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ABSTRACT: Polycatenanes have recently attracted considerable attention 104
due to their potential for many applications and as model systems for

understanding the role of mechanical interlocking in the physical properties

of mechanically interlocked polymers. We used molecular dynamics 10
simulations to investigate the conformational properties of [2]catenane
polymers in solution as a function of the solvent quality and molecular
weight. We found the 6O-temperature of [2]catenane polymers to be
depressed compared to their linear and ring counterparts and follow the
relationship 0p3)cyenane < Gring < Giinear- The conformation of the two rings in
[2]catenane is found to be strongly dependent on the solvent quality. In a
good solvent, their conformation is similar to that of an analogous free ring
polymer, while, in a poor solvent, their conformation significantly deviates 10' 10” 10°
from an analogous ring polymer. Furthermore, the thermal blob size (Nyp)
follows the theoretical prediction of the linear relation between Ny, and 1/
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v?, where v is the excluded volume, and is found to be strongly dependent on polymer topology in a poor solvent condition than in a

good solvent condition.

1. INTRODUCTION

Over the past decade, there has been remarkable progress in
the synthesis of mechanically interlocked polymers that
incorporate mechanical bonds such as polyrotaxanes and
polycatenanes. Polycatenanes, a class of polymers that contain
two or more interlocked rings, are especially interesting, given
the amount of literature devoted to studying the unique
properties of isolated ring polymers compared to their linear
counterparts. There has been a great deal of interest in ring
polymers due to their biological relevance where ring polymers
naturally exist in mitochondrial DNA'™® and chromatin
folding.4’5 Furthermore, the absence of free chain ends as
well as the inherently topological constraint on ring polymers
have made them a model system for understanding the role of
chain topology and, as a result, have attracted a lot of attention
from theoretical,"~"" computational,”'*'*™>* and experimen-
tal'®**™* researchers. These unique properties of ring
polymers over linear polymers have resulted in a profound
effect on their physical properties.”*>*

In addition to possessing all of the unique properties of ring
polymers, the components of polycatenanes (ie., rings) can
rotate due to the absence of covalent bonds between them. It is
impossible to separate the rings of polycatenanes without
breaking any covalent bonds. The mobility of the individual
rings within polycatenanes has been attributed to the long list
of potential applications of polgycatenanes from molecular
machines to switchable surfaces.”® Polycatenanes can be used
as a model system for understanding the role of mechanical
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interlocking in the physical properties of mechanically
interlocked polymers. While chemists have achieved notable
success in synthesizing various types of polycatenanes, there
has been relatively limited focus on exploring their physical
properties.”*%*~* The majority of research efforts have
concentrated on studying their behavior in the melt
state,””**** under confinement,’ at the liquid—liquid inter-
face,* or the self-entanglement within collapsed globule.44 Our
objective of the present study is to gain a fundamental
understanding of the effect of one catenation point on polymer
chain conformation. So, the simplest system to consider is
[2]catenane—that is, with just one catenation.

The most convenient systems for studying the properties of
macromolecules are polymer solutions. It is safe to say that
most of the information that we have now about the properties
of macromolecules comes from characterizations realized in
solution. A polymer chain exhibits an extended coil structure in
a good solvent and collapsed globule in a poor solvent. There
is a distinctive intermediate state at which the real chain in
solution behaves nearly ideally and follows Gaussian chain
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statistics at what is known as the f-point (f-temperature).
Experimentally, the 6-point of a polymer solution system is
defined as the temperature at which the osmotic second virial
coeflicient vanishes. The 6-point is a key concept in polymer
physics that has attracted a lot of attention in developin
theoretical models including the three-parameter model,
renormalization group theory,”’ ~*” and first-order perturbation
theory.”” Identifying the O-temperature of a given polymer
topology—/[2]catenane in the present study—is critical in the
investigation of the conformation of the polymer chain in a
given polymer—solvent system. According to de Gennes®' and
Anisimov,”” the @-temperature corresponds to the tricritical
point of the thermodynamic system for an infinite long
polymer in the description of a critical phenomenon, which
separates lines of second-order and first-order transitions.

The basic polymer physics of systems of linear, flexible,
uncharged polymers in solution in a wide range of solvent
concentrations and qualities can be considered as well
understood. The basic physics of uncharged star and ring
polymers in dilute solutions can also be considered well
understood, and the recent investigation of these systems is
mostly focused on semidilute concentrations and on the melt
state. In contrast, a similar understanding of poly[n]catenanes,
even [2]catenane polymer in dilute solution, has been lacking.
Ring and star polymers possess several unique properties in
solution compared to their linear counterpart, and a similar
investigation of the behavior of poly[n]catenanes in solution is
timely, if not overdue. For example, R, of both star and ring
polymers are smaller than their linear counterpart® (i.e.,
higher monomer density than linear polymer), and the
repulsive forces between segments of a star polymer or a
ring polymer at the O-temperature of a linear polymer are
stronger. As a result of this, the topological effect in both star
and ring polymers results in a smaller O-temperature compared
to linear polymers.”* ****~>" The @-temperature of ring
polystyrene in cyclohexane was found to be around 6 K
below the §-temperature of its linear counterpart.”® However,
the O-temperature depression in star polymers strongly
depends on the number of arms and also molecular weight
of the arms.”

