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ABSTRACT: We use Langevin dynamics simulations to investigate the behavior of linear catenanes under channel confinement.
We consider model poly[n]catenanes of n = 100 rings, each of m = 40 beads, and present a comprehensive analysis of their statics
and dynamics in cylindrical channels of various diameters. To highlight the impact of mechanical bonding, we compare the catenane
behavior to an equivalent chain of beads under the same conditions. We show that linear catenanes exhibit various confinement
regimes, including a de Gennes one for intermediate channel widths and an overstretching response for strong confinement, which is
unique to catenanes. The catenane’s relaxation dynamics also diverge from conventional polymers at strong confinement, presenting
much slower modes. Through systematic analysis of the size, shape, and orientation of the concatenated rings and their mechanical
bonds, we shed light on the underlying mechanisms driving the catenane’s static and dynamic responses to confinement.

■ INTRODUCTION
Recent breakthroughs in the synthesis of linear catenanes,1,2

supramolecular structures made of a linear succession of
mechanically bonded rings, have boosted interest for their
applicative potential, ranging from molecular recognition and
catalysis to materials science,3−11 as well as for understanding
their unique properties, especially those afforded by mechan-
ical bonding.12−21

In this respect, much insight was obtained by contrasting the
metric and dynamic properties of catenanes in bulk with those
of conventional, i.e., covalently bonded, linear polymers. The
comparisons helped establish how the size and number of
constitutive rings differently contribute to the scaling of the
gyration radius,16,22 often introducing significant corrections to
the asymptotic scaling expected for equivalent self-avoiding
chains. In addition, different models have shown that, at small
scales, the Rouse-like relaxation modes seen in linear polymers
are replaced by slower ones in mechanically bonded chains of
rings.11,15,23,24

These ongoing efforts have significantly advanced our
understanding of isolated and interacting catenanes in
bulk.15,16,22−27 However, except for Hopf links,28,29 no
characterization exists yet of catenanes in spatial confinement,
despite it being a natural avenue considering the body of

knowledge available for conventional polymers in channels and
slits. These systems present different metric scaling regimes
depending on how the confining region width compares with
the polymer length scales, such as thickness, contour length,
and persistence length.30−40 Examining catenanes in confine-
ment thus provides a unique opportunity to study the impact
of additional degrees of freedom, such as changes in ring size
and mechanical bonds, on the overall metric and dynamic
properties.
Here we present a first systematic study tackling these

questions. We consider a model polycatenane made of 100
fully flexible rings of 40 beads and examine the statics and
dynamics in cylindrical channels of various widths. We
additionally consider equivalent chains of beads, and the
comparison allows us to isolate properties with no analogue in
linear polymers.
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Our findings show that linear catenanes exhibit a range of
confinement regimes, including a de Gennes one for
intermediate channel widths and an overstretching response
for strong confinement, unique to catenanes. Due to slower
relaxation modes, internal dynamics also differs from that of
linear polymers, especially under strong confinement. The
underlying mechanisms driving these effects are examined with
a multiscale analysis of various observables, such as the size,
shape, and orientation correlation of the rings and mechanical
bonds.

■ MODEL AND METHODS

Model Definition and Simulation Setup. As a model
poly[n]catenane, we considered a succession of n = 100
mechanically bonded rings, each consisting of m = 40 beads
(monomers). Pairs of consecutive rings are interlocked in a
Hopf-link topology; see Figure 1.
The rings are fully flexible, and the excluded volume

interaction of any pair of monomers (both intra- and inter-
ring) is described with a truncated and shifted Lennard-Jones
(Weeks−Chandler−Anderson, WCA) potential:
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where σ is the nominal diameter of the beads and the potential
amplitude is taken equal to the canonical thermal energy of the
system, ϵ = kBT. The characteristic length and energy scales, σ
and ϵ, are taken as the length and energy units, respectively,
and the bead mass M is taken as the mass unit. These choices
also define the Lennard-Jones time scale M/LJ = .
The chain connectivity of the rings is provided by a standard

finite extensible nonlinear elastic (FENE) interaction of
consecutive beads, resulting from the sum of the above LJ
repulsion and an attractive FENE term:41
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with kFENE = 30ϵ/σ2 and R0 = 1.5σ.
The catenane was confined in a cylindrical channel, whose

nominal radius was varied from 3σ to 70σ. Excluded volume
interactions with the channel walls were treated with the same
repulsive potential of eq 1, with r now being the bead−wall
distance. The effective channel diameter, D, associated with
each nominal radius was established a posteriori. To do so, we
projected all sampled configurations on the transverse plane,
i.e., the plane orthogonal to the channel axis. The effective
diameter was then computed as the maximum distance in the
transverse plane of any two monomers plus σ, the nominal
diameter of the monomers; see Figure S1.
The Langevin dynamics simulations of the catenanes in

