 K
density. This state point fon-hexadecane was also used in Ref. 5.

bFor model A with harmonic bond potential(,), Cuiet al. (Ref. 5 reported a G-K calculation using a system
of 100 molecules: 0.65) cP.

‘From Ref. 5, modeA,,;, .

“The results of two G-K calculations for moday,, were reported: 0.19405) cP (Ref. 14 and 0.19112) cP
(Ref. 33.

°From Ref. 33, modeh,, .

fFrom Guptaet al. (Ref. 39, modelA,,;,.

9For these viscosity estimates we have used the results already presented in(Adp@sirun.

"Here we have used the results of a new 10 ns rgn= 1.24 ns and = 1.53 10°® cn/s. From the results
presented in paper(B ns run we obtainy, = 4.8(9) cP.

useful in situationgstate-points/molecul&$or which an ac-  rotational and translational diffusihare different and that
curate £10%) full calculation is impractical. It should be they will converge as the molecule becomes longer and the
made clear that this is a non-trivial result, since the alkaneshain’s conformations more Gaussian. A similar point was
considered in this study are too short to be treated as Rouseade by Paukt al*? in their analysis of the diffusion dy-
chains. The equilibrium configurations are not Gaussian, asamics ofn-C,,. Here we can add that the monomeric fric-
can be seerfTable IV) by the n-dependence of the shape tion coefficient associated with the rotational diffusion ap-
parameters|f) and of theRge/Rs ratio (>6). If we attempt pears to exhibit a much weakerdependence than the
to estimate the viscosity using the molecular self-diffusioncoefficient for the translational diffusion. As a test of the
constant D and square radius of gyratla§135 range of applicability of our methodology, in Table VI we

RTI% also comparerp and 7, for tetracosane and squalane with

77D:p , (9) the corresponding NEMD results.
6MD

we grossly underestimate the viscosity obtained by direq/II COMPARISON OF EMD AND NEMD METHODS
calculation(see Table V), even though Eq¥8) and(9) are '

equivalent for a Rouse chain. From the data it is also appar- One important question that we would like to address is
ent, however, that these discrepancies decrease with increaghat is the best option for practical viscosity calculations for
ing chain length. This is confirmed when applying EG®. linear and branched alkanes; in particular, if it is more effi-
and (9) to the diffusion data for longer chaiff%.For the cient to use NEMD or EMD techniques. Neglecting any
longest chain we have studieu,Cqg, the two formulas lead methodological difficulties with NEMD method§,one can

to consistent estimates for the viscosftyin the language of ask which is more efficient in terms of CPU time for a given

polymer dynamics, these results indicate that, for short allevel of statistical accuracy. From a conceptual standpoint,
kanes, the monomeric friction coefficients associated witrEMD viscosity calculations are no more difficult than diffu-
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sion calculations. Equilibrium calculations for the two quan-(longer transients may still be expected for simulations of
tities can in fact be performed, as indicated in Sec. IV, alondarger systems

very similar lines. From a practical standpoint, the only cru-  Currently, the more widely applied NEMD method for
cial difference between diffusion and viscosity is the amountshear-viscosity calculation involves the imposition of a ve-
of computational effort required to achieve a given level oflocity gradient across the simulation cell so as to describe a
(statistica) accuracy in the calculatio}. system under Couette floWw!? This corresponds to the ap-

