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Understanding the transport properties of molecular fluids in the critical region is important for a
number of industrial and natural systems. In the literature, there are conflicting reports on the be-
havior of the self diffusion coefficient Ds in the critical region of single-component molecular sys-
tems. For example, Ds could decrease to zero, reach a maximum, or remain unchanged and finite
at the critical point. Moreover, there is no molecular-scale understanding of the behavior of diffu-
sion coefficients in molecular fluids in the critical regime. We perform extensive molecular dynamics
simulations in the critical region of single-component fluids composed of medium-chain n-alkanes—
n-pentane, n-decane, and n-dodecane—that interact via anisotropic united-atom potentials. For each
system, we calculate Ds, and average molecular cluster sizes κcl and numbers Ncl at various cluster
lifetimes τ , as a function of density ρ in the range 0.2ρc ≤ ρ ≤ 2.0ρc at the critical temperature Tc.
We find that Ds decreases with increasing ρ but remains finite at the critical point. Moreover, for
any given τ < 1.2 × 10−12 s, κcl increases with increasing ρ but is also finite at the critical point.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4773282]

I. INTRODUCTION

Molecular diffusion in the critical region has implications
in supercritical extraction and other industrial and natural pro-
cesses, e.g., in CO2-flooding for enhanced oil recovery devel-
oped miscibility occurs in the critical region of the oil–CO2

fluid. This mass transfer physico-chemical process takes place
at a specific minimum miscibility pressure through multiple
contacts between CO2 and oil until a single phase is formed.1

In this work, we systematically investigate diffusion behavior
in the critical region of single-component medium-chain n-
alkane systems, in order to set the stage for understanding of
diffusion in the critical region of binary and multicomponent
systems.

In single-component systems, there is no consensus on
the density and temperature dependence of the self diffusion
coefficient Ds in the critical region. Experimental and simu-
lation data for Ds of hydrocarbons in the critical region are
scarce. To the best of our knowledge, the only experimen-
tal data in the critical region of alkanes are for methane2 and
ethane.3 In general, for single-component molecular fluids,
there are conflicting experimental and simulation results on
the behavior of Ds near the critical point.

Experimentally, Cini-Castagnoli et al.4 data from capil-
lary tube measurements show that Ds of methane decreases
by (80 ± 20)% at the critical point. Duffield and Harris5

data from a horizontal diffusion cell, where the critical tem-
perature was approached isochorically, show a peak in Ds

a)Author to whom correspondence should be addressed. Electronic mail:
abbas.firoozabadi@yale.edu.

in the critical region of CO2. In contrast, data by Etesse
et al.6 from pulsed gradient spin-echo nuclear magnetic reso-
nance, where the critical point was approached isothermally,
show no anomalous behavior in the Ds of CO2 in the critical
region.

Drozdov and Tucker7, 8 report weak anomalous behavior
of Ds from molecular dynamics (MD) simulations near the
critical densities of a Lennard-Jones fluid, though their pre-
dictions have been challenged.9 However, Das et al.10 and De
et al.11 report that Ds does not display a detectable critical
anomaly based on molecular simulations.

The inconsistencies in the literature highlight the need for
a detailed examination of behavior of Ds in molecular fluids.
Thus, we seek to understand diffusion in the critical region of
single-component gas-liquid systems on the molecular scale.
We use MD simulations to probe the microscopic dynamics of
medium-chain n-alkanes—n-pentane (nC5), n-decane (nC10),
and n-dodecane (nC12), but we believe we would find similar
results for other single-component gas-liquid systems in the
critical region.

We investigate the extent to which the size and nature
(whether transient or persistent) of molecular clusters control
the self diffusion process in the critical region. This idea is in
line with that of cluster diffusion that has been applied only
in binary systems.12 Thus, if Ds decreases towards zero at the
critical point, then the average size of molecular clusters κcl

diverges at the critical point, as illustrated in Figure 1 along
a critical isotherm of a hypothetical single-component gas-
liquid system. Otherwise, if Ds remains finite at the critical
point, then κcl should be finite too.
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FIG. 1. A schematic of one possible scenario for the connection between
the decreasing self diffusion coefficient Ds towards zero (left axis), and the
diverging size of molecular clusters κcl (right axis) as the critical density ρc

is approached along a critical isotherm of a hypothetical single-component
gas-liquid system.