confinement were conducted using the LAMMPS software
package,42 using a standard friction coefficient41 and a periodic
parallelepiped simulation box, which was long enough to
prevent the confined catenane to interact with its periodic
images. The simulations were integrated with a time step of 5
× 10−3τLJ, where τLJ is the characteristic Lennard-Jones time.
We collected five independent trajectories for each channel
width, each of duration 5 × 106τLJ or more, largely exceeding
the slowest relaxation modes of the system; see Results.
Observables were averaged over all trajectories, and their
statistical uncertainties were estimated from the dispersion
(error of the mean) of the averages taken separately for each
trajectory.
Observables. Catenane Backbone. Several observables for

the statics and dynamics were defined in terms of the
catenane’s mechanical backbone, which is determined by the
succession of the centers of mass of the rings; see Figure 1. The
mechanical bonds, embodied by the vectors connecting the
centers of mass (CoMs) of two consecutive (linked) rings, do
not have a fixed length due to the variable interpenetration of
the rings (Figure 1c). The effective persistence length of the
backbone lpbulk was obtained from the decay of the orientational

Figure 1. Polycatenanes in channel confinement: model and definitions. (a) Typical configuration of a poly[n]catenane of n = 100 rings, each of m
= 40 beads, confined in a channel with diameter D = 25σ. Alternating ring colors are used for clarity. Panel b shows the corresponding backbone of
the catenane, joining the rings’ centers of mass (beads). The backbone’s footprint projected on the channel axis is used to define the longitudinal
extension of the catenane, L∥. A magnified view of the backbone, with the constitutive rings in overlay, is shown in (c), where a specific mechanical
bond is highlighted.
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correlation function of the normalized mechanical bonds of
catenanes in bulk (unconstrained).
Static Properties. We considered the average longitudinal

span L∥ of the catenane’s backbone, corresponding to the
maximum distance of any two rings’ CoMs projected along the
channel axis; see Figure 1b. Inspired by studies of backfolds in
channel-confined polymers,43 we additionally analyzed the
fraction of mechanical bonds that are backfolded with respect
to the catenane’s end-to-end vector. We considered as
backfolded those bonds for which b R cos( )ee· , with θ =
{π/2, 2π/3}. In the above expression, b̂ and Ree are the
normalized bond and end-to-end vectors.
We studied the geometry of the catenated rings by

computing their instantaneous gyration tensors:
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where ri(α) is the αth Cartesian coordinate of the ith bead in the
ring, obtaining the principal eigenvalues, λ12 ≥ λ22 ≥ λ32 and
corresponding (normalized) eigenvectors, e1̂, e2̂, and e3̂. We
characterized the typical size and shape of single rings in the
catenane through the λ’s of the central one, subsequently
averaging the observables over trajectories. The third principal
axis, e3, was used to determine the spatial orientation of a ring,
as it is orthogonal to the ring’s osculating plane. The
orientational correlation of two rings, i and j, was measured
as e ei j

3 3| · | , where the brackets denote the average over
trajectories and the absolute value to discount the “up/down”
orientation of e3, as the direction is physically irrelevant.
Dynamic Properties. For the global relaxation dynamics we

examined the autocorrelation function of the longitudinal
extension:

C
L t L L t L

L t L
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t
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where ⟨ ⟩t represents averaging over time and L̅∥ is the
ensemble average of the longitudinal extension computed over
all trajectories. We obtained the characteristic relaxation time
integration:

C ( ) d
0

=
(5)

The numerical integration was performed up to the point
where C∥(τ) dropped below 10−2, and it was carried out
separately for each independent trajectory, obtaining uncorre-
lated estimates for τ∥ at each considered channel width. The
estimates were used to compute the mean τ∥ and its statistical
uncertainty.

For the local relaxation dynamics we examined the
autocorrelation function of the longitudinal projection of the
central mechanical bond, b∥.
We further examined the characteristic reorientation time of

the rings,44 τTACF. Following ref 45, we consider the
generalization to circular chains of the time-lagged terminal
autocorrelation function (TACF) of linear chains:

C d t d t( ) ( ) ( )i i m i i m t iTACF , /2 , /2 ,= + ·+ + (6)

where di i m, /2+ is the normalized distance vector (diameter) of
beads i and i + m/2; ⟨ ⟩i,t indicates averaging over time and
bead index i. CTACF thus measures the time-lagged orienta-
tional correlation of all diameters of the ring of interest. We
computed τTACF by integrating CTACF for the central ring in the
chain, again treating each trajectory separately.