In the following we assume that the characteristic relax{lication of a constant strain-rate on the system and the cal-
ation time that defines the minimum integration interval re-culated quantity(responsg is the associated shear-stress.
quired for the G-K(or Einstein calculations of viscosity and Viscosity is obtained as the ratio of stress over strain-rate. A
diffusion is essentially the same. To within a factor of ordersecond strategy involves the shearing of a system confined
one, we could use in both cases the rotational diffusion timé@etween plates, where we must distinguish between the
(7). This indicates that, independently of system size, thdnomina) shear-rate of the plates and the actual strain-rate
length of the MD run should not be less thar27g. The induced in the confined liquith Commercial MD codes,
value of diffusion that we calculate in an EMD simulation of SUCh asvsi CERIUs2and DISCOVERE® programs, offer a dif-
this length is then obtained as an average over the diffusiofrént approach: A constafexternal shear-stress is applied
(mean-square displacement#®rz) of all the molecules in @nd the induced strain as function of tirfend therewith the
the system(typically ~100 in our simulationsalong the strain-ratg is meas_ured. A main Ii_mitatioq qf this methodol-
three Cartesian directior@or a total of ~300 independent ©9Y, as presently implemented, is the difficulty of perform-
contributions: diffusion is a single-particle property. Shear IN9 Steady state measurements and, therefore, of effectively
viscosity, however, is a collective property of the System_sepa_ratlng systematic and statistical uncertainties in the cal-
For a statistically isotropic system this means that, regardlesglation. . o
of size, there are only five contributions to average: the in- Al hon-equilibrium methods require in principle to ex-
dependent components of the symmetrized, traceless porti&ﬁipc’late to z_ero-she_ar_e_ eqU|I|br_|un) viscosity using sev-
of the stress-tensdthe trace itself gives the pressure of the e_ral data point _obtamed at varying shear-rates. Shear thin-
system. This would indicate that to obtain the same level of N9 behavior is observed at shear-rates larger than the

precision in a viscosity calculation it may be necessary to rufverse rotational-difiusion tme. While various _schemes
. e have been proposed to extrapolate the Newtorighear-
the system up te=60 times longer than for a diffusion cal-

culation (=60 ns instead of~1 n9. The relative difference independentviscosity from the high-shear data, this proce-

. . . dure appears to be the greatest source of uncertainty for high
between the two calculations may in practice be less than . . : . 5
recision calculation® Cui etal® have recently used

suggested by this rough estimate: Spatial correlations b JEMD to determine the shear viscosity of,fC Cyg and

tween molecules tend to reduce the effective number of e . close to their respectiv@mormal pressupemelting tem-

depe_ndent contribution_s_ tq the diffusio_n calculation. By per'peratures. Their results seem to indicate that the high-shear
forming very long equilibrium calculations 50-100)rfsr data are not very sensitive to the significant mass and limited
n-decane andr-hexadecane at room temperature, we hav‘?emperature variations considered: Important information is
determined more precisely the time required to obtain gy i the shear thinning regime. This makes it difficult to
given statistical precision for a viscosity calculati®e end 5. rately determine viscosity without actually entering the
of Sec. ). This also allows us to compare the relative effi- Neytonian regime, where extrapolation becomes unneces-
ciency of equilibrium and non-equilibrium MD calculations sary As indicated above, the rotational-diffusion time con-
of viscosity for a higher range of valug$—5 cB than pre- |5 the transition between Newtonian and shear-thinning
viously considered. o regime and an accurate NEMD simulation in the Newtonian
A comparison of efficiency between the two methodsregime (of which 2—3 would be necessaryay therefore
also involves a determination of how finite-size effects de‘require averaging times=10rg for each shear-rate. EMD
pend on molecular chain-length. Since larger systems argimylations are controlled essentially by the same time scale
required to simulate longer alkanes, it is important to ascergng typically require averaging times100 75, depending
tain if the statistical variance of the viscosity in the EMD gn accuracy required. This analysis seems to indicate that,
calculation is in fact independent of the system size, as oufor comparable system size, NEMD simulations may have a
previous argument assumes. Numerical evidence for atomiglight advantage versus EMD simulations with regard to the
Lennard-Jones systems suggests that, for typical syste@letermination of shear viscosity for the systems of interest
sizes, this is in fact the cadéWhile we have not attempted (assuming no overhead, such as a reduction in time-step in
a systematic study of this point, which would require sub-the NEMD simulations but the extra effort required by the
stantially longer simulations for larger systems than reporte@MD approach seems more than justified if other equilib-
here, it does appear that this holds true for our systems. Théum (transport properties are of interest. Also, method-
variance of the viscosity calculated by NEMD, on the otherological issues regarding the thermostatting of systems of
hand, appears to exhibit ™2 dependencé&} whereN is  flexible molecules under shé&will need to be resolved, in
the number of particles in the system, making possible @rder to confidently apply the NEMD approach to large mol-
trade-off between system-size and length of the simulatiorcules. On the other hand, if we are specifically interested in
and significantly reducing the limitations of finite-size effects studying how flow modifies static molecular properties and,
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more generally, in order to gain physical insight into thedependent correctionsf(°) to the same atom and its
molecular processes influencing viscosity, NEMD simula-honded neighborgbase atoms Because the transfer of
tions may be required. The application of shearing platesorces from the LJ centers to the base atoms is equivalent to
also requires that one carefully check the dependence of the bonded intramolecular interaction, the minimum-image
results from the inter-plate separation, since confinement etonvention is here trivially satisfiedas for all bonded
fects are known to be importafi. forces. The correspondingvirial) correction to the &, )