Suzuki et al.*’ using Monte Carlo simulation investigated the
scaling behavior of the radius of gyration of [2]catenanes in
dilute solution and at different temperatures. They found the
Flory scaling exponent, v, for [2]catenane to be larger than 0.5
at the O-temperature of the ring polymer. This indicates that
the O-temperature of [2]catenane may be smaller than the 6-
temperature of the ring. In this work, using molecular
dynamics simulations, we carefully investigated the effect of
catenation on the O-temperature depression of [2]catenane
polymers compared to the O-temperature of ring and linear
polymers. Our main goal here is to predict by how much the 6-
temperature of [2]catenane is depressed compared to its linear
and ring counterparts.

2. METHODS

2.1. Simulation Details. In the present work, the conformational
changes of linear, ring, and [2]catenane homopolymers in dilute
solution with a wide range of solvent qualities have been studied. The
results for linear and ring polymers will be used in explaining the data
of [2]catenane polymers. The molecular dynamics (MD) simulations
were performed using LAMMPS package®' with the Kremer—Grest
bead spring model.”” In our simulation, a polymer chain contains N
beads, independent of chain topology, representing its total chain
length. A [2]catenane polymer chain consists of two identical

9165

interlocked rings with the number of beads in each ring (denoted as
N,) equal to half of the number of beads in the [2]catenane, N, = N/
2. The notation of N for the molecular weight of the entire chain and
N, for the molecular weight of each ring in [2]catenane are used
throughout the rest of this article. Ring and [2]catenane, sometimes
referred to as trivial knot 0, and Hopf link 2}, respectively, were
constructed with their contour configuration to avoid knots at the
beginning of the simulations. Figure 1 shows a representative

2-Catenane

Figure 1. Cartoon representation of linear, ring, and [2]catenane (top
row) and representative snapshots of linear, ring, and [2]catenane
polymer from simulations (bottom line). The two rings in
[2]catenane are colored differently for clarity.

conformation of linear, ring, and [2]catenane polymers. Similar
visualization schemes for linear, ring, and [2]catenane polymers are
also given in the graphical abstract. The pair interaction between two
polymer beads that are not bonded is described by the following
shifted Lennard-Jones (LJ) potential.

4022 - (2 = (D2 + (N forr <,
— { r r rc rc

ULJ(”)
0 otherwise,

(1)

where r is the distance between two monomers, r, is the cutoff
distance beyond which the L] interaction is set to be zero, and ¢ is the
depth of the potential well. Bonded beads are connected bg finite
extensible nonlinear elastic (FENE) bond potential given by®

2
1 r

Uppne = — EkRg 1- [R_] + UL_](r)

0 )

where the first term is attractive with k = 30&/6* and R, = 1.56. The
second term is repulsive and is cut off at r, = 2!/% and shifted. No
angle potential has been applied to the polymer chains; the molecules
are fully flexible.

Each simulation consists of a single polymer chain in a cubic
simulation box with a box side length of about 2.5 times the radius of
gyration of the chain in athermal solvent condition to make the
system dilute enough. A Langevin thermostat with drag coefficient y =
0.01 was used to ensure a low viscosity of the solution. Integration
time steps of 0.017 and T = &/kg were used for all simulations. The
shorter molecular weights (N < 200) were run for at least 10 7, the
intermediate molecular weights (N < 600) were run for at least 107 7,
and the longer molecular weights (N > 600) were run for at least 2 X
107 7 to achieve a well-equilibrated solution. For comparison, the
longest relaxation time of the end-to-end distance vector autocorre-
lation for a linear polymer of N = 6000 is ~10° 7; see Figure S1.

2.2. Implicit Solvent Model. In the Flory—Huggins approach for
polymer solution, the effect of solvent on the polymer chain
conformation could be integrated out, leading to either attractive or
repulsive effective interactions between the monomers or segments of
a given polymer chain. Such an effective interaction could be
described by the potential of mean force or the local pseudopotential
from the microscopic density of the polymer segments. Implicit
solvent models are commonly used in the investigation of polymer
chain conformation under different solvent and concentration
conditions, since they significantly improve computational speed. In
this article, the thermodynamic properties of polymer solutions in an
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Figure 2. A method to precisely determine the f-temperature of the ring polymer and [2]catenane polymer: (a) (R;) /Nb? vs v for [2]catenane.
Vertical dash line indicates the O-temperature for analogous linear chain, (b) data points are extracted from the dash-dot horizontal lines of Figure
2a near 6 solvent with each color index representing a constant (R;) /Nb* value, the color gradient from light green to dark blue represents the
direction of increase in (Rg') /Nb* values, and the solid lines are linear fit to the data.