Equivalent Chain. We compared the properties of
catenanes with those of equivalent covalently bonded chains
of beads. Following ref 24, this comparison was established in
the bulk (unconstrained) case using the following mapping: (i)
each ring in the catenane was represented by a single bead in
the equivalent chain, with a size σ̃ such that the bond length of
the equivalent polymer matches the average mechanical bond
length of the catenane backbone; (ii) the equivalent chain was
given an effective bending rigidity that was adjusted to match
the average gyration radius of the catenane; (iii) the mass of an
equivalent bead was set equal to the total mass of one ring; (iv)
the Langevin friction coefficient of an equivalent bead was set
equal to m times that of the ring’s monomers. With this
proviso, the diffusion coefficients of the entire catenane and
the equivalent chain are matched.
The equivalent chains were confined in cylindrical channels

of various nominal widths. Analogously to the case of
catenanes, the corresponding effective diameters, D, were
established from the transverse projection of the sampled
configurations, taking the maximum transverse distance of the
equivalent monomers and adding to it σ̃. The parameters of
the mapping are given in Table S1.
Note that the above mapping establishes the equivalence of

the static and dynamics of the two systems exclusively in the
unconstrained (bulk) case and purposely maintains the bulk-
case parametrization at all levels of confinement. This
approach allows for investigating the differences between the
two systems by directly comparing their metric and dynamic
properties for varying channel widths.
For its direct nature, we favored this approach over the

alternative one of reparametrizing the static and dynamic
mappings of the two systems at each channel width. In this
complementary scheme, the differences can instead be
established by analyzing how the parameters of the mapping

Table 1. Global Metric Properties of the Model Catenane in Channel Confinement and Comparison with Equivalent Chaina

catenane backbone equivalent chain

D/σ L∥/σ Rg/σ R∥/σ L∥/σ Rg/σ R∥/σ
8 604.9 ± 0.4 155.0 ± 0.1 155.0 ± 0.1 465.2 ± 0.1 135.6 ± 0.1 135.6 ± 0.1
15 352.4 ± 0.5 103.3 ± 0.2 103.1 ± 0.2 353.0 ± 0.1 103.6 ± 0.1 103.5 ± 0.1
50 144.9 ± 4.0 46.0 ± 0.9 44.3 ± 1.0 130.2 ± 1.0 43.0 ± 0.9 41.3 ± 1.1
∞ 77.8 ± 3.2 38.6 ± 1.2 22.0 ± 1.3 79.0 ± 1.2 39.7 ± 0.6 24.0 ± 0.5

aThe average values of the catenane’s longitudinal extension (L∥), gyration radius (Rg), and its longitudinal component (R∥) are provided for three
different diameters of the confining channel, D/σ = 8, 15, and 50, and for the unconstrained case, too, indicated with D = ∞. Analogous quantities
are provided for the equivalent chain.
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(e.g., bead size, bending rigidity, friction coefficient) vary with
D.
For completeness, we point out that other strategies could

be adopted to isolate the effects of mechanical bonding. A
noteworthy one was adopted in ref 27 to study the response of
catenanes to mechanical stretching, a problem involving
uniaxial elongations too, albeit of a different kind from channel
confinement. In this study, a ring is covalently bonded to its
neighbors at two diametrically opposite monomers, i.e., with
contour distance equal to half the ring’s contour length. This
approach preserves the linear succession of rings while
suppressing their mechanical bonding.

■ RESULTS
We studied the effect of channel confinement on the statics
and dynamics of catenanes composed of n = 100 self-avoiding
flexible rings, each with 40 monomers. The channel diameter,
D, was varied from D = 120σ to D = 5σ, covering different
confinement regimes, from weak to strong. The range of D was
determined with reference to the typical gyration radii of the
entire catenane in bulk (Rg = 38.6σ) and that of its rings
R( 3.6 )g

ring = ; see Tables 1 and 2.

