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A highly water-soluble tetrahedral compound T1 that contains one tetraphenylmethane core and four
2-oxynaphthelene-CH,-4,4'-bipyridinium (NP-CH,-DIPY) side arms has been prepared. Control experi-
ments reveal that NP-CH,-BIPY undergoes antiparallel dimerization which is stabilized by two charge
transfer interactions with NP as an electron-rich donor and BIPY as an electron-deficient acceptor. This
binding motif drives T1 to aggregate into a nanoscale supramolecular polymer SP in water. Adding 2
equivalents of cucurbit[8]uril to the solution of SP leads to the formation of a more stable three dimen-
sional supramolecular polymer CBSP through a 2 + 2 binding motif in which two CBI[8] rings encapsulate
one charge transfer complex formed by the antiparallel NP-CH,-DIPY dimer. As a water soluble porous
supramolecular polymer, CBSP exhibits a remarkable confinement effect for visible light-induced proton
reduction to produce hydrogen and L-methionine thioether oxidation to the corresponding sulfoxide
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Introduction

Supramolecular polymers have emerged from the combination
of conventional covalently bonded polymers and non-covalent
bonding motifs."™"" Pioneering works by Lehn and Meijer trig-
gered extensive investigations of hydrogen bonding as a
driving force for the generation of supramolecular
polymers,">™® which were followed by the applications of
other non-covalent forces, including coordination,'®'” donor-
acceptor interaction,"®"® solvophobicity>** and ionic pairing
electrostatic interaction.>* 2® Most of the early reports of supra-
molecular polymers have been realized in organic media of
low polarity. Hydrophobicity provides the most efficient
approach to construct supramolecular polymers in water.>”
In this context, many robust connecting patterns have been
developed through encapsulation of cyclodextrins and cucurbi-
turils for hydrophobic monomeric or dimeric species.**°7°
The application of polymeric and multitopic building blocks
has allowed for the fabrication of three-dimensional (3D)
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supramolecular polymers in water with enhanced stability that
is not attainable for linear systems. In recent years, such 3D
supramolecular polymers have been vigorously investigated as
biocompatible materials for self-healing, drug delivery and
bioimaging.*” *° Further development of 3D water-soluble,
porous supramolecular polymers should open new opportu-
nities for the exploration of novel porosity-based functions in
aqueous media. Currently, examples of the application of
supramolecular polymers for homogeneous catalysis in
aqueous media are very rare.*"*> To expand this potential, the
establishment of new binding patterns for the construction of
functional supramolecular architectures is highly desirable.
We previously reported the generation of water-soluble,
three-dimensional supramolecular polymers from the co-
assembly of cucurbit[8]uril (CB[8]) and rationally designed
multitopic building blocks,**™*> which is driven by the encap-
sulation of the CB[8] macrocycle for intermolecular homodi-
mers of peripheral hydrophobic aromatic units of the multito-
pic building blocks.>*> Given the high stability of the 2 + 2
complexation patterns formed between CB[8] and elongated
aromatic guests,*®>" we envisioned that the implementation
of this enhanced binding motif might lead to the generation
of new, highly stable 3D supramolecular polymers that exhibit
unique functions. We herein describe that a tetraphenyl-
methane-cored compound that bears four donor-acceptor-type
side arms can co-assemble with CB[8] in water to form a
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highly stable charge transfer complexation-based porous
supramolecular polymer, which exhibits a remarkable confine-
ment effect in water for enhanced visible light-induced proton
reduction and thioether oxidation to afford hydrogen gas and
a sulfone.

Results and discussion

When an electron-rich aromatic unit is connected to an elec-
tron-deficient aromatic unit with a short linker that does not
allow for intramolecular interaction, the resulting ditopic
molecule may stack to form a homodimer stabilized by two
intermolecular donor-acceptor interactions or charge transfer
complexations.*®>' The encapsulation of one CB[8] macrocycle
for the single donor-acceptor complex can further stabilize the
whole dimer through multivalency.’>** Zhang et al. utilized
this strategy to construct a main-chain supramolecular
polymer from 1',1"-(butane-1,4-diyl)bis(1-(anthracen-2-
ylmethyl)-4,4"-bipyridine-1,1-diium) bromide.>® To develop a
new binding motif to fabricate highly stable 3D supramolecu-
lar polymers in water, we designed and synthesized a tetra-
hedral compound T1 which bears four hydrophilic diglycol
chains (Scheme 1). It was envisioned that the 2-oxynaphthe-
lene and 4,4"-dipyridinium units in the four peripheral aro-
matic arms would undergo intermolecular dimerization which
could be further stabilized by two CB[8] macrocycles to afford
a 3D donor-acceptor-type supramolecular polymer.

