Effect of metallosupramolecular polymer concentration on the
synthesis of poly[n]catenanest
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Poly[n]catenanes are a class of polymers that are composed entirely of interlocked rings. One synthetic route to these
polymers involves the formation of a metallosupramolecular polymer (MSP) that consists of alternating units of macrocyclic
and linear thread components. Ring closure of the thread components has been shown to yield a mixture of cyclic, linear,
and branched poly[n]catenanes. Reported herein are investigations into this synthetic methodology, with a focus on a more
detailed understanding of the crude product distribution and investigations into how the concentration of the MSP during
the ring closing reaction impacts the resulting poly[n]catenanes. In addition to a better understanding of the molecular
products obtained in these reactions, the results show that the concentration of the reaction can be used to tune the size
and type of poly[n]catenanes accessed. At low concentrations the interlocked product distribution is limited to primarily
oligomeric and small cyclic catenanes (number average molar mass M_n = 6.2 kg/mol, number of rings = 4). However, the
same reaction at increased concentration can yield branched poly[n]catenanes with an M_n ca. 21 kg/mol and evidence of

structures with as many as 640 interlocked rings (1000 kg/mol).

Introduction

Catenated compounds—molecules composed of interlocked
rings—have been of interest since the mid 20t century when
they were first synthesized.2 The interlocked rings are held
together by what is termed the mechanical bond, which is a
bonding motif that offers a unique combination of flexibility and
strength.3'> A covalent bond must be broken in order to
separate the two components; however, the mechanically
bonded nature of the rings allow the components to twist,
rotate, and expand/contract relative to each other, offering
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Fig. 1 A poly[n]catenane consists of n interlocked rings held together by the
mechanical bond which imparts unique mobility elements to the polymer, such as
ring twisting and rotation and chain collapse/expansion.
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modes of motion that are not possible with molecules
comprised of only covalent bonds (Figure 1).

It is therefore perhaps not surprising that the incorporation of
the mobile mechanical bond into polymer architectures has
been an active area of research since the early days of the field.®
As more efficient synthetic methods have been developed to
access interlocked molecules, there has been a corresponding
growth of activity into mechanically interlocked polymers
(MIPs).7-10 These new polymeric materials exhibit unusual
property profiles,!! that include increased stress dissipation and
high extensibility.12°14 One of the more intriguing MIP
architectures is the poly[n]catenane—a polymer chain that is
entirely comprised of interlocked macrocycles where the
number of mechanical bonds is optimized (Figure 1). Molecular
simulations of these poly[n]catenanes have begun to outline
the unique dynamic and rheological properties they possess.1>
In solution, modelling shows that a single poly[n]catenane chain
demonstrates dynamics qualitatively similar to those found in
entangled polymer melts, yet such effects are observed at
shorter time scales, suggesting these polymers will
demonstrate unique rheological and dynamical responses.16
Similarly, modelling of these polymers in the melt has shown
several phenomena including fast stress relaxation and unusual
viscosity trends.1?

While networks of catenanes (so-called Olympic networks)
occur naturally in the DNA of some protozoic organisms,18-20 the
laboratory synthesis of polymeric catenanes composed of only
interlocked rings has long been a challenge.” Early examples of
(oligo)[n]catenanes include the step-wise synthesis of linear
[S]catenanes (Olympiadane) and branched [7]catenanes.21-23
Other promising methodologies, such as ring merging24 or ring-
opening of a [2]catenane?> have been investigated. While both