Figure 2 displays global metric observables, the catenanes’
longitudinal extension L∥, and the gyration radius as a function
of the channel width. The data is presented in log−log plots to
aid the metric scaling analysis, with relevant length scales
marked on the x-axis. Linear versions of the plots are provided
in Figure S2.
At the largest channel widths, the extension of the catenanes

is close to the average span in the unconstrained (bulk) case,
77.8σ, marked by a dashed line. The same holds for the
equivalent chain, a conventional linear polymer defined by a
1:1 mapping of the monomers and the catenated rings; see
Model and Methods. The mapping is established in the
unconstrained (bulk) case and maintained fixed at all
confinements. This approach was specifically designed to
highlight the different behaviors elicited by channel confine-
ment in catenanes and conventional chains that are otherwise
equivalent in the unconstrained case.
Decreasing the channel diameter, D, below the gyration

diameter of free catenanes (∼77.2σ) establishes the weak
confinement regime. More precisely, its onset is marked by the
minimum gyration radius of the catenane. As for ordinary
polymers, the nonmonotonicity of Rg arises from the opposite
trends of the longitudinal and transverse components of the
gyration radius, which here occurs for D ∼ 80σ; see Figure 2b.
In weak confinement, the growing longitudinal extension of the

catenane remains comparable to that of the equivalent
polymer, which is systematically smaller by approximately
10%. Despite their completely different microscopic structures,
the backbones of the catenane and the equivalent chain are
similarly convoluted in space; see Figure 2c.
For conventional flexible polymers, as our equivalent chain,

weak confinement is followed by the de Gennes scaling regime,
where L D D( 1)/ 2/3. For asymptotically long chains,
this regime manifests for 2lp ≲ D ≲ Rg.

32 For our system size,
this corresponds to 18 ≲ D/σ ≲ 40, given that the effective
persistence length of unconstrained catenanes is close to 9σ,
i.e., two mechanical bonds. In this range of D, the trend of the
catenane’s L∥ is indeed close to the D−2/3 scaling and,
interestingly, more compatible with it than the equivalent
chain. Figure 3 shows a substantial drop in the fraction of
mechanical bonds directed backward with respect to the
catenane’s end-to-end vector, indicating that catenane’s
backfolds are disfavored, and more so than in equivalent
chains; see also Figure S3.
Narrower channels, with diameters in the lp ≲ D ≲ 2lp range,

yield the so-called transition regime of conventional
polymers.32 Throughout this interval, which for our system
corresponds to 9 ≲ D/σ ≲ 18, the extensions of the catenane
and equivalent polymer are nearly identical, with relative
differences of about 2%. In this regime, backfolds are mostly
absent, as seen in the typical conformations of Figures 2c and
3.
As D is taken below 9σ, both the catenane and equivalent

polymer enter a strong confinement regime, where the channel
diameter is close to the size of the unconstrained catenane’s
rings and the polymer’s monomers, respectively. At this strong
confinement, backfolds are suppressed (Figures 2c and 3) and
the L∥ curves of the two systems diverge. For the polymer, the
extension plateaus close to the chain contour length, L∥ ∼
480σ. Instead, the catenane’s extension varies with an even
stronger dependence on D than in the de Gennes regime, the
effective scaling exponent being about −1. The catenane’s
extension becomes significantly larger than the nominal
contour length of the free catenane’s backbone, Nbbulk ∼
480σ, signaling dramatic deformations even at small scales. By
analogy with mechanically induced structural deformations of
double-stranded DNA,46 we refer to this as the overstretching
regime.
Mechanical Bond Stretching and Rings’ Intermin-

gling. The observed behavior of L∥ poses the question of
whether the overstretching regime is mainly caused by the
extension of the rings or their increased separation. To clarify
this point, we investigated the D dependence of two
observables: the average gyration of single concatenated
rings, Rgring, and the average length of mechanical bonds, b.
The results, shown in Figure 4, are noteworthy in several

respects. First, both b and Rgring vary nonmonotonically with D,
an effect due to the opposite trends of the longitudinal and
transverse components. Second, the b and Rgring minima occur
for very different channel widths. Specifically, b is minimum for
D ∼ 13σ, which is about twice the free catenane’s persistence
length, 2lpbulk ∼ 18σ. Notice that this channel width is well
below the one minimizing the catenane’s Rg, D ∼ 80σ; see
Figure 2b. Differently, the minimum of Rgring occurs for D ∼ 7σ,
which is about twice the gyration radius of single rings in
unconstrained catenanes; see Table 2. Accordingly, this width
marks the onset of the nominal weak confinement regime for