The synthetic route to compound T1 is shown in Scheme 1.
Compounds 1 and 2°° were condensed in acetonitrile under
reflux to afford compound 3 in 83% yield. Compound 3 was
then reduced with LiAlH, in tetrahydrofuran to give compound
4 in 97% yield. The treatment of 4 with phosphorus tribromide
produced 5 in 58% yield. Finally, compound 5 was condensed
with 6°® in N,N-dimethylformamide to afford T1 in 66% yield,
which had good solubility in water (>2.5 mM). Compounds
M1, M2 and BVM were prepared as control molecules. The
details for their synthesis are provided in the ESL

The '"H NMR spectrum of compound T1 in D,O exhibited
one set of signals. When CB[8] was added to the solution, the
resolution of the signals continuously decreased and the spec-
trum of their 1:4 mixture only gave rise to broad unidentifi-
able signals (Fig. S1). This observation indicated that strong
binding occurred between the two compounds, but the
binding stoichiometry could not be established. Thus, *
NMR titration experiments were carried out for control M1 and
CB[8] in D,0. Upon the addition of CB[8], a new set of signals
appeared, whereas those of free M1 became weakened
(Fig. 1a). With the increase of the amount of CB[8], this set of
signals became enhanced, but did not undergo any shifting.
When 1.0 equivalent of CB[8] was added, the signals of free
M1 vanished completely. Adding another 1.0 equivalent of
CB[8] did not cause the generation of new signals. These
results confirmed that the two components formed a very
stable 2 + 2 complex, which did not undergo quick exchange
with the free components on the 'H NMR timescale. The
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Scheme 1 The structures of compounds T1, M1, M2, BVM and Nay[Ru
(BDC)3] and the synthetic route to compound T1.
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Fig. 1 (a) *H NMR spectra of the mixture of M1 (5.0 mM) and CBI8] (0,
0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5 and 2.0 equiv.) in D,O at 25 °C. (b) 2 + 2
binding pattern between M1 and CB[8] revealed by the above 'H NMR
spectra in D0, highlighting a slipped antiparallel stacking of the aro-
matic units of two molecules of M1 in the cavity of the CBI8]
macrocycles.

signals of M1 within the downfield area in the CB[8]-free solu-
tion and the solution of its 1:1 mixture were assigned using
the 2D NMR technique (Fig. S2 and S37). A comparison of the
two spectra revealed that the signals of «’- and 2-5-H of M1
underwent significant upshifting, which can be attributed to
the shielding of the CB[8] macrocycle through encapsulation.
In contrast, the signals of a-, p-, p-, 1- and 6-H shifted down-
field pronouncedly, which could be caused by the de-shielding
of the CB[8] macrocycle and possibly also by forming inter-
molecular hydrogen bonding with the carbonyl oxygen atoms
of CB[8]. These results supported that the two compounds
formed a 2 + 2 complex with the binding pattern shown in
Fig. 1b.

UV-vis spectra were then recorded for both M1 and T1 with
the addition of an incremental amount of CB[8] (Fig. 2). For
both compounds, adding CB[8] caused a significant decrease
of the absorption centred at 233 nm, which gave an inflection
point when 1.0 or 4.0 equiv. of CB[8] were added. This is
because T1 bears four side arms that can bind to CB[8]. These
results indicated that both compounds formed stable com-
plexes with CB[8] at the respective low concentration. By
assuming a low limit of 95% of the two components that
formed the 2 + 2 complexes, the association constant (K,) for
the four-component complex (M2),C(CB[8]), could be calcu-
lated to be 1.9 x 10'® M~ whereas the apparent K, for the
similar complexes formed by the side arms of T1 and CBJ[8]
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Fig. 2 UV-vis absorption spectra of (a) M1 (20 pM) and (b) T1 (2.5 pM)
in water in the presence of an incremental amount of CBI[8] at 25 °C.
Inset: the absorbance at 233 nm vs. [CB[8]]/[M1] or [T1].