implicit solvent simulation are expressed through what is known as an
“effective” monomer—monomer interaction parameter v, referred to as
“excluded volume”.”> The excluded volume is a subsum of
monomer—monomer, monomer—solvent, and solvent—solvent inter-
actions as well as the entropy of mixing combined into a single
parameter. The quality of a given solvent is controlled by the value of
v, which is related to the second virial coefficient of monomers A, as v
= 2A,.>® The O-temperature is, in turn, defined as the temperature at
which A, or v vanishes and a polymer acts like an ideal chain. In
implicit-solvent simulations, the excluded volume can be determined
through the well-known Mayer f-function:>®

vzfoc[l_“p ®)

where U(r) is the effective monomer—monomer interaction potential
given by eq 1 with a cutoff of r.. In the present work, the magnitude of
effective interaction potential was varied by systematically changing r,
from r, = 2% (athermal solvent) to 3.78¢ (bad solvent) to change
the quality of solvent, corresponding to excluded volume values of
4.40°(athermal solvent) to —106> (bad solvent), similar to other
previous approaches.*>®* For simplicity, 6> will be dropped when
reporting v values in the rest of the article. Increasing v through r,
which is commonly done by the simulation community would
correspond to increasing temperature in experiments, which results in
a better solvent condition for systems with only upper critical solution
temperature (UCST).

ul)
kT

dr

3. RESULTS AND DISCUSSION

3.1. ®-Temperature Determination for Linear, Ring,
and [2]catenane Polymers. The most common approach to
determining the f-temperature of a polymer chain in dilute
solution is through monitoring the topological size of the
polymer chain, characterized by the mean-squared radius of
gyration (RZ), as a function of N for different solvent
qualities.”**¥%° (R?)/Nb* as a function of solvent quality (as
a function of v in the present study) for different values of N is
expected to show a common intersection point at the 6-
temperature. The value of b we extracted from our simulations
ranges between 1.2 and 1.3 6, and we have used the average
value of b = 1.25 ¢ throughout this article. We are aware that
the Kuhn length b is expected to vary with solvent quality, but
we could not extract any meaningful dependence of b as a
function of excluded volume from our simulation data since
the variation seems to be very small.
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The (R;)/sz for [2]catenane is shown in Figure 2a and
that for linear and ring polymers is shown in Figure S2. As the
quality of the solvent changes from good to poor, the longer
chains show a transition from an expanded coil state to a
collapsed globule state, commonly known as the coil—globule
transition. The transition point is identified as the ideal coil
state corresponding to the O-solvent or 6-temperature for
infinite chain length, and (Rgz)/Nh2 is independent of
molecular weight. In Figure 2a, the intersection for high
molecular weights is around v = —0.16, which can be
considered as a first estimate of the 6-temperature. To
determine the transition point more precisely, the common
approach is to extrapolate the simulation data to infinite
molecular weight,66 as described below.

A single polymer chain immersed in a bulk solvent obeys the
scaling relationship of R, ~ v*"!N¥, where v is the excluded
volume and v is the Flory exponent (v = 3/S in good solvent, v
= 1/2 in @-solvent, and v = 1/3 in poor solvent).53 From this,
we get the following general relationship for all solvent
conditions: RZ/N ~ (vN'2)*=2 Note that vl should be
considered when dealing with poor solvent conditions or when
v is negative. The R;/sz vs vN'/2 for [2]catenane is shown in
Figure S3 and clearly shows two master curves representing the
good solvent and poor solvent regions. We noticed that very
poor solvent conditions deviate from the master curve, and we
have avoided including those excluded volume values in
extracting the @-temperature. Each of the horizontal dotted
lines in Figure 2a represents a constant vN'/? relationship.
Collecting the intersection points of each of the lines with the
curves results in several straight lines of v versus N~'/?
relationships with the slope of each line being proportional
to the Ri/N value of the corresponding dotted line. The
extracted v vs N™'/2 relationships from Figure 2a are shown in
Figure 2b. The benefit is that these straight lines, if
extrapolated to high molecular weight, intersect at the 6-
temperature. The straight lines in Figure 2b represent the
extrapolation to the N — oo0. Note that, as was observed in
other previous similar extrapolations,” the different lines do
not intersect at the expected N~/ = 0 due to the finiteness of
the chains. The extrapolation to high molecular weight results
catenane = —0.18, close to what we predicted above from
Figure 2a. Applying the same extrapolation approach to linear

in V'[gz]
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where the chain length N of linear and ring is half of [2]catenane, Ny, =