Please do not adjust margins

ARTICLE

a
m closing removal
MSP

O/ \/ \/ \

Fig. 2 (a) Poly[n]catenanes can be synthesized by assembly of a ditopic thread-like
component (blue) and a ditopic macrocycle (red) via metal-templating to yield a
metallosupramolecular polymer (MSP). Ring closure of the blue component within
the MSP followed by demetallation yields the poly[n]catenane. (b) Chemical
structures and cartoon representations of the macrocyclic (1) and thread (2)
components used in the synthesize the poly[n]catenane. The 2,6-
bisbenzimidazolylpyridine (Bip) component is darkened for identification and the
m-pyridyl protons (Hmp,) are indicated in black.
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are attractive synthetic routes, high molecular weight
poly[n]catenanes structures have yet to be reported with such
approaches. However, it is worth mentioning that the formation
of Olympic networks has been proposed as a by-product in the
polymerization of 1,2-dithianes.26:27

The synthesis of high molecular weight poly[n]catenanes’.28.29 js
challenging, as catenane synthesis requires a ring closing step
that is notoriously low yielding.” A common approach to low
molecular weight catenanes, pioneered by Sauvage, involves
the threading of a linear component (or thread) through a pre-
made ring driven by metal-ligand coordination,39-33 followed by
ring closing of the thread under dilute conditions.34 Recently,
this metal-templated approach has been expanded3> to allow
access to poly[n]catenanes via the self-assembly of ditopic
macrocyclic and thread components with a metal ion to form a
metallosupramolecular polymer (MSP), followed by the ring
closing reaction of the thread component and demetallation
(Figure 2a). A 1:1 solution of macrocycle (1) and thread (2),
which both contain two 2,6-bisbenzimidazolylpyridine (Bip)
ligands (Figure 2b), were mixed with two equivalents of Zn2*
ions to yield the psuedopolyrotaxane MSP (3) (Figure 3). Ring
closing of 2 was achieved through olefin metathesis of its alkene
tails at a concentration of 2.5 mM (wrt. 2) resulting in a mixture
that contains the metallated catenane (4). Ideally, the alkene
tails of 2 react intramolecularly to undergo a ring closing
metathesis reaction, yielding the desired poly[n]catenanes (5a)
after demetallation. However, studies on the demetallated
products showed that in addition to the targeted linear
poly[n]catenane (5a) the reaction mixture also contained cyclic
and branched catenated products (5b/c) as well as the starting
materials (1, 2). In addition, non-interlocked by-products
derived from 2, namely macrocycle 7 (formed by ring closing of
2) and oligomer 6, formed via the Acyclic Diene Metathesis
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Fig. 3 Mixing macrocycle (1) and thread (2) in a 1:1:2 ratio with zinc di[bis(trifluoromethylsulfonyl)imide] (Zn(Tf,N),) results in the self-assembly of linear (3a) and/or cyclic (3b)
metallosupramolecular polymers (MSP). Subsequent reaction of the MSP with Hoveyda Grubbs catalyst can yield a mixture of metallated products (some of which are shown
as 4a-f) whose distribution depends on the nature of the MSP and concentration of the reaction. Demetallation of these reaction products yields poly/oligo[n]catenanes (e.g.,
5a-d) along with recovery of some starting material and some non-interlocked byproducts.
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(ADMET) of 2 (which can be formed either via incorrect
intramolecular MSP reactions, as in 4d, or intermolecular MSP
reactions, as in 4e). Through a combination of NMR and GPC-
MALS (gel permeation chromatography coupled to a multi-
angle light scattering detector) studies, it was shown that the
overall yield of the interlocked compounds was ca. 75% and,
after some purification to remove the non-interlocked products
(along with a small amount of low molecular weight interlocked
oligomers), the poly[n]catenanes were obtained with a number
average molar mass (M,,) of 21.4kDa (DP = 14) (note DP as it
is calculated here, Eq. S1, is the average number of rings in
the polymer). Fractionation of this product allow confirmation
that it consisted of a mixture of linear (5a), cyclic (5b), and
branched (5c) poly[n]catenanes (Figure 3). It was suggested that
the cyclic poly[n]catenanes are formed from a cyclic MSP
template (3b) while the branched poly[n]catenanes result from
inter-MSP reactions.

