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Polyrotaxanes and polypseudorotaxanes!'! are relatively new
types of polymeric materials, comprising polymer chains
threaded through cyclic components in the presence or
absence, respectively, of bulky stoppers at both ends of their
polymeric chains. They often demonstrate” unusual macro-
scopic properties compared with their small-molecule coun-
terparts®l—that is, rotaxanes and pseudorotaxanes, respec-
tively—in relation to properties such as stability, solubility,
and viscosity, as well as thermal, mechanical, and electronic
performance. Crystallinity, if it occurs, is one of the key
factors affecting the thermal, optical, mechanical, and chem-
ical properties of polymers, but it is difficult for long polymer
chains—typically those in excess of 10 monomer repeating
units or those with molecular weights higher than 1000 Da—
to form macroscopic single crystals, because of both 1) dif-

[¥] Dr. Z. Zhu," H. Li,") Dr. Z. Liu, ). Lei, Dr. H. Zhang, C. L. Stern,
Dr. A. A. Sarjeant, Prof. ). F. Stoddart
Center for the Chemistry of Integrated Systems
Department of Chemistry, Northwestern University
2145 Sheridan Road, Evanston, IL 60208 (USA)
E-mail: asarjeant@northwestern.edu
stoddart@northwestern.edu

Prof. J. F. Stoddart

NanoCentury KAIST Institute and Graduate School of EEWS (WCU)
Korea Advanced Institute of Science and Technology (KAIST)
373-1 Guseong Dong, Yuseong Gu

Daejeon 305-701 (Republic of Korea)

Dr. Y. Y. Botros
Department of Materials Science and Engineering
Northwestern University
2145 Sheridan Road, Evanston, IL 60208 (USA)
and
Intel Labs, Building RNB-6-61, Santa Clara, CA (USA)
and
National Center for Nano Technology Research
King Abdulaziz City for Science and Technology (KACST)
P.O. Box 6086, Riyadh, 11442 (Saudi Arabia)
Prof. H. M. Colquhoun
Department of Chemistry, University of Reading
Whiteknights, Reading RG6 6AD (UK)
E-mail: h.m.colquhoun@reading.ac.uk
[+

These authors contributed equally to this work.

This research was supported by the National Center for Nano
Technology Research at the King Abdulaziz City for Science and
Technology (KACST) in Saudi Arabia. We thank Dr. Turki S. Al-Saud
and Dr. Mohamed B. Alfageeh at KACST for their generous support.
J.F.S. was supported by the World Class University (WCU) Program
(R-31-2008-000-10055-0) funded by the Ministry of Education,
Science and Technology in Korea.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201202513.

. A

Angew. Chem. Int. Ed. 2012, 51, 72317235

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

fusion limitations resulting from chain entanglements and
2) the heterogeneous length distributions of most synthetic
polymers. Crystal structures of synthetic polymers are thus
usually obtained® by computational model-building and
diffraction simulation of X-ray powder- or fiber-diffraction
data by using structural information from single-crystal
analyses of small oligomeric homologues.”) Although obtain-
ing macroscopic single crystals of high-molecular-weight
polyrotaxanes might seem to be even less realistic than it is
for simple polymer chains, a small number of polypseudo-
rotaxane crystal superstructures are known as a result of the
end-to-end linking of small-molecule pseudorotaxanes by, for
example, metal coordination! or hydrogen bonding” of the
chain components. Cyclodextrins have also been found to
crystallize with threaded chains, either of disordered surfac-
tants® or of low-molecular-weight polyethylene or polyprop-
ylene glycols, which are present in channels created by the
stacked cyclodextrin tori running through the crystalline
lattices.”!

Here, we report a series of single-crystal X-ray super-
structures of donor—acceptor polypseudorotaxanes. Remark-
ably, although the oligomeric chains are undoubtedly discrete
and monodisperse, they nevertheless appear to be infinite in
the crystal. These polypseudorotaxanes lie on polymeric
crystalline lattices with oligomer end-groups constituting
crystallographically invisible defects in their superstructures.
It follows that the solid-state superstructures of the corres-
ponding high-molecular-weight “genuine” polypseudorotax-
anes can be described in full atomic detail despite the fact that
single crystals of these supramolecular polymers have not
been, and may never be, obtained.

