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Constitutional isomers1 have different physical properties
that have the same carbon number but different structures.
The difference may not be large, but they are found to have
different melting points, boiling points, densities, indexes of
refraction, and so forth. For example, a branched chain
isomer has a lower boiling point than a straight chain isomer.
Thus normal pentane has a boiling point of 36oC, isopentane
with a single branch 28oC, and neopentane with two
branches 9.5oC. This 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 to that
of a sphere and as this happens the surface area decreases, as
the result of that the intermolecular forces become weaker
and are overcome at a lower temperature.

The branching effect on the dynamic properties of liquid
alkanes, such as self-diffusion constant, viscosity, and ther-
mal conductivity, is one of the most interesting phenomena.
For liquid butane, the experimentally observed behavior2

tells us that viscosity increases with branching. For liquid
pentane, hexane, and heptane, however, branching decreases
the viscosity, for example, 0.289 and 0.273 cp at 273.15 K,
and 0.240 and 0.223 cp at 293.15 K for normal pentane and
isopentane, 0.326 and 0.306 cp at 293.15 K for normal
hexane and isohexane, and 0.409 and 0.384 cp at 293.15 K
for normal heptane and isoheptane,3 respectively. These
experimental results, except for liquid butane, indicate that
as the molecular shape tends to approach that of a sphere and
the surface area tends to decrease with branching, the
intermolecular forces becomes weaker and the viscosity of
alkane isomers decreases. 

In the present note, we report equilibrium molecular
dynamics (MD) simulations for the systems of small normal
and isomeric alkanes - normal butane and isobutane, normal
pentane and isopentane, and normal hexane and isohexane.
The primary study goal is to analyze the diffusion and
viscosity dynamics of small normal and isomeric alkanes at
different temperatures. 

Molecular Models and MD Simulation Methods

For small normal alkanes, we have chosen 3 systems -
normal butane (C4H10), normal pentane (C5H12), and normal
hexane (C6H14), and the corresponding isomeric alkane

systems are isobutane (C4H10), isopentane (C5H12), and
isohexane (C6H14). Each simulation was carried out in the
NVT ensemble; the number of n-alkane was N=100 and the
lengths of cubic simulation boxes were obtained from the
experimental densities4 for given temperatures of 248, 273,
293 and 298 K. The usual periodic boundary condition in the
x-, y-, and z-directions and the minimum image convention
for pair potential were applied. Gaussian isokinetics was
used to keep the temperature of the system constant.5 

We used a united atom (UA) model for n-alkanes, that is,
methyl and methylene groups are considered as spherical
interaction sites centered at each carbon atom. This model
was used in the previous simulation studies.6-10 Here, we
briefly describe the salient features of the model. The inter-
action between the sites on different n-alkane molecules and
between the sites separated by more than three bonds in the
same n-alkane molecule was described by a Lennard-Jones
(LJ) potential. All the sites in a chain have the same LJ size
parameter σ i ≡ σ ii = 3.93 A, and the well depth parameters
were ε i ≡ ε ii = 0.94784 kJ/mol for interactions between the
end sites and ε i = 0.39078 kJ/mol for interactions between
the internal sites. The Lorentz-Berthelot combining rules [ε ij

≡ (ε iε j)1/2, σ ji ≡ (σ i + σ j)/2] were used for interactions
between an end site and an internal site. A cut-off distance of
2.5σ i was used for all the LJ interactions.

Initially the bond-stretching was described by a harmonic
potential, with an equilibrium bond distance of 1.54 A and a
force constant of 1882.8 kJ/mol/Å2. The bond bending inter-
action was also described by a harmonic potential with an
equilibrium angle of 114o and a force constant of 0.079187
kJ/mol/degree2. The torsional interaction was described by
the potential developed by Jorgensen et al.11:

,  (1)

where φ is the dihedral angle, and a0 = 8.3973 kJ/mol, a1 =
16.7862 kJ/mol, a2 = 1.1339 kJ/mol, and a3 = −26.3174 kJ/
mol. For the time integration of the equations of motion, we
adopted Gear's fifth-order predictor-corrector algorithm12

with a time step of 0.5 femto-second for all the systems.
Later the bond-stretching was switched to a constraint force
which keeps intramolecular nearest neighbors at a fixed
distance. The advantage for this change is to increase the
time step as 5 femto-seconds with the use of RATTLE
algorithm.13 After a total of 1,000,000 time steps (5 nano-

Utorsion φ( ) = a0 + a1cosφ + a2cos2φ + a3cos3φ
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seconds) for equilibration, the equilibrium properties were
then averaged over 5 blocks of 200,000 time steps (1 nano-
seconds). The configurations of all the molecules for further
analyses were stored every 10 time steps (0.05 pico second)
which is small enough for the tick of any time auto-
correlation functions.