was determined to be 1.5 x 10" M. The latter was substan-
tially larger than the former, well reflecting the multivalency of
the tetratopic molecule in binding to CBJ[8].
2,6-Dialkoxynaphthalene has been demonstrated as an elec-
tron-rich aromatic unit to produce intermolecular donor-
acceptor complexes.*®*”>® We conjectured that the 2-alkoxy-
naphthalene unit at a high concentration might also function
as an electron-rich donor to form similar complexes, which
can be further enhanced through CB[8] encapsulation in
water. We thus further recorded the UV-vis absorption spectra
of M1 and T1 at high concentrations. The UV-vis absorption
spectrum displayed a broad absorption band around 390 and
408 nm (Fig. 3a), respectively. Adding 1.0 or 4.0 equivalents of
CB[8] to their solution caused significant enhancement of this
absorption band and the maximum absorption wavelength
also shifted to 405 and 420 nm, respectively. With or without
the addition of CB[8], this absorption band exhibited an iden-
tical molar absorption coefficient (&) that was independent of
the concentration (Fig. S4-S71). For T1, the ¢ values were 393
and 206, and for M1, the values were 134 and 62. Consistent
with the above observations, the aqueous solutions of com-
pounds T1 and M1 were brown and light brown (Fig. 3b),
which were dependent on the concentration, while adding
CB[8] caused darkening of the colour. Because both controls
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Fig. 3 (a) UV/vis absorption spectrum of the solution of CBSP (T1 +
2CBI8]), SP (T1), M1 + CBI8], M1, BVM + M2 + CBI[8], BVM + M2, M2 and
BVM in water. For all the solutions, the concentration of the NP and/or
BIPY units was kept at 1.0 mM. (b) The photographs of the different solu-
tions highlighting their colours. For all the solutions, the concentration
of the BIPY unit was controlled at 5.0 mM.

M2 and BVM did not exhibit significant absorption within the
range of long wavelengths (>350 nm) (Fig. 3a and b), these
results supported that both M1 and T1 formed charge transfer
complexes, which were further strengthened by CB[8]. These
observations showed that encapsulation complexation of CB[8]
for the donor-acceptor dimer of M1 was remarkably enhanced
in the 2 + 2 binding as compared with the simple three-com-
ponent complexation. The results also showed that the charge
transfer complexes formed by T1 was more stable than those
of M1 in the absence or presence of CB[8].

Since the UV-vis absorption spectra could not be recorded
for the solution of even higher concentrations, we then con-
ducted 'H NMR experiments for the solution of M1 and T1 at
concentrations higher than those used for the above UV-vis
spectroscopy. When the concentration of T1 was increased
from 0.5 mM to 2.5 mM, which corresponded to the concen-
tration of 2.0 and 10 mM for the appended aromatic arms, the
signals of the protons of the bipyridinium and naphthalene
units in the 'H NMR spectrum all underwent significant
upshifting (0.1-0.6 ppm) (Fig. S8T). Accompanied by this con-
tinuous upshifting of the signals, their resolution also
decreased gradually, indicating increasing intermolecular
stacking. In contrast, for M1, increasing the concentration
from 2 mM to 10 mM did not cause large shifting of the
signals of the two aromatic units (Fig. S9t). These results
further confirmed that the bipyridinium and naphthalene
units of T1 formed more stable charge transfer complexes.
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Fig. 4 Dynamic light scattering profile of (a) the solution of M1 and T1
in water and (b) the solution of the mixture of M1 (1: 1) and T1 (1: 4) with
CBI[8] in H,O at 25 °C.

Dynamic light scattering (DLS) experiments further revealed
the formation of large aggregates by T1 in the absence and
presence of CB[8] (Fig. 4). At a high concentration of 5.0 mM,
the solution of M1 gave rise to a very small hydrodynamic dia-
meter (Dy) of 1.5 nm. With the addition of 1.0 equivalent of
CB[8], Dy; was increased slightly to 2.3 nm, which was still very
small. In contrast, at a concentration of 1.25 mM, which corre-
sponded to the concentration of 5 mM for the four side arms,
the Dy value was determined to be 68 nm. With the addition
of CB[8] (5 mM), the Dy value was increased to 165 nm. Both
results reflected that T1 itself underwent significant aggrega-
tion to afford nanoscale supramolecular entities, which were
converted into even large supramolecular entities through
binding with CB[8]. As expected, diluting the solution caused
the decrease of the Dy value for both T1 and its mixture with
CB[8] (Fig. 4 and S107). However, even at a low concentration
of 0.0075 mM, two solutions still gave rise to Dy of 6.5 and
10 nm. Taken together, the above 'H NMR, UV-vis and DLS
experiments consistently supported that T1 aggregated in
water to afford a charge transfer-type supramolecular polymer
SP and its 1:4 mixture with CB[8] gave rise to a more stable
and even larger 3D supramolecular polymer CBSP (Fig. 5).
Given the tendency of tetrahedral building blocks to form 3D
porous architectures in solutions, we propose that the 3D

This journal is © the Partner Organisations 2022
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Fig. 5 Representation of the self-assembly of the 3D supramolecular
polymer CBSP from T1 and CB[8] in water and its inclusion of the photo-
sensitizer and the POM catalyst.

supramolecular polymers formed by T1 and CB[8] should
possess intrinsic porosity. By assuming an ideal 3D diamond-
oid structure, CBSP would form porous channels with an aper-
ture diameter of 4.0 nm (Fig. S117%).

