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ABSTRACT: In recent decades, advances in the syntheses of
mechanically interlocked macromolecules, such as catenanes, have
led to much greater interest in the applications of these complexes,
from molecular motors and actuators to nanoscale computational
memory and nanoswitches. Much remains to be understood,
however, regarding how catenated ring compounds behave as a
result of the effects of different solvents as well as the effects of
solvent/solvent interfaces. In this work, we have investigated, using
molecular dynamics simulations, the effects of solvation of
poly(ethylene oxide) chains of different topologies—linear, ring,
and [2]catenane—in two solvents both considered favorable
toward PEO (water, toluene) and at the water/toluene interface.
Compared to ring and [2]catenane molecules, the linear PEO
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chain showed the largest increase in size at the water/toluene interface compared to bulk water or bulk toluene. Perhaps surprisingly,
observations indicate that the tendency of all three topologies to extend at the water/toluene interface may have more to do with
screening the interaction between the two solvents than with optimizing specific solvent—polymer contacts.

B INTRODUCTION

The behavior of macromolecules, especially polymers, in bulk
solutions and at liquid/liquid interfaces is both scientifically
and technologically important and has been the focus of much
attention in recent years, given the various types of materials
that can be successfully or even preferentially assembled in
such environments.' ™ Polymers assemble in various ordered
aggregates at liquid/liquid interfaces based on a number of
factors, not the least of which are the individual interactions
between the polymers and the solvents comprising the
interface as well as the topologies of the polymers and how
they array themselves at interfaces. The interplay between
these factors is of paramount interest to researchers focused on
the fabrication of novel two-dimensional materials exploiting
liquid/liquid interfaces and the unique prospects they afford.

Liquid/liquid interfaces, as noted by Costa et al.,* can serve
as a “factory floor” for the self-assembly of two-dimensional
nanostructures, and nanoparticles in particular, because
“[nanoparticle]s are driven [to interfaces] by a reduction of
interfacial energy.” While the structure and dynamics of
polymer topologies from linear to star’~” and ring®” have been
explored under many conditions (including in bulk solutions
and at liquid/liquid interfaces”'°"*) based on covalent
bonding between monomers, comparatively little is known
about the interfacial structure and dynamics of macro-
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molecules that employ “topological bonds” in addition to
chemical bonds, i.e.,, mechanically interlocked molecules.

In general, mechanically interlocked molecules are molecular
assemblies in which two or more macromolecular components
are entangled in such a way that while they are not chemically
bonded to one another, the assembly as a whole cannot be
separated without breaking chemical bonds between atoms
within the separate components.'* The two archetypal
categories of mechanically interlocked molecules are rotaxanes
and catenanes. Rotaxanes consist of a macrocyclic component
threaded by a linear macromolecule that features large or
strongly interacting end groups (akin to a dumbbell) that
prevent the macrocycle from unthreading. Catenanes, on the
other hand, consist of two or more macrocycles threaded
together akin to links in a chain (from which their name
derives).ls’lé Catenation is a process that nature uses to
control the conformations of molecular machines and
supramolecular structures, two common examples being the
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circular DNA catenanes'>~>* and the “protein chain mail” that

forms the capsid coats of bacteriophages™ > and other
viruses. Rotational freedom between rings makes catenanes
promising as a class of components for molecular motors," "
diagnostic equipment,”””*" and rotors and actuators”” > as
well as for molecular memory and nanoswitches.”*™**

Initial attempts to synthesize catenanes relied on “statistical”
threading, in which linear chains that pass through macrocycles
in dilute solution are then cyclized to create a second closed
loop in a chain. Further threading and cyclization could be
performed to extend these chains, but statistical methods suffer
from minuscule yields”” due to the low probability of threading
events in dilute or semidilute conditions (needed to enhance
chain mobility) and the difficulty of maintaining a threaded
state while performing the second (or third, or so on)
cyclization. Subsequent years have seen the adoption of
methods by which the interlocking of rings or ring precursor
components could be maintained via covalent bonding
between the components, followed by cleavage of the linking
bonds to yield the final catenanes.”® Decades later, chemists
designed synthetic methods based on using reversible non-
bonded interactions to hold components threaded in place
(template-directed synthesis), substantially improving yields
and allowing for more complex arrangements of cate-
nanes.”">**'73° These methods allowed for the synthesis
and characterization of a wide array of catenanes at the level of
individual macromolecular assemblies; however, characterizing
the properties of catenane complexes and intra- and
intercatenane interactions remains a challenge. As a result,
little is known currently about the properties of catenanes, in
general, and catenanes at interfaces, in particular.

Early computational investigations of [2]catenanes’” and
poly[n]catenanes® using lattice-based Monte Carlo simula-
tions provided a preliminary understanding of the dynamical
properties of bulk catenated polymers compared to their linear
or ring counterparts. However, it was only after a years lon%
pause, motivated by the more recent advances in synthesis,”®
that the simulation community has returned to catenanes—for
instance, de Pablo et al.>”~*' have more recently studied
isolated poly[n]catenanes and the static and dynamic proper-
ties of melt poly[n]catenanes using molecular dynamics
simulations. These studies centered on addressing fundamental
questions concerning the melt properties of poly[n]catenanes,
such as how the structure and dynamics of these polymers
differ from their linear counterparts when the number of rings
and the number of monomers per ring are systematically
varied. The dynamics of poly[n]catenanes have been found to
be slower than isolated linear polymers, which is believed to be
a consequence of the entanglement effect resulting from the
“mechanical bonds”.*> Furthermore, due to the excluded
volume effect of the component rings in a catenated polymer,
the repulsive forces between segments of a ring in a catenated
polymer are stronger than in isolated ring polymers, and this in
turn is expected to shift the O-temperature of catenated
polymers to smaller values compared to isolated ring
polymers.*’ This effect is similar to the effect of topological
excluded volume observed in star®** and ring">*® polymers
that results in a reduction of the #-temperature compared to
their linear counterparts.