This prior study focused primarily on confirming the synthesis
of poly[n]catenanes. As such, the reaction was primarily studied
at a single concentration (2.5 mM wrt. 2) and no detailed
characterization of the crude product distribution was
undertaken. It is reasonable to expect that both the MSP
assembly and the ring closing olefin metathesis reaction will be
sensitive to monomer concentration. Thus, the goal of this work
is to build on these prior observations by carrying out the ring
closing reactions across a range of monomer concentrations
(0.25 - 10 mM) and analyzing the crude reaction mixtures (after
demetallation) to obtain a better understanding of how
different reaction conditions impact this synthetic route to

poly[n]catenanes.
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Fig. 4 The region of the 'H NMR (500 MHz, 298 K) corresponding to the Hpp,
protons peaks of (a) a 1:1 mixture of macrocycle 1 and thread 2 (in CDCls),
(b) partial metalation of the mixture by titration of Zn(NTF,), (in CD3CN) and
(c) the MSP 3a (in 1:5 CD3CN:CDCl3, 20 mM w.r.t. 2).
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Results and Discussion
Analysis of MSP

As the nature of the assembled MSP template is critical to the
final product distribution, initial studies focused on obtaining a
better understanding of the MSP assembly. A 1:1 mixture of
macrocycle 1 and thread 2 in CDCl; was prepared and titrated
with zinc di[bis(trifluoromethylsulfonyl)imide] (Zn(Tf,N),). 2D
NMR studies35:36 have shown that the most downfield shifted
proton corresponds to the meta-proton of the pyridine moiety
of the Bip ligands (Hmpy, Figure 2b), which appear at 8.30 ppm
and 8.35 ppm for 1 and 2, respectively (Figure 4a). Coordination
of the Zn2* ions with the Bip ligand can be followed by 1H NMR
as the peaks corresponding to Hppy shift to ca. 8.82 ppm (Figure
4b). It is worthwhile noting that the metal-ligand complex and
the uncomplexed ligand are in slow exchange on the NMR
timescale, allowing for the amount of free species present to be
monitored during the titration. The Zn?* ions are added into
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Fig. 5 Region of the 'H NMR spectra (500 MHz, 1:5 CD3;CN:CDCl;, 298 K)
corresponding to the Hpp, protons for (a) the MSP (3a/3b) at 0.25 mM, 1.0 mM,
2.5 mM, and 10.0 mM (w.r.t 2) along with the diffusion coefficients associated
with region i and ii at the different concentrations and (b) for poly[n]catenanes 4a
and 4b.
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the reaction mixture until all the Hypy peaks around 8.30-8.35
disappear (Figure 4c). As both Bip moieties in macrocycle 1
cannot bind to the same Zn2* ion,3¢ the only way for all the Bip
ligands to bind a Zn2*ion is the self-assembly of MSP (3) that has
alternating 1 and 2 units along its backbone.

In order to better understand if/how the MSP changes with
concentration, it was dried and then redissolved in a mixture of
acetonitrile-d3 and chloroform-d (1:5) to obtain a series of
samples at different concentrations, 0.25 mM, 1.0 mM, 2.5 mM,
and 10.0 mM with respect to 2 (Figure 5a, S1). The solutions
were then characterized using a combination of *H NMR and
diffusion ordered spectroscopy (DOSY). At the highest
concentration (10.0 mM), the Hmpy appears almost entirely as a
one broad peak at around 8.8 ppm (Figure 5a, Region i) which
was assigned to the formation of MSP 3a (and/or very large
cyclic 3b). This peak appears similar to what is seen at 20 mM
(Figure 4c) during sample preparation. There is a slight shift
upfield of this peak at this lower concentration, but no free
ligand is observed (Figure 5a). As the concentration decreases,
a second set of peaks appear upfield (around 8.67, Region ii in
Figure 5a) which grow in intensity at lower concentrations. The
dynamic nature of the Zn2*/Bip complex results in a ring-chain
equilibria existing in these MSPs and, as rings are more likely to
be formed at lower concentrations,3” this suggests that the
more upfield shifted Region ii peaks correspond to the cyclic
MSP 3b.

