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Abstract: Supramolecular polymers are constructed based on
the novel bis[alkynylplatinum(Il)] terpyridine molecular
tweezer/pyrene recognition motif. Successive addition of
anthracene as the diene and cyano-functionalized dienophile
triggers the reversible supramolecular polymerization process,
thus advancing the concept of utilizing Diels—Alder chemistry
to access stimuli-responsive materials in compartmentalized
systems.

Supramolecular polymers are defined as polymeric arrays
held together by reversible noncovalent interactions, and the
fundamental recognition motifs exert considerable influence
on their macroscopic properties.! Macrocyclic hosts and their
complementary guests, attributing to the high directional and
inherent responsive properties for host—guest interactions,
have been widely exploited for the construction of supra-
molecular polymers.) However, these macrocyclic hosts are
commonly symmetrical and rigid, thus not only resulting in
poor solubility, but also suffering from problems such as
tedious synthesis and low yield for the functionalization of the
host. Additionally, guest species suitable for encapsulation
into the macrocyclic hosts are rather limited. In this respect,
acyclic receptors such as molecular tweezers, on account of
their preorganized yet sufficient flexible properties, could
sandwich a variety of guest moieties and overcome the
limitations encountered by their macrocyclic counterparts.
Up to now, little effort has been devoted to replacing
macrocyclic hosts by the tweezer receptor,[’! which expands
the host-guest toolbox and represents a more versatile
strategy for the fabrication of supramolecular polymeric
assemblies.

Recently, Yam and co-workers described a novel molec-
ular tweezer possessing two pincerlike alkynylplatinum(1I)
terpyridine units connected by rigid spacer.’! The predeter-
mined distance of the two electron-deficient pincers facili-
tates recognition of a variety of electron-rich arenes through
charge-transfer interactions. Inspired by these results, we
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endeavored to construct well-organized supramolecular poly-
meric arrays based on such a tweezer/arene recognition motif.
Specifically, we designed the molecular tweezer 1 having
pendant hydroxy group, which efficiently tethers the comple-
mentary pyrene unit to afford the heteroditopic AB-type
monomers 2-3 (Scheme 1). Enthalpically favorable tweezer/
pyrene complexation guarantees the formation of the linear
supramolecular polymers 4 in a head-to-tail fashion. The
presence of flexible alkyl spacers on 2 and 3 is expected to
decrease conformational entropy for the multiple tweezer/
pyrene recognition processes.”)

On this basis, we sought to impart stimuli-responsive
properties to the resulting supramolecular polymers 4 by
taking advantage of the unique tweezer/arene recognition
behavior. To date, the switching elements in response to
external stimuli are predominantly embedded in the supra-
molecular building blocks themselves.'”! In contrast, employ-
ment of a second component as the stimuli-responsive
auxiliary, which allows for the emergence of cascade signal
transduction, has been far-less explored.[“] It should be noted
that such a protocol is advantageous for the achievement of
programmed supramolecular systems having increasing com-
plexity.'”! Herein, the anthracene derivatives 5 (Scheme 1)
were chosen as the auxiliaries, based on the following two
considerations. First, in view of the planar and aromatic
structural features, 5 could potentially enter the cavity of the
molecular tweezer and thus serve as the chain stoppers to
trigger the disassembly of the supramolecular polymers 4.
Second, § has been proven to undergo Diels—Alder reactions
with the cyano-functionalized dienophile 6 to quantitatively
afford the adducts 7,'”) which disrupts the planarity and
aromaticity of the anthracene moieties and would thereby
decomplex from the molecular tweezer unit. Consequently, it
leads to the reformation of the supramolecular polymers 4 in
compartmentalized systems. Therefore, we anticipate that
with the elaborate manipulation of Diels—Alder chemistry,
the supramolecular polymerization process, directed by
tweezer/arene recognition, could be precisely regulated.

The synthetic routes towards the targeted compounds 1-3
are quite straightforward (see Schemes S1-S3 in the Support-
ing Information). The key step involves a diphenylammonium
triflate (DPAT) catalyzed synthesis of the diphenylpyridine
backbone (Scheme S1), thus representing a new and conven-
ient method to access the tweezer structure having a pendant
functional group. Subsequent condensation of 10 with pyrene
derivatives, followed by copper(I)-catalyzed coupling with
chloroplatinum(II) terpyridine, afforded the desired hetero-
ditopic monomers 2 and 3 (Schemes S2-S3). The proposed
structures of the synthetic compounds were verified by NMR
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Scheme 1. Schematic representation for the utilization of Diels—Alder chemistry to access responsive supramolecular polymers 4 derived from the
monomers 2 and 3. The bis[alkynylplatinum(l1)] terpyridine molecular tweezer/pyrene recognition motif is shown in the frame.