While the findings from the previous studies are
encouraging, there are still many unanswered questions
about the physical properties of catenated polymers. The
focus of the present work is the elucidation of structural and
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dynamic differences between different polymer topologies
compared to catenanes, and the effects imparted by different
solvents, especially at interfaces between solvents. In particular,
we seek to characterize catenanes that are currently accessible
through known synthetic methods and are generally well-
characterized, focusing on poly(ethylene oxide) (PEO) in
linear, isolated ring and [2]catenane topologies in dilute
solution, with water and toluene as solvents and at the water/
toluene interface. The ability of PEO to dissolve in organic
(nonpolar) solvents such as toluene as well as water has led to
the use of PEO as a model polymer for fundamental research
as well as practical applications. The structure and dynamics of
linear PEO polymers in aqueous solutions have been
extensively investigated via simulation’’™>* and experi-
ment,”> " and our results will be compared with the existing
literature in order to elucidate the effect of catenation on the
physical properties of polymers.

B SIMULATION DETAILS

Linear, isolated ring and interlocked catenanes were con-
structed to investigate the effects of topology and catenation.
For a linear PEO chain in water, the transition from ideal to
real-chain behavior has been observed around a molecular
weight (M,,) of 2000.* In this study, ring and linear PEO
chains consist of 60 repeat units (M, ~ 2640), much larger
than the transition molecular weight. In the case of the
[2]catenane, each of the PEO rings consists of 60 repeat units,
so that the structure and dynamics of the rings in the
[2]catenane can be directly compared with the other
topologies. Chains of the three different polymer topologies
were solvated in water (as a polar solvent), in toluene (as a
nonpolar solvent), and at the water/toluene interface. Toluene
and water are both considered to be good solvents for PEO but
are mutually immiscible.”®

The three different PEO topologies were initially con-
structed with the help of Avogadro software.’” For samples in
bulk solvent, [2]catenane PEO chains were placed inside a
cubic box and solvated by adding sufficient numbers of water
or toluene molecules to arrive at a dilute concentration of
about 0.01 polymer weight fraction. The same numbers of
water and toluene molecules were used for solvating the linear
and ring PEO chains, resulting in concentrations of about
0.005 and 0.006 polymer weight fraction in water and toluene,
respectively. The total number of atoms per simulation was
around 90000 for PEO in water and around 75000 for PEO in
toluene.

At the water/toluene interface, PEO chains were sandwiched
between slabs of water and toluene in a rectangular simulation
box. Though we expected the PEO to stay at the interface, we
did not want to prevent PEO chain segments from segregating
to either side of the interface should that occur, especially in
the case of the catenane. To capture this possibility, the
simulation box length in the direction normal to the interface
was made much greater than the lateral dimensions (see
below), necessitating many solvent molecules. The total
number of atoms in simulations involving the water/toluene
interface was therefore much larger, around 193000 (89373
water atoms, 102885 toluene atoms, and 840 PEO atom:s).

All-atom molecular dynamics (MD) was chosen to provide
the most accurate characterization of solvent effects, topology,
and interface on the morphology and dynamics of solvated
PEO chains. The Optimized Potentials for Liquid Simu-
lations—All-Atom (OPLS-AA) force field was used for PEO
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Figure 1. (a) PEO [2]catenane at the water/toluene interface. (b) An isolated view of the conformation of the [2]catenane at the interface
(coloring scheme: O, red; C, green or orange; H, white) in order to show the conformations of the individual rings. (b) and (c) show the
conformations of ring and linear polymer chains, respectively, at the interface. H atoms in (b) and (c) are not shown for clarity.

and toluene,”’ while the SPC/E model was employed for
water. It has been shown that the original OPLS-AA partial
charges for PEO are lower than needed to produce the correct
structure of PEO in aqueous solution; thus, slightly modified
charges®' were used in this study. Molecular dynamics
simulations were conducted using the LAMMPS simulation
package,®’ with an integration time step of 1 fs and a Lennard-
Jones cutoff radius of 12 A in all simulations. The particle—
particle/particle-mesh Ewald (PPPM) algorithm was used for
the calculation of the Coulomb interactions.

Simulations were initially run in the NPT ensemble, with
periodic boundary conditions in all directions, at a temperature
of 300 K and at atmospheric pressure for 5 ns to allow the
systems to reach their equilibrium density. The simulation box
sizes after equilibration were approximately 96.5 A X 96.5 A X
96.5 A for a PEO chain in bulk water or toluene and 103.7 A X
103.7 A X 199.8 A for a PEO chain at the water/toluene
system. Simulations continued in the NVT ensemble, with the
duration of the run dependent on polymer topology. A
simulation run of about 100 ns was deemed sufficient in the
case of ring and catenane PEO systems, while roughly 300 ns
was required for linear PEO systems. All water/toluene
interface simulations were run for more than 300 ns, however,
to ensure enough statistics for R, distribution. Position data
were recorded every 2 and 10 ps for PEO chains in bulk
solvent and at the water/toluene interface, respectively, though
postsimulation analysis of the data showed that a reporting
frequency of 10 ps would actually have been sufficient for most
of the structural and dynamic analysis. For hydrogen-bond
calculations, including the hydrogen-bond autocorrelation
function, simulations were extended for 1 ns, with position
data recorded every 100 fs to capture initial fast and
intermediate decay, and for 6 ns with data recorded every 2
ps to capture long-term decay.