Table 2. Local Metric Properties of the Model Catenane in
Channel Confinementa

D/σ b/σ b∥/σ Rgring/σ R∥
ring/σ

8 5.6 5.5 3.4 2.6
15 4.5 3.8 3.6 2.2
50 4.8 3.0 3.6 2.1
∞ 4.8 3.0 3.6 2.1

aThe average values of the mechanical bond (b) and the gyration
radius of concatenated rings (Rgring), and their longitudinal
components, are provided for three different diameters of the
confining channel, D/σ = 8, 15, and 50, and for the unconstrained
case, too, indicated with D = ∞. Statistical errors are of the order of
1%.
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concatenated rings. Finally, Figure 4c displays the b/Rgring ratio
as a function of D, which clarifies that b grows significantly
already in the de Gennes regime, when Rgring is still relatively
unaffected by confinement. It is interesting that the b/Rgring
ratio varies even in strong confinement, where one could
instead expect an increased coupling of the average extensions
of rings and mechanical bonds. At the same time, the
f luctuations around the average of ring size and mechanical
bond length are increasingly correlated with growing confine-
ment; see Figure S6.
By combining the results from Figures 2−4, we can gain a

deeper understanding of how channel confinement affects
catenanes. Moving from weak confinement to the de Gennes
regime leaves isolated rings relatively unaffected, while
mechanically bonded rings are drawn slightly closer, as
evidenced by the decrease in b, and the catenane’s backbone
extends longitudinally. As strong confinement is approached,
concatenated rings arrange approximately in single file,
increasing their longitudinal extension and, especially, their
separation. The increase of the mechanical bond length
becomes even more pronounced in strong confinement, in
both absolute terms and relative to the rings’ extension. This

increase is arguably fostered by the entropic segregation forces
acting on confined rings,28,36 which favors the tightening of
interlocked regions.
Ring Deformation and Alignment. We next addressed

the separate contributions that channel confinement and
mechanical bonding make to the extension of the concatenated
rings. To this end, we compared the gyration tensors of
concatenated and isolated rings at different confinements.
We first considered the ranked square-rooted eigenvalues of

the gyration tensor, λ1,2,3; see Model and Methods. The
average λ’s as a function of D are presented in Figure 5a. The
curves remain approximately constant down to D ∼ 15σ. This
indicates that concatenated rings maintain approximately the
same size and shape as in unconstrained catenanes down to the
end of the de Gennes regime, D ∼ 2lpbulk ∼ 18σ. Stronger
confinements cause the simultaneous increase of λ1 and a
widening of its gaps with λ2 and λ3, due to the ring’s extension
and anisotropy growing in parallel.
The dashed curves in Figure 5a are for isolated rings.

Compared to the concatenated case, λ1,2 of isolated rings are
systematically lower by 25% or more down to D ∼ 15σ. This
difference gradually reduces, in both relative and absolute

Figure 2. Scaling regimes of polycatenanes in channel confinement, and comparison with linear polymers. (a) The longitudinal extension of the
catenane backbone, L∥, shows different confinement regimes as the channel diameter D decreases, as illustrated in the log−log plot. In the de
Gennes regime, the best-fit estimates of the scaling exponent are −0.73 ± 0.03 for catenanes and −0.85 ± 0.01 for the equivalent chain. Panel b
illustrates the variations of the catenanes’ gyration radius, and of the longitudinal and transverse components, as a function of D. Analogous
observables but measured for equivalent linear chains are also shown in (a) and (b). Error bars (shown) are typically smaller than data point
symbols. Typical configurations of the catenane and equivalent chains at three different confinements are shown in (c), along with magnified views
of their local features.
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terms, in the strong confinement regime. λ3 remains mostly
similar for catenated and isolated rings.
From the comparison, we conclude that, in the de Gennes

and weak confinement regimes, mechanically bonded rings
mostly retain the same shape as the unconstrained case, where
mutual topological constraints make them larger and more
planar than isolated (unconcatenated) rings. Although the size
and shape of concatenated and isolated rings are approximately
unchanged down to D ∼ 13σ, their spatial orientations vary
significantly, and in entirely different ways. This result is
illustrated in Figure 5b, which presents the longitudinal
components of the principal axes of the gyration ellipsoid,
e1,2,3∥ , with the values 0 and 1 corresponding to directions
exactly orthogonal and parallel to the channel axis, respectively.
The three e∥ curves for isolated rings remain superposed

down to the end of the de Gennes regime, D ∼ 18σ. Their
common value of 0.5 is indicative of a lack of orientation bias.