DOSY NMR of the MSP at the different concentrations provided
information on the size of the compounds that correspond to
the two regions in the NMR. Note: the 0.25 mM sample was too
dilute to obtain reliable DOSY data. The diffusion coefficients
(Figure S2-4) for Region i decrease from 3.3 x 10'1° m2/s to 7.8 x
1011 m2/s as the concentration increases from 1 to 10 mM,
consistent with an increase in assembly size/MSP molecular
weight with concentration, as would be expected for the linear
MSP 3a. Region ii, on the other hand, exhibits similar diffusion
coefficients for the concentrations tested. In addition, the
diffusion coefficient of the Region ii protons (3.0 x 1010 m2/s) is
similar to the diffusion coefficient of the individual thread (3.0 x
10-19) or macrocycle (3.8 x 10°19), suggesting that the MSP in this
region is a more compact structure. Taken together, this data is
consistent with Region ii corresponding to smaller cyclic MSP
assemblies (3b).

If these two regions in the NMR are representative of cyclic and
linear MSPs, then it could be expected that a similar difference
in the NMR would be observed in the metallated catenanes.
Thus, using literature procedures3> samples that primarily
consist of cyclic polycatenane (5b) (via Fe?* templated
synthesis3%) or linear polycatenane (5a) (obtained by SEC
purification of the polycatenane synthesis3%) were re-
metallated with Zn(Tf,N), to yield 4a and 4b. As can be seen in
Figure 5b, the *H NMR of cyclic 4b resembles that of the 0.25
mM MSP, with two broad peaks between 8.60-8.90 ppm. This
provides further support to the upfield shifted peaks observed
in the more dilute MSPs corresponding to the cyclic assemblies.
Likewise, the TH NMR of 4a only shows a broad peak in Region i
(around 8.8 ppm) consistent with the MSP at 10.0 mM (Figure
5a, top) being predominantly linear 3a.

4| J. Name., 2012, 00, 1-3

NMR Analysis of Poly[n]catenane

To carry out the olefin metathesis ring closing reaction, the
MSPs were dried and dissolved in dry dichloromethane to yield
a series of samples at 0.25, 0.5, 1.0, 2.5, 5.0, and 10.0 mM, with
respect to 2. It is worthy of note that MSP in dichloromethane-
d (Figure S5) shows a similar TH NMR Region i and Region ii
distribution to that in figure 5a. The Hoveyda Grubbs catalyst
(0.32 mM) was added to each reaction before it was heated to
reflux for 48 hrs, with a second addition of the same amount of
catalyst after the first 24 hours elapsed. After deactivation of
the catalyst, the crude material is demetallated using
diethylenetriamine.

