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ABSTRACT: Monte Carlo simulations have been performed for catenanes composed of coarse-grained
poly(ethylene oxide) in the melt. Simulations have also been performed for melts of single rings, in which
the ring has a mass that is the sum of the masses of the two rings in a catenane. The numerical results
from the simulations are compared with the predictions of an analytical expression derived for a very
simple model of the catenanes. The simple model provides a rough approximation to the average
asymmetries of the conformations, but it substantially underestimates the sizes. The internal motions of
the catenanes are dominated by the movement of a bead relative to the center of mass of the other ring

in the catenane.

Introduction

Topological isomers such as rotaxanes and catenanes
may be useful in advanced applications such as materi-
als with unique properties! = and nanotechnology-based
molecular machines.#~19 In most proposed applications
of catenanes, knowledge of their equilibrium structure
is crucial for their proper design and function. Therefore,
apart from method for the synthesis of catenanes,11715
there is emphasis on studying their structure and
physical properties.13~18 Computer simulation provides
an excellent method for the study of the properties of
these complex molecules. However, the simulation of
catenanes is challenging, especially in the bulk state
where simulation times can be enormous. Therefore,
many studies have focused on the simulations of single
molecule systems.19722

In addition to the structural properties of catenanes,
knowledge of the internal dynamics of the motions of
the rings would also be necessary for the complete
characterization. The rotation of one ring about the
other202! and the unidirectional rotation of a ring about
the linear chain in rotaxanes?® have been studied
recently. The ability to control the rate of rotation of
rings in catenanes or rotaxanes, and subsequently the
internal dynamics, is important for their development
in molecular motors.?425 The bulk physical properties
of catenanes are also influenced significantly by the
internal motions. For example, the high internal mobil-
ity of the catenane rings in polycarbonate-based poly-
catenanes imparts unusual glass transition tempera-
tures to this system.*

Cyclodextrins, crown polyethers, and cyclophanes
have been widely used in the synthesis of polyrotaxanes.
Recently, we studied various aspects of the equilibrium
and dynamic properties of homopolyrotaxanes, where
both the ring and the linear chain are composed of poly-
(ethylene oxide) (PEQ).26-29 Homopolyrotaxanes are
interesting from the theoretical point of view because
their properties are controlled by the physical fact of
their threaded nature, without additional complications
arising because the thread and the ring are constructed
from different monomer units with inherently different
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properties. The synthesis of homopolyrotaxanes is a
challenge because it is not facilitated by a favorable
enthalpic interaction of the ring and the thread. Nev-
ertheless, Pugh and co-workers have demonstrated that
homopolyrotaxanes are accessible in the laboratory.30-32
Simulations have supported the laboratory synthesis by
providing guidance on the optimal size for the cyclic
component?® and influence of the solvent?” and by
providing independent support2?® for the utility of the
amphiphilic approach originated by Pugh.3°

Here the simulation method employed for the inves-
tigation of the homopolyrotaxanes?6=29 is used for the
study of melts of catenanes in which all components are
constructed from PEO. The results are compared with
similar simulations of melts composed of individual
rings that have the same mass as both rings in the
catenanes. The numerical results deduced from the
simulations are compared with predictions from ana-
lytical expressions that describe very simple, idealized
models. The internal motions of the rings in the cat-
enanes are also studied.

Simulation Method

The Monte Carlo (MC) simulations are performed
with coarse-grained PEO rings in which each bead
represents two bonded chain atoms and their pendant
hydrogen atoms.26 The number of repeat units in a ring
is 2/3 of the number of beads used for its coarse-grained
representation. The coarse-grained rings are placed on
a high coordination lattice, with 102 + 2 sites in shell
i, obtained by deletion of alternate sites from a diamond
lattice.33 The step length on the high coordination lattice
is obtained from the lengths of the C—C and C—O bonds,
lcc and lco, as [(8/9)(Icc? + 2lco?)]Y2 = 0.239 nm.26 The
simulations were performed in a periodic box with 20
steps on each side and an angle of 60° between any two
sides. At any stage in the simulation of the coarse-
grained system on the discrete space of the high
coordination lattice, the system can be reverse-mapped
to the atomistically detailed representation in continu-
ous space.26:34