Niing = N,, which is the chain length of the rings in the [2]catenane. The

legend provides a listing of various symbols used to represent the various chain lengths. A vertical gray dash-dot line indicates the @ solvent value for
the linear chain. Horizontal dashed lines represent the value for an ideal chain.

and ring polymers results in v{,.,= —0.05 and vﬁngz —0.08.
Since a decrease in v means a decrease in T, a lower v’ should
correspond to a lower @-temperature. On this basis, it is
straightforward to conclude that the catenation constraint in
[2]catenane significantly reduces its 6-temperature compared
to its linear and ring counterparts. Given that the 6-
temperature depression in ring polystyrene in cyclohexane
was found to be around 6 K,*> we expect the -temperature
depression in [2]catenane polystyrene compared to ring
polystyrene in cyclohexane to be more than 6 K. However,
our results contradict that of Dehaghani et al,*® who
concluded that the f-temperature of poly[n]catenane is greater
than the O-temperature of ring polymers. There is, however, a
big difference in the type of catenated polymers investigated in
their work and our work. They investigated poly[n]catenanes
with the number of beads in the rings of the poly[n]catenane
fixed to 32 and varied the number of rings, n, from 32 to 128,
while in our case, we fixed n = 2 and varied the number of
beads in the two rings from 12 to 3000. Therefore, future
systematic investigation is warranted to determine the
dependence of the O-temperature of poly[n]catenane on the
number of rings, n. We note in passing that the extrapolated
V) ear is nOt zero and will be discussed in future work in the

inear
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context of the bond energy contribution to the Mayer f-
function of eq 3.

At the O-temperature, R;/sz should converge to the well-
known Flory characteristic ratio C,, at large values of N, and
this is confirmed in Figure 3a for both ring and [2]catenane.
Rgz/Nb2 diverges from this characteristic ratio in good and poor
solvent conditions, as also shown in this figure. Furthermore,
Figure 3b shows the Flory exponent v = 0.5 for the ring and
[2]catenane at their predicted f-temperatures.

From a fundamental point of view, it is also interesting to do
a similar analysis for the two rings in [2]catenane. Since the
two rings are of identical chain length (N, = N/2 where N is
the molecular weight of the whole [2]catenane), we took the
average R, of the two rings (denoted as (ring)) for their 6-
temperature analysis. The O-temperature of the rings
determined from extrapolation of the vN'/? relationship to
infinite molecular weight is V((’ring> ~ —0.12, which is depressed
compared to the isolated ring but higher than for [2]catenane.
Our results demonstrate the effect of topological constraints on
the O-temperature of polymer chains and can be summarized as
9[2]catenane < e(ring) < ering < glinear'

3.2. Effect of Chain Topology on Polymer Chain
Conformation. Another useful quantification of polymer

https://doi.org/10.1021/acs.macromol.3c01509
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conformation is through monitoring the shape of the polymer
chain under different solvent conditions. The conformational
change of polymer chains can be captured by the anisotropy
(x*) model defined as

sdef 3 AP+ A+ A 1
CTYW Rz 2 @
where A}, 43, and 3 are the three eigenvalues of the gyration
tensor and 0 < &% < 1. ¥* = 0 corresponds to a perfect sphere
and x* = 1 corresponds to a fully stretched chain. The
anisotropy k* for linear, ring, and [2]catenane for different
chain lengths and as a function of solvent quality, v, are shown
in Figure 4. In all cases, we see the coil—globule transition
happening around v & 0 and the transition becoming sharp as
the molecular weight increases. The horizontal dash line
indicates the anisotropy for the ideal random walk®”® &* =
0.39, which is around the coil—globule transition region. For
the case of linear and ring, k> shows a strong dependence on
molecular weight in poor solvent conditions, while no strong
dependence on molecular weight is observed in good solvent
conditions. For the case of the entire chain of [2]catenane,
Figure 4a, k* shows a strong dependence on molecular weight
in all solvent conditions. However, the dependence on
molecular weight for all cases disappears at high molecular
weight; see Figure S4 for the [2]catenane case in the high
molecular weight range. At high molecular weight, =0
under poor solvent conditions for all three cases is expected for
a spherical globule conformation and does not depend on
polymer topology. Under good solvent conditions, the
anisotropy is very high for the case of linear chains (kK* =~
0.45), while the difference between ring and [2]catenane
anisotropies is not significant at high molecular weight (x* ~
0.25 for ring and k> ~ 0.24 for [2]catenane).