B RESULTS AND DISCUSSION

Chain Conformations at the Water/Toluene Interface.
The PEO chains at the water/toluene interface generally
exhibited a “pancake” structure similar to what is usually

7156

observed for polymers adsorbed at solid/liquid interfaces.’”**

However, the conformations of the rings of the [2]catenane
around the catenation site deviated significantly from the
pancake structure and were found to extend more toward the
aqueous side of the interface (see Figure 1a). As a result, the
interface in the region of the catenation site was perturbed, as
can be observed from the figure. In general, the chains at the
interface expanded markedly within the interface, with the
linear chain extending into a rod-like conformation. Examina-
tion of the density profiles may be able to tell us if the
perturbation of the interface around the catenation site had any
major effects on the interfacial width compared to the ring and
linear cases.

The mass density profiles of water, toluene, and PEO across
the interface are shown in Figure 2. The computed averaged
bulk densities of water and toluene away from the interface are
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Figure 2. Mass density profiles of water (filled circles), toluene (filled
diamonds), and PEO (inset or stars) close to the water/toluene
interface in simulations of linear PEO chains (red), ring PEO chains
(orange), and [2]catenane chains (blue). The densities of water and
toluene in the absence of PEO are also shown in black for
comparison.
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Figure 3. Dihedral distributions of O—C—C—O dihedrals (left) and C—O—C—C dihedrals (right) in water (top), in toluene (middle), and at the
water/toluene interface (bottom) for linear PEO (red), ring PEO (orange), and [2]catenane PEO (blue).

0.994 + 0.001 and 0.847 + 0.001 g/cm’, respectively, in very
good agreement with reported experimental values.”* In all
cases, the middle of the interface is located around z = 0. As a
reference, water and toluene density profiles for the water/
toluene system without a PEO chain are also included in the
figure. Interestingly, the water—toluene interface does not
show any dependence on chain topology and is only slightly
perturbed in the presence of a PEO chain at the interface.

The density profiles of the different PEO topologies, shown
in the inset of Figure 2, can be interpreted as the probability of
finding a segment of a given PEO chain in the direction normal
to the interface. These density profiles suggest that PEO chains
are confined within the water/toluene interface at all times,
with any extension away from the interface favoring water. The
density profile of the [2]catenane PEO illustrates this
extension into the aqueous side of the interface, as was alluded
to in Figure la. Compared to the density profile of ring PEO,
the density profile of linear PEO is slightly wider. However, the
density of the single PEO chain at the interface is very small
and does not affect the interfacial width.

Furthermore, from analysis of PEO conformations such as
those seen in Figure 1, we observed that the PEO chains in
general adopted helical conformations at the water/toluene
interface, similar to what we have observed in bulk water (not
shown) and what has been observed by experiments and
simulation of PEO in aqueous solutions.”"**~®" The helical
structure of PEO is characterized by a predominantly gauche
conformation about the C—C bond and a predominantly trans
conformation about the C—O bond, as shown in Figure 3. As
expected for a helical conformation, the O—C—C—0O and C—
O—C—C distributions show an almost complete preference for
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gauche conformations (>92%) in bulk water and a similar
preference for trans conformations (>87%) at the water/
toluene interface, independent of PEO topology, which is in
excellent agreement with experimental results from NMR.%>*°

In toluene, however, there is a noticeable fraction of O—C—
C—O dihedrals in the trans conformation (>22%) and a
significant population of C—O—C—C dihedrals (>33%) in the
gauche conformation, independent of PEO topology; as a
result, we observe that the helical structure is lost. The
adoption of these conformations results in a decrease of the
total dihedral energy of the O—C—C—O and C-O-C-C
dihedrals by about 7 and 8 kcal/mol, respectively, for linear
and ring PEO chains in water and at the water/toluene
interface compared to these same chains in toluene. The
decrease is almost double in the [2]catenane case, which is
proportional to the number of dihedrals in the [2]catenane
chain. The observed decrease in the total dihedral energy can
be explained through the conformational energy difference
between the gauche and trans states of a given dihedral.

The gauche—trans conformational energy difference for O—
C—C-0 and C—0O—-C-C dihedral angles is about —0.6 and
0.26 kcal/mol, respectively, based on the OPLS force field.*°
There are 59 O—C—C—O dihedrals and 118 C—O—-C-C
dihedrals in 60-mer PEO. Given that there are at least 18%
more O—C—C—O dihedrals in the trans conformation (i.e.,
about 11 dihedrals) in toluene compared to water, this results
in a total difference of more than 6 kcal/mol, which is
comparable to the value reported above based on the torsional
energy extracted from the simulation. Similarly, the excess 20%
of C—O—C—C dihedrals in the gauche conformation in
toluene compared to water results in a total difference of more

https://doi.org/10.1021/acs.langmuir.3c00589
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than 6 kcal/mol, which is also comparable to the value
reported above.