All simulations were conducted in the melt at 373 K,
which is slightly above the melting temperature of PEO.
The experimental density of PEO at this temperature,
1.06 g/cm3,% is achieved with occupancy of 21% of the
sites on the high coordination lattice.?6 The low oc-
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cupancy of the lattice facilitates the equilibration of the
systems used in the simulations. Each ring in a cat-
enane has the same number of beads. The molecules
are represented by 15—39 beads per ring in the cat-
enanes and by 30—78 beads per ring in the simulations
of melts of individual rings. The atomistically detailed
representation would be (CHyCH20)19 to (CH2CH20)96
for the rings in the catenanes and (CH2CH30)z to (CHs-
CH;0)5; for the simulations of melts of individual rings.

Energies. The Hamiltonian is constructed from two
parts. The short-range intramolecular interactions are
controlled by the rotational isomeric state model of Abe
et al.,3® which is mapped onto our coarse-grained
representation of the system. Specifically, we use sta-
tistical weights for the first-order interactions of occ =
0.356 and opo = 2.03 and statistical weights for the
second-order interactions of wco = 0.492 and wce =
107°. The short-range intramolecular interactions main-
tain the proper distribution function for the end-to-end
distance of a chain and all of its subchains.26 Of course,
this distribution function is modified in the present
simulations of rings by the necessity for the mainte-
nance of ring closure.

The second part of the Hamiltonian accounts for the
intermolecular and long-range intramolecular interac-
tions. Double occupancy of any site is prohibited. The
remaining interactions are treated with a discretized
Lennard-Jones (LJ) potential energy. The discretization
ensures that the input continuous LJ potential and the
derived discretized function specify exactly the same
value for the second virial coefficient for the pairwise
interaction of a pair of beads.?” The input LJ potential
uses 0 = 0.376 nm and ¢/kg = 154 K, which reproduces
the experimental density of the melt when the system
is free to choose its own density.?6 We use discretized
shell energies, u;, of 8.113, —0.213, and —0.339 kdJ/mol
for shells 1—3, respectively. Shell energies with i > 3
are negative and much closer to zero than u3. Since our
NVT simulation guarantees the maintenance of the
desired density, the u; with i > 3 can be ignored in the
present work.

Moves and Equilibration. Single bead moves?* and
two bead pivot moves?®® were employed. The single bead
moves do not cause chain crossing, but some of the
potential two bead pivot moves will allow chain crossing.
Chain crossing can occur in a two bead pivot move when
at least one of the displaced beads has the same
(nonbonded) bead as a first nearest neighbor in both the
old and new positions. Elimination of chain crossing is
achieved by disallowing this specific two bead pivot
move. Incorporation of the allowed two bead pivot moves
is highly desirable because they increase the speed at
which equilibration is achieved.

A Monte Carlo step (MCS) is defined as the length of
the simulation in which an attempt of one move is made
on average, from the single bead and two bead pivot
moves, on each bead. Thus, on average, each bead is
attempted for a move two times in a single MCS. If the
move causes double occupancy or a collapse,3* it is not
allowed. Collapses occur in configuration where two
successive coarse-grained beads avoid double occupancy
on the high coordination lattice but produce double
occupancy on the underlying diamond lattice when the
missing atoms are restored to the system. The standard
Metropolis rule is used to determine the acceptance of
moves.??
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Figure 1. Mean-square displacement of the center of mass
of PEO catenanes in the melt at 373 K. Each catenane is

constructed from two rings of the same mass. Each ring is
represented by either 15 or 39 beads.
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Figure 2. Mean-square displacement of the center of mass