Figure 6a shows the m-pyridyl proton (Hmpy) region of the 1H
NMR spectra for each of the demetallated crude reaction
mixtures (the full NMR can be found in Figure S6). The non-
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Fig. 6 (a) Region of the 'H NMR spectra (500 MHz, CDCls, 298 K) corresponding to
the Hppy protons for the demetallated crude reaction mixtures at different
concentrations. (b) Average poly[n]catenane (5) (black) yields and amount of
residual macrocycle (1) at reaction Error bars for data sets taken at 95% confidence
interval (n=5).
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interlocked byproducts are easily identifiable in the NMR, with
the macrocycle 1 at 8.31 ppm and the thread 2 and thread-
based byproduct 6 around 8.35 ppm. For the interlocked
compounds, the Hmp,/'s shift upfield to between 8.05-8.27
ppm.3> The integration of these peaks allows determination of
the average interlocked yield of each reaction (Figure 6b and
Table S1). Within this region, a triplet from the 2/6 byproducts
appears centered at 8.07 ppm which is excluded from the
integration to more accurately calculate the yield of interlocked
products (Figure S7). These integrations also allow for a
determination of the residual macrocycle (1) (Figure 6b) and
residual thread (2)/ADMET (6) yields (Table S1). The crude
NMRs can also provide preliminary data on the yield of cyclic
catenane (5b) via the previously reported3> calculation method
(Eq. S2, Figure S7). This cyclic yield (Figure S8) was found to
follow a similar trend to the amount of cyclic MSP (3b) given for
each concentration (Figure S9). The 2.5mM reaction has an
average interlocked yield of ca. 73+5 % (n = 5), consistent with
the previously reported value.3> The average interlocked yield
remains above 70% for all concentrations except those at the
extremes (0.25 mM and 10.0 mM). This is in part a consequence
of a lower average alkene conversion (87% for both 0.25 and
10.0 mM, c.f. 0.5-2.5mM show ca. 95% conversion).
Presumably at 0.25 mM, the relatively high dilution leads to a
decrease in reaction rate and a slightly lower vyield of
interlocked materials (69+5%). It is important to note that, at
the higher concentrations (5 and 10 mM), a significant amount
of insoluble product is obtained during the reaction. This
product was still insoluble after demetallation and was only
observed to swell in a range of organic solvents, such as
chloroform and tetrahydrofuran. These products are assumed
to be interlocked networks and are included in the overall
interlocked yield in Figure 6b. None-the-less, at 10 mM, the
interlocked yield was only 65+10%. This lower value may result
from partial insolubility of the both the MSP and the partially
reacted species at these higher reaction concentrations.
Additionally, the higher concentration will likely promote inter-
MSP reactions, resulting in an increased formation of ADMET
polymer 6. Preliminary data from DOSY NMR analysis
demonstrated a consistent decrease in diffusion coefficient as
the reaction concentration increased (Figure S10, Table S1),
suggesting that the higher reaction concentrations yielded
larger products.

GPC Analysis of Poly[n]catenane Architecture

To fully determine the extent of the size variations between
reaction concentrations, the crude products were then
analyzed via GPC-MALS. While initial studies of the
poly[n]catenanes via GPC studies were conducted in THF,35 it
was found that a 1:3 mixture of DMF:THF was a better mobile
phase for these polymers. In addition, a GPC column with better
low molecular weight resolution (relative to the prior studies)3>
was employed to allow better resolution of such species. While
the resulting GPC traces for the poly[n]lcatenane samples
(Figure 7a, Figure S11-16) clearly show that a complicated range
of products are formed during these reactions, it is possible to

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (a) GPC refractive index traces for 0.25, 2.5, and 10.0 mM (mobile phase
- 25% DMF in THF). Each trace shows deconvoluted peaks using a Gaussian Fit
with each peak showing its (tentative) assignment. (b) Poly/olio[n]catenane
(5a, 5b, 5¢ (+ insoluble fraction), and 5d) distribution versus reaction
concentration (byproducts are excluded).
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draw some conclusions from this data. Perhaps the most
obvious data trend is a move to faster elution times with the
reactions carried out at the higher concentrations, confirming
the formation of higher molecular weight species in these more
concentrated reactions. It is also possible to clearly see the
presence of the residual macrocycle 1 in all the GPC spectra,
which is consistent with what is observed in the NMR. In an
attempt to obtain more information on the reaction products,
deconvolution of the GPC traces was explored using a gaussian
algorithm38-40 to fit the data to the minimum number of peaks
(see Sl for more details). As can be seen in Figure 7 (and Figures
S12, 13, 15) excellent fits to the experimental GPC trace can be
obtained using 6-9 gaussian peaks (depending on the
concentration of the reaction). Pure samples of macrocycle 1
and thread 2 were run using the same conditions and eluted at
17.2 minutes and 16.5 minutes, respectively (Figure S17),
allowing those deconvoluted peaks (macrocycle (A, red) and
thread (C, blue)) to be assigned to these starting materials. In
addition, macrocycle 7, which can be formed by ring closing of
thread 2, elutes ca. 17.3 minutes and as such, if present, would
also be present as part of deconvoluted peak A (red).

