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Abstract

Monte Carlo simulations of linear and cyclic alkanes were performed on a coarse-grained high coordination lattice. The simulations were
performed at 473 K for CyHyy+, and CyH,y where N had the values of 60, 100, and 316. The results indicated: (i) at low molecular weights,
cyclic alkanes have lower diffusion coefficients than linear alkanes, and (ii) at high molecular weights, they have higher diffusion coefficients
than linear alkanes. The lower diffusion coefficient of the small cyclic alkanes was attributed to the high local density within the volume
defined by the smaller mean square radius of gyration of the cyclic alkanes. The high local density of cyclic alkane segments resulted in a
decrease in the mobility of the beads. The crossover in diffusion coefficients was observed around the entanglement molecular weight of
linear alkanes, which suggests that the linear alkanes are more susceptible to the effects of entanglements than are the cyclic alkanes. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cyclic alkanes have been used in crystallization studies,
particularly in the determination of the onset of chain fold-
ing in linear alkanes [1-3]. The cyclic chains are also
important with respect to the reptation theory [4,5] where
topological constraints confine a polymer chain in a tube,
and movement occurs along the chain contour except at the
chain ends [5]. Obviously, a cyclic chain with no chain ends
does not fit the simple description of the motion put forth by
the reptation theory. It has been argued that the motion of
the cyclic chains should be slower than that of linear chains
[6,7]. Experiments on networks [8] and solutions [9—11] of
linear and cyclic poly(dimethyl siloxane) (PDMS) chains
showed higher diffusivity values for cyclic PDMS. And
finally, simulations on alkanes have shown that the cyclic
alkanes diffuse faster than linear alkanes [12-14]. This
work aims to focus on the simulation of alkane chains, but
we will compare and discuss the results of the PDMS
experiments throughout the paper.

One of the most important works on the cyclic bulk
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systems was performed by Orrah et al. [15,16]. They
measured the bulk viscosities of PDMS chains below and
above the critical entanglement molecular weight. Their
results showed that: (i) the critical entanglement molecular
weight for cyclic PDMS does not differ from the linear
PDMS value significantly, (ii) the bulk viscosity of cyclic
PDMS is higher than that of linear PDMS at low molecular
weights, (iii) the bulk viscosity of cyclic PDMS is lower
than that of the linear PDMS at high molecular weights
(above the critical entanglement molecular weight), and
(iv) the observed crossover in the viscosity is below the
entanglement molecular weights of both linear and cyclic
PDMS. These results indicate that a similar crossover
between the linear and cyclic PDMS chains can be expected
for the diffusion coefficients. These results contradict the
findings of the spreading boundary technique measurements
in solutions [9,10] and network sorption measurements [8]
at low molecular weights.

In 1996, Muller et al. [12] performed bulk simulations of
cyclic alkanes for degrees of polymerization, N, of 16—-512,
using the bond fluctuation method (BFM). The size of the
cyclic chains was found to be smaller than that of the linear
chains at the same degree of polymerization. The root-
mean-square radius of gyration ((Ré)” %) of the cyclic chains
scaled around N** (N***%% when extrapolated to infinite
molecular weight) compared to N3 for a linear chain.
Muller et al. [12] attributed this lower power law index to
Flory-like topological interactions. The dynamics of cyclic
alkanes was found to be similar to the dynamics of the linear
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chains, although Muller et al. [12] did not observe any
entanglement effects over the molecular weight range that
was studied. At low N, the diffusion coefficients of linear
and cyclic chains were very similar. At high N, Muller et al.
[12] observed a scaling of the diffusion coefficient of the
form N~ 12236 compared to N ~13 for the linear chains, with
cyclic chains having higher diffusion coefficients.

In 1998, Brown and Szamel [13,14], also using BFM,
found that the radius of gyration of the cyclic chains scaled
around N°**. They also found that the dynamics of cyclic
chains was similar to the dynamics of the linear chains. At
high N, Brown and Szamel [13,14] observed that the diffu-
sion coefficients of cyclic chains scaled as N71'54, with
cyclic chains having higher diffusion coefficients. They
argued that the faster dynamics of cyclics originate from
their smaller sizes. The smaller sizes of cyclics resulted in
a denser (more compact) environment, and therefore the
monomers of cyclic chains were shielded from the neigh-
boring molecules more effectively, which resulted in lower
interpenetration. This was shown by the larger correlation
hole of cyclic chains when compared to linear chains.
Brown and Szamel [13,14] concluded that because of this
lower interpenetration, the cyclics did not show entangle-
ment in the molecular weight range studied, and therefore
diffused faster than linear chains.