spectroscopy and mass spectra (see Figures S1-S21 in the
Supporting Information). The bulky fert-butyl groups on the
molecular tweezer could significantly prevent self-association
and thereby enhance solubility in chlorinated solvents.
Noncovalent complexation between the molecular
tweezer 1 and pyrene was first clarified. For 1 itself, signal
broadening phenomenon is observed for the aromatic protons
in the '"HNMR spectrum and is mainly ascribed to the
irregular capture of one diphenylpyridine by another molec-
ular tweezer unit (see Figure S13 in the Supporting Informa-
tion). In contrast, upon addition of equimolar amounts of
pyrene to 1, the resulting '"H NMR spectrum shows defined
sharp signals, which definitely supports the preferential
complexation between 1 and pyrene (see Figure S24f in the
Supporting Information). Furthermore, the molar ratio plot,
derived from 'H NMR titration experiments, provides the
explicit evidence for 1:1 binding stoichiometry between 1 and
pyrene (see Figure S23 in the Supporting Information).
Temperature-dependent 'H NMR measurements for an equi-
molar solution of 1 and pyrene in [D,]tetrachloroethane were
also performed (see Figure S24 in the Supporting Informa-
tion). Briefly, both the terpyridine protons on 1 and the
pyrene protons exhibit remarkable downfield shifts at ele-
vated temperature, while no obvious changes occur for the
diphenylpyridine protons. Hence, it validates that intermo-
lecular charge-transfer interactions between the platinum(II)
terpyridine and pyrene units are the intrinsic driving forces
for molecular tweezer/pyrene complexation.
Alkynylplatinum(II) terpyridine units possess interesting
optical properties, which makes it easier for us to evaluate the
tweezer/guest binding affinity using spectroscopic tech-
niques.®™ For 1, MLCT (metal-to-ligand charge transfer)
and LLCT (ligand-to-ligand charge transfer) bands are
located predominately between 4 =400 and 500 nm in UV/
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Vis spectrum (Figure 1a, inset), meanwhile the maximum
emission signal appears at A=584 nm (Figure 1b, inset).
Progressive addition of 1-pyrenemethanol to 1 leads to
a gradual decrease of the intensity for the MLCT/LLCT
absorption bands (Figure 1a). Treatment of the collected
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Figure 1. The intensity changes of a) absorbance at A=460 nm and
b) emission intensity at A =606 nm upon addition of 1-pyrenemetha-
nol. The solid line was obtained from the nonlinear curve-fitting.
Insets: arrows show a) UV/Vis absorption and b) emission spectral
changes of 1 (5.00x 107° M) upon addition of 1-pyrenemethanol.
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absorbance data at A =460 nm with a nonlinear curve-fitting
equation [see Eq.(S1) in the Supporting Information]
afforded the corresponding association constant K,=
(1.434£0.02) x10*m" for 1/1-pyrenemethanol. A similar
result [K,=(1.11£0.10) x 10*M"!] was also acquired based
on the titration curve obtained from fluorescence data
(Figure 1b). When unsubstituted pyrene acts as the guest,
the association constants calculated from UV/Vis and fluo-
rescent measurements are (2.27 40.05) x 10°m~" and (4.17 +
0.05) x 10°M~", respectively (see Figure S25 in the Supporting
Information). All of the titration experiments confirm the
strong tweezer/pyrene complexation behavior, which lays the
foundation for the construction of the supramolecular poly-
mers 4.01%

We then turned to examining the supramolecular poly-
merization behavior for the two heteroditopic monomers 2
and 3. "H NMR measurements show that the tweezer/pyrene
complex is susceptible to temperature variation (Figure 2). At
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Figure 2. Partial '"H NMR spectra (400 MHz, C,D,Cl,) of 2 (20.0 mm)
at different temperatures: a) 363; b) 348; c) 333; d) 318; e) 308;

f) 298 K. H,, denotes the protons on pyrene unit.

high temperature, the '"H NMR spectrum of 2 exhibits well-
defined sharp signals (Figure 2a), thus indicating the domi-
nance of monomeric species. When the solution was cooled
down from 363 K to 298 K, H,;, and H;, which neighbor the
pyrene unit, exhibit slight downfield and upfield shifts,
respectively. Meanwhile, the pincer terpyridine protons H; 5
4 appear in the upfield region (Ad=-0.15, —0.17 and
—0.17 ppm for H;, H;, and H,, respectively; Figure 2). The
apparent chemical shift changes demonstrate the temper-
ature-dependent encapsulation of pyrene into the cavity of
the molecular tweezer unit.