A series of donor-acceptor oligorotaxanes, currently
under investigation'”! for their foldamer-like properties,
have been obtained from oligomeric chains containing
electron-rich 1,5-dioxynaphthalene (NP) units, separated by
tetraethylene glycol loops, and with cyclobis(paraquat-p-
phenylene) (CBPQT*") as the ring components. The secon-
dary structures of these foldamers are stabilized by a combi-
nation of C—H:-O hydrogen-bonding interactions and m—m
stacking interactions between the m-electron-rich NP units in
the polymer chains and the m-electron-deficient bipyridinium
(BIPY?") units in the CBPQT*" rings. Single-crystal X-ray
analyses of the complexes (Figure 1a) formed between
CBPQT*" and both 3NPP and 3NPE have revealed the
anticipated formation of [2]- and [3]pseudorotaxanes, respec-
tively, in which one CBPQT** ring encircles the central NP
unit in the first case, while two such rings encircle the two
outer NP rings in the second case. The crystal superstruc-
ture!" of the corresponding pseudorotaxane formed from the
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s similar unit-cell parameters

p. oH . 5 for the crystal. Although
@9 @ z E these pseudorotaxanes
D + appear to crystallize as supra-

Leas I—@—I molecular polymers, detailed
spectroscopic analyses con-

3NP CBPQT#

firm (see Figures S1-S4 in
the Supporting Information)
that the oligomeric chains are
indeed the pure, monodis-
perse oligomers SNPE and
SNP, respectively.

It is clear that the NP
chains in these superstruc-
tures are not high-molecular-
weight polymers: rather, one
in every six NP units present
in the superstructure must, in

reality, be absent. It is not
immediately apparent where
the vacancies occur: either
encircled NP units (Figure 2 a)
or those (Figure2b) in
between adjacent CBPQT**
rings are missing. Moreover,
because the solid-state super-
structure appears to be poly-
meric, there is evidently no
positional correlation
between  vacancies from
chain to chain, since such

Figure 1. a) Structural formulas and space-filling representations of the X-ray single-crystal superstructures
of the apparently infinite polypseudorotaxanes formed between CBPQT-4 PF; and b) 5NPE and c) 5NP, and

d) between DN38C10 and 5V-10 PFg.

pentameric SNPE and CBPQT*" reveals, however, an appa-
rently infinite polypseudorotaxane with the NP-containing
oligomers extending indefinitely throughout the superstruc-
ture (Figure 1b) and accommodating CBPQT*' rings on
every alternate NP unit. Furthermore, crystallization of
CBPQT-4PF; with a completely different NP-containing
oligomer—namely 5NP (Figure 1c), where the terminal
polyether chains present in SNPE are now absent—results
in the identical polypseudorotaxane superstructure!'” being
observed (Figure 1¢) with the same space group and very
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a feature would result in an
ordered, discrete-chain super-
structure, which is not
observed. The occupancies of
the two crystallographically
unique SNPE superstructures
(Figure 2a,b) are thus min-
gled so that they sum to a
1/6th vacancy. Site occupancy
factors for the encircled and
non-encircled NP units were
determined to be 0.900 and
0.767, respectively, thus indi-
cating a preference for the
vacancies to occupy regions
between the CBPQT*" rings,
rather than the cavities inside
them.

There are two possible scenarios for the adoption of
a “polymeric” crystal superstructure by the complexes formed
between SNP and CBPQT*". One (Figure 3a) has only the
polyether end-loops missing, so that the encircled “polymer
chain” alternates between three and two CBPQT*" rings per
oligomer. The other scenario (Figure 3b) comprises only
three CBPQT*" rings per oligomer, thus leaving the terminal
polyether loops and terminal NP units vacant from between
every clutch of three CBPQT*" rings. In the first case, the
atoms of the polyether loops are absent in only 1/5th of their

DN38C10
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Figure 2. Space-filling representations of the infinite-chain lattice
superstructures of the complexes formed between SNPE and CBPQT**
in which the vacancies occur a) within the cavities of the rings and

b) between the rings.

sites, whereas, in the second case, the polyether loops and NP
units are absent in 1/3rd of their sites. Both models were
tested and a better refinement was achieved for the first one.
Since other spectroscopic data suggest that the supramolec-
ular species can exist in multiple states'¥ it is possible that
this crystal comprises a mixture of two and three CBPQT*"
rings on the SNP units. In any event, the single-stranded
polypseudorotaxanes!™¥! are organized into densely packed
parallel-layered superstructures (see Figures S5 and S6 in the
Supporting Information), with the spaces between the layers
being filled with solvent molecules and counterions.