We study the behavior of self diffusion coefficients Ds

and molecular clustering—in terms of average cluster sizes
κcl and numbers Ncl at various cluster lifetimes τ—along crit-
ical isotherms (T = Tc) by varying density about the criti-
cal density ρc in the range 0.2ρc ≤ ρ ≤ 2.0ρc. We use the
critical points for nC5, nC10, and nC12 reported by Ungerer
et al.13 from two anisotropic united atom (AUA) models—
AUA1 and AUA2. Table I compares the reported Tc and ρc

to the average experimental measurements for each n-alkane
compiled in the National Institute of Standards and Technol-
ogy (NIST) database.14 Overall, there is good agreement be-
tween the model and experimental values. Alkanes heavier
than nC12 are not investigated in this work since their rate of
thermal decomposition is significant.15

The rest of this paper is organized as follows: in Sec. II,
we provide details of the MD simulations; in particular, the
numerical algorithm (Sec. II A), the anisotropic united atom
models used (Sec. II B), and the tracking of system dynam-
ics: molecular motion, diffusion, and clustering (Sec. II C). In
Sec. III A, we compare our simulation results for Ds to data
from experiments. In Sec. III B, we provide results for molec-
ular clustering in the critical region. We conclude and suggest
future studies in Sec. IV.

TABLE I. Critical points of nC5, nC10, and nC12 computed from AUA1 and
AUA2 models.

n-alkane Expt.14 AUA113 %deva AUA213 %dev

Tc (K)
nC5 469.7 464.7 1.1 468.9 0.2
nC10 617.7 588.3 4.7 615.7 0.3
nC12 658.1 626.4 4.8 651.6 0.9

ρc (kg/m3)
nC5 232 247 6.5 218 6
nC10 230 223 3 225 2.2
nC12 227 252 11 217 4.4

a%dev= |Tc,sim − Tc,exp|
Tc,exp

%.

II. SIMULATION DETAILS

A. Numerical algorithm

We use a microcanonical ensemble to compute how
motions—that describe positions and velocities—of individ-
ual atoms in a system change with time. Our MD simulations
at constant number of molecules N, volume V , and energy
E allow the tracking of the time evolution of a given sys-
tem, e.g., as depicted in Figure 2 for a system of N = 32 nC5

molecules, showing the changing positions of the molecules
over the course of the simulation in terms of the relaxation
time of the molecular length scale tσmol .

We study the interaction potential u(r1, . . . , rNa
) from the

positions of atoms r i = (xi, yi, zi) whose motion is described
by integration of Newton’s equations:

mi

(
d2r i

dt2

)
= f i , (1)

where mi, d2r i/dt2, and f i are the mass, acceleration, and
force acting on particle i, respectively.

The force f i is obtained from the derivative of the poten-
tial function u with respect to each atom’s degrees of freedom:

f i = −∂u(rNa )

∂ r i

. (2)

For linear hydrocarbons, u is a summation over all occur-
rences of intra- and inter-molecular contributions due to bond-

(a)At t = 50tσmol (b)At t = 75tσmol (c)At t = 95tσmol

FIG. 2. Time evolution for a system of N = 32 nC5 molecules at ρ = 0.2ρc with potential parameters from the AUA2 model over the course of the simulation
in terms of the relaxation time of the molecular length scale tσmol .
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length stretching or compressing (ubond), bond-angle bending
(uangle), torsional-angle twisting owing to rotational energy
barrier (utors), and non-bonded interactions that are described
by the Lennard-Jones potential (uLJ):16, 17

u = ubond + uangle + utors + uLJ, (3)

where

ubond =
∑
Nbond

kl(l − l0)2, (4)