Concentration-dependent "H NMR spectra of 2 were also
recorded at monomer concentrations between 0.44 and
31.1 mm (see Figure S29 in the Supporting Information).
Only one set of aromatic signals is present in the 'H NMR
spectra, thus revealing the involvement of fast-exchanging
noncovalent interactions on the NMR time scale. At high
monomer concentration, significant upfield shifts are
observed for the aromatic protons, along with the broadening
of all signals. A similar trend is also visualized for 3 (see
Figure S30 in Supporting Information), thus indicating that
both heteroditopic monomers are prone to aggregating into
high-molecular-weight assemblies with reduced mobility.
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Furthermore, sizes of the resulting assemblies were also
probed by two-dimensional diffusion-ordered NMR (DOSY)
spectra (see Figure S31 in the Supporting Information). As
the concentration of 2 increases from 5.00 mM to 80.0 mm, the
measured diffusion coefficients decrease dramatically from
858x107"" to 1.48x107"m?s™'. A similar tendency is
observed for the monomer 3, for which the diffusion
coefficients decline from 6.84x107" to 1.01x10'"m’s™'
under the same conditions. Hence, it is obvious that both
temperature and monomer concentration exert crucial
impacts on the formation of 4.

Viscosity experiments were performed to gain further
insight into the supramolecular polymerization process. For
the two heteroditopic monomers 2 and 3, both measurements
show distinct slope changes in the double logarithmic plots of
specific viscosity versus concentration (Figure 3a). In the low
concentration range, the slopes exhibit the values of 1.29 for 2
and 1.35 for 3, thus indicating the dominance of cyclic
oligomers with constant size. Remarkably, when the concen-
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Figure 3. a) Specific viscosity (chloroform, 298 K) of 1 (0), 2 (m), and
3 (V) versus the monomer concentration. b) Estimated number
average degree of polymerization (N) of 2 (solid line) and 3 (dash
line) as a function of monomer concentration.

tration exceeds the critical polymerization concentration
value (around 20 mm for both monomers), the curves of 2
and 3 approach the slopes of 1.83 and 2.03, respectively. Such
results denote the favorable transitions from cyclic species to
linear chains at high monomer concentration, and is consis-
tent with a ring-chain transition mechanism.!"¥ In contrast, no
obvious slope change occurs for the monotopic molecular
tweezer 1 (slope =1.35). Considering that 1-3 possess the
same r-conjugated units [alkynylplatinum(II) terpyridine
groups|, meanwhile the pyrene moiety in both 2 and 3
cannot stack on each other because it sits in the cavity of the
molecular tweezer, chain extension of the heteroditopic
monomers 2-3 at high monomer concentration can be
mainly ascribed to the effect of tweezer/pyrene complexation
rather than m—n stacking interactions. In addition, fibers could
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be drawn from a concentrated solution of 2, characteristic for
the entanglement of linear supramolecular polymers forming
connected macrosized aggregates (see Figure S33 in the
Supporting Information).

It is noteworthy that 3 tends to form relatively large
polymeric assemblies compared to those of 2, as depicted by
the higher slope (1.83 for 2 versus 2.03 for 3 for viscosity
measurements) and lower diffusion coefficient values (1.48 x
1071 for 2 versus 1.01 x 107 m*s™! for 3 for DOSY measure-
ments). The isodesmic model was then chosen to theoretically
calculate the average degree of polymerization, N, for the
resulting supramolecular polymers (Figure 3b and the Equa-
tion S3 in the Supporting Information). Briefly, when the
monomer concentration of 3 approaches 70 mmolL™!, N is
approximately 32 (total molar mass is 6.97 x 10* gmol ™),
whilst for 2 N is calculated to be 13 under the same
conditions.™®>1%l Hence, it suggests that different spacers on
the heteroditopic monomers influence the charge density of
the neighboring pyrene unit, thus leading to the stronger
tweezer/guest complexation in the case of 3.