In fact, at these levels of confinement, the distribution of ring
orientations is isotropic; see Figure S4. Only for D < 13σ, a gap
opens between the e1∥ and e3∥ and progressively widens as the
two quantities approach 1 and 0, respectively, in strong
confinement.
Rings that are part of catenanes have starkly different

behavior, exhibiting a gap between e1∥ and e3∥ even at D = 30σ,
i.e., at channel widths that are too large to affect rings’ size and
shape. The gap grows rapidly with D. At D = 13σ, below the de
Gennes regime, e1∥ ∼ 0.6 is about twice e3∥ ∼ 0.3. Note that, at
the same width, isolated rings are still randomly oriented.
The data reveal a further qualitative difference. For isolated

rings, it is only the principal gyration axis, e1 that aligns to the
channel axis, while e2 and e3 become increasingly orthogonal to
it. Instead, for concatenated rings, the increasing alignment of
e1 toward the channel axis is accompanied by that of e2
throughout the de Gennes regime. Only for D ≲ 13σ, e2
reverses its orientation, eventually becoming orthogonal to the
channel axis, and more so than isolated rings. Additionally, e3∥
of concatenated rings is systematically smaller than that for
isolated rings, particularly in the de Gennes regime.
To investigate the coupling between the orientation of the

rings and mechanical bonds, we considered the scalar product
between e1,2,3 of the central ring and b̂, the normalized
mechanical bond vector with one of the two linked neighbors.
Figure 5c shows that, for D ∼ 13σ, the average scalar products
are about constant and equal to 0.6 for b e1· and b e2· , while b e3·
is about half this value. This indicates that mechanical bonds in
weak and de Gennes confinements tend to lie in the osculating
plane of the rings, which are approximately planar. However,
for D < 13σ, i.e., approaching and entering strong confinement,
b̂ becomes increasingly parallel to e1 and orthogonal to e2,3.
Several conclusions can be drawn for the combined effects of

mechanical bonding and confinement on the rings. First, even
at weak confinement, the orientation of the concatenated rings,
which are quasi-planar, is biased, the normals of their
osculating planes tending to be orthogonal to the channel
axis. This bias is a genuine product of the concatenation
constraint or mechanical bonding. Second, the orientational
bias grows until the end of the de Gennes regime. Finally, in

Figure 3. Backfolding of confined catenanes. Fraction of backfolded
mechanical bonds in catenanes as a function of the channel diameter.
A bond was considered as backfolded if the angle formed with the
catenane’s end-to-end vector was larger than a threshold value, θ. The
curves are for two threshold angles, θ = {π/2, 2π/3}. Analogous data
but computed for equivalent chains are shown, too. Error bars are
smaller than data point symbols.

Figure 4. Response of mechanical bonds and ring size to confinement. The variations as a function of the channel diameter, D, of the average
length of mechanical bonds and the rings’ gyration radii are shown in (a) and (b), respectively. The longitudinal and transverse components of the
two observables are shown, too. The adimensional ratio of the mechanical bond and ring size, and their longitudinal and transverse components,
are shown in (c). Error bars are smaller than data point symbols.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c00249
Macromolecules 2023, 56, 2736−2746

2741

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00249/suppl_file/ma3c00249_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig4&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


strong confinement, D ≲ 13σ, concatenated rings deform,

changing size and shape, becoming uniaxially anisotropic.

These concurrent geometrical variations are evident in the

configurations of Figure 5d.

Orientational Correlation of Concatenated Rings. We
next examined the orientational correlation of rings at various
distances along the catenane backbone. To measure the
correlation, we considered all pairs of concatenated rings, i and
j, and computed the average scalar products of the normals to

Figure 5. Ring shape and orientation in confinement. (a) The ranked root-squared eigenvalues of the gyration tensor of concatenated rings, λ1,2,3,
are shown as a function of the channel diameter, D. For comparison, the same quantities, but computed for an isolated (unconcatenated) ring are
shown, too. Panel b illustrates the D dependence of the longitudinal components of the normalized eigenvectors of the gyration tensor of
concatenated and isolated rings, e1,2,3. The relative orientation of a concatenated ring and one of its two mechanical bonds is shown in (c) through
the scalar products of the normalized mechanical bond, b̂, and e1,2,3. The changes in shape and orientation of concatenated rings are illustrated by
the typical configurations in (d), presenting longitudinal and transverse views of short sections of the catenanes at different confinements. Error
bars are smaller than data point symbols.