The average anisotropy of the two rings of the [2]catenane
(denoted by Kzrmg) in Figure 4b) shows very interesting
behavior. In a good solvent, the anisotropy of the two rings in
[2]catenane is the same as that of a free ring. However, in a
poor solvent, the K%ﬂng> is much larger than that of k¥ of free
ring polymers with analogous molecular weight. The
catenation topology inhibits the rings in [2]catenane from
forming a spherical globular morphology.
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Intrigued by the maximum &* value observed around v =
0.37 for [2]catenane at high molecular weights, see Figure 4a
for the case of N = 4000, we investigated how the two rings in
[2]catenane pack relative to each other as a function of solvent
quality. The center-to-center distance between the two rings is
found to be an important parameter in understanding the
solvent quality dependence of the anisotropy, k% of [2]-
catenane.” Figure 5a shows the mean—squared center-to-center
distance of the two interlocked rings, (L*), normalized by the
average radius of gyration of the whole [2]catenane (<R2>)
The (L*)/ (Rz) curve shows a similar behavior as x* with a peak
around v %~ O 37. The (L*) and (Rz) for different chain lengths
and as a function of v are shown in Figure S5. The centers of
the two rings, (L*), are very close to each other in poor solvent
conditions (in the globule) and start to significantly move
apart near the 0-temperature. While both (L*) and (R;) show
monotonically increasing behavior with increasing v in a good
solvent region (see Figure SS), the (L*)/ (R;) plateaus at high
solvent qualities.

Furthermore, to better understand the conformation of the
two interlocked rings, their relative orientation is investigated
by computing the angle between the two normal vectors of the
rings, r,; and r,;, as shown in the inset of Figure 5b. The
probability distributions of the angles between the two normal
vectors for N = 4000 at v = 0.37 and v = 4.4 are shown in
Figure 5b. In a good solvent, we observe that the two rings
adopt different relative orientations where a less perpendicular
orientation of the rings is observed around v = 0.37, as shown
in the left side inset in Figure Sa, which maximizes the (L*)/
(R2). This orientation also maximizes the anisotropy, K, of
[chatenane as shown in Figure 4a. With further increase in
solvent quality, the orientation of the two rings manifests a
dominantly perpendicular orientation as also shown on the
right side inset of Figure Sa and that results in a slight decrease
in the (L*)/ (Rz) and also in the anisotropy. In the plateau
region, the (LZ)/ (R ) values for [2]catenane converges to 1.5
at high molecular weights, confirming the theoretical
prediction.”” Furthermore, an early 1nvest1gat10n by Pakula
and Jeszka® also observed an increase in (L2)/ (R2> in good
solvent within the low molecular weight range they
investigated.

Given that the center-to-center distance and orientation of
the two rings strongly depend on solvent quality, it will be
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interesting to investigate how the conformations of the two
rings change as a function of solvent quality compared to their
ring counterpart. Figure 6 shows the ratio of the average

4.5 T .
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Figure 6. Ratio between the average anisotropy of the two rings of
[2]catenane, K%rmg>, and the anisotropy of ring polymer, Kﬁng, with the

same chain length (N,) as the rings of the [2]catenane. The dash
vertical line represents the vfz]catem“e = —0.18. The inset snapshots
represent [2]catenane (each ring is represented by different color for
clarity) of N = 4000 at v = —10 (nonsolvent) and v = —2.8 (poor
solvent).

anisotropy of the two rings of the [2]catenane polymer, K‘%ring>,
to the anisotropy of the ring polymer, Kfmg, as a function of
solvent quality. We clearly see two regions separated by the -
solvent condition shown by the vertical dashed line. In a good
solvent, the coil conformation of the two rings in [2]catenane
is similar to that of ring polymer and hence the anisotropy ratio
is about 1. In a poor solvent (globular conformation), the two
rings of [2]catenane are more anisotropic than their ring
counterpart. In this globular conformation, the two rings tend
to be on different sides of the bigger spherical [2]catenane
conformation; see the inset snapshot in Figure 6 at a very poor
solvent value of v = —10, making the individual rings less
spherical than a free ring polymer. This asymmetry decreases
as the solvent quality increases toward the 6-solvent condition.
However, great care has to be taken in interpreting the
dependence of K%ring>/K3ing on molecular weight since both
K%rmg> and K%,, decrease with an increase in molecular weight
(see Figure 43 in poor solvent conditions and tend to go to
zero at very high molecular weights.

From our discussion so far, it might seem that the two rings
in the [2]catenane have identical conformations under all
solvent conditions. That is true when we consider their time
average conformation properties, but we observed that they
actually display significant conformational differences at any
given time. One parameter we investigated is the long-time
average difference between the radius of gyration of the two
rings as a function of solvent quality. Since the difference in
radius of gyration (R,) between the two rings fluctuates
between plus and minus values as a function of time, we
consider its absolute value. Figure 7 shows the time-average
percentage difference in R, of the two rings with respect to the
ring with the smaller R,. We clearly see a strong dependence on
solvent quality where the difference in R, of the two rings near
O-solvent could be as high as 20% at the highest molecular
weight we studied and slightly decreasing but staying high in
good solvent conditions. The peak near the O-solvent is
correlated to the change in the orientation of the two rings.
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Figure 7. Time-averaged absolute percentage difference in R, between
the two rings in [2]catenane as a function of solvent quality, v. The
inset snapshot represents the difference in ring size for [2]catenane of
N = 4000 in 6 solvent. Solid lines indicate spline fitting of data points
ir:) good and poor solvent conditions. Dash vertical lines represent the
vf = —0.18.