The gauche conformations of the C—C bonds in PEO are
expected to reduce the distance between PEO ether oxygens.
Examination of the first peak location in the pair distribution
functions between ether oxygens, shown in Figure 4, clearly
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Figure 4. Pair distribution functions for PEO oxygen atoms in water
(blue, filled circles), in toluene (orange, filled diamonds), and at the
water/toluene interface (red, stars).

shows that the distance between the ether oxygens is reduced
and nearly identical in water and at the water/toluene interface
compared to its location in toluene, confirming our expect-
ation.

Based on our observations so far, we can hypothesize that
the conformations of PEQO chains at the water/toluene
interface must be dominated by interactions with the aqueous
side of the interface because the dihedral distributions in bulk
water and at the interface appear identical. This is discussed in
further detail in the context of hydrogen bonding later in this
work.

Molecular Dimensions. We first investigated the effects of
polymer topology on the dimensions of PEO chains in bulk
solution and at the water/toluene interface. The molecular
dimensions of a polymer can be characterized by the radius of
gyration, R, a quantity also accessible through experiments.
Ample amounts of experimental and simulation R, data exist
for linear PEO in aqueous solution that can be used for the
validation of our simulation results.”*~*>*>% We have used the
following two expressions for calculating the time-averaged R,
of PEO polymer chains in bulk solvent and at the water/
toluene interface:

(t/} = _<z Wl(

— M) (rly — ™))
Y (1)

CM)Z)

1 N
= () m(r =1
M ; )

where N is the total number of PEO atoms in a chain, m; is the
atomic mass of atom i, and M is the molecular weight of the
chain. Equation 1 represents the elements of the radius of
ggrratron tensor,”” where 7, and r)s represent the components of

) of atom i in the three Cartesian directions (a,  run over x,
¥, and z) and CM denotes the center of mass of the chain. The
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radius of gyration of the chain is then the sum of the
eigenvalues of the tensor, Rg2 = 2% + A% + A% The
eigenvalues—4,% 1,% and 1;>—will be helpful in determining
the shape of the chain. Equation 2 represents the radius of
gyration in a fixed rectangular coordinate system, where the
components Rgx ) Rg,y , and Rg will be helpful in determining
the perpendicular and parallel components of Rg at the water/
toluene interface.

Figure 5 shows the time evolution of the radius of gyration
of linear PEO chains in water, in toluene, and at the water/

[ W
=4 =4

Radius of Gyration, R, A)

=4

Time (ns)

Figure S. Radius of gyration as a function of time for linear PEO in
water (red), in toluene (orange), and at the water/toluene interface
(blue). For comparison, the R, of ring at the water/toluene interface
is also shown (black).

toluene interface. For comparison, the R, of the ring chain at
the water/toluene interface is also shown. While the R, of the
linear PEO chain displays significant oscillation as a function of
time both in bulk solvent and at the water/toluene interface,
the R of the ring is relatively stable both in bulk solvent and at
the water/ toluene interface (the [2]catenane shows similar
behavior)—this justifies the relatively short simulation times
(100 ns) for ring and [2]catenane molecules in water and
toluene. The conformation of the linear chain oscillates
between coiled (small R,) and extended (large R,). The
dynamic conformational changes of the linear PEO chain,
however, do not affect the interfacial width, as seen in Figure 2.

The R, results for the different simulated cases can be
summarized in the form of the radius of gyration distributions
shown in Figure 6 and tabulated in Table 1. Both water and
toluene are considered good solvents for PEO, but water is
clearly the better solvent. For comparison, we ran an additional
simulation of the linear PEO chain in a vacuum, expecting it to
enter a globular conformation because PEO in a vacuum will
interact favorably with itself and thus collapse. The linear PEO
chain collapsed to a globule with R, = 7.7 + 0.2 A, which is
about 40% smaller than the linear PEO chain in toluene. Note
that the standard deviation of R; in the vacuum is very small, as
would be expected for a polymer chain in a collapsed, globular
conformation, while the standard deviation of the chain’s R;in
toluene is quite large, as would be expected for a polymer chain
in an expanded coil conformation, due to large fluctuations in
the conformation of the chain.

The R, of linear, ring, and [2]catenane PEO in bulk water
increased by about 50, 30, and 48%, respectively, compared to
their R, in bulk toluene. For linear PEO in water, a power law
relation of R, = 0.20 X M, 038 (A) was reported from hght
scattering data from chains of large molecular weight.”> For
linear 60-mer PEO, this relation gives an R, value of 19.3 A,
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Figure 6. Radius of gyration (Rg) distributions of (a) linear, (b) ring, and (c) [2]catenane PEO chains in water (blue), in toluene (yellow), and at
the water/toluene interface (red). The distributions of linear (yellow), ring (purple), and [2] catenane (blue, red) chains (d) in water, (e) in
toluene, and (f) at the water/toluene interface are also shown. The broken curves represent the average (“RA”: ring average) of the distributions of

the two rings in the [2]catenane.