Figure 6. Orientational order of rings along the backbone. (a) Average absolute scalar product between rings’ osculating plane directions, e i
3 and e j

3 ,
versus channel diameter D for different values of sequence separations |i − j|. For randomly oriented vectors there are two different limits going
from three dimensions (D → ∞) to two dimensions (D → 0, where e3 is effectively constrained on the plane orthogonal to the channel axis). (b)
Same quantity plotted versus sequence separation, for three values of D. Error bars are smaller than data point symbols.
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the osculating planes, q e ei j
3 3| · | for increasing sequence

separations, |i − j|. As a reference, we note that, for randomly
oriented vectors in three and two dimensions, one has q = 1/2
and q = 2/π, respectively.
The average values of q as a function of sequence separation

and channel width are shown in Figure 6. The probability
distributions of q for selected values of |i − j| and D are shown
in Figure S5. The data reveal that consecutive rings, |i − j| = 1,
have a much lower value of q than rings at larger sequence
separations. The propagation of this orthogonality bias reflects
in the coplanarity tendency of next-nearest-neighboring rings,
which have the largest q values. These properties are in line
with those previously found for unconstrained catenanes24 and
thus clarify that the concatenation-induced bias of consecutive
rings toward being orthogonal is maintained through moderate
confinement.
The orientational correlation of next-nearest-neighboring

rings, equivalent to a nematic ordering of their normals,
becomes stronger through the weak and de Gennes confine-
ment regimes and is maximum at D ∼ 9σ. The data in Figure
6b indicate that the correlation is short-ranged at all values of
D, extending over only a few mechanical bonds before settling
to the value for randomly oriented unit vectors. We recall that
the latter is equal to 1/2 in three dimensions, which is
pertinent to large channels, and is equal to 2/π in two
dimensions, which is pertinent for uniaxially anisotropic
ringsModel and Methods.
We also note that a similarly short correlation range was

previously reported for the influence of mechanical bonding on
the statics and dynamics of free catenanes.15,24,25

The data of Figure 6 thus show that the nematic ordering of
rings with even and odd indices persists in channels and is
largest at the onset of strong confinement (D ∼ 9σ). At these
channel widths, concatenated rings themselves start to
elongate, their shape changing from quasi-planar to uniaxially
anisotropic, and the principal direction of the gyration tensor is
increasingly aligned to the channel axis (Supporting
Information). In response, major changes occur in the
probability distributions for q, which switch from broad to
sharply peaked, causing the observed nonmonotonicity for
|i − j| = 2, as detailed in Figure S5.

Dynamic Properties. Building on studies of channel-
confined polymers,30−33,47,48 we studied the global relaxation
dynamics of unconstrained catenanes through the autocorre-
lation time of the longitudinal extension, τ∥.
The D dependence of the catenane’s τ∥ is presented in

Figure 7a. The figure also shows τ∥ for the equivalent chain,
which is defined by a mapping that, among various quantities,
matches the diffusion coefficient of the systems in the absence
of confinement; see Model and Methods and Table S1. At the
largest channels, D > 60σ, the extensional relaxation times of
catenanes and equivalent chains are compatible within
statistical errors. The τ∥ curve of the equivalent chain, better
defined thanks to the smaller statistical uncertainty, features a
maximum for D ∼ 65σ; see also Figure S8 for a linear version
of the plot. The nonmonotonicity of τ∥ is similar to that
observed for channel-confined DNA.49 However, the max-
imum τ∥ for DNA is located at the crossover of the Odijk and
extended de Gennes regimes,31,32 while in our system, where
persistence length and thickness are comparable, is found in
weak confinement.
For D < 70σ, the τ∥ curves of the catenane and equivalent

chain decrease significantly down to D ∼ 13σ, dropping by
more than an order of magnitude respect to the wide channels
limit (D ∼ 100σ). Increasing confinement further elicits a very
different relaxation response of the two systems, with the
catenane’s τ∥ remaining about constant at 1.5 × 104τLJ. In
comparison, that of the equivalent chain decreases by 1 order
of magnitude as D approaches 5σ.
The comparison establishes the following results. First,

increasing channel confinement makes the catenanes’ global
relaxation dynamics systematically faster. Down to the onset of
the strong confinement regime, the relaxation times decrease in
an aspecific manner, meaning that a similar decrease occurs for
equivalent polymer chains with covalently bonded monomers.
The specificity of mechanical bonding emerges in strong
confinement, with catenane’s τ∥ remaining approximately
constant, while that of the equivalent polymer further
decreases significantly.
Finally, we studied the catenane’s relaxation modes at the

local scale, i.e., for isolated rings and mechanical bonds. For the
internal dynamics of the rings, we used τTACF, the decay time of
the so-called terminal autocorrelation function, which is the

Figure 7. Global and local relaxation times. (a) Autocorrelation time of the longitudinal extension L∥ plotted against channel diameter D for
catenane (red) and equivalent chain (blue). (b) Autocorrelation times for local observables: longitudinal component of a mechanical bond in
catenanes (red); longitudinal component of a covalent bond in the equivalent chain (blue); rotational time of ring diameters for catenated rings
(dashed orange) and isolated rings (dashed green).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.3c00249
Macromolecules 2023, 56, 2736−2746