2]catenane

3.3. g-Factor for [2]catenane. One important question
that we have not addressed to this point is the scaling relation
of the mean squared radius of gyration, (Rﬁ), of [2]catenane as
a function of the molecular weight and solvent quality. Figure 8
is a compilation of all of the [2]catenane and ring (R;)
obtained in the present investigation. Apart from a shift in the
O-temperature to a lower value, the (R;) of [2]catenane is
found to have a scaling relation similar to that of its linear and
ring counterparts in both poor and good solvent conditions. It
is then customary to consider the g-factor (or contraction
factor) of [2]catenane compared to its linear counterparts

given by
2
_ (Rg >[2]catenane
- 2
<Rg >Iinear (5)

where N is the total chain length of the [2]catenane and its
linear counterpart. All of the g-factor values for [2]catenane are
presented in Figure 9a. The g-factor for the ring polymer is
shown in Figure 9b for comparison. The g-factor for the rings
of the [2]catenane (computed using the average (R;) of the
two rings) compared to their isolated ring and linear
counterparts are shown in Figure S7a,b, respectively. At high
molecular weights and good solvent conditions for both
[2]catenane and linear polymer, the g-factor values are mainly
between 0.4 and 0.46, considerably smaller than for the ring
counterparts, which are between 0.5 and 0.55. The g-factor
values for rin% polymer are consistent with previous
studies.'”*"***’® The data in Figure S7 clearly demonstrate
that the size of a ring topologically constrained to another ring
is more swollen compared with isolated rings as also pointed
out by others.*””’

We observe several interesting behaviors in the dependence
of the g-factor on chain molecular weight for both ring and
[2]catenane under poor solvent conditions. The g-factor
strongly depends on molecular weight and the degree of
poor solvent condition; in general, increasing nonlinearly from
below 0.5 to around 1 for the case of [2]catenane and from
around 0.6 to around 1 for the case of the ring with increasing
molecular weight. In order to understand this, we analyzed the
bead number density profile, ¢(r), as a function of distance
from the chain’s center of mass for linear, ring, and

N
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Figure 8. (R;) as a function of N in varying solvent qualities for (a) [2]catenane and (b) the ring polymer. Solvent qualities are shown in the same
color index where the best (athermal solvent) and the worst (nonsolvent) are shown as the blue and livid lines with open circles, respectively. The
rest of the solvent conditions are represented by different colors and filled circles. The black dash lines, solid lines, and dash-dot lines represent the
Flory scaling exponent of 0.59 in a good solvent, 0.5 in a theta solvent, and 1/3 in a poor solvent, respectively. The (Rg') for the linear case is shown

in Figure S6.
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Figure 9. g-factor, (R;)/(R})jinea as a function of entire chain length N in varying solvent qualities for (a) [2]catenane polymer and (b) ring

polymer. Solid lines represent spline fits to the data points.
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Figure 10. Bead number density profile, ¢(r), as a function of distance from the chain’s center of mass for linear (triangles with dash line), ring
(empty circles with dotted line), and [2]catenane (empty diamonds with solid line) in poor solvent conditions and one good solvent (v = 4.4,
athermal) condition: (a) at v = —0.69 for different chain lengths and (b) at N = 3000 for different poor solvent conditions.

[2]catenane in poor solvent conditions. Figure 10a shows ¢(r)
as a function of distance for the three chain topologies at
excluded volume v = —0.69 and at different molecular weights.
For low molecular weights, the cores of [2]catenane and ring
polymers are more dense than their linear polymer counter-
part, resulting in a g-factor that is well below 1.0. Increasing the
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molecular weight of the chains reverses this trend where the
core of [2]catenane is less dense (which is larger Rg) than ring
and linear polymers, resulting in a g-factor above 1.0. Note that
@¢(r) of ring and linear polymers are overlapping at high
molecular weight, resulting in a g-factor for the ring of ~1.0, as
shown in Figure 9b. This observation is valid for all different
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poor solvent conditions, as shown in Figure 10b for ¢(r) at chain (v = 0.5), the bead number density of a polymer chain
high molecular weight of N = 3000. ¢)(r) for [2]catenane stays decreases with N7°°, as observed in Figure 11, for low
below the ¢)(r) of the ring and linear polymers for all the poor molecular weights (black dash line). This implies that in the
solvent conditions (Figure 10b), resulting in a g-factor above low molecular weight range where the core density decreases,
1.0, as shown in Figure 9a. Using the bead number density the polymer chains behave like an ideal chain. Furthermore, in
profiles, we computed the average core density as a function of a globule conformation (v = 1/3), the bead number density of
N at different poor solvent conditions, and it is shown in a polymer chain is independent of molecular weight, as
Figure 11. observed in Figure 11, for high molecular weights. Similarly,
for polymer chains in coil conformation (v ~ 0.6), their