Table 1. Radius of Gyration (R, A) for Linear, Ring, and

[2]Catenane PEO in the Different Solvents”

[2]catenanes does not necessarily produce an “extended-chain”
catenane assembly: perhaps the rings of the catenane are more
akin to slightly offset rings rather than a stretched chain. This
suggests that the ratio of R, for analogous [2]catenanes and
linear polymers is (R,")catenane/ (Rg Minear < 0.5, which is even
smaller than the ratio between ring and linear polymers, which
in the current simulation is larger than 0.73. The reported
literature values for the (R;) ratio between ring and linear
polymers is 0.52—0.6 from simulations of polystyrene under

PEO topology water toluene W/T interface
linear 184 + 3.0 123 + 32 22.6 + 3.2
ring 135 £ 1.1 104 + 1.1 164 + 1.0
[2]catenane

whole 17.6 + 1.2 119 £ 0.8 208 + 1.7
ring avg 149 = 0.7 10.5 + 0.6 16.5 + 0.7
larger ring 15.5 £ 09 112 + 12 17.1 +£ 0.8

“The [2]catenane case is split into the overall Ry, the ring-average R,
and the ring with the larger R,. Error bars were generated from time
averaging over 100 ns.

which is in very good agreement with our simulation data for
linear PEO in water at 18.4 + 3.0 A (see Table 1). This R,
value is larger than that of linear PEO in toluene but smaller
than that of linear PEO at the water/toluene interface.
Furthermore, the R, distributions show that a PEO chain,
independent of topology, has a larger radius of gyration at the
water/toluene interface than in either of the two bulk solvents
(Figures 6a—c). The R, of linear PEO at the water/toluene
interface increased by about 23 and 84% compared to bulk
water and toluene, respectively. Similarly, the R, of the ring and
[2]catenane at the water/toluene interface increased by about
22 and 18%, respectively, compared to their R;s in bulk water
and by about 50 and 74%, respectively, compared to their Rgs
in bulk toluene. The R, of the linear PEO chain, as expected, is
larger than the corresponding R, of the ring PEO chain.
Surprisingly, R, for the linear PEO chain is larger than R, for
the whole [2]catenane, both in bulk solution and at the water/
toluene interface, despite the fact that the degree of
polymerization of the whole [2]catenane is twice that of the
linear chain. This implies that the catenation of rings in
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different solvent conditions’® and 0.56—0.73 from experiments
involving polystyrene in @-solvent.”' Our preliminary hypoth-
esis based on our current result is <Rg2>catenane < <Rg2>ring <
(R;)hnear in good solvent and at the liquid/liquid interface; we
plan to confirm this as a function of chain length in future
investigations using a bead—spring model.

The data for ring-average and larger-ring R, in the
[2]catenane case reported in Table 1 indicate that rings of
[2]catenane PEO are more swollen than the corresponding
free PEO ring in bulk solution and at the water/toluene
interface; this is in agreement with recent results from lattice
Monte Carlo simulation.”> However, our observation from
careful examination of the R, of the two rings of the
[2]catenane in water as a function of time is that most of the
time both rings are more swollen than the corresponding free
PEO ring in water, while in toluene, one of the rings is more
swollen and the other ring is less swollen than the
corresponding free PEO ring in toluene.

Furthermore, we can quantify information about the shape
of the PEO chains in different conditions by extracting the
eigenvalues of the radius of gyration tensor (1, < 4, < 4;). The
quantities of asphericity (a) and prolateness (p) defined below
are usually used for this purpose:
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For a perfectly spherical shape (4, = 4, = 1;), both a and p are
zero. Deviation from a perfect sphere results in 0 < a < 1, with
a closer to 1 when the shape deviates significantly from a
sphere (linear/planar). The range of values for prolateness is
—1 < p <1, where p = 1 represents a perfectly prolate shape
(A1 = 4, < 43, ie, stretched in one principal direction, making
the shape more rod-like) and p = —1 is a perfectly oblate shape
(A1 < A, = 4, ie,, stretched in two principal directions, making
the shape more “pancake”-like).

The distributions of asphericity and prolateness for all the
cases are shown in Figure 7. The asphericity distributions show
two distinct behaviors, with the distributions for linear PEO in
water and at the water/toluene interface showing marked
deviation from what would be expected of a sphere, more so
even than the predicted asphericity of Gaussian linear chains.””
PEO linear chains in toluene also deviated notably from
spherical, but not to the extent of chains in water and at the
water/toluene interface, showing a hint of a bimodal
distribution, with one mode less aspherical than a theoretical
Gaussian linear chain and a smaller fraction significantly more
aspherical. On the other hand, the asphericity distributions for
ring and catenane PEO chains in water and toluene suggest a
more spherical shape, deviating slightly when in bulk solvent
(mean around 0.1—0.2) and noticeably more (mean around
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0.3—0.4) for chains at the water/toluene interface. The
asphericity distributions for linear PEO are generally
asymmetric and largely left-skewed for linear PEO in water
or at the water/toluene interface, while the distributions for
ring and catenane PEO are much more symmetric (or partially
right-skewed). A similar behavior can also be observed in the
distribution of Ry, shown in Figure 6, a result of the dynamic
chain conformation observed for the linear PEO chain.

The prolateness distributions shown in Figure 7 (right
column) indicate that chains of all topologies, but especially
linear PEO in bulk water and at the water/toluene interface,
exhibit highly prolate shapes. Surprisingly, the ring PEO in
toluene and the catenane PEO in toluene and water show
average shapes close to rod-like, which was not obvious from
the asphericity distributions. Prolateness distributions for ring
and catenane PEO at the water/toluene interface and ring
PEO in water show a less starkly peaked distribution but
remain predominantly prolate, with a large left-handed tail.

