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THE RHEOLOGY OF LIQUID PENTANE
ISOMERS BY NON-EQUILIBRIUM
MOLECULAR DYNAMICS SIMULATIONS

SONG HI LEE

Department of Chemistry, Kyungsung University, Pusan, Korea 608-736
(Received August 1999; accepted August 1999)

In this paper, non-equilibrium molecular dynamics (NEMD) simulations of planar Couette
flow are reported for an expanded collapsed atom model for liquid pentane isomers at 273.15K.
The strain rate dependent viscosity for liquid pentane isomers exhibits shear-thinning and a
linear dependence on 4"/, Newtonian viscosities for liquid pentane isomers obtained by a linear
extrapolation to zero strain rate are: 0.256 cP for normal pentane, 0.219 cP for isopentane, and
0.168 cP for neopentane. The strain rate dependent pressure difference and normal stress dif-
ference vary nearly linearly with the v*? law and the + law, respectively, for all three liquid pen-
tane isomers. The overall trend of the square of radius of gyration and end-to-end distance for
normal pentane is a linear increase with strain rate. For isopentane, the trend hardly changes for
the range of shear rate in this study. The alignment angle decreases with increasing strain rate
and the alignment angle of the straight chain alkane is less than that of the branched chain
alkane. The average percentage of C—C—C—C trans for normal pentane as a function of
strain rate is in excellent correlation with the square of the radius of gyration and the average
end-to-end distance. Applying the strain rate in the x-direction, the alignment angle is forced to
decrease and the percentage of C—C——C-——C frans increases with increasing strain rate.

Keywords: Pentane; rheology; NEMD

I. INTRODUCTION

Normal pentane is an example of a straight chain alkane. Each carbon atom
within the chain is bonded to no more than two other carbon atoms and
unbranched alkanes contain only primary and secondary carbon atoms.
Isopentane and neopentane are examples of branched chain alkanes. In
neopentane the central carbon atom is bonded to four carbon atoms.
Normal pentane, isopentane and neopentane have the same molecular
formula: CsH;,. The atoms of the three compounds connected in a different
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order and are, therefore, constitutional isomers {1]. These three different
geometries of pentane isomers are shown in Figure 1.

Constitutional isomers, which have the same carbon number but different
structures, have different physical properties. They are found to have dif-
ferent melting points, boiling points, densities, indexes of refraction, and so
forth, although they may not be large. For example, a branched chain isomer
has a lower boiling point than a straight chain isomer. Thus, normal pen-
tane has a boiling point of 36°C, isopentane with a single branch 28°C, and
neopentane with two branches 9.5°C. The effect of branching on boiling
point is observed within all families of organic compounds. It is reasonable
that branching should lower the boiling point: with branching the molecular
shape tends to approach that of a sphere, and as this happens the surface
area decreases, with the result that the intermolecular forces become weaker
and are overcomed at a lower temperature.

The branching effect on the dynamic properties of liquid alkanes, such as
self diffusion coefficient, viscosity, and thermal conductivity, is one of the
most interesting phenomena. For liquid butane, the experimentally observed
behavior [2] tells us that viscosity increases with branching. For liquid pen-
tane, hexane, and heptane, however, branching decreases the viscosity, for
example, 0.289 and 0.273cP at 273.15K, and 0.240 and 0.223¢cP at 293.15K
for normal pentane and isopentane, 0.326 and 0.306cP at 293.15K for
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FIGURE 1 Geometries of (a) normal pentane, (b) isopentane, and (c) neopentane.
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normal hexane and ischexane, and 0.409 and 0.384cP at 293.15K for
normal heptane and isoheptane [3], respectively. These experimental results,
except for liquid butane, indicate that as the molecular shape tends to ap-
proach that of a sphere and the surface area tends to decrease with branch-
ing, the intermolecular forces become weaker and the viscosity of alkane
isomers decreases.

In the present paper, we examine the Newtonian and strain rate depen-
dent rheological properties of liquid pentane isomers — normal pentane,
isopentane, and neopentane — by performing non-equilibrium molecular
dynamics(NEMD) simulations for an collapsed atomic model at 273.15K.
The main goal here is to investigate the branching effect on the rheological
properties of liquid pentane isomers. The number of branches is different for
each of the three Cs alkanes with the same molecular formula: CsH;,. Are the
subtle differences in branching reflected in differences in their rheological
properties?