where Nbond is the number of bonds in the molecule, kl is a
proportionality constant, and l and l0 are the actual and equi-
librium bond lengths between two successive atoms, respec-
tively;

uangle = 1

2

∑
Nangle

kθ (cos θ − cos θ0)2, (5)

where Nangle is the number of bond angles in the molecule, kθ

is a proportionality constant, and θ and θ0 are the actual and
equilibrium bond angles, respectively;

utors(φ) =
∑

k

ak cosk(φ), (6)

where ak are empirically determined coefficients; and

uLJ(rij )=

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

4εij

[(
σij

rij

)12

−
(

σij

rij

)6
]

−4εij

[(
σij

rcoff

)12

−
(

σij

rcoff

)6
]

, if rij ≤ rcoff

0, if rij > rcoff,

(7)
where rij is the distance between interaction sites, rcoff is the
cut-off distance for which the Lennard-Jones potential is trun-
cated and shifted, and the energy εij and length σ ij poten-
tial parameters are determined from Lorentz-Berthelot mix-
ing rules: εij = (εiεj)1/2 and σ ij = (σ i + σ j)/2. We use two
sets of intermolecular potential parameters (Sec. II B) for
Eq. (7) in our simulation. The Verlet neighbor list is also used.

We use the velocity Verlet algorithm18–21 to update r i and
vi = (dxi/dt, dyi/dt, dzi/dt) at every time-step 
t. The ve-
locities are scaled before measuring quantities to set the av-
erage energy 〈E〉 over starting times and over all molecules.
Subsequently, we run the simulations at E = 〈E〉 and temper-
ature fluctuates within a target mean T0 = Tc.

We define three temperatures—atomic Tatom, molecular
Tmol, and internal Tint—using the equipartition theorem, in
terms of the atomic and molecular velocities:

Tatom = 1

3Na − 3

Na∑
i=1

mi( �vi − �V0)2, (8)

where the sum is over all atoms Na and �V0 is the velocity of
the center of mass of all atoms in the system which is set to
zero;

Tmol = 1

3N − 3

N∑
j=1

Mj ( �Vj − �V0)2, (9)
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FIG. 3. Time histories of molecular, internal, and atomic temperatures for
nC5 at ρ = ρc with potential parameters from (a) AUA1 and (b) AUA2 mod-
els, showing temperature equilibration at T0 = Tc.

where the sum is over all molecules N; and Mj and �Vj are
the mass and velocity of the center of mass, respectively, of
molecule j; and

Tint = 1

(3Nn − 3)N

N∑
j=1

Nn∑
i=1

mi( �vi − �Vj )2, (10)

where the sum is over all molecules N and over each atom Nn

in the n-alkane molecule (i.e., 5 for nC5).
During the initialization period, Tatom is scaled by√

T0/Tatom, where T0 is the target temperature. As shown in
the time histories in Figure 3, all three temperature measures
equilibrate at the target temperature Tc.

The virial expression is used to calculate the pressure p:20

p = 1

V

N∑
i=1

(
Tmol + 1

3
Rcmi

· f i

)
, (11)

where Rcmi
is the location of the center of mass of molecule

i.
The simulations in this work are performed with 
t = 8.0

× 10−16 s and rcoff = 3.0σij . Sensitivity analysis with values
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of 
t < 8.0 × 10−16 s and rcoff > 3.0σij was performed with
no change in the results. The simulations were initialized with
a face-centered cubic lattice with N = 32, 256, 500, and 1372
molecules, with the total simulation time varied depending
on N. Most of the simulations were performed with N = 256
molecules, unless otherwise specified.

All the quantities are implemented in dimensionless
form. The fundamental values are σ , ε, and m, from which all
other units are derived, e.g., t = σ

√
(m/ε)t̄ , T = (ε/kB)T̄ , etc.

The resultant averaged quantities are converted to SI units.