Self-diffusion constant (D) can be obtained through two
routes: the Green-Kubo formula from velocity auto-corre-
lation functions (VAC):

.  (2a)

and the Einstein formula from mean square displacements
(MSD):

.  (2b)

Shear viscosity is calculated by a modified Green-Kubo
formula for a better statistical accuracy14,15:

,  (3)

where Piαβ is the αβ component of the molecular stress
tensor, Pi, of particle i by translational motion:

,  (4)

where αβ = xy, xz, yx, yz, zx, or zy.

Results and Discussion

We compare the results of self-diffusion constants of
normal alkanes and isomeric alkanes. In Figure 1 the log-log
plot of self-diffusion constant (D) versus molecular mass
(M) is shown for several temperatures. Calculated self-
diffusion constants of liquid isobutane are larger than those
of liquid normal butane over four different temperatures
while the opposite is observed for liquid pentane and

hexane. The crosses of the slope lines in Figure 1 represent
this. The slopes are almost linear for given temperatures,
which indicates that the behavior of D vs. M is well
described by D ~ M−α. The obtained exponents are between
1.25 and 1.36 for liquid normal alkanes and between 1.45
and 1.56 for liquid isomeric alkanes. At the molecular
weight of the Rouse regime (the polymer chain dynamics of
unentangled chains is commonly described by the Rouse), D
of normal alkanes also show power law behaviors. For ex-
ample, D of normal alkanes for normal octane to polyethyl-
ene of the molecular weight of several thousands was
reported that the exponents a is in the range of 1.75-2.72
depending on temperature.16-18 Our previous MD simulation
studies19 for normal C12-C44 at T = 273-473 K are another
examples. The obtained exponents are between 1.6 and 2.4.
Apparently the exponent in liquid alkanes decreases with
temperature.

Viscosities of liquid normal and isomeric alkanes obtained
from the modified Green-Kubo relation, Eq. (3), underesti-
mate the experimental values: comparing in the unit of cp,
0.289/0.193 at 273.15 K and 0.240/0.147 at 293.15 K for
normal pentane, 0.273/0.133 at 273.15 K and 0.223/0.106 at
293.15 K for isomeric pentane, 0.401/0.297 at 273.15 K and
0.326/0.226 at 293.15 K for normal hexane, and 0.376/0.266
at 273.15 K and 0.306/0.182 at 293.15 K for liquid isomeric
hexane, respectively. The difference is severe in isomeric
alkanes. Figure 2 shows the log-log plot of viscosity (η)
versus molecular mass (M). Calculated viscosities of liquid
isomeric alkanes are always smaller than those of liquid
normal alkanes over four different temperatures. The slopes
are almost linear for given temperatures, which indicates
that the behavior of η vs. M is well described by η ~ Mβ.
The obtained exponents are between 2.32 and 2.47 for liquid
normal alkanes and between 1.77 and 1.98 for liquid iso-
meric alkanes. The experimental results for normal alkanes
and linear polyethylene17 show that η is also well described
by the power law: η ~ M1.8 at low molecular weight (M < 5
kg/mol) and η ~ M3.6 at high molecular weight (M > 5 kg/
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Figure 1. A log-log plot of D (10−6 cm2/sec) vs. M (g/mol). From
top, T = 298 (▲), 293 (◆), 273 (■), and 248 K (●), respectively.
Black: normal alkanes and white: isomeric alkanes.

Figure 2. A log-log plot of η vs. M (g/mol). From top, T = 248
(●), 273 (■), 293 (◆), and 293 K (▲), respectively. Black:
normal alkanes and white: isomeric alkanes.
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mol) at 448 K. Our previous MD simulation studies19 for
normal C12-C44 at T = 273-473 K gives the obtained ex-
ponents between 2.0 and 3.7. Assumably the exponent in
liquid normal alkanes decreases with temperature in the
same direction to the exponent in the log-log plot of self-
diffusion constant (D) versus molecular mass (M) discussed
above.