Core density volume fraction decreases with N™*% as also shown in Figure

—o— v=4.4 V=12 —60—v=75 == = N5 ——N08

11 for the case of athermal solvent conditions (black solid
line). The picture that comes out of this observation is that the
effect of the solvent is felt above a certain molecular weight
that is strongly dependent on solvent quality, and this finding
agrees with the thermal blob idea presented in Section 3.4
1 below.

In order to gain a deeper insight, we extracted the molecular
1 weight at which the g-factor crosses (for [2]catenane) or
reaches (for the ring) 1.0 for each of the different poor solvent
] qualities we simulated, and the results are shown in Figure 11
by red star symbols. These values (referred to hereafter as N
are in the globule region where the bead number density is
independent of molecular weight. For N > N,, ring polymers
behave like linear polymers with the g-factor around 1.0, while
the g-factor for [2]catenane is above 1.0 because the core

—— v=-0.69 —0— v=2.2 % Ngring % Ng2cat

Figure 11. Average core density as a function of chain length in

logarithmic scale under selected poor solvent conditions and athermal density of [2]catenane is smaller than those of linear and ring
condition. The black dashed and solid lines represent the relationship polymers. While the effect of chain topology for ring polymers
of N™%% and N8, respectively. persists up to N < N,, the effect of the mechanical bond in
[2]catenane persists throughout the chain length range we

From Figure 11, the core density in poor solvent conditions investigated (N > N,) and demonstrates the strong effect
initially decreases with an increase in molecular weight for mechanical bonds have on the chain conformation of catenated
most of the poor solvent conditions except the bad solvent (v polymers and hence resulting in the large drop in the 6-
= —10) and then fluctuates around a constant value at high temperature for [2]catenane compared to isolated ring

molecular weights. The molecular weight range where the core
density decreases is strongly dependent on solvent quality and
disappears in bad solvent conditions. Assuming each of the
beads occupies a volume of ~b’, the bead number density for a
chain within a radius of R, (*bN") can be approximated to be

polymers. In special cases such as close to the §-solvent region
of [2]catenane, which is a poor solvent region for a linear
polymer, the g-factor of [2]catenane is found to be significantly
larger than 1 at high molecular weights as shown, for example,

3 for v .= —0.39, confirming that the linear polymer is more
N - . .
~ N N'7% where v is the Flory exponent. For an ideal collapsed than [2]catenane.
[2]catenane i i ‘ ‘ I
a b ]
(@) (b) wah 38
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Figure 12. (a) Rg2 /(aN + B~/N)b* vs (aN + /N for [2]catenane under selected solvent conditions. Two different regimes are identified, and

the dashed lines represent the regime with zero slope. The solid lines represent the region with a slope of 0.18 (good solvent cases) and a slope of
—1/3 (poor solvent cases). The thermal blob, Ny, for each solvent quality is represented by red open circles (good solvent cases) and blue open
circles (poor solvent cases). (b) Thermal blob Ny, extracted using the same method for linear (asterisk), ring (solid circles), and [2]catenane
(open triangles) vs 1/v'> where v/ = v—v, (shifted by the corresponding g-solvent quality for linear or ring or [2]catenane). The red and blue colors
represent the results in good and poor solvent conditions, respectively.
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3.4. Effect of Chain Topology on Thermal Blob Size.
The thermal blob represents a length scale at which excluded
volume interactions become comparable to the thermal energy.
It is thus intuitive to expect the thermal blob size to decrease
with increasing excluded volume interaction, v. If Ny,
represents the number of beads in a thermal blob, then a
polymer chain in a given solvent quality with N < Ny, will
behave as a nearly ideal chain. However, for N > Ny, the
polymer chain collapses to a globule in a poor solvent or will
swell in a good solvent. In Figure 8, we clearly see the
transition from ideal chain behavior to a globule for most of
the poor solvent conditions since it is easy to notice with the
naked eye the change of slope from around 1.0 to around 0.6
under poor solvent conditions, which is not the case for good
solvent conditions where the change of slope is from around
1.0 to around 1.2.