Porous organic polymers are ideal materials for the attain-
ment of the confinement effect for catalysing various hetero-
geneous chemical transformations.®®®> We have also demon-
strated that homogeneous 3D porous supramolecular organic
frameworks can exhibit an important confinement effect for
homogeneous photocatalysis in aqueous media.®®"®® The high
stability of CBSP allows it to maintain a nanoscale size at
micromolar concentrations of the building blocks. We thus
studied the capability of CBSP for simultaneous enrichment of
the photosensitizer Na,[Ru(BDC);] (PS, BDC = 2,2"-bipyridyl-
4,4'-carboxylate) (Scheme 1) and the Keggin-type polyoxometal-
late catalyst NazPW;,0,, (POM), which forms an important
integrated photocatalytic system for visible light induced
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reduction of protons into H,.°”’° This enrichment was
expected to take place due to the multianionic character of
both species, which should lead to the inclusion of the two
species in the interior of CBSP driven by multivalent ionic
pairing electrostatic attraction. Dialysis experiments using a
membrane filter (molecular weight cut-off: 2.0 kDa) for the
solution of CBSP ([T1] = 0.1 mM) and Na,[Ru(BDC);] (20 pM)
showed that CBSP could completely suppress the diffusion of
the photosensitizer,’” which confirmed the efficient adsorp-
tion of the photosensitizer by the porous supramolecular
polymer (Fig. S12%). This adsorption or inclusion would
increase their efficient concentration in the interior of the
polymer and thus facilitate electron transfer once the photo-
sensitizer molecules are excited by visible light. Hydrogen evol-
ution reaction (HER) experiments were then conducted by irra-
diating an aqueous solution (2 mL) that contained PS (20 pM),
POM (2 pM) and CBSP at different concentrations. The results
are presented in Table 1. In the absence of CBSP, the turnover
number (TON) for the HER was determined to be 43 (entry 1).
Adding 25, 50 and 100 pM CBSP could improve the TON to
208, 538 and 1683 (entries 2-4), respectively, which represents
a 4.8, 12.5 and 39.1-fold increase of the TON. Further addition
of CBSP did not cause the increase of the TON (entries 5 and
6), which may be rationalized by considering that both PS and
POM had been completely included in the interior of CBSP
and further addition of CBSP would rather decrease the appar-
ent concentration of PS and POM in its interior. With the
addition of SP at 100 pM, the TON was determined to be 78
(entry 7), which indicated that SP (T1) only slightly promoted
the catalytic efficiency of the PS-POM system. The important
confinement effect displayed by CBSP should reasonably
reflect its increased stability and probably the pore rigidity due
to the encapsulation of CB[8] for T1. When M1 or its
1:1 mixture with CB[8] was added at an identical concen-
tration of the donor and acceptor, the TON was found to be 36
and 61 (entries 8 and 9). Given their high concentration, these
results showed that they did not impose significant influence
on the catalysis of the PS-POM system.

Table 1 Visible light-induced proton reduction into hydrogen gas in
the presence of CBSP or the control compound or the mixture?

b

CBSP or Conc. Time PS POM

Entry control (1M) (h) ™M) (1M) TON*
1 CBSP 0 24 20 2 43

2 CBSP 25 24 20 2 208
3 CBSP 50 24 20 2 538
4 CBSP 100 24 20 2 1683
5 CBSP 150 24 20 2 1323
6 CBSP 200 24 20 2 987
7 SpP 100 24 20 2 78