Experimental measurements show that the viscosity of
liquid isomeric butane is higher than that of liquid normal
butane at 298 K (0.166/0.162 cp) and also for gas state
(76.14/75.43 mp).4 However, branching decreases the visco-
sity for liquid pentane, hexane, and heptane as discussed
above. The simulation results underestimate the experi-
mental values for both liquid isomeric and normal butanes
(0.0632/0.0836 cp), and show that branching decreases the
viscosity in contradiction to the experimental trend. A
similar result for the viscosity of liquid butanes was reported
in the non-equilibrium MD simulation using UA model for
liquid butanes.20 

Usually the behavior of self-diffusion constant (D) in long
chains of alkanes is the opposite to that of viscosity (η). For
liquid butane, calculated self-diffusion constants (D) of
normal alkanes are smaller than those of isomeric alkanes
and the opposite is observed for calculated viscosities (η).
However, exceptionally both calculated self-diffusion con-
stants (D) and viscosities (η) of liquid normal pentane and
hexane are larger than those of liquid isomeric alkanes.
From Figures 1 and 2, the increase in the exponent of the
log-log plot of self-diffusion constant (D) versus molecular
mass (M) from normal alkanes to isomeric alkanes (1.3 →
1.5, averagely) agrees with the decrease in the exponent of
the log-log plot of viscosity (η) versus molecular mass (M)
(2.4 → 1.9, averagely) and the product of two exponents are
almost constant (3.1 vs. 2.9). 

The temperature dependence of the calculated diffusion
constants of liquid n-alkanes over the whole temperatures
considered is suitably described by an Arrhenius plot, D =
Doexp(−ED/RT), as shown in Figure 3, where Do is the pre-

exponential factor, RT has the usual meaning, and ED is the
activation energy of normal alkane diffusion. The value of
the activation energy is a direct measure of how fast the self-
diffusion changes with temperature. The activation energies
obtained from the slope of the least square fit are 1.84, 1.91,
and 1.97 kcal/mol for liquid normal alkanes and 1.90, 1.95,
and 2.05 kcal/mol for liquid isomeric alkanes, respectively.
The activation energies of normal alkane diffusion are smaller
than those of isomeric alkane diffusion. Our previous MD
simulation studies19 for normal C12-C44 at T = 273-473 K
gives the activation energies of 2.83, 3.52, 3.91, and 4.06
kcal/mol for C12, C20, C32, and C44, respectively. ED is small
for small alkanes.

We also show the temperature dependence of the calcu-
lated viscosities of liquid n-alkanes over the temperatures
which is also suitably described by an Arrhenius plot, η =
ηoexp(Eη /RT), as shown in Figure 4: where ηo is the pre-
exponential factor and Eη is the activation energy of n-
alkane viscosity. The activation energies obtained from the
slope of the least square fit are 2.03, 2.11, and 2.18 kcal/mol
for liquid normal alkanes and 1.73, 1.91, and 1.97 kcal/mol
for liquid isomeric alkanes, respectively. The activation
energies of normal alkane viscosity are larger than those of
isomeric alkane viscosity, which is opposite to that of
diffusion. Our previous MD simulation studies19 for normal
C12-C44 at T = 273-473 K gives the activation energies of
2.33, 3.29, 4.63, and 5.46 kcal/mol for C12, C20, C32, and C44,
respectively. Eη is also small for small alkanes. It was
experimentally reported for n-alkanes and linear polyethyl-
ene17 that the activation energy increases with chain length
and at the highest molecular weight tested (M ~ 4.4 kg/mol)
the activation energy reaches 6.6 kcal/mol, which is similar
to the average value found for NBS (National Bureau
Standard) 1482-4 (6.7 kcal/mol) and the values reported by
others21,22 for high molecular weight linear polyethylene
(6.1-6.9 kcal/mol). As chain length n increases the increment
of Eη decreases, and it is expected to approach an asymptotic
value as n increases to the higher values.

Figure 3. Arrhenius plot of D (10−6 cm2/sec) vs. 1/T. From top, C4

(●), C5 (■ ), and C6 (◆), respectively. Black: normal alkanes and
white: isomeric alkanes.

Figure 4. Arrhenius plot of η (cp) vs. 1/T. From top, C6 (◆), C5

(■), and C4 (●), respectively. Black: normal alkanes and white:
isomeric alkanes.
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In summary, self-diffusion constants (D) of liquid iso-
butane obtained in this study are larger than those of liquid
normal butane over four different temperatures while the
opposite is observed for liquid pentane and hexane. Visco-
sities (η) of liquid normal alkanes are larger than those of
liquid isomeric alkanes, which agrees with the experimental
result except liquid butane. The usual opposition in the
trends of self-diffusion constant and viscosity is not applied
to small liquid alkanes. 
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