Between the macrocycle peak (A, red) and the linear thread
peak (C, blue) there is a peak that elutes at approximately 16.8
minutes (B, gold in Figure 7). Based on the elution time of this
peak, this compound is more compact than the thread (2) but
bigger than macrocycles 1 and 7. MALS data corresponding to
this peak (Figures S11-16) shows that the molecular weight of
this compound is approximately double that of macrocycle peak
A. This suggests that peak B either corresponds to a [2]catenane
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Fig. 8 Proposed routes to linear poly/oligo[n]catenanes (5a) with different
molecular weight populations (byproducts are excluded).
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(5d) and/or possibly the non-interlocked cyclic dimer of thread
2. The fact that this peak is more prominent at the lowest
concentration (0.25 mM, Figure 5 top), is consistent with either
of these assignments.

Peak D (cyan in Figure 7a) elutes at 16.0 minutes and is assigned
as the cyclic catenane 5b, as it corresponds to the elution time
of a purified cyclic sample, with an average of 5 rings, based
on MALS data (Figure $17).35 The next identified peak elutes at
approximately 15.6 minutes (Peak E, purple, Figure 7a). While
this peak does not correspond to any isolated samples, it is
tentatively assigned to the ADMET (6) product in each of the
samples.

Based on the previous poly[n]catenane characterization,35 it is
proposed that Peaks F, G, H, and | correspond to different
populations of linear (5a) and branched (5c) poly[n]catenanes.

There are a number of different routes that linear
poly/oligo[n]catenanes can be accessed during the synthesis.
Figure 8 highlights two possible routes to these structures,
namely incomplete ring closing of the linear (3a) and cyclic (3b)
MSPs. It can be expected that at low concentrations (when most
of the MSP is the cyclic 3b, see above) the majority of the linear
catenane will be formed via 3b while at higher concentrations
the linear catenane will accessed predominantly via 3a. If both
of these routes occur simultaneously, it can then be expected
that there will be two molecular weight populations of linear 5a.
These two populations are tentatively assigned to Peaks F and
G (light and dark green) based on the GPC elution time of a
sample of purified primarily linear (5a) poly[n]catenane (Figure
S17) that spans both peaks.

For the 0.25 mM sample, where the MSP is almost exclusively
cyclic 3b, only Peak F is present (15.2 minutes, light green).
Based on MALS analysis of this peak, it corresponds to relatively
low molecular weight oligomers/catenanes (average molecular
weight M,, ca. 8 kg/mol). For this reaction, the 'H NMR of the
sample shows evidence of catenane chain ends (Figure 6a),
indicating a mixture of linear 5a and cyclic 5b poly[n]catenanes.
As such, it is proposed that Peak F corresponds to the linear
oligo[n]catenanes 5a formed from via the cyclic MSP (Figure 8).
This hypothesis is supported by the fact that peak F corresponds
to a smaller percentage of the overall product distribution at
higher concentrations (Table S2). NMR of the MSP shows that,
as the reaction concentration increases, the MSP shifts from
being predominantly cyclic (3b) to being predominately linear
(3a), resulting in a decrease in the yield of this oligomeric linear
catenane (5a) at higher concentrations. As the relative size of
peak F decreases with reaction concentration there is a
concomitant appearance and increase in the size of Peak G. It is
proposed that Peak G corresponds to the higher molecular
weight linear catenanes that result from the successful ring-
closing of the linear MSP 3a (Figure 8).