In Section II we present the molecular models and MD simulation meth-
od. We discuss our simulation results in Section III and present the conclud-
ing remarks in Section IV.

II. MOLECULAR MODELS AND MOLECULAR
DYNAMICS SIMULATIONS

The expanded collapsed atomic model [4—6] includes the C—C bond
stretching and C—C —C bond angle bending potential in addition to the
Lennard-Jones (LJ) and torsional rotational potentials of the original
Rykaert-Bellemans’ (RB) collapsed atomic model [7]:

Vo(ry) = Ko(rij — re)° (1)

V. =Ki(6—6.)" - Kz(0 - 6.)° (2)

The equilibrium bond length (r,) is fixed at 1.53 A, and the bond angles (4,)
are also fixed at 109.47 degrees. The force constants (K, Kj, and K,) are
used by Lee ef al. [8—13] and Chynoweth et al. [4--6], which are originally
provided by the work of White and Boville {14], and are given in Table I.
In the original RB model [7], monomeric units are treated as single
spheres with the masses given in Table II. They interact through an LJ
potential between the spheres in different molecules and between the spheres
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TABLE 1 Potential parameters of the expanded collapsed atom model

LJ parameters o (nm) e(KJ/mol)

0.3923 0.5986
torsional co (KJ/mol) c cy c3 Ca Cs
C—-C—C—C 9.279 12.136 -13.120 -3.060 26.240 —31.495
bond stretching r.(nm) Ko(kJ/mol nm?)
CcC—C 0.153 132600
Bond angle bending 6, (deg) K (kJ/mol deg?) K, (kJ/mol deg®)
C—C—C— 109.47 0.05021 0.000482

TABLEII Molecular dynamics simulation parameters of the expanded collapsed atom model
for liquid pentane isomers

Pentane Number of Mass of site  Temperature Density Length of
isomers molecules (g/mole) (K) (g/cc) box (nm)
n-pen 64 14.42996 273.15 0.645 2.2823
i-pen 64 14.42996 273.15 0.639 2.2894
neo-pen 64 14.42996 273.15 0.613 2.3213

more than three places apart on the same molecule. The C—C—C—C
torsional rotational potential is given as

V(¢) = co + c1c08¢ + €208 P + c3¢08° @ + c4c0sP + cscos’p (3)

where ¢ is the C— C—C—C dihedral angle. The Lennard-Jones param-
eters and ¢;’s are listed in Table I. Unlike in normal pentane, there are multi-
ply imposed torsional rotational potentials in isopentane. That is to say, one
doubly imposed dihedral state on the bond of C;—C; in isopentane
exists, as shown in Figure 1.

In an equilibrium molecular dynamics(EMD) simulation, the Green-
Kubo relation for the shear viscosity, 7, is given by the integral of the stress
auto-correlation function:

n= % /0 ” (P, (0P (1)), 4)

where P,, is an off-diagonal (xy) of the viscous pressure tensor. The
pressure tensor P is expressed in terms of molecular quantities by

PV = XN:m +5°% ufFy (5)
= M ijiLijs
i=1

1<i <j<N
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where ¥ is the volume of the system, ry = r;—1; is the vector joining the
centers of molecules / and j, Fy; is the force between them. The alternative
method proposed by Evans [15] and derived using the principles of linear-
irreversible thermodynamics [16, 17] takes advantage of the isotropic sym-
metry but makes use of the full pressure tensor, which allows for improved
statistics:

=10, PEOROD, ©

where P is symmetric traceless part of the full pressure tensor.

For the study of planar Couette flow, in which fluids are subjected to
homogeneous shear between two parallel plates, the NEMD algorithm for
alkane is a molecular version of the SLLOD algorithm [18, 19]. The equa-
tions of motion for site s in molecule i are given by

dris _ B
T m + DYy (7)

and

dpis
dt

m m
=Fis_nxﬁ7pﬁ_aﬁpi» (8)

where M =Y M, r; =Y (mg/M)r;s, and F; = )~ Fi-n, is the unit vector
in the x-direction, Fy, is the force exerted by the other sites in the same and
different molecules on the site s in molecule i, v is the strain rate, Ju, /0y,
and « is the thermostatting constant, given by

N
. Fi S — .
o= Zl:][ 18. p27pyipn] (9)
i=1 i

The effect of the thermostatting term involving ~y(rm,/M )p; in Eq. (7) is to
hold the translational center-of-mass kinetic energy constant. The momenta
in Eqgs. (6) and (7) are measured with respect to the streaming velocity of the
fluid and are known as peculiar momenta.