8 M1 400 24 20 2 36

9 M1+ CB[s] 400 24 20 2 61

“The hydrogen evolution reaction was conducted under irradiation of
a xenon lamp (300 W, light power density: 200 mW cm™?) for 24 h in
the acid solution (pH = 1.8) containing methanol (20%, v/v) with a
total volume of 2.0 mL. ” For CBSP, referred to as [T1]. “TON deter-
mined by analysing the headspace gas with GC.
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It has been reported that the bipyridinium radical cation
(BIPY™") can produce reactive oxygen species (ROS) in the pres-
ence of aerobic O,.”" We thus further studied the potential of
CBSP for photocatalytic aerobic oxidation of organic sulfides
to sulfoxide derivatives, for which r-methionine (Met-S) was
used as a model substrate. The photocatalytic oxidation of
Met-S to the sulfoxide derivative Met-S—O has been recently
investigated by Stoddart et al. with BIPY-derived [2]catenane as
a catalyst.”? Under the standard reaction conditions, no oxi-
dation of Met-S took place. In the presence of CBSP
(10 mol%), the reaction proceeded smoothly (Table 2, entries
1-7). After 18 h, 90% of Met-S was consumed to afford Met-
S=O0 in 88% yield. When the reaction time was <18 h, no
sulfone derivative was detected from the reaction. When the
reaction time was increased to 24 h, Met-S could be consumed
completely, but the yield of Met-S=—O was reduced to 74%, due
to further oxidation of Met-S=—O to the corresponding sulfone
derivative which was confirmed by observing the formation of
the sulfone derivative. In the presence of SP with an identical
concentration (10 mol%) of T1, irradiating the solution for
18 h led to 68% consumption of Met-S and Met-S—O was pro-
duced in 65% yield (Table 2, entry 8). Clearly, the formation of
the BIPY™" radical cations by CBSP through visible light-
induced electron transfer from Met-S was more efficient than
that by SP. That is, CBSP also exhibited an important confine-
ment effect for this organic transformation as compared with
SP. With the decrease in the amount of both SP and CBSP, the
corresponding yield of Met-S=O was reduced (Table 2, entries
9-12). However, CBSP consistently displayed higher catalytic

Table 2 Oxidation of L-methionine in the presence of CBSP or different
controls®

(0} o (0}
S\/\‘)k Catalyst, O, gV\Hk
Me” OH ——— > Me~ OH
NH, Blue light, r.t. NH,
Met-S Met-S=0
CBSP or Amount Time  Met-S Met-5=0"
Entry control (mol%) (h) Conv.” (%) Yield (%)
1 CBSP 10 6 29 26
2 CBSP 10 9 53 46
3 CBSP 10 12 67 59
4 CBSP 10 15 75 71
5 CBSP 10 18 90 88
6 CBSP 10 21 93 79
7 CBSP 10 24 100 74
8 SP (T1) 10 18 68 65
9 CBSP 5 24 43 34
10 SP (T1) 5 24 15 12
11 CBSP 2.5 24 31 22
12 SP (T1) 2.5 24 10 8
13 M1 40 18 8 7
14 M1+ CB[8] 40 18 12 9

“Standard reaction conditions: Met-S (5 mmol), CBSP (0.5 mmol,
10%) in H,O (2 mL), irradiation with a blue LED strip (total 18 W, light
power density: 7 mW cm ™) under an aerobic oxygen atmosphere at
25 °C. " The conversion of Met-S and the yield of Met-S=0 were deter-
mined by HPLC.
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activity. With an identical BIPY*" concentration (40 mol%), M1
or its 1:1 mixture with CB[8] only caused very low conversion
of Met-S and the formation of Met-S=O (Table 2, entries 13
and 14). All the results are consistent with those revealed
above for the photocatalytic reduction of protons to hydrogen,
again supporting the important confinement effect of CBSP. In
water, CBSP should not be able to adsorb hydrophilic Met-S in
its interior. Thus, this confinement effect might be rational-
ized by considering that CBSP produces a high local concen-
tration of BIPY”" units in the supramolecular polymer, which
facilitated its single electron reduction to BIPY"" by Met-S
molecules in the interior of the supramolecular polymer and
subsequent electron transfer from BIPY'' to O, to produce
O,"". In this way, the oxidation of Met-S could be accelerated
remarkably in the interior of CBSP.

Conclusions

In summary, we have demonstrated that the cucurbit[8]uril
encapsulation-based 2 + 2 donor-acceptor binding pattern can
be utilized to construct a highly stable, water-soluble 3D
porous supramolecular polymer from a tetrahedral building
block. The new supramolecular polymer possesses a nanoscale
size at micromolar scale concentrations. The new porous
supramolecular polymer has been revealed to exhibit a remark-
able confinement effect not only for visible light-induced
proton reduction to hydrogen gas by simultaneously including
a ruthenium complex photosensitizer and a polyoxometalate
catalyst, but also for aerobic oxygen oxidation of methionine
thioether to the corresponding sulfoxide derivative. This work
opens up a new possibility for the application of the cucurbit
[8] encapsulation-based 2 + 2 binding pattern to fabricate func-
tional supramolecular architectures.
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