At nearly the same time, Doruker and Mattice [17]
reported preliminary results for cyclic chains with N =
100 and 316 using a different lattice and a different method
for coarse-graining the hydrocarbons. The root-mean-
square radius of gyration scaled as N**’ for linear chains
and N** for the cyclic chains. These exponents are larger
than those obtained by Muller et al. [12], and Brown and
Szamel [13,14]. At N = 100, the mean square displace-
ments of linear and cyclic chains overlapped each other.
At N = 316, the displacements of the cyclic chains were
similar to those of the linear chains at short times, but
were higher at long times. Doruker and Mattice [17] did
not extract the diffusion coefficients from their data, in
part because they used short-range interactions but not
long-range interactions to decrease the computation time.

This study uses a similar method to that used by Doruker
and Mattice [17], but with inclusion of both short- and long-
range interactions. The bulk simulations of linear and cyclic
alkanes are performed on a high coordination lattice with
the use of an on-lattice coarse-graining method and Monte
Carlo (MC) algorithm that was first proposed by Rapold and
Mattice [18] in 1995. The lattice was named the second
nearest neighbor diamond lattice (2nnd). The 2nnd lattice
is derived from the diamond lattice by eliminating every
other lattice site. The coarse-graining procedure maps two
backbone carbon atoms of an ethylene onto one bead [18].
This mapping procedure was shown to be reversible at any
time during the simulation [19], which makes the 2nnd a
very strong method in the simulation of polymers. With the
use of a fast MC algorithm, the 2nnd approach can achieve
bulk simulations of polyethylene (PE) faster than a fully

atomistic molecular dynamics (MD) simulation depending
on the details of the implementation. In the case of C;oyH,q,,
the ratio of MD to MC computer time was found to be
around 35 [17]. The conversion of Monte Carlo time step
(MCS) to real time step varied between 1 and 171 fs for the
Cy4Hyy depending on the extent of the long-range inter-
actions and type of parameter set used [17].

2. Simulation setup

Three different pairs of linear and cyclic alkanes with
carbon numbers 60, 100, and 316 were used in the simula-
tions. All of the simulations in this study were performed at
473 K, which is higher than the melting temperature, but
lower than the boiling temperatures of the alkanes studied
[20,21]. The lattice size was 21 X 22 X 22 lattice units for 60
and 100 carbon numbers, and 28 X 28 X 28 lattice units for
316 carbon number. Each lattice unit on the 2nnd lattice
corresponds to 2.5 A, which is determined by the distance
between next neighbor carbon atoms (with a bond length of
1.53 A and a bond angle of 109.5°). The number of chains
and corresponding densities of each system are given in
Table 1 for the linear and cyclic alkanes.

The densities of the linear alkanes were determined
according to the following equation, which was first devel-
oped by von Meerwall et al. [22]

_ 1 Ve(T)
p(M, T) _[p(M_) =T +2-

—1
] (gfem®) (1)

This density equation is the result of a fitting of a collec-
tion of densities from the literature with two fitting para-
meters that are given with the following equations [22]:

1

3
P (cm¥g) (2)

= 1.142 + 0.00076T (°C)

and

V.(T) = 13.93 + 0.06T °C)  (cm’/mol) A3)

The uncertainties in these quantities are 0.005 cm®/g and
0.3 cm*/mol, respectively. It is expected that extrapolations

Table 1
The simulation setup for the linear and cyclic alkanes. Target densities were
calculated from Eq. (1) at 473 K

System  Number  Occupancy  Target Simulation
of chains (%) density (g/cm®)  density (g/cm)

CeHin 59 17.41 0.738 0.733
CiooHaz 36 17.71 0.751 0.745
CygHes 25 17.99 0.766 0.757
CeoHio 59 17.41 0.738 0.733
CiooHao 36 17.71 0.751 0.745
CagHenr 25 17.99 0.766 0.757
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of the density equation to higher molecular weight (M) will
not systematically deviate, but their uncertainties will
increase substantially [22]. Beevers et al. [23] performed
density measurements on PDMS systems and found that:
(1) the density of cyclic PDMS is higher than that of linear
PDMS at the same molecular weight, (ii) the densities
of %linear and cyclic PDMS chains approached each
other with increasing molecular weight. If similar
behavior is expected from alkanes, then these simula-
tions would overestimate the density of cyclic alkanes,
particularly at low molecular weights. Since the densi-
ties of cyclic alkanes are not known, the same melt
density was used for linear and cyclic alkanes with the
same degree of polymerization. Obviously, this approxima-
tion has very critical implications, but until the densities of
cyclic alkanes are determined by experiments, the approx-
imation is a necessity.