Next, stimuli-responsive properties of the resulting supra-
molecular polymers 4 were investigated by taking advantage
of anthracene derivatives 5 as the chain-stopper moieties. The
recognition behavior between 5 and the monotopic receptor
1 was first tested, for which the K, values were determined to
be (3.33+£0.11)x10°m™* and (1.10+0.02) x 10°m~* for 9-
methylanthracene (5a) and 9,10-dimethylanthracene (5b),
respectively (see Figure S26 in the Supporting Information).
The decreased binding affinity for Sb implies that two methyl
substituents on the anthracene impart steric hindrance for
tweezer/guest association. Subsequently, the influence of
anthracene additives on the depolymerization of the hetero-
ditopic monomer 2 was monitored by 'HNMR titration
experiments (Figure 4a—f). Upon progressive addition of 5a
to 2, the pyrene unit is gradually converted to the uncom-
plexed state, as manifested by the apparent upfield shift for
the proton H,, (Figure 4a—f) and downfield shift for the
proton H; (see Figure S34 in the Supporting Information),
which is in agreement with the tendency observed in Figure 2.
Meanwhile, protons H; ;4 on the terpyridine unit shift upfield
considerably (Figure 4a-f). Such phenomena demonstrate
that Sa could act as the competitive guest to complex with the
tweezer unit, thus giving rise to the stoichiometry imbalance
between the molecular tweezer and pyrene moieties, and
thereby leading to the disruption of supramolecular polymers
4. The conclusion is further supported by the theoretical
calculations (see Figure S41 in the Supporting Information).
Particularly, when 1 equivalent of 5a is added to 2 at 70.0 mm,
the estimated degree of polymerization for the resulting
supramolecular polymers decreases significantly from
approximately 13 to 2. When 2 is replaced by 3, the calculated
value varies from approximately 32 to 3. Meanwhile, both
NMR titration experiments (see Figure S36 in the Supporting
Information) and theoretical calculations (see Figure S41 in
the Supporting Information) reveal that the degree of
polymerization value changes to a lesser extent with the
addition of Sb, and is consistent with its weaker binding
affinity towards the tweezer receptor when compared with
that of Sa.
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Figure 4. Partial "H NMR spectra (300 MHz, 298 K) of 2 (20.0 mm)
upon successive additions of 5a and 6: a) 0 equiv; b) 0.5 equiv;

) 1.5 equiv; d) 2.6 equiv; e) 3.7 equiv; f) 5.2 equiv of 5a; g) 5.2 equiv
of 5a and 1.4 equiv of 6; h) 5.2 equiv of 5a and 3.6 equiv of 6;

i) 5.2 equiv of 5a and 5.1 equiv of 6; j) 5.2 equiv of 5a and 8.0 equiv of
6. H,, Ha, and H,4 denote the protons on pyrene unit, 5a, and 7a,
respectively.

We further tested the feasibility of reforming the supra-
molecular polymers 4, by making use of the facile room-
temperature Diels—Alder reaction between 5§ and 6. It raises
the question as to whether the specific reaction could be
smoothly proceed in the presence of another arene moiety. To
address the issue, we first investigated the model system
comprising equimolar mixtures of pyrene, 5, and 6, and the
results clearly support the quantitative conversion of the
latter two compounds into the cycloaddition adduct without
the participation of pyrene unit (see Figures S38 and S39 in
the Supporting Information). On this basis, 6 was titrated into
the above mixtures of 2 and 5a (Figure 4 f), thus resulting in
the progressive signal conversion to the initial polymeric state
(Figure 4g-j). The original signals arising from 4 were
restored upon the addition of excess amounts of 6 (Figure 41),
thus demonstrating that the Diels—Alder reaction is efficient
within the multicomponent system and leads to the reassem-
bly of supramolecular polymeric assemblies.

The interplay between the Diels—Alder reaction and
reversible supramolecular polymerization in the complex
systems could be monitored by DOSY experiments
(Figure 5). Practically, when 1.0 equivalent of 5a was added
into monomer 2 at 70 mMm (linear polymeric species play
a prominent role at this concentration), the diffusion coef-
ficient values increase from 2.45x107'° to 8.20 x 107* m?s~".
The significant size shrinking mainly correlates to the
disassembly of 4. Further addition of 3.5 equivalents of 6
induces the reassembly process, observed from the transition
of the coefficient value back to 1.84 x 107! m?s~'.l'"] Hence,
based on the 'H NMR titration and DOSY measurements, it
is evident that the supramolecular polymers 4 are highly
adaptive and capable of undergoing reversible transitions
triggered by Diels—Alder chemistry.

In summary, we have successfully constructed linear
supramolecular polymers based on the novel bis[alkynylpla-
tinum(IT)] terpyridine molecular tweezer/pyrene recognition
motif. The head-to-tail supramolecular polymerization pro-
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Figure 5. DOSY spectra (400 MHz, CDCl;, 298 K) of 2 (70 mm) with successive additions of 1.0 equiv of 5a and 3.5 equiv of 6.

cess conforms to a ring-chain equilibrium mechanism, requir-
ing judicious choice of the relevant parameters such as
monomer structures, concentration, and temperature to
achieve favorable linear chain extension. Moreover, succes-
sive addition of the anthracene derivatives 5 and bis(2-
methoxyethyl) dicyanofumarate 6 to the heteroditopic mono-
mers triggers a reversible disassembly and reassembly pro-
cesses, respectively, and advances the concept of utilizing
Diels—Alder chemistry to achieve stimuli-responsive materi-
als. The novel supramolecular polymer systems, which are
regulated in a facile and controlled manner, motivate us to
explore their potential applications such as sensing and
tunable optoelectronic devices in the future.
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