2743

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00249/suppl_file/ma3c00249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00249/suppl_file/ma3c00249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00249/suppl_file/ma3c00249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00249/suppl_file/ma3c00249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00249/suppl_file/ma3c00249_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.3c00249/suppl_file/ma3c00249_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.3c00249?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.3c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


time-lagged orientation correlation function of the rings’
diameters.45 In addition, we computed the characteristic
correlation time of the longitudinal projection of mechanical
bonds, τbd∥

.
As revealed by Figure 7b, in wide channels, the relaxation of

mechanical bonds is slower than the rings’ internal one by a
factor of 3. Notice that the catenanes’ τbd∥

is close to the
equivalent chain’s one. The results reveal that, in wide
channels, the relaxation dynamics of mechanical bonds is
more strongly coupled to the (slow) modes of the catenane’s
backbone than the internal dynamics of the rings. The
decoupling of the two local relaxation mechanisms persists
throughout the entire de Gennes regime. In fact, τbd∥

decreases
systematically to D = 9σ, even falling below τTACF, while the
latter remains approximately constant.
However, as the catenane becomes strongly confined, D <

9σ, both τTACF and τbd∥
increase. The common increasing trend,

and the fact that the two time scales remain comparable down
to D = 5σ, indicates that the modes are now coupled. Thus, in
the approximately single-file ring arrangement caused by strong
confinement, the fluctuations of the mechanical bond
extensions largely follow the conformational changes of the
rings, which modulate the intermingling of the rings. This
conclusion is supported by the comparison with the equivalent
chain, where the coupling of τbd∥

and τTACF is absent.

■ DISCUSSION AND CONCLUSION
We studied the effect of confinement on the statics and
dynamics of catenanes, comparing results to equivalent chains
to single out specific effects of mechanical bonding.
The catenane’s confinement extension presents different

regimes, depending on how the channel width compares to
intrinsic length scales, such as the gyration radius and
persistence length of the unconstrained catenane, Rg and lp,
and of the rings, Rgring. A weak elongation response is first
observed at D ∼ 2Rg, followed by a de Gennes regime D
between Rg and 2lp. At D ∼ lp, Rgring, there is a crossover to the
strong confinement regime, where the catenane’s and
equivalent polymer’s behaviors diverge. The polymer extension
saturates and levels off, while that of the catenanes continues to
grow. This overstretching regime is underpinned by the
internal degrees of freedom associated with mechanical
bonding, allowing for distance fluctuations of concatenated
rings even when strongly elongated.
Examining local properties, we observed a significant

longitudinal alignment of mechanical bonds even in weak
confinement. In contrast, both the shape and size of isolated
rings remain almost unchanged through the de Gennes regime.
In the strong confinement regime, the size and shape of the
rings are also strongly impacted, acquiring the expected
uniaxial anisotropy. Comparison with isolated (nonconcaten-
ated) rings subjected to the same degree of confinement
clarifies that the mechanical bonding constraint makes the
uniaxial anisotropy stronger under strong confinement.
Surprisingly, however, mechanical bonding causes a much
greater planarity of the rings in the regimes of weak
confinement and de Gennes confinement.
Finally, we examined the relaxation dynamics, observing that

confinement typically makes it faster. Specifically, the
longitudinal extension relaxation times decrease by more
than an order of magnitude through weak and de Gennes

confinement regimes. This decrease is largely aspecific, as it is
observed in equivalent polymers, too. However, major
differences are observed in confinement, with the catenane’s
relaxation time remaining approximately constant while the
polymer’s one drops by more than an order of magnitude. The
analysis of the microscopic dynamics, i.e., the relaxation of
mechanical bonds, clarifies that this slow dynamics unique to
catenanes originates from a specific slow mode, namely the
longitudinal sliding of strongly elongated concatenated rings.
The above results provide a first insight into the response of

catenanes to channel confinement, a setup that is commonly
used for linear polymers. Besides providing a reference to
inspire and inform the design of possible confinement
experiments, the findings suggest several extensions, from
applicative to more general ones. The former include the
entropic sorting of catenanes using elongational flows in
corrugated channels50−55 or harnessing topological friction in
nanopore translocation setups.56−58 It would also be important
to investigate scaling properties, such as the effects of catenane
length, ring size, and the dimensionality of the confining
regions, as well as hydrodynamic effects. For the latter, it would
interesting to ascertain whether the decoupling of hydro-
dynamic and topological interactions previously observed in
unconstrained linked ring polymers59 holds in spatial confine-
ment too.
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