The short-range (R3) and long-range (L2) interaction para-
meters used in this study were taken from Ref. [17]. The short-
range interaction parameter set used the energies E, =
2.7kJ/mol, E, = 14.6 kJ/mol for first- and second-order
interactions in the rotational isomeric state model. These ener-
gies specify the statistical weights o = 0.503 and w = 0.024
at 473 K. The long-range interaction parameter set used
the Lennard—Jones (LJ) parameters ek = 185K and
o=44A. These LJ parameters were used to calculate
the 2nnd lattice shell energies [24]. This study uses
three shells that have the following interaction energies:
u; = 15.022, 0.620, and —0.624 kJ/mol, where i = 1-3.
Double occupancy of any site is prohibited during the
simulation (both equilibration and sampling stages).

The simulation proceeds by single-bead moves to
neighboring sites, with the acceptance of each proposed
move being judged by the Metropolis criteria. All
systems were equilibrated in two steps before the simu-
lation. The duration of the first equilibration varied
between 10 and 20 million Monte Carlo steps (MCS)
depending on the system size. During this initial equili-
bration step, the long-range interactions were turned off.
The duration of the second equilibration was 10 million
MCS for all systems, and the second equilibration
process was performed with full potentials (short- and
long-range interactions turned on). The change in the
energy of the system was followed during the equilibra-
tion in order to verify that the system became stable.
The purpose of the equilibration step is to enable the
system to evolve from the starting conformation to
reach equilibrium. We used a two-step equilibration in
order to achieve faster results. The initial equilibration
required less computer time because only short-range
interactions were used. The second equilibration step
was performed with full potentials, which is much
slower than the first equilibration step, but is necessary
to eliminate any contacts that have high interaction energies
(e.g., first shell long-range interactions). The data were
collected at every 500 MCS for a total time of 10 million
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Fig. 1. Acceptance rates of the single bead moves on the 2nnd lattice.

MCS for carbon numbers 60 and 100, and at every 5000
MCS for a total time of 20 million MCS for carbon number
316.

3. Results and discussion
3.1. Acceptance rates and the occupancy of the shells

The acceptance rates for the single-bead moves on the
2nnd lattice are shown in Fig. 1. The acceptance rates of
linear and cyclic alkanes showed opposite tendencies, and
the difference between the acceptance rates of linear and
cyclic alkanes decreased with increasing N. Both accep-
tance rates should reach the same limit as N — co.

The shell occupancy values for the three shells used in the
energy calculations are given in Fig. 2. The occupancy
values increase as the shell number increases, as expected

0.25 . . .
0.20 | ' E
0.15 -
>
)
=1
a 0.10 [ ] Linears: i
3 o CgHyy,
8 v CigoHag,
0.05 | 0 Cyete o
Cyclics:
a o CgoHj
0.00 |- v Cigotygo T
m CyHes,
-0.05 L L L
0 1 2 3 4

Shell Number

Fig. 2. Occupancy of the neighboring shells on the 2nnd lattice with respect
to shell number.
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Fig. 3. Occupancy of the neighboring shells on the 2nnd lattice with
respect to the number of carbon atoms.

from the sizes of the u;. A closer look at the occupancy
values with respect to N is given in Fig. 3. The (absolute)
difference between the occupancy values of linear and
cyclic alkanes decreased with increasing N. This, combined
with the acceptance rates, suggests that the cyclic alkanes
behave more and more like linear alkanes as the molecular
weight increases.

At the first neighboring shell, the cyclic alkanes show a
much higher occupancy value than the linear alkanes. In
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Fig. 4. Mean square radius of gyration of linear and cyclic alkanes from
2nnd lattice simulations.

fact, the occupancy of the cyclic alkanes at the first shell
is 8.6, 6.3, and 2.7 times that of the linear alkanes for N =
60, 100, and 316, respectively. These high occupancy values
indicate, as expected, that the local density of the cyclic
alkanes is larger than that of the linear chains. It should
also be noted that the ratio of the occupancy values of the
cyclic and linear alkanes decreased with N, and the values
should approach a common limit as N — oo.