The adoption of polymeric lattices by oligomers in
previous work can be ascribed!™ to the heterogeneous
nature of the oligomeric chains and consequent disorder in
the crystal,' whereas in the present study we show that
polymeric lattices can be preferred even for rigorously pure,
homogeneous oligomers. It would appear that the critical
chain length for the formation of the polymer lattice in the
crystal occurs between 3NPE and SNPE. The fact that there
must be a minimum critical chain length for the formation of
the polymer lattice was confirmed by crystallizing the shorter
3NP oligomer with CBPQT-4 PF, to afford a [2]pseudorotax-
ane in which the ring encircles only the NP unit so as to
maximize donor—acceptor interactions. This superstructure
(see Figure S7 in the Supporting Information) is completely
distinct from that found for the polypseudorotaxanes based
on SNPE and 5NP. Crystals of complexes incorporating
longer, but still monodisperse, NP oligomers such as the 7-, 9-
and 11-mers, grown in the presence of CBPQT-4PF,, had

Figure 3. Space-filling representations of the infinite-chain lattice
superstructures of the complexes formed between 5NP and CBPQT*,
showing the presence of a) vacant polyether end loops and b) vacan-
cies between CBPQT*" rings.
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unit-cell dimensions identical to those of the complex formed
between SNP and CBPQT*". This finding indicates that these
higher homologues also crystallize to form the same polymer
lattice.

To test the generality of the principle of polypseudo-
rotaxane formation in donor-acceptor complexes, the elec-
tronic properties of the oligomeric and ring components were
reversed. Even though the electron-deficient oligomer!!”
5V is much more compact and rigid than its SNPE
counterpart,'® single-crystal X-ray analysis'” of the complex
formed between 5V-10PFg and 1,5-dioxynaphtho[38]crown-
10 (DN38C10)® once again reveals (Figure 1d)
a polypseudorotaxane in which the DN38C10 ring encircles
every other BIPY*" unit in the oligomer, which once again
adopts a zigzag conformation. This solid-state superstructure
is analogous to that observed for the complex formed
between SNP and CBPQT-4PF,. To produce discrete 5V'°*
chains, one in every five paraphenylene linkers has to be
absent. The atoms in the paraphenylene rings were thus
refined with a site occupancy factor of 0.80. In this case, the
oligomeric chains contain five BIPY>" units and are either
encircled by two or three DN38C10 rings in a crystal,
comprising a mixture of both pseudorotaxanes (Figure 4).
Once again, there are no long-range, longitudinal correlations

Figure 4. Space-illing representations of the infinite-chain lattice
superstructures of the complexes formed between 5V-10 PF; and
DN38C10, showing a vacant paraphenylene linker.

between chains, leading to a pseudopolymeric superstructure.
The single-strand polypseudorotaxane is organized into
a densely packed parallel-layered superstructure (see Fig-
ure S10 in the Supporting Information), with the space
between the layers being filled with solvent molecules and
counterions. The requirement for a minimum critical chain
length for polypseudorotaxane formation in the crystal is also
evident here, from a comparison with the discrete [2]pseu-
dorotaxane observed®! previously in the solid-state super-
structure of 3V-6PF,CDN38C10 comprising three BIPY*"
units and a DN38C10 ring.

Thus, above a certain chain length, the superstructures
derived from mixed pseudorotaxane components adopt the
same crystal lattices as those based on authentic high-
molecular-weight polypseudorotaxanes. The crystal super-
structures of these polypseudorotaxanes can be employed to
predict the corresponding crystal structures of related poly-
rotaxanes, even when the latter cannot be obtained in
a single-crystalline form.
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Experimental Section

Complex between SNPE and CBPQT-4PF: Colorless solutions of
SNPE in MeCN (4 mMm, 0.2 mL) and CBPQT-4PFy in MeCN (4 mM,
0.6 mL) were mixed together to produce a deep-red solution, which
was passed through a Pall syringe filter (pore size 0.45 um) into VWR
culture tubes (6 x 50 mm). The tubes were allowed to stand at room
temperature in a closed scintillation vial containing iPr,0O (5 mL).
After 1 week, red crystals appeared in the tubes, from which a red
tabular crystal, with dimensions of about 0.16 x 0.08 x 0.05 mm?, was
selected and mounted using oil (Infineum V8512) on a glass fiber and
transferred to the cold gas stream cooled by liquid N, on a Bruker
APEX-II CCD with graphite monochromated Moy, radiation. The
structure was solved by direct methods and refined subsequently
using OLEX2 software.?
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