These equations of motion are combined with the Lees-Edwards “sliding
brick” boundary conditions [20]. In the absence of the thermostat, the terms
in Egs. (7) and (8) involving the strain field, «y, cancel to yield Newton’s
equations of motion relating r; and F;. This implies that the SLLOD
algorithm truly generates boundary driven planar Couette flow, leading to
the conclusion that it is correct to arbitrarily order the strain rate when
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appropriately thermostatted [21]. The strain rate dependent shear viscosity
is then obtained from Newton’s law of viscosity

Py + Py

- (10)

where P,, and Py, are the averaged xy and yx components of P.

The molecular dynamics simulation parameters such as number of mole-
cules, mass of site, temperature, and length of simulation box are listed in
Table I1. The density of isopentane at 273.15K was not found in the litera-
ture of chemistry, thus it was inferred from the density values at other tem-
peratures, namely 0.62473 at 288.15K, 0.61972 at 293.15K, and 0.61455 at
298.15K. A canonical ensemble of fixed N(= 64 molecules), V (length of
cubic box), and T(= 273.15K) was chosen for the simulation ensemble.
Gauss’s principle of least constraint [22, 23] was used to maintain the system
at a constant temperature according to Egs. (8) and (9). A spherical cut-off
of radius R, = 2.5 g, where o is the LY parameter, was employed for all the
pair interactions. For the integration over time, we adopted Gear’s fifth-
order predictor-corrector algorithm [24] with a time step of 0.0005 ps. More
than 1,000,000 time steps were simulated for the average and the configura-
tions of molecules were stored every 10 time steps for further analysis.

III. RESULTS AND DISCUSSION

In Figure 2, the strain rate dependent viscosities of the expanded collapsed
atom model for liquid pentane isomers at 273.15K are plotted. Detailed
numerical data and production run lengths are tabulated in Table III with the
calculated pressures. The calculated viscosities for liquid pentane isomers
show shear-thinning over the range of strain rate in this study and the
dependence of the calculated viscosities on v'/> appear almost linear. The
Newtonian viscosities for liquid pentane isomers obtained by a linear
extrapolation to zero strain rate from our NEMD simulations at 273.15K
are: 0.256cP for normal pentane, 0.219 cP for isopentane, and 0.168 cP for
neopentane. The experimental viscosity of normal pentane at temperature
273.15K is 0.289¢P and that of isopentane is 0.273cP. The agreement
between the calculated shear viscosities and the experimental values is gen-
erally acceptable for the two pentane isomers at 273.15 K. The equilibrium
molecular dynamics(EMD) results for the viscosity of liquid pentane iso-
mers at 273.15K [25] calculated from the Green-Kubo relation also give
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FIGURE 2 The strain rate dependent viscosity (cP) for liquid pentane isomers at 273.15K.
Black symbols are obtained by extrapolating to zero strain rate.

TABLE III The viscosity and pressure of the expanded collapsed atom model for pentane
isomers at various strain rates obtained from our NEMD simulations at 273.15K (numbers in
the parentheses represent the statistical uncertainty in the least significant digits)

Run n-pen i-pen neo-pen
length(ns)  ~(ps™") n(cP) P(bar) 7cP) P(bar) n(cP) P(bar)

0.005  0.251(131) 268(10) 0.215(110)  71(9)  0.166(94) —146(9)
001  0246(78) 2708)  0.207(76)  72(8)  0.160(62) —145(10)
0.04  0225(17)  273(11) 0.196(15)  74(10)  0.149(12) —144(12)
009  0.214(10)  279(14) 0.186(7) 85(7)  0.141(8) —142(7)
0.16  0.204(8)  303(7) 0.178(7) 99(5)  0.137(6) —122(9)
025  0.186(7)  336(D  0.167(6)  131(11) 0.129(7) —106(10)
036  0.169(7)  3926) 0.1578)  181(5)  0.122(4) —74(4)
049  0.157(6)  471(8) 0.148(5)  251(6)  0.1134) —31(6)
0.64  0.146(4)  574(8) 0.136(5)  375(14) 0.107(3)  25(6)
081  0.137(3)  710(h)  0.1252)  465(11) 0.098(2)  98(5)
100 0.1253)  906(8) 0.114(2)  637(10) 0.090(2)  213(14)

g
on

— et et et et e bt et
BN DN Lh h OO 0 GO

a quite acceptable agreement(0.267, 0.245, and 0.150 cP) with the present
NEMD results. As the molecular shape tends to approach that of a spiere
and the surface area tends to decrease with branching, the viscosity of liquid
pentane isomers decreases.