3.2. Static properties

The static properties of the linear and cyclic chain simu-
lations are given in Table 2. The properties are given as
‘property = x,’, where x, is the standard deviation and is
given by the following expression:

x, = ™y = PYH)"? 4)

where p is the property, and i is an integer. In Table 2, i takes
on values of one for the mean end-to-end distance, (R), and
two for the mean square end-to-end distance, (Rz), and mean
square radius of gyration, <R§).

The sizes of the linear and cyclic alkanes were compared
in terms of <R§) (see Fig. 4). The linear alkanes are almost
twice the size of the cyclic chains, as expected for long
random flight chains. The root-mean-square radius of

Table 2

The static properties of the linear and cyclic alkanes, and the corresponding standard deviations. See Eq. (4) for the definition of ‘ =’ in the table
System (RY) (A% (R (A% (R) (A) (RRY) (ROR?) c
CeoHin 126.5 = 50.2 846 + 570 27.30 = 10.01 6.69 1.45 6.23
CiooHa0n 2184 £95.6 1362 + 989 34.45 £ 13.21 6.24 1.53 5.94
Cs16He34 711.0 = 358.8 4335 = 3370 60.90 = 25.03 6.10 1.60 5.90
CeoHino 62.67 = 14.01

Cio0Ha0 110.9 = 31.41

Cii6Hes 319.2 £ 89.12
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Fig. 5. Mean square center of mass displacement of linear and cyclic chains.

gyration scaled with N®* for linear chains and N*** for
cyclic chains. The error in the power law index values (aris-
ing from the standard deviation of (Ré)) is around 0.03 and
0.02 for linear and cyclic chains, respectively.

The power law index of 0.52 for the linear alkanes is
larger than the estimate 0.4 that was given by Cates and
Deutsch [25], and is comparable with the value of 0.553
that was given by Brereton and Vilgis [26]. Also, the dimen-
sionless ratio (R*)/(R?)* approached the Gaussian limit of 5/
3, and the dimensionless ratio of <R2>/(R§> approached six
with increasing N for the linear chains.

3.3. Dynamic properties

3.3.1. Center of mass displacement

The mean square displacement of the center of mass (g3)
for all linear and cyclic chains is given in Fig. 5. The slope
of g; for all systems increased to 1.0 at long times. This
Fickian behavior is expected at long times. The difference
between the displacement values of linear and cyclic
alkanes at the same N decreases as N increases. This
behavior agrees with the N dependency of the differences
in the acceptance and occupancy values between linear and
cyclic alkanes. There are two crossovers in Fig. 5: (i) the
displacements of the cyclic CgHjy and linear C;ooHyp
crossed each other, where Cq)H;yy slowed down compared
to CjpoHagp, and (ii) the displacements of the cyclic and
linear alkanes for N = 316. Obviously, the important cross-
over is the second one because it reflects a change in the
behaviors of linear and cyclic alkanes at the same N. At N =

316, the initial displacement values of linear and cyclic
alkanes are similar both in starting value and slope, and
they remain close throughout the simulation. The crossover
is observed at long times, where the slope values approach
unity.

3.3.2. Diffusion coefficients

The long time Einstein diffusion coefficients of all
systems are shown in Fig. 6 with respect to N, and in
Fig. 7 with respect to the radius of gyration. The straight-
line fit of the logarithmic diffusion coefficients of the linear
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Fig. 6. Diffusion coefficients of linear and cyclic alkanes with respect to the
number of carbon atoms.
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chains vs. N (Fig. 6) gave an overall slope of —1.82,
although the slope changed from —1.73 to —1.85 with
increasing N. The slope of —1.73 of the linear chains (at
low N) is almost equal to the —1.74 value obtained from the
direct pulsed-gradient spin-echo NMR diffusion coefficient
measurements of C,H,s and CyoHy, at 473 K [27,28]. This
match of the slopes between the experiments and the simu-
lations suggests that the parameter set R3L2 successfully
describes the dynamics of the n-alkanes. The slope of the
diffusion coefficients of the cyclic chains was calculated to
be —1.54 atlow N and —0.90 at high N. The value of —1.54
at low N is similar to the observations of Brown and Szamel
[13,14], although in our case, the cyclic alkanes have lower
D values than the linear alkanes.