of individual PEO rings in the melt at 373 K. Each ring is

represented by either 30 or 78 beads.
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Since the rings have no ends, the usual autocorrela-
tion function for the end-to-end vector cannot be used
for monitoring the rate at which molecules lose memory
of their initial configuration. Instead, we employ the
mean-square displacement of the center of mass and
require that this displacement exceed the mean-square
radius of gyration. Figure 1 depicts the mean-square
displacement of the center of mass of the catenanes
constructed from 15 beads in each ring and 39 beads in
each ring. The mean-square radii of gyration are 0.26
and 0.74 nm?2, respectively. Displacements exceed these
benchmarks in about 20 million MCS for the smaller
system and in a much smaller number of MCS for the
larger system. The more rapid equilibration of the larger
system arises due to the greater flexibility of the larger
rings in the catenanes. Figure 2 depicts similar infor-
mation for melts of individual rings represented by 30
beads or 78 beads, where the mean-square radii of
gyration are 0.37 and 0.98 nm?2, respectively. The
required displacements are accomplished in well under
5 million MCS.
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Table 1. Mean-Square Radii of Gyration, Mean Square Principal Moments of the Radius of Gyration Tensor, and
Measure of the Fluctuation in R,? in Melts at 373 K for Single Rings with 2x Beads and Catenanes Composed of Two
Rings of x Beads Each

system X [Ry%0) nm? [L120) nm? [L2%0) nm?2 [L3%[)nm? (R *UR213
catenane 15 0.259 0.144 0.071 0.044 1.005
catenane 21 0.377 0.210 0.106 0.060 1.008
catenane 30 0.559 0.317 0.158 0.084 1.017
catenane 39 0.740 0.428 0.206 0.106 1.024
single 15 0.374 0.246 0.094 0.034 1.035
single 21 0.535 0.352 0.132 0.051 1.049
single 30 0.763 0.503 0.185 0.075 1.058
single 39 0.982 0.641 0.242 0.100 1.061

Table 2. Ratios of the Mean-Square Radii of Gyration in
the Melt at 373 K for Single Rings with 2x Beads and
Catenanes Composed of Two Rings of x Beads Each

X ng @atenane/ ng Qingle ring
15 0.69
21 0.70
30 0.73
39 0.75

Table 3. Ratios Formulated from the Principal Moments

of the Radius of Gyration Tensor in the Melt at 373 K for

Single Rings with 2x Beads and Catenanes Composed of
Two Rings of x Beads Each

system X EZZMELlZD |:L32m|14125 EQQ[][LlZ[H' |1432mELlZD
catenane 15 0.49 0.30 0.79
catenane 21 0.50 0.29 0.79
catenane 30 0.50 0.26 0.76
catenane 39 0.48 0.25 0.73
single ring 15 0.38 0.14 0.52
single ring 21 0.37 0.14 0.52
single ring 30 0.37 0.15 0.52
single ring 39 0.38 0.16 0.53

Results and Discussion

Static Properties. Table 1 presents the mean-square
radii of gyration, [R () the mean-square principal
moments of the radius of gyration tensor, [L;2[] and the
fluctuation of the squared radius of gyration, (R *[/[R2(2,
for each catenane and single ring system studied.
Formation of the catenane structure decreases the
average size, as judged by [R,2(for catenanes and single
rings with the same number of beads. This effect is
stronger for the smaller systems, as shown in Table 2.
Formation of the catenane decreases the range of
available sizes because [R 4R %3 is always larger for
the single ring than for the catenane with the same
number of beads, as shown by the last column in Table
1.

Comparison of the [L;20for the catenane and single
ring with the same number of beads in Table 1 shows
that there are important differences in the average
asymmetry of the configurations. The single ring always
has the larger values of [Li20and [Lo2[] but it has the
smaller value of [L32[] This difference is emphasized in
the ratios of the principal moments, which are presented
in Table 3. The results reported for the single ring are
very close to the expectation based on previous simula-
tion of flexible macromolecules,*® which yielded [L22[1
[L12= 0.37 and [Ls2IL20= 0.155. The values of [Ly2[
[L1?0Oare approximately 0.5 for the catenanes, but they
are less than 0.4 for the single rings. In the comparison
of [L32[[L20) the values are 0.25—0.30 for the catenanes,
but they are approximately 0.15 for the single rings.