B. Models

Two classes of collapsed atomic models—united atom
(UA) and AUA—are often used for MD simulations of n-
alkanes. Collapsed atomic models reduce the number of inter-
action sites and therefore the computation time without sig-
nificant loss of accuracy. Lee et al.22 showed that thermo-
dynamic properties for liquid n-alkanes obtained from MD
simulations with collapsed atomic models are comparable to
those calculated from explicit atomic models.

In the UA model proposed by Ryckaert and
Bellemans,17, 23 n-alkanes are modeled as chains of spheres
whose interaction sites are on the carbon nuclei. The UA
approach treats an n-alkane molecule as a group of monomers
that are single-point-mass systems with no distinction be-
tween methyl (−CH3) and methylene (−CH2−) groups.
Smit et al.24 used a combination of Gibbs-ensemble and
configuration-bias Monte Carlo (MC) methods to test the
accuracy of various UA models—optimized potential for
liquid systems model proposed by Jorgensen et al.,25 de
Pablo model,26 and the Toxvaerd model27, 28—in predicting
vapor-liquid equilibria. In general, they found that these
UA models predicted phase behavior of n-alkanes with
reasonable accuracy over a wide temperature range.

The AUA model introduced by Toxvaerd27 is an exten-
sion of the UA model which takes into account the anisotropy
of the interactions between −CH2− and −CH3 groups. In the
AUA model, the force center is shifted by δ from the carbon
nuclei and placed between the carbon and the hydrogen atoms
of a related group. Thus, the form of the non-bonded potential
changes from that given in Eq. (7) to

uLJ(Rij ) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

4εij

[(
σij

Rij

)12

−
(

σij

Rij

)6
]

−4εij

[(
σij

Rcoff

)12

−
(

σij

Rcoff

)6
]

, if Rij ≤ Rcoff

0, if Rij > Rcoff,

(12)

where the interaction site Ri is with respect to the center of
mass r i of atom i:

Ri = r i + δ

[
r i − 0.5(r i+1 + r i)

|r i − 0.5(r i+1 + r i)|
]

. (13)

The AUA model introduces a displacement between the cen-
ters of non-bonded interaction force and the centers of mass
of the united atoms; thus, indirectly taking into account the
effects of hydrogen atoms. Figure 4 shows a sketch of the key
parameters that mark the differences between UA and AUA
models as compared to the atomic structure for nC5.

We consider two AUA models in this work: AUA1 which
is based on the potential parameters by Toxvaerd29 and AUA2
whose potential parameters are given by Ungerer et al.13 The
intramolecular parameters are the same for AUA1 and AUA2;
whereas, the potential parameters for the non-bonded interac-
tions are different.13, 29 Note that the Lennard-Jones length for
AUA1 is the same for −CH2− and −CH3 groups; whereas,
AUA2 has different values. Using both sets of potential pa-
rameters ensures that the results obtained are consistent for
two treatments of intermolecular interactions which are inte-
gral to molecular clustering.

Toxvaerd27 showed that MD simulations using the UA
model do not give the correct predictions for temperature,

pressure, and density for propane, nC5, and nC10, including
in the coexisting gas-liquid region, for a given potential pa-
rameter set. Therefore, the AUA model was introduced and
shown to perform more accurately for these thermodynamic
variables. In a subsequent publication, Padilla and Toxvaerd28

tested the sensitivity of Ds to intra- and inter-molecular inter-
actions for nC5 and nC10 using both UA and AUA models and
different torsion potentials. They reported that the approach

(a) (b) (c)

FIG. 4. A sketch (not to scale) of the (a) atomic structure, (b) united atom
(UA) model, and (c) anisotropic united atom (AUA) model for nC5. In the UA
model (b), the non-bonded interaction site is centered on the carbon nuclei r i ,
while in the AUA model (c), the interaction site is shifted from r i to Ri by a
distance δ whose magnitude is different for the methyl and methylene groups.
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that gave the best agreement of predicted Ds with experimen-
tal data for nC5 and nC10 was an AUA model (referred to
as AUA(2) in their work), where the non-bonded interaction
site was shifted by a different magnitude for the −CH2− and
−CH3 groups. We use the potential parameters for this model
by Toxvaerd29—referred to as AUA1 in this work.