Note that near O-temperature and in the low molecular
weight limit, large deviations from Gaussian chain properties
have been reported,” and the R; deviates from the ideal chain
behavior could have the square root correction format

Rg2 ~ (aN + BJN)B**7* or the logarithmic correction

2 A2 B
Rg ~ Nb [l - In(N / s0)
model, B = 37/363, —37/363 and 1.9/(447) are reported by
mean-field theory methods.”> Unfortunately, the logarithmic
correction does not fit our data in the low and intermediate
molecular weight range (see Figure S8), in which we are
interested in extracting thermal blob size. Similar results have
been reported by Grassberger and Hegger.”” The square root
correction better describes our simulation data than the
logarithmic correction, and we used the square root correction
for extracting thermal blob sizes as a function of the solvent

quality. Plotting Rgz/ (aN + BJN)b* using the square root

}.65 For the logarithmic correction

correction as a function of aN + ﬂ\/ﬁ , as shown in Figure
12a, for [2]catenane (see Figure S10 for linear and ring)
separates the ideal chain region from the globule or swollen
region with chosen a and § parameters shown in Table S1 and
Figure S9. For a given solvent quality and for N < Ny, this
plot is a constant line with slope of around zero. The slope
then slowly changes to around 0.18 in a good solvent or to
around —1/3 in a poor solvent for N > Ny, as shown in the
figure. Under poor solvent conditions, there is a transition
region before the slope converges to —1/3. The thermal blob
size for each solvent quality is obtained as the intersection
between these two lines. The thermal blob size (Nyy)
estimated using this approach for different solvent qualities is
also shown in Figure 12a as large open circles (colored in blue
in poor solvent and in red under good solvent conditions).
The number of beads in a thermal blob (N, is, in general,
expressed as a function of excluded volume through Ny, &
b®/v2,>"* where b is the Kuhn length. Ny, as a function of 1/
v'? for linear, ring, and [2]catenane is shown in Figure 12b
where v/ = v—v, (shifted by the corresponding 6-solvent for
linear or ring or [2]catenane). In good solvent conditions,
Niiob is independent of chain topology, and a linear relation is
observed with a slope of 0.797 + 0.02. However, in poor
solvent conditions, Ny, shows a strong dependence on chain
topology with a slope of 1.12 + 0.15 for linear, 0.87 + 0.12 for
ring, and 0.83 + 0.11 for [2]catenane. Our results imply that
for a given solvent, for example, polystyrene in cyclohexane,
NfjJgatenane o Npring - Nt - Qverall and to the best of our
knowledge, this is the first investigation that verified the
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theoretical prediction of the linear relation between Ny, and

1/v%

4. CONCLUSIONS

Molecular dynamics simulations were used to investigate the
conformational properties of the [2]catenane polymer under a
wide range of solvent qualities and are compared with
analogous linear and ring polymers. By using several different
methods and a large number of simulations, we can extract the
0-temperature from simulation data in a relatively precise way.
Our results demonstrate the effect of topological constraints on
the 6O-temperature of polymer chains, which follows the
relationship of O5)cuenane < Oring) < ring < Giinean Where (ring)
represents the average of the two locked rings of [2]catenane.
Due to the effect of the mechanical bond, the two linked rings
are larger than an isolated ring, resulting in a depression of
their @-temperature compared to an isolated ring. Furthermore,
there is a strong tendency for the two linked rings to spatially
segregate around the coil—globule transition region, as was
shown through the center-to-center distance of the rings, and
the magnitude of the segregation increases with the molecular
weight of the rings. While the effect of topology in ring
polymers becomes negligible above a molecular weight that is
strongly dependent on solvent quality as demonstrated
through the g-factor, the effect of mechanical bond in the
conformation of [2]catenane persists throughout the molecular
weight range we investigated. These findings about [2]-
catenanes seem to correlate well with the large drop in the 6-
temperature of the [2]catenane compared to that of an isolated
ring.

A separate analysis of the two rings in [2]catenane captured
their interesting conformational changes that could be different
from the conformation of the main [2]catenane depending on
the solvent quality. In a good solvent, their conformation is
similar to an analogous ring polymer, while, in a poor solvent,
their conformation significantly deviates from an analogous
ring polymer, displaying high anisotropy. Furthermore, while
the two rings on average have comparable radius of gyration in
any given solvent, the difference in their radius of gyration as a
function of time could reach as high as 20% in a good solvent
condition. Their center-to-center distance is also dependent on
solvent quality; the rings are pushed apart and manifest a
dominantly perpendicular orientation in good solvent con-
ditions.

Finally, using the square root correction form for R;, we
were able to extract the thermal blob size at different solvent
qualities and for linear, ring, and [2]catenane polymers. The
thermal blob size, in general, is found to follow the theoretical
prediction of the linear relation between Ny, and 1/v*, where
v is the excluded volume. The thermal blob size is found to be
more strongly dependent on polymer topology in poor solvent
conditions than in good solvent conditions.

B ASSOCIATED CONTENT

Data Availability Statement

Additional information regarding the gyration radius, aniso-
tropy, thermal blob, and comparison between linear and ring
analogies are provided in the Supporting Information. All
simulation trajectory data that support the findings of this
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