There are various methods for extrapolating to zero strain rate to
obtain the Newtonian viscosity [6]. From kinetic and mode coupling
theories [26 — 28], it is known that for simple atomic fluids {29—-31] and small
chain molecules [4, 8—9, 32—-37), the strain rate dependence of the shear
viscosity is linear in v'/2, To apply the SLLOD algorithm to a Newtonian
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fluid, it is necessary to perform several simulations at different strain rates
and fit the resulting strain rate dependent viscosities to the equation

n=no+m~y"? (11)

where the zero strain rate extrapolation of 7, 7, is thus the Newtonian
viscosity. For liquid alkanes, the power law behavior of the viscosity vs.
strain rate indicates a qualitative difference between the dynamical behav-
iors of the long-chain alkanes and small chain molecules [38] and a further
difference between those of the straight-chain and the branched-chain
alkanes [10].

We show in Figure 3 the strain rate dependent pressure difference of the
expanded collapsed atom model for liquid pentane isomers at 273.15 K. De-
tailed numerical data and production run lengths are tabulated in Table IIL
The equilibrium pressure at zero strain rate is negative for neopentane. At
low strain rate, the pressure is nearly equal to the equilibrium pressure, and
at relatively high strain rate, the pressure increases nearly linearly with the
two-thirds power of the strain rate. For simple atomic liquids, both mode
coupling theory and simulations suggest that the pressure, p, and the con-
figuration energy, E.onr, satisfy the asymptotic relations

p=po+p17"? and Eeonr = Eo + E1yY/2. (12)

Figure 3 shows that for the range of shear rate studied in this work, the 432
power law describes the results very well for all liquid pentane isomers at

700 ey
600 L
t | ——n-pen
500 £ | ——i-pen
— F | —o— neo-pen
S 400 ¢
&
€ 300 |
a r
200 £
100 £
0t N N
0.0 0.2 0.4 2 0.6 0.8 1.0

FIGURE 3 The strain rate dependent pressure difference(atm) of the expanded collapsed
atom model for liquid pentane isomers at 273.15SK (1 atm = 1.01325bar = 0.101325 MPa).
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273.15K. Another good example of the v*/? power law description of shear
dilatancy is that of normal decane by NEMD [37]. In an earlier NEMD
study, however, of 6-propyl duodecane and 5-dibutyl nonane [10], the shear
dilatancy does not show significant dependence on strain rate because of
the complexity of the chain molecules. Recent computer simulations have
produced a variety of behaviors for shear dilatancy of hydrocarbon chain
liquids [34, 39].

The strain rate dependent normal stress difference of the expanded
collapsed atom model for liquid pentane isomers at 273.15K is plotted in
Figure 4. Bird et al. [40] have devised a convenient representation of normal
stress effects by defining the material functions {; and \s,, which are related
to normal stress differences by V7% = Py, — P, and Voy? =P, — P,,. Both
material functions for all liquid pentane isomers at 273.15K are well de-
scribed by the « power law for the range of shear rate in this study. The
signs of the material functions for normal pentane and isopentane are con-
sistent with the experimental shear flow, that is ; > 0 and s, <0, but both are
negative for neopentane. The ratio /Y, is different for all liquid pentane
isomers. It is —0.87 for normal pentane, —1.77 for isopentane, and 1.79 for
neopentane. The experiment gives values of > —0.4 [40]. Another useful
quantities derived from normal stress differences are the out-of-plane and

80
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Normal stress differences
o

L L N LI B A

o
o
o
no
o
EeN
o
o
o
o]
—
o

FIGURE 4 The strain rate dependent normal stress difference(MPa) at 273.15K. Open ones:
(Pyy — Pxx) and filled ones: {p,, — p,,).
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in-plane normal stress coefficients, 7o and 7_, defined as 2yno = (Pxx + P)y)/
2—P,, and 2yn_ = P,, — P, [41]. We see that the in-plane normal stress
coefficients for all liquid pentane isomers are constant for the range of shear
rate in this study and are 79.4, 29.6, and —9.29 MPa - ps, respectively.