Ungerer et al.13 optimized potential parameters for the
Toxvaerd AUA model.29 They tested the performance of their
proposed model (referred to as AUA4 in their work) using
Gibbs-ensemble MC, thermodynamic integration, and MD
simulations. They reported that their optimized AUA model
provides significant improvements for predictions of vapor
pressures, vaporization enthalpies, liquid densities, and crit-
ical temperatures estimated from co-existence density curves.
We test the performance of this optimized AUA model by Un-
gerer et al.13—referred to as AUA2 in this work.

C. Dynamics

In order to study the dynamics of n-alkanes in our sim-
ulations, we first characterized the system structure in both
time and space by considering the space transform of the
van Hove correlation—the intermediate scattering function
I (k, t)30 whose self-part is given by

I (k, t) = 〈eik·(r(t+
t)−r(t))〉, (14)

where 〈〉 represents the average over particles and time ori-
gins. The magnitudes of wave-vectors k are considered in
terms of three length scales: Lennard-Jones length 2π /σ i,
length of the n-alkane molecule 2π/σmol, and length of the
simulation box n2π /L.

Equation (14) gives information on the collective dynam-
ics of the system, which establishes the appropriate simula-
tion time for realistic dynamics to be obtained. Our simula-
tion times are chosen to be about two orders of magnitude
longer than the relaxation time of the molecular length scale
obtained from Eq. (14). A typical plot of the correlation func-
tion I (k, t) over time is depicted in Figure 5 for nC5 showing
that the relaxation times of the three length scales are less than
2 × 10−11 s.

Having established the appropriate simulation time from
the correlation function, we then consider the mean-squared
displacement of the molecules 〈r2〉:

〈r2(
t)〉 = 1

N

〈
N∑
i

|r i(t + 
t) − r i(t)|2
〉

, (15)

such that 〈r2〉 was linear with time for all simulations as
shown in Figure 6 for nC5.

The translational self diffusion coefficient Ds in the long
time regime—as depicted in Figure 7 for nC5 at ρ = ρc—is
extracted from 〈r2〉 based on Einstein’s relation:31, 32

Ds(t) = lim
t→∞

1

6t
〈r2(
t)〉. (16)

We use a modified Amsterdam method to quantify cluster
formation: cluster size κcl in terms of the average number of
molecules and the average number of clusters Ncl at a given
cluster lifetime τ . The cluster lifetime τ tracks the minimum
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FIG. 5. Intermediate scattering function I (k, t) over time t for nC5 at
ρ = ρc computed from (a) AUA1 and (b) AUA2 potentials. The relaxation
times for nC5 with respect to the three length scales is less than 2 × 10−11 s.

time that a cluster persists. The Amsterdam method is defined
such that a molecule i is a nearest neighbor to a molecule j
if rij ≤ rcl and molecule i belongs to a cluster if, and only
if, it has at least four nearest neighbors and two neighbor-
ing molecules are in the same cluster.33–35 Our modified algo-
rithm considers two molecules to be neighbors if they have a
monomer within a distance rcl = 1.5σij of a monomer of the
other molecule for a minimum time τ .

III. RESULTS AND DISCUSSION

A. Diffusion at experimental conditions

To the best of our knowledge, no Ds data are reported
based on experimental measurements in the critical region
of medium-chain n-alkanes considered in this work. How-
ever, we do test the predicted Ds from our MD simulations
at some representative T and ρ conditions, outside of the crit-
ical regime, for which experimental data are available.

Table II summarizes the conditions for T and ρ at which
experimental Ds data are available for nC5, nC10, and nC12.
The range of T and ρ indicate that the experimental data are
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FIG. 6. Mean-squared displacement 〈r2〉 as a function of time t for nC5 at
three values of ρ computed from (a) AUA1 and (b) AUA2 potentials. Over
the simulation time t = 9.6 × 10−9s, 〈r2〉 is linear with time.

for systems in liquid phase state away from the critical condi-
tions specified in Table I.