The end-to-end distance values for linear PEO in water, in
toluene, and at the water—toluene interface were calculated to
be 48.7 + 16.2, 17.4 + 6.7, and 62.2 + 16.1 A, respectively.
Note that the end-to-end distance value for the linear polymer
in water is in good agreement with recent experimental
results.>> Put together, the prolateness distribution and the
end-to-end distance values indicate that the linear PEO chain
at the water/toluene interface is primarily stretched in one
direction (rod-like) while the same chain in toluene is in a
slightly more collapsed state. The ring and catenane molecules,
however, behave very similarly in terms of shape descriptors,
suggesting that the shape of the catenane molecule in these
environments is more affected by its component nature than
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Table 2. Hydrogen-Bonding Statistics (Normalized by the Number of PEO Monomers) for Given PEO Topologies in Bulk

Water or at the Water—Toluene Interface

topology (H-bonds)“ (HZO)Z’ single” double® triple®
H,O linear 1.47 + 0.08 0.86 + 0.05 0.40 + 0.07 0.35 + 0.0 0.11 + 0.04
ring 1.45 + 0.08 0.83 + 0.05 0.36 + 0.07 0.35 + 0.05 0.11 + 0.04
[2]catenane 1.48 + 0.06 0.85 + 0.03 0.37 + 0.05 0.36 + 0.04 0.12 + 0.03
H,0/Tol linear 1.31 + 0.08 0.75 + 0.0 0.32 + 0.06 0.33 + 0.0 0.10 + 0.04
ring 1.31 + 0.08 0.75 + 0.05 0.31 + 0.06 0.33 + 0.05 0.11 + 0.04
[2]catenane 1.32 + 0.06 0.75 + 0.07 0.32 + 0.0 0.33 + 0.04 0.10 + 0.03

“Time-averaged number of hydrogen bonds between H,0 and PEO oxygens. bTime-averaged number of H,O molecules involved in hydrogen
bonding with PEO oxygens. “Contributions to (b) from water molecules making 1, 2, or 3 hydrogen bonds with PEO.

by the inclusion of the topological bond, which produces
enlargement of the overall structure, but not necessarily a
change in conformation.

Hydrogen Bonding. The results so far demonstrate that
chain topology has an effect on the conformations of PEO
chains in dilute solution. In the case of PEO chains in water
and at the water/toluene interface, it is also important to
investigate the correlation between chain conformation and
hydrogen bonding with the surrounding water molecules.
Hydrogen bonding is often characterized in terms of geometric
definitions, such as distance-only or distance-angle cutoffs. For
calculating hydrogen bonds, we used the distance-angle cutoff
approach, with the distance cutoff for PEO oxygen—water
hydrogen distance roy < 2.675 A" and the cutoff for PEO
oxyge%—water hydrogen—water oxygen angle at foyo >
120°.”

The hydrogen-bond calculation results are summarized in
Table 2. Overall, we do not see a strong dependence on PEO
chain topology. The number of water molecules involved in
hydrogen bonding (per ether oxygen) in bulk water is greater
than 0.83, which is in excellent agreement with recent
molecular dynamics simulation results from 36-mer linear
PEO in bulk water.”! Furthermore, more than 50% of water
molecules involved in hydrogen bonding are involved in
multiple hydrogen bonds with PEO (from the last two
columns of the table). As a result, the total number of
hydrogen bonds per ether oxygen is more than 1.45, which is
in very good agreement with previous simulation results.””"
Surprisingly, the number of hydrogen bonds drops by only
10—15% at the water/toluene interface, with the largest drop
in hydrogen bond numbers coming from singly bonded water
molecules. This implies that PEO chains at the water/toluene
interface greatly prefer solvation by water, which is in line with
the hypothesis we made earlier based on the similarities in the
populations of dihedral angles of the PEO chains in water and
at the water/toluene interface.

The atom—atom pair distribution functions between the
PEO oxygen or carbon atoms and the toluene carbon atoms
are shown in Figure 8. There is a depletion of toluene carbon
atoms around the PEO oxygen atoms at the water/toluene
interface compared to PEO in bulk toluene. At the same time,
there is little or no depletion of the toluene carbon atoms
around the PEO carbon atoms at the water/toluene interface
(vs bulk toluene), indicating that the oxygen atoms of the PEO
at the water/toluene interface are solvated primarily by water
molecules. It is important to note that there is no difference in
the pair distribution function between PEO oxygen atoms and
water oxygen atoms at the water/toluene interface and in bulk
water (not shown). What, then, does this suggest about the
dynamics of the hydrogen bonds?
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and at the water—toluene interface (blue lines).

The dynamic behavior of hydrogen bonds can be studied in
terms of a history-independent (or intermittent) autocorrela-
tion function, given by C(t) = ((h(t))h(ty + t) ))/((h(t)* )),
where h = 1 if a water molecule is hydrogen bonded to PEO at
a given time and 0 otherwise; thus, bonds are allowed to break
and re-form. The angular brackets represent a time average
over all pairs and time origins. The results of the hydrogen
bond autocorrelation function are presented in Figure 9.
Different approaches have been adapted in determining the
average hydrogen-bond lifetime from C(t): one involves fitting
the hydrogen-bond autocorrelation data to a stretched-
exponential function,”* often using the following Kohl-
rausch—Williams—Watts (KWW) stretched-exponential func-
tion:

C(t) = Ay expl(—t/7)"] (s)

where 7 is a characteristic relaxation time and the parameter f
is a measure of the deviation from exponential behavior.
The average relaxation time (7) is then approximated by