In Figures 5 and 6, we plot the strain rate dependent mean square of the
radius of gyration and average end-to-end distance for normal pentane and

0.034 s
0032 | .. ]
A 0030 Bo e & ° ;
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FIGURE 5 The strain rate dependent square of radius of gyration of the expanded collapsed
atom model for liquid pentane isomers at 273.15K.
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FIGURE 6 The strain rate dependent average end-to-end distance of the expanded collapsed
atom model for liquid pentane isomers at 273.15K.
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isopentane at 273.15K. The equilibrium values of Rﬁ and end-to-end
distance are 0.0302nm” and 0.462nm for normal pentane, and 0.0226 nm?
and 0.332nm for isopentane. As can be seen from the figures, the overall
trend of the square of radius of gyration and end-to-end distance for normal
pentane is a linear increase with strain rate. But for isopentane, the values
are virtually changed for the range of shear rate in this study. The variation
for normal pentane with the strain rate shows two different slopes — almost
zero dependent at very low strain rate (<0.09ps™') and a linear increase
with the strain rate at a relatively high strain rate greater than 0.16ps™,
reflecting the fact that the molecules are under various conformations with
different percentages of C—C-—C—C trans, as shown in Figure 7, and
with shear induced stretching and bending. On the other hand, for iso-
pentane, the variation of R; and end-to-end distance with strain rate is very
small for the range of shear rate studied, not much different from the equili-
brium value. This reflects that the chain is very stiff for such branched-chain
alkanes for the range of strain rate.

Figure 7 shows the strain rate dependent alignment angle for normal
pentane and isopentane and the average percentage of C—C—C—C trans
for normal pentane at 273.15 K. The alignment angle is simply defined by

a = tan™' ({)/(x)), (13)

where (x) and (p) are the x- and y-components of the average end-to-end
distance. The equilibrium value of the alignment angle at the zero strain rate

45 |- AL R A L A A (L LA L 95
7 Foe . ]
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& - ] 5
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FIGURE 7 The strain rate dependent alignment angle defined Eq. (13) and percentage of
C~—C—C—C trans of the expanded collapsed atom model for liquid pentane isomers at
273.15K.
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reaches 45°, consistent with other NEMD studies for decane, hexadecane,
and tetracosane [38]. The general trend is that the alignment angle decreases
with increasing strain rate and the alignment angle of the straight chain
alkane is less than that of the branched chain alkane. The straight chain
alkane molecules slide past each other with the same viscosity as the branched
chain alkane molecules by aligning themselves better. Because of a doubly
imposed torsional rotational potential on the 2—3 bond in isopentane as
shown Figure 1, the dihedral states of 1 -2—3—-4 and 5-2-3-4 are nearly
fixed. The average percentage of C—C—C-—C frans is related to the
doubly imposed dihedral state in such a way that if the dihedral state of 1 -2
3—4isin trans, then the dihedral state of 52 —3—4 must be in gauche, or vice
versa. For normal pentane, the average percentage of C—C—C-—C trans
as a function of strain rate is in excellent correlation with the square of radius
of gyration and the average end-to-end distance as seen in Figures 5 and 6. At
low strain rate (<0.09 ps™'), the percentage of trans increases very slowly
with increasing strain rate and shows a sharp linear increase with strain rate at
high strain rate. Applying the strain rate in the x-direction, the alignment
angle is forced to decrease and the percentage of C—C—C—C trans to
increase with increasing strain rate.

IV. CONCLUSION

In this paper, we have presented NEMD simulations of the expanded
collapsed atom model for liquid pentane isomers at 273.15K. It is found
that the strain rate dependent viscosities for liquid pentane isomers exhibit a
shear-thinning and a linear dependence on '/, and that the Newtonian
viscosities for liquid pentane isomers obtained by a linear extrapolation to
zero strain rate are: 0.256 cP for normal pentane, 0.219cP for isopentane,
and 0.168 ¢cP for neopentane. This reflects the fact that as the molecular
shape tends to approach that of a sphere and the surface area tends to de-
crease with branching, the viscosity of liquid pentane isomers decreases.
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