The crossover between the linear and cyclic diffusion
coefficient (D) is clearly seen in Fig. 6. The crossover
(Nerossover) 18 around 180—190. This is similar to the cross-
over observed in the case of PDMS systems [15]. The
observed crossover in D cannot be explained with the changes
in acceptance and occupancy values alone. The fact that
the acceptance and occupancy values of cyclic alkanes
approach to those of linear chains with increasing N, results
in cyclic alkanes behaving more and more like linear
alkanes. And both, the acceptance and occupancy values
are essentially a response of the beads to the changing
size of the chain (dilution of the strong end effects in a
smaller linear alkane, and reduction of the strong topo-
logical constrains in a small cyclic alkane). As seen from
Fig. 4, there is no crossover in the radius of gyration, and
therefore the behavior of the radius of gyration does not
cause the crossover observed in D (see Fig. 7). Therefore,
other factors are also influencing the observed crossover
in D.

The lower D of the cyclic chains at low N can be explained
by a combination of factors, mainly by the smaller size of the
cyclic chains (although not in the same manner as discussed by
Brown and Szamel [13,14]) and the local density produced by
segments from the same molecule. Because of the smaller size
of the cyclic alkanes, the density of these segments inside the
volume occupied by a cyclic alkane (and therefore the ‘local’
density) is higher than that of a linear chain. This effect is
apparent in the occupancy of the neighboring shells. The
occupancy of the first shell for the cyclic alkanes is around
three to nine times larger (depending on the N) than that of
the linear alkanes as shown in Fig. 3. The topological
constraints decrease the acceptance ratio of the bead
moves in the small cyclic, as given in Fig. 2.

The higher D of the cyclic chains at high N may be due to
the different manner in which entanglements affect linear
and cyclic chains when N is slightly higher than the
entanglement length, N.jjea» for the linear chain. This
length is about 60 for polyethylene at 413 K [29]. The linear
chains are slowed down by the existence of entanglements,
which reflects itself as the smaller power law index of
—1.85 (for linear alkanes) at high N. But contrary to linear
alkanes, cyclic alkanes do not experience entanglements at

this N due to their smaller size, which isolates them from
other neighboring chains [12—-14].

Our study suggests that even though the dynamics of
linear and cyclic alkanes are similar, there are certain factors
that separate them from each other. One of these factors, a
local factor, influences the interactions of the individual
beads (e.g. the high occupancy of the shells and strong
topological constraint in the small cyclic alkanes). The
second factor, a global factor, influences the interactions
of the individual chains (e.g. entanglement effects). It is
possible to conclude that the local factors are stronger
than the global factors at low molecular weights, where
the entanglement effects do not exist for cyclic chains. At
low molecular weights the local dynamics, such as the
mobility of the beads, are restricted due to the higher occu-
pancy of the first shell, and as a result the dynamics of the
system is dominated by the local interactions.

At high molecular weights, the size of the chain may
become more important as the entanglements dominate
the dynamics of the linear chains. The small size of the
cyclic chains might result in less interpenetration between
chains, and therefore shields them from forming entangle-
ments at the molecular weight where the linear chains do.
As a result, the dynamics of the cyclic chains remain
unaffected, whereas the linear chains suffer from the
entanglement effects.

The observed crossover between linear and cyclic chains
is slightly above the entanglement molecular weight, N, jiear,
of linear chains. The position of the crossover with respect
to the N jine,r 15 different for the PDMS systems [15]. This
deviation might be a result of the density approximation that
is used for the simulations. If the density of the cyclic
system is higher, which it should be, then the cyclic curve
in Fig. 6 would shift upwards and the position of the cyclic
would move towards low N. Of course, it should also be
noted that all simulations performed so far, including this
work, failed to capture the existence of entanglements in the
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e Cyclicakanes

10° | -

Log D (AYMCS)
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Fig. 7. Diffusion coefficients of linear and cyclic alkanes with respect to
radius of gyration.
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cyclic chains, whereas the effects of entanglements on
cyclic PDMS can clearly be seen from the work of Orrah
et al. [15].

4. Conclusions

The cyclic chains showed smaller diffusion coefficients
than linear chains below the linear chain entanglement limit
of N jinear ~ 100. This observation at low molecular
weights does not hold at high molecular weights, where
only the linear chains suffer from entanglement effects. At
high molecular weights (N > N jipear), Cyclic chains are
isolated due to their smaller size, and therefore they show
higher diffusion coefficients than linear chains. The cross-
over in diffusion coefficients of linear and cyclic alkanes
was observed at N ~ 180-190.
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