0 Agt [ 1
(t) ~ /0 c(t) dt=7F(E] o

where I'(x) is the gamma function. The fitting parameters and
the average relaxation time (7) are listed in Table 3. The
average hydrogen-bond relaxation time, (7), shows a strong
dependence on chain topology in both bulk water and at the
water/toluene interface. In bulk water, (7) for the ring and
[2]catenane are about 27 and 47% longer, respectively, than
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Table 3. Fitting Parameters for the Autocorrelation Function C(t) Using Eq 5 (4,, 7, ) and Eq 6 (A}, 7, Ay, Ty, A3, T5)

topology 4 7 (ps) B (o) (ps)
H,0 linear 0.96 110.9 0.66 143.0
ring 0.96 138.7 0.65 182.0
[2]catenane 0.98 1489 0.62 210.6
H,0/Tol linear 0.97 140.5 0.65 186.2
ring 0.97 150.2 0.64 202.5
[2]catenane 0.98 168.3 0.61 242.9

A 7, (ps) Ay 7 (ps) Ay 73 (ps)
0.08 0.72 0.32 26.2 0.60 210.6
0.11 1.85 0.35 489 0.54 286.4
0.11 2.26 0.35 49.7 0.54 326.7
0.10 143 0.30 37.0 0.60 266.4
0.11 112 0.36 53.5 0.53 318.8
0.12 141 0.41 71.1 0.47 423.1

(7) for linear case. At the water/toluene interface, (7) for the
ring and [2]catenane are about 9 and 31% longer, respectively,
than they are in the linear case. Furthermore, the (7) for the
linear, ring, and [2]catenane at the water/toluene interface are
approximately 30, 11, and 15% longer, respectively, than the
corresponding (7) in bulk water. (7) for the [2]catenane
should be interpreted as an average value for the two rings.
Thus, in both bulk water and at the water/toluene interface,
catenation has a significant effect on the relaxation time of
hydrogen bonds around the rings compared to an isolated ring.

The (7) determined using eq S represents an average of
several hydrogen-bond relaxation times. Another approach is
to separate the short- and long-term relaxation times using a
linear combination of exponential functions:”’

C(t) = A exp(—t/1) + A, exp(—t/1,) + A; exp(—t/73)
(7)

where A; =1 — A; — A, and 7; (i = 1, 2, and 3) are relaxation
times. The fitting parameters using eq 7 are also listed in Table
3. 7, represents the A, fraction of short-lived hydrogen bonds,
7, represents the A, fraction of intermediate-lived hydrogen
bonds, and 7; represents the A; fraction of long-lived hydrogen
bonds. From Table 3, the majority of the hydrogen bonds in all
cases are long-lived and are strongly dependent on chain
topology, as was the average relaxation time discussed above.
About 90% of the hydrogen bonds are intermediate- and long-
lived hydrogen bonds, where the long-lived are dominant. The
small fraction of short-lived hydrogen bonds observed in all
cases represent water molecules that are weakly hydrogen
bonded to PEO oxygens. The dominant intermediate- and
long-lived hydrogen bonds between PEO and water molecules
in bulk water have also been observed recently.”"
Interaction Energy at the Interface. We can gain deeper
insights into the interactions between water and the PEO
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chains at the water/toluene interface by computing the energy
of the interactions between PEO and the surrounding solvents
and resolving those energies into their Coulomb and van der
Waals components.

Table 4 shows the tabulated Coulomb and van der Waals
(VDW) interaction energies per monomer between a PEO
chain and water and/or toluene for the different topologies.
The interaction energies between PEO atoms (PEO/ PEO) are
also reported and are stronger in water and at the water/
toluene interface due to steric hindrance within the helical
structure, resulting in oxygen atoms being very close to one
another, within their van der Waals radii (see Figure 4).
Regardless of topology, the contribution to total interaction
energy from electrostatic (Coulomb) interactions dominates
the PEO—water interactions, whether in bulk water or at the
water/toluene interface. The total PEO—water interaction
energy at the water/toluene interface is about 80% of the total
PEO—water interaction energy in bulk water, while the total
PEO—toluene interaction energy at the water/toluene interface
is only about 50% of the total PEO—toluene interaction energy
in bulk toluene. This reinforces our earlier hypothesis that
PEO chains at the water/toluene interface prefer to be solvated
by water.

From Table 4, the per-monomer difference in the PEO—
system interaction energy between a PEO chain in bulk water
and at the water/toluene interface is on the order of —1.2 kcal/
mol, i.e, 2 kgT per monomer, realized as potentially hundreds
of kT per chain. The sign of that difference in energy means
that the energy of a PEO chain at the water/toluene interface
increases as opposed to bulk water and implies that adsorption
at the water/toluene interface is potentially drastically
unfavorable, from an enthalpic standpoint of the PEO chain.
Given that polymer chains exhibit decreased entropy by being
confined at the interface, the entropic component of the free

https://doi.org/10.1021/acs.langmuir.3c00589
Langmuir 2023, 39, 7154—-7166


https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00589?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00589?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00589?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00589?fig=fig9&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

Table 4. Per-Monomer Interaction Energy (kcal/mol/Monomer) of a PEO Chain at the Water/Toluene Interface, Broken down by Interactions with Itself (PEO/PEO) and
with Each Solvent (PEO/H,0, PEO/Toluene), Each Further Broken down into Coulomb and Van Der Waals Contributions Alongside the Total; the Per-Monomer Total