Peaks H and | correspond to the largest molecular weights
observed in the catenanes. Based on chain end analysis of
fractionated samples in prior work and comparison to an
isolated branched poly[n]catenane sample (Figure S17), these
peaks are tentatively assigned to branched 5c poly[n]catenanes.
Peak H (light pink) at 14.1, begins to appear at 2.5 mM (Figure
7a middle), where the presence of branched catenanes has

This journal is © The Royal Society of Chemistry 20xx



already been reported.3> As the concentration increases further
however, a second peak (Peak I, dark pink) at 13.0 minutes is
required for the Gaussian fit (Figure 7a bottom, Table S2),
suggesting the formation of a new population of highly
branched polymers (MALS, M,,= 60 kg/mol, DP= 39 (Eq. S1)).
Based on these peak assignments, some general trends can be
elucidated (Figure 7b Table S2) regarding the impact of reaction
concentration on product distribution. As may be expected, the
[2]catenane (5d) (and/or cyclic dimer of 2) and the cyclic (5b)
catenanes are the dominant products at the lowest
concentration (0.25 mM). As the reaction concentration
increases, the yields of 5d/2 and 5b drop and eventually plateau
for concentrations between 2.5 - 10 mM.41

The linear (5a) catenanes (polymer + oligomer) show a
significant increase in yield from 0.25 mM to 1.0 mM (Figure 7b,
green) and become the dominant product (70% 5a at 1.0 mM).
However, the linear 5a formed at 1.0 mM appears to be
primarily oligomeric in nature (peak F), presumably a
consequence of being formed predominantly from the cyclic
MSP  precursor (3b). While increasing the reaction
concentration to 2.5 mM results in a slight drop in the overall
yield of linear 5a (Figure 8), the resulting 5a now is
predominately the higher molecular 5a fraction (Peak G). As a
result, carrying out this reaction at 2.5 mM optimizes both the
yield and molecular weight of the linear 5a products. Between
2.5-5.0 mM the overall amount of linear polycatenane
decreases as branched poly[n]catenanes 5c (Figure 7a, pink)
start to be formed. It is worthwhile also noting that at the higher
concentrations, the larger molecular weight fraction (Figure 7a,
Peak G) of linear polycatenane 5a becomes the dominant linear
species. However, the yield of the branched polycatenanes (5c¢
plus networks as these numbers also include insoluble
polymers) quickly dominates the reaction products, becoming
the major poly[n]catenane formed above 5.0 mM (52% 5c) and
10.0 mM (48% 5c).

Chain End Analysis via GPC/NMR Techniques

One way to further elucidate the trends in architecture (and to
back up the assignment of the deconvoluted peaks in the GPC)
is to determine the number of average numbers of chain ends
(Nc) in each sample. For these samples, cyclic poly[n]catenanes
have no chain ends (Nc = 0), linear poly[n]catenanes have Nc =
2 and branched poly[n]catenanes have Nc > 3, therefore
determination of the average number of chain-ends in the
sample can give an idea of the architecture distribution. Using
a qualitative assessment of the 1H NMR data in Figure 6a, the
chain end region from 8.24-8.27 reflects the observed GPC
trends: products formed at low reaction concentrations show
diminutive peaks in this region, reflecting fewer chain ends and
the primarily cyclic nature of the materials. However, at the
higher reaction concentrations the products show increased
prevalence of these chain end peaks consistent with the
transition into linear and highly branched materials.

To quantify this analysis, a new set of poly[n]catenanes were
synthesized and were partially purified using literature
procedures before analysis.35 This purification was performed in
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Fig.
9 (a) Number average molar mass (M,) determined by GPC-MALS plotted for the
reaction concentrations to observe the trends. Number of chain ends (N()
determined by a combination of GPC-MALS and NMR analysis.? (b) GPC Rl trace
from the 10.0 mM (black) and 0.25 mM (grey, dash) purified sample. Absolute
molecular weight (determined by MALS) for the 10.0 mM purified sample (red,
dots) and the 0.25 mM purified sample (blue, dashes).

an attempt to remove as much of the byproducts as possible,
particularly ADMET 6, to minimize the influence of these
byproducts on the reported poly[n]catenane molecular weight
and calculated N..