An extremely simple model provides a rough ap-
proximation to the asymmetries measured for the
catenanes. This model represents each ring as a perfect
circle of radius R. One ring is centered at the origin of

a Cartesian coordinate system (x,y,z = 0, 0, 0) and the
other ring is centered at (x, y, z = R, 0, 0). If the first
ring is in the xy plane, and the second ring is in the xz
plane, [Lo2[/[L1200= [L32[/[L12= 1/3, and, of course, [Lo2[7
(L12[H [(L3%L1%= 2/3. In comparison with the numbers
in Table 3, [L32[/[L20for the simple model is too small,
[L22[[L+20is too large, and the sum is about 15% too
small. If we now rotate the second ring about the x axis,
while maintaining the first ring in its initial position,
the individual ratios cover the range 0 < [L32[L,20<
1/3 =< [L20L,20< 2/3, subject to the constraint that
(L2204 [L32[(L1%is invariant at 2/3. This naively
simple model can come with about 15% of reproducing
the average asymmetries of the configurations, as
judged by the values of [Lo2[[L120~ 1/3 + A and L32[/
(L120~ 1/3 — A, with A being roughly 0.1-0.2. The
invariant [L2[/[L,20+ [L32[L,%20is underestimated by
the simple model, meaning that the value of A for [Ly2[/
[L120must be larger than the value of A for [L32[/[L,20]
This failure of the simple model is even more strongly
evident in the ratio of [R?[datenane/ R e ldingle ring- According
to the simple model, this ratio is 5/16, which is much
smaller than the values in Table 2. The simple model
performs better on the asymmetries (ratios of the [IL;20)
of the configurations than on the sizes ([RG20.

Dynamic Properties. We study three different
aspects of the dynamics, all of which can be represented
by eq 1.

D = [r,(t) — 100) = Teony(8) + Toorn(O][r,(8) — 1,(0) —
Y oom(®) + oo (00 (1)

D denotes a mean-square displacement of bead i, with
the understanding that the result will be an average
over all possible choices for bead i. The positions of this
bead at times 0 and ¢ are denoted by r;(0) and r;(¢),
respectively. The displacement is measured relative to
a center of mass, located at r¢,n(0) and r.mn(¢) at these
times. The results depend on the collection of beads used
to define the center of mass.

e For D, the center of mass is defined by all beads in
the ring that contains bead :.

e For Dy, the center of mass is defined by all beads in
the same catenane as bead i, but in the other ring in
this catenane.

e For D3, the center of mass is defined by all beads in
both rings in the catenane that contains bead i.

All three D’s must reach asymptotic limits as ¢ — .
Our concern is not with these limits, but with the initial
rates at which these limits are approached, since these
rates provide information about the internal motions
in the catenane.

Figures 3 and 4 depict D1, Dy, and D3 for the
catenanes with 21 or 39 beads per ring, after equilibra-
tion in the melt at 373 K. The numerical values of the
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Figure 3. Values of D;, Dy, and D3 for the catenane with 39

beads per ring, in the melt at 373 K.
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Figure 4. Values of Dy, Do, and Ds for the catenane with 21
beads per ring, in the melt at 373 K.

displacements are small due to the averaging over a
large number of beads and due to the fact that the
displacements are measured relative to a center of mass.
The center of mass itself undergoes large displacements,
as shown in Figures 1 and 2.

Figure 3 shows Dy > Dy ~ Dj3 for the catenane with
39 beads per ring. The physical interpretation is that
the short-time internal motion is dominated by the
movement of the beads in one ring away from the center
of mass of the beads in the other ring. The displacement
of a bead from the center of mass of the entwined rings
(D3) is only slightly larger than its displacement from
the center of mass of its own ring (D). The domination
of Dy over D; and Dj3 is apparent also for the catenane
with 21 beads per ring (Figure 4), but there is now a
greater separation between D; and Ds.

Conclusions

We have presented the results of a simulation of the
conformational properties and the internal dynamics of
catenanes composed of two rings of PEO in the melt at
373 K. The individual rings in the melt have asym-
metries that are very close to those deduced for other
flexible macrocycles in previous work in the literature.
The asymmetries of the conformations of the catenanes
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are reproduced surprisingly well by a very simple model
in which each ring is represented by a perfect circle.
The simple model, however, badly underestimates the
sizes of the catenanes. The internal motions of the beads
in the catenanes are dominated by movement of a bead
relative to the center of mass defined by all beads in
the other ring of the catenane. The method used in the
simulation is sufficiently robust so that it can be applied
to the study of the conformation and dynamics of
catenanes in their melts.
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