The performance of our MD simulations against some
of these experimental data is shown in Table III. Note that
where two or more data points are reported at the same condi-
tions of T and ρ, an average is taken for comparison purposes.
The Ds predictions with both AUA potential parameters are
reasonably accurate. Overall, AUA1 predictions have an av-
erage dev = 7.5%, while AUA2 predictions have an average
dev = 7.7%.

TABLE II. Summary of temperature T and density ρ conditions for which
experimental self diffusion coefficients data of nC5, nC10, and nC12 are
available.36–40

n-alkane T (K) ρ (kg/m3)

nC5 194.65 ≤ T ≤ 308.65 610.28 ≤ ρ ≤ 716.01
nC10 293.15 ≤ T ≤ 313.15 714.87 ≤ ρ ≤ 730.41
nC12 278.15 ≤ T ≤ 328.15 723.56 ≤ ρ ≤ 760.60
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FIG. 7. Mean-squared displacement 〈r2〉 as a function of time t for nC5 at ρ

= ρc from which Ds is determined for (a) AUA1 and (b) AUA2 potentials.

TABLE III. Computed Ds from AUA1 and AUA2 models, and experimen-
tal data for nC5, nC10, and nC12 at the temperature T and density ρ conditions
given.

Ds (10−9 m2/s) %dev
T (K) ρ (kg/m3) Expt. AUA1 AUA2 AUA1 AUA2

nC5

250.25 666.17 2.9737 3.17 2.96 6.8 0.5
273.15 644.95 4.1437 4.74 3.74 14.5 9.6
298.15 620.83 5.5436, 37 6.12 6.18 10.5 11.6
308.65 610.28 6.2937 6.60 6.64 4.9 5.6

nC10

293.15 730.41 1.4438 1.33 1.65 7.4 14.4
298.15 726.53 1.3136, 38, 39 1.49 1.66 3.1 14.7
303.15 722.64 1.6838 1.57 1.75 6.4 4.4
313.15 714.87 1.8638 1.73 1.88 6.8 0.9

nC12

298.15 745.73 0.8739, 40 0.94 0.95 8.3 8.8
308.15 738.33 0.9740 1.11 0.92 14.4 4.9
318.15 730.95 1.1540 1.23 1.29 6.4 12.1
328.15 723.56 1.3440 1.34 1.28 0.3 4.6
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B. Diffusion in the critical region

Results in the critical region were obtained along critical
isotherms T = Tc over the density range 0.2ρc ≤ ρ ≤ 2.0ρc for
each medium-chain n-alkane. In order to account for the dif-
ferences in the critical density of the three n-alkane systems,
the results are presented as functions of the reduced density
in the form of (ρ − ρc)/ρc, with (ρ − ρc)/ρc = 0 marking the
critical density.

1. Self diffusion coefficients

Figure 8 shows the predicted self diffusion coefficients
Ds as the critical density is approached isothermally—from
above and below ρc—for nC5, nC10, and nC12 with N = 256
molecules. As shown, Ds for all three systems decreases with
increasing density; a trend that is consistent even for non-
critical isotherms (Appendix). No anomalous behavior can be
observed near the critical density (ρ − ρc)/ρc = 0 where Ds

remains finite. Note that in the literature, when anomalies in
Ds have been observed in the critical region they are within
0.1%−20% of either ρc or Tc; when they are not seen they are
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FIG. 8. Self diffusion coefficients Ds as functions of density (ρ − ρc)/ρc for
nC5, nC10, and nC12 computed from (a) AUA1 and (b) AUA2 potentials.
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FIG. 9. Self diffusion coefficients Ds as functions of density (ρ − ρc)/ρc for
nC5 at three system sizes N = 256, 500, and 1372 molecules computed from
(a) AUA1 and (b) AUA2 potentials.

ruled out to within 1%−4% of either ρc or Tc. In this work,
we rule out anomalies in Ds to within 2% of ρc.