For this purification, the poly[n]catenanes were partially
remetallated with Zn2* ions and the mixture was dried and
washed with 2:1 chloroform:hexanes to remove the soluble
unmetallated (by)products (see Sl and previous work3> for more
details on the purification procedure). These samples were then
demetallated and analyzed by GPC MALS (using 25 vol% DMF in
THF as the mobile phase) and *H NMR. Figure 9a shows the M,,
and calculated average number of chain ends (N.), determined
by a combination of the NMR and the GPC-MALS data using
previously published procedures (Eqg. S3).35 For example, based
on this combination of NMR and GPC-MALS data, the
poly[n]catenanes prepared at 2.5 mM have an average number
of chain-ends of ca. 2.7, consistent with the product
architecture being predominantly linear (5a) with some
branched. In fact, deconvolution of the GPC trace (Figure S18)
shows the dominance of the linear poly[n]catenane assigned
peak G (50 % of the total catenated material) in this sample.
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The data obtained from the partially purified samples also
allows for a more complete analysis of the molecular weight
trends throughout the various concentrations with the reduced
presence of ADMET 6 (Figure S19). Consistent with the prior
data, lower molecular weights result from the samples where
the primary starting material was the cyclic MSP 3b. For these,
at 0.25 mM and 0.5 mM, the average molecular weight
appeared as 9.8 and 11.6 kg/mol respectively. These would
correspond to catenanes with approximately 6 and 8
interlocked macrocycles. For both of these samples, chain end
analysis3® revealed that the average poly[n]catenane contained
fewer than 2 chain ends (0.8, 1.5, Figure 9a) demonstrating that
the material was likely a combination of the [2]catenane (5d),
oligomeric 5a, and cyclic 5b poly[n]catenanes.

At higher concentrations the MSP precursor shifts to a higher
percentage of the linear (3a) and as such the resulting products
now consist of more linear (5a) and branched (5c¢)
poly[n]catenanes (N. > 2). This is concomitant with an increase
of the M,, for the samples: at 2.5 mM the M,, is 19.5 kg/mol,
(DP ca. 13) and N.is 2.7. At this reaction concentration, the GPC
MALS trace also shows evidence of larger catenanes, with
molecular weights up to 100 kg/mol.

The highest reaction concentration studied (10.0 mM) produces
the highest molecular weight species, M,, of 21 kg/mol (DP ca.
14). The poly[n]catenanes synthesized here exhibit the largest
N. (5.6), indicative of the presence of a significant amount of
highly branched poly[n]catenanes. It is important to note that
this molecular weight analysis includes the lower molecular
weight products (ADMET (6), cyclic (5b), and [2]catenane (5d))
that were not completely removed during the partial
purification step, suggesting that the average size of the linear
5a and branched 5c¢ materials is larger than this value.

For comparison Figure 9b shows the GPC-MALS data for these
partially purified reactions mixtures that were obtained a 0.25
and 10 mM. The highest molecular weight products obtained at
0.25 mM are ca. 33 kg/mol. However, the MALS data of
products obtained from the 10mM show evidence of soluble
(branched) catenanes up to 1000 kg/mol (DP > 640), which are
the largest reported poly[n]catenane compounds to date.

Conclusions

This study has been able to clarify several aspects of synthesis
of poly[n]catenanes from an MSP template. The combination of
carrying out the reaction at different concentrations along with
analysis of the crude reaction mixture has shown how the
architecture of the resulting poly[n]catenane can be altered. At
low  concentrations, cyclic  and oligomeric linear
poly[n]catenanes will predominate, while at the highest
reaction concentrations, high molecular weight branched
poly[n]catenanes are the major product, with poly[n]lcatenanes
of up to 1000 kg/mol being observed. The formation of
insoluble but swellable materials at these higher reaction
concentrations may suggest the formation of interlocked
networks and current research is underway to better
characterize and understand these materials.
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