Interaction Energy Is Also Displayed

PEO/system

PEO/H,0

PEO/PEO

total
—12.71 £ 0.58
—12.68 + 0.48
—12.58 + 0.34

PEO/system

total
—18.71 + 0.58
—18.58 + 0.61
—18.36 + 0.41

vdW
—-3.32 + 0.19
—-3.24 + 0.21
—3.19 + 0.14

Coulomb
—15.40 + 0.60

—15.34 £ 0.61

total
5.95 + 0.20
5.90 + 0.22
5.78 £ 0.1§

vdW
0.36 + 0.10
0.31 + 0.12
0.25 + 0.09

Coulomb
5.59 + 0.17
5.60 + 0.17
5.53 + 0.08

topology

linear

ring

—15.17 £ 0.42

[2]catenane

PEO/toluene

PEO/PEO

total
—2.64 + 0.25
—2.64 + 0.25
—2.38 + 0.17

total
—-5.20 + 0.50
—5.27 + 048
—4.30 + 0.30

PEO/toluene

vdW
—4.38 + 0.40
—4.44 + 0.39
—3.63 + 0.24

Coulomb
—-0.81 + 0.12
—-0.83 + 0.12
—0.67 + 0.08

total
2.63 + 0.37
2.63 + 0.36
192 + 0.23

vdW
—0.44 + 0.25
—0.39 + 0.24
—0.90 + 0.16

Coulomb
3.00 + 0.17
3.02 + 0.16
2.82 £ 0.10

topology

linear

ring

[2]catenane

PEO/system

PEO/H,0

PEO/PEO

total
—11.50 + 0.51
—11.45 + 0.53
—11.40 + 0.39

total
—2.57 + 0.27
—2.51 + 0.30
—2.13 + 0.24

vdW
—=2.17 + 0.24
—=2.11 + 0.24
—1.80 + 0.18

Coulomb
—0.40 + 0.09
—0.39 + 0.09
—0.33 + 0.06

total
—14.72 + 0.81

vdW
—1.80 + 0.22
—1.82 + 0.21
—1.94 + 0.17

Coulomb
—12.80 + 0.22
—12.91 + 0.71
—12.95 + 0.52

total
5.80 + 0.23
5.79 + 0.19
5.58 + 0.15

vdW
0.43 + 0.09
0.41 + 0.09
0.31 + 0.08

Coulomb
5.36 + 0.17
5.38 + 0.16
531 + 0.12

topology

linear

—14.73 + 0.78

—14.80 £ 0.57

ring

[2 ]catenane
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energy also does not favor PEO adsorption at the water/
toluene interface. Furthermore, based on these findings, we
expect a PEO chain at the water/toluene interface to be
surrounded mostly by water molecules that are strongly bound
to PEO oxygen atoms through hydrogen bonding. As a result,
the water molecules around a PEO chain are already in a state
of low translational and rotational entropy and thus should not
favor the absorption of the PEO chain at the interface. This
poses the question: what is the driving force for a PEO chain to
adsorb at the water/toluene interface? To answer this, we also
computed the total interaction energy between the water and
toluene molecules in the presence and absence of a PEO chain
at the interface. In the presence of a PEO chain at the interface,
we found a decrease in the total enthalpic interaction energy
between water and toluene molecules of about 2.6 kcal/mol
per monomer, i.e., more than two times the above-reported
increase in the enthalpic interaction of the PEO chain caused
by adsorption at the interface. Thus, a PEO chain can be
thought of as adsorbing at the water/toluene interface in order
to “screen” the water molecules from the toluene molecules,
reducing the unfavorable interfacial interaction between water
and toluene molecules (this is in agreement with earlier
simulation using a bead—spring model”).

B CONCLUSION

In the preceding work, we have sought to understand the
differences caused by variations in polymer topology on the
solvation structure and energetics of linear, ring, and
[2]catenane PEO chains in water, in toluene, and at a
water/toluene interface. Our initial observations suggested that
even when confined to an interface between immiscible
solvents, all three chain topologies prefer to extend toward the
aqueous side of the interface rather than the toluene side,
marking water as a clearly better solvent, regardless of polymer
topology or overall size. However, all three proposed measures
of overall polymer “shape”—radius of gyration and the derived
asphericity and prolateness—agree to the pronounced
tendency of each topology to spread out along the water/
toluene interface. Among the three topologies, linear PEO
showed the largest increase in R, at the water/toluene interface
compared to its R; in water or toluene.

The total number of hydrogen bonds between PEO oxygens
and water molecules is reduced by only 10—15% at the
interface compared in bulk water, and the hydrogen bonds
formed between PEO and water at the interface are
considerably longer-lived and strongly dependent on chain
topology, suggesting a significant strengthening of PEO—water
interactions when the water/toluene interface is present.
However, analysis of the interaction energies between PEO
and molecules of the solvents in an interfacial environment
suggests both an entropic penalty and an enthalpic penalty of
about 1.2 kcal/mol/monomer when any of the PEO chains are
at the water/toluene interface. This led us to consider what
kind of interactions dominate the energetics of adsorption of
each polymer topology at the interface, and interestingly, it
appears the driving force for chains to spread out along the
interface is primarily due to a need to “screen” solvent
molecules from one another across the interface, rather than
any energetic or enthalpic favorability between the PEO chains
and the solvents themselves. This has stimulated us to consider
future simulation efforts involving generalizable solvent—chain
interactions with bead—spring models to investigate the
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interplay between solvent quality, polymer topology, and
interfacial adsorption.
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