In general, the AUA1 potentials give a lower magnitude
of Ds than AUA2 potentials as shown in Figures 8(a) and 8(b),
respectively. This may point to the importance of treating the
interactions of −CH3 and −CH2− groups differently through
the Lennard-Jones length parameter. Furthermore, it is evi-
dent that Ds decreases with increasing length of the n-alkane
from nC5 to nC12; a trend that is more pronounced at low
densities ρ < ρc (Figure 8). This is consistent with molecular
mobility considerations where larger molecules are expected
to diffuse slowly.

2. Investigation of finite size effects

Phase transitions occur in the thermodynamic limit where
statistical degrees of freedom are unlimited. In finite systems,
singularities of thermodynamic quantities at the critical point
may be rounded to finite values necessitating finite-size scal-
ing. Thus, in order to investigate finite size effects and en-
sure that the extracted Ds data are representative of infinite
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FIG. 10. Average cluster size κcl in terms of molecules over density (ρ −
ρc)/ρc for nC5, nC10, and nC12 at a cluster lifetime of τ = 4.0 × 10−13 s
computed from (a) AUA1 and (b) AUA2 potentials.

systems, we performed simulations for nC5 at increasing sys-
tem sizes.

Figure 9 compares predictions of Ds for nC5 at N = 256,
500, and 1372 molecules. No change in the magnitude of Ds

can be observed over the entire range of density considered.
The nearly identical values of Ds for nC5 at increasing system
sizes indicate that N = 256 molecules is sufficient for study-
ing critical dynamics of medium-chain n-alkanes. Thus, we
conclude that the finite nature observed in Ds at Tc and ρc is
representative of single-component gas-liquid systems.

C. Cluster formation in the critical region

1. Cluster sizes and numbers

Figures 10 and 11 show the predicted average size of the
clusters κcl in terms of the total average number of molecules
and the average number of clusters Ncl, respectively, for nC5,
nC10, and nC12. The data are obtained at a cluster lifetime of
τ = 4.0 × 10−13 s.
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FIG. 11. Average number of clusters Ncl as functions of density (ρ − ρc)/ρc

for nC5, nC10, and nC12 at a cluster lifetime of τ = 4.0 × 10−13 s computed
from (a) AUA1 and (b) AUA2 potentials.

As shown in Figures 10 and 11 for τ = 4.0 × 10−13 s,
κcl increases with increasing density which is consistent with
decreasing Ds; whereas, Ncl reaches a maximum at a density
∼0.75ρc. For all three n-alkanes, κcl ≥ 1 molecule. Note that
the trends in both κcl and Ncl change if a different cluster life-
time τ is used to track clustering behavior (Figures 12 and
13); at lower τ the curves shift to the left and at higher τ the
curves shift to the right. Similar to Ds, no unusual behavior in
either κcl or Ncl can be observed at the critical density. From
molecular mobility considerations, the finite nature of κcl in
the critical region supports a finite Ds.

Note that for a given n-alkane, the magnitude of κcl is
larger with AUA1 (Figure 10(a)) potential parameters as com-
pared to AUA2 (Figure 10(b)), which may explain the lower
values of Ds predicted from AUA1 potentials (Figure 8). Fur-
ther, the trend in both κcl and Ncl is non-monotonic with
the length of the n-alkane with AUA1 potential parameters;
whereas, with AUA2 potential parameters nC10 and nC12 have
nearly identical molecular clustering behavior, but in compar-
ison to nC5 the expected monotonic trend is observed.
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FIG. 12. Average cluster size κcl measured in terms of the number of
molecules as functions of density (ρ − ρc)/ρc for nC5 at various cluster life-
times τ in the range 8.0 × 10−14s ≤ τ ≤ 1.2 × 10−12 s computed from (a)
AUA1 and (b) AUA2 potentials.