component of the stress tensor can then be expressed as
VIIl. CONCLUSIONS

We have performed extensive simulations of linear al- > 2 ey —rs), (A2)
kanes to assess the practical feasibility of EMD viscosity ° ‘ '
calculations in the cP viscosity ran¢gbout ten times higher where thef?“ depend linearly ord and X;f°=0. As
than previously considered with EMDOur results show usual, the complete stress tensor in the atomic representation
that equilibrium methods, while somewhat more computeiis strictly symmetric.
intensive than equivalent NEMD calculations, remain com-
petitive in this viscosity rang®. As part of this work, we
have demonstrated the numerical equivalence of the Greerim- monge“o "igdSG-GS- Gth’RJ'ghem' F’“zm; 76152%995)- L3 en
Kubo and Einstein approach to the calculation of viscosity Physggae5gbg('19'%.re5t' - R Garcia, and 8. &. stibernagel, J. Lhem.
(in both the molecular and atomic representati@ el estab- 23 | Siepmann, S. Karaborni, and B. Smit, NatG@s, 330 (1993; B.
lished a practical criterion for estimating the statistical un- Smit, S. Karaborni, and J. I. Siepmann, J. Chem. Ph§8. 2126(1995.
certainty of the viscosity calculation, based on the length of:g- ?acg”‘i‘ aSndAS.GToxtvaePrd,T J-CChem; P*ﬁ’s-??*(l%g])é e on
the simulation run in units ofg. An analysis of the relation Phys'_loué’ 12'14'(193?’ - 1 Lummings, and H. D, Lochran, S Lhem.
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ity was conducted in the framework of the Rouse model of 'R. Edberg, G. P. Morris, and D. J. Evans, J. Chem. PB§s4555(1987.
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hand, suggests an inverse relation between the prodiztaofd » and the
characteristic molecular dimensié D =KgT/R. Note also that, if we
consider the limit of Gaussian chains and idenBfyvith Ry, the Stokes-
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Upon completion of this paper, we received a manuscript by S. T. Cui
which presents G-K calculations of viscosity for model A of
n-hexadecane, at the 323 K state point, andecane at 298 K. A com-
parison of EMD and NEMD techniques for the calculation of viscosity is
presented. The general conclusions of the paper, in this regard, agree with
ours. The author indicates the possibility of long transients in the estab-
lishment of the asymptotic viscosity values foalkanes using the G-K
formula. As discussed in Sec. V, choosing the appropriate region of the
G-K or Einstein plot to use for the estimation of viscosity involves a
trade-off between statistical accuracy and systematic errors. We feel that
our choice of using therg to 27 region of the plot is a reasonable
compromise at the typical level of accuracy {0%) of our calculations.

As more statistically accurate calculations becofmitinely) available,

the entire issue of systematic errors in viscosity estimation will need to be

“3The intrinsic precision of the model and systematic errors in the calcula- reassessed.

tion (such as finite-size or time-step dependent effectmn only be evalu-
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