2. Cluster lifetimes

Figures 12 and 13 show the predicted average size
κcl and number Ncl of the clusters for nC5 at differ-
ent cluster lifetimes in the range 8.0 × 10−14s ≤ τ ≤ 1.2
× 10−12 s. As shown, κcl decreases with a longer τ , but its
trend—increasing κcl with increasing ρ—is consistent across
all τ . Similarly, Ncl shifts its maximum towards higher density
with increasing τ , indicating that clusters at higher density are
more persistent. Persistence of molecular clusters at high den-
sity implies limited molecular motion; thus, lower Ds.

Cluster lifetime τ is a measure of duration for which
molecular clustering persists. As evidenced by Figures 12 and
13, only a few clusters persist for τ > 8.0 × 10−13 s at high
density. Thus, for nC5, we conclude that molecular cluster-
ing behavior is marked by formation of clusters of varying
sizes and that are transient in nature. Similar trends were ob-
served for nC10 and nC12. These observations are consistent
with the strength of intermolecular forces at play in medium-
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FIG. 13. Average number of clusters Ncl as functions of density (ρ − ρc)/ρc

for nC5 at various cluster lifetimes τ in the range 8.0 × 10−14s ≤ τ ≤ 1.2 ×
10−12 s computed from (a) AUA1 and (b) AUA2 potentials.

chain n-alkanes, where molecular clustering is influenced by
relatively weak London dispersion forces.

IV. CONCLUDING REMARKS

In this work, we perform extensive MD simulations to
systematically investigate at the molecular-scale the behavior
of self diffusion coefficients and molecular clustering along
critical isotherms of medium-chain n-alkanes: n-pentane, n-
decane, and n-dodecane. We quantify self diffusion coeffi-
cients using Einstein’s relation and determine average molec-
ular cluster sizes and numbers at various cluster lifetimes us-
ing the modified Amsterdam method.

We show that the self diffusion coefficient decreases as
a function of density, remaining finite at the critical point.
Consistently, the size of molecular clusters increases with in-
creasing density and also remains finite at the critical point.
Furthermore, the clusters formed are shown to be persistent
for only short cluster lifetimes. Therefore, for medium-chain
n-alkanes, the nature of molecular clustering is transient and
is not limited to the critical region; instead, it is a function
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FIG. 14. Self diffusion coefficients Ds as functions of density (ρ − ρc)/ρc

for nC5 at non-critical isotherms (T > Tc and T < Tc) compared to the critical
isotherm (T = Tc) computed from (a) AUA1 and (b) AUA2 potentials.

of density. Although slightly different Ds values are predicted
with the two anisotropic united atom intermolecular poten-
tials parameters considered, the trend is consistent across all
three medium-chain n-alkanes. We conclude that there is no
anomaly in the self diffusion coefficients, as confirmed by the
transient nature of molecular clusters, in the critical region of
single-component molecular fluids.

This work makes two fundamental contributions to crit-
ical phenomena studies: one, it confirms the continuity of
self diffusion coefficients in the critical region of single-
component molecular systems; and two, it provides a consis-
tent molecular-scale basis for tracking the characteristics of
transport coefficients in the critical region. A natural exten-
sion of this work is to binary systems where Fickian diffusion
coefficients vanish in the critical region, but where molecular-
scale understanding is still deficient.
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APPENDIX: DIFFUSION ALONG NON-CRITICAL
ISOTHERMS

In the absence of persistent molecular clustering (as
shown in Sec. III C) that could lower molecular velocities, the
diffusion process is controlled by thermodynamic variables—
temperature and density. At a constant density, we can show
the temperature dependence of Ds by MD simulations at non-
critical isotherms for the long time scales as indicated by
Eq. (14).

Figure 14 depicts Ds along three isotherms: 0.5Tc, Tc,
and 1.5Tc. As shown, Ds decreases with decreasing temper-
ature, remaining finite at the reduced density (ρ − ρc)/ρc

= 0. Furthermore, at low densities the differences in Ds for
the three isotherms are more pronounced than at higher den-
sities. These observations are consistent with kinetic theory
considerations; at low temperature and high density, the ki-
netic energy of the molecules is lower, which limits the extent
of molecular mobility.
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