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A new series of dinuclear anthracene-containing alkynylplatinum(i) terpyridine complexes exhibited
intriguing photo-modulated self-assembly behaviors in solutions. Facilitated by Pt - -Pt, t—n stacking and
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hydrophobic interactions, supramolecular assemblies have been formed in their DMSO solutions, featuring
interesting spectroscopic responses accompanied by drastic color changes upon varying temperature, and
distinct supramolecular nanostructures. Interestingly, these complexes can undergo photooxygenation

upon UV excitation, which has been shown to alter their self-assembly behaviors, as revealed by the
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Introduction

In light of the rich and tunable spectroscopic properties as well as
the pronounced tendency to form supramolecular assemblies,"™*
alkynylplatinum(u) polypyridine complexes have drawn enormous
attention." ™ In particular, the formation of different supra-
molecular assemblies has been known to rely on the interplay
of various non-covalent interactions such as hydrogen bonding,
hydrophobic and n-n stacking interactions, but the utilization
of metal-metal interactions to facilitate the supramolecular
aggregation is still less extensively explored.’>* Apart from
the utilization of Pt- - -Pt interactions to construct supramolecular
aggregates, the modulation of Pt---Pt interactions by external
stimuli such as temperature,”?>* solvent,'>* pH>® and the
addition of polyelectrolytes> accompanied with intriguing
spectroscopic and morphological responses has aroused tremen-
dous interests. However, there have been limited reports on the
use of light to modulate the Pt --Pt interactions and to alter
the self-assembly behaviors of platinum(i) complexes.>® Hence,
the modulation of Pt- - -Pt interactions and self-assembly behaviors
of the platinum(u) complexes with the incorporation of photo-
responsive moieties would be worth exploring.

As a geometrically planar molecule with large m-surface,
anthracene possesses interesting and tunable photophysical
and photochemical properties, and has been widely utilized as
a building block for the construction of functional materials
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corresponding electron microscopic and DLS studies before and after photoirradiation.

with potential applications in optoelectronics and supramolecular
assembly materials.>**” In addition to the n-conjugated surface for
facilitation of self-assembly, anthracenes could undergo photo-
induced oxygenation reaction to form the corresponding
endoperoxides,*®*® inducing obvious structural changes which
could alter their spectroscopic properties and render them as
chemosensors’®™*® or other photoresponsive materials.**™*
However, the studies of their supramolecular assembly properties
before and after photoirradiation have been mainly confined to the
organic systems.*®*’
platinum(n) complexes being known,

Despite reports on anthracene-containing
28,33,354849 they are mainly
confined to those of platinum(i) phosphine complexes.?%3%3348:49
As alkynylplatinum(n) terpyridine complexes have been found to
show rich spectroscopic properties and strong tendency to self-
assemble through Pt - -Pt and n-n stacking interactions owing to
their square-planar structures, it is envisaged that by taking
advantage of the directional non-covalent Pt---Pt interaction
and through the incorporation of anthracene moiety into the
alkynylplatinum(u) terpyridine complexes, rich photophysical
properties and interesting self-assembly behaviors could be
explored through changes in their photophysical properties
and supramolecular assembly before and after photoirradiation.

Herein, we report a new series of dinuclear anthracene-
containing alkynylplatinum(u) terpyridine complexes, their
synthesis, characterization, and photophysical, photochemical
and self-assembly properties. It is anticipated that with the
assistance of various kinds of non-covalent interactions such as
n-n stacking, hydrophobic and particularly Pt- - -Pt interactions,
the complexes would exhibit intriguing self-assembly behaviors
in solutions that could lead to distinct spectroscopic responses
and formation of sophisticated nanostructures. Moreover, it
is envisaged that the photooxygenation of anthracene moiety
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could alter the self-assembly behaviors of these complexes, leading
to changes in the morphologies of their photoactivation-induced
aggregates. It is envisioned that this work could provide important
insights into the judicious molecular design and future develop-
ment of photo-modulated supramolecular assembly architectures.

Results and discussion
Synthesis and characterization

Complexes 1-3 (Scheme 1) were synthesized by the reaction of
their corresponding chloroplatinum(u) terpyridine precursors
with 9,10-diethynylanthracene according to modifications of
procedures for the synthesis of dinuclear alkynylplatinum(u)
terpyridine derivatives previously reported by Yam and coworkers.>*
The final products have been obtained as dark green solids after
recrystallization. All the complexes have been well-characterized by
"H NMR spectroscopy, high-resolution electrospray ionization-mass
spectrometry (HR-ESI-MS) and elemental analysis.

Photophysical studies

Dissolution of complexes 1-3 in dimethylsulfoxide (DMSO)
gives green solutions. Their photophysical data are summarized
in Table S1 (ESIt). The DMSO solutions of these complexes are
found to exhibit self-assembly at room temperature even for
dilute samples, probably owing to the relatively strong intermo-
lecular noncovalent interactions such as Pt- - -Pt, n-r stacking and
hydrophobic interactions under the present solvation condition,
which will be discussed later. Therefore the molar extinction
coefficients of the monomeric complexes in DMSO have been
investigated at 368 K. Their UV-vis absorption spectra show
intense absorption bands at ca. 395-475 nm and moderately
intense absorption bands at ca. 495-625 nm (Fig. 1). The high-
energy absorption bands of these complexes are assigned as
intraligand (IL) [r — n*] transitions of the substituted terpyridine
pincer ligands and anthracene-containing alkynyl ligand,
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Scheme 1 Molecular structures of dinuclear anthracene-containing
alkynylplatinum(i) terpyridine complexes 1-3.
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Fig. 1 Electronic absorption spectra of complexes 1-3 in DMSO solutions
at 368 K.

while the low-energy absorption bands are assigned as a mixture
of [dn(Pt) — m*(tpy)] metal-to-ligand charge transfer (MLCT)
and [rn(alkynyl) — =*(tpy)] ligand-to-ligand charge transfer
(LLCT) transitions. There is no significant difference in their
MLCT/LLCT energies. This may be due to the similar electronic
properties of various alkoxy chains that would have insignificant
effect on altering the energy of the n* orbital of the terpyridine.
These dinuclear platinum(u) complexes with several long alkoxy
chains or oligoether units as substituents on the terpyridine
ligand are found to be non-emissive in their degassed DMSO
solutions. Such non-emissive behaviors can be ascribed to the
possible photoinduced electron transfer due to the presence of
electron-rich alkoxy or oligoether groups, similar to those
observed in other related systems.>® Moreover, the floppiness
of these long alkoxy chains and oligoether units could result in
efficient non-radiative decay to quench the emission.

Self-assembly studies

The self-assembly properties of these newly synthesized dinuclear
anthracene-containing alkynylplatinum(u) terpyridine complexes
1-3 have been investigated in DMSO solutions upon increasing
concentrations. Complexes 1 and 2 are found to exhibit color
changes from yellowish-green to green upon increasing the
concentration from ~10"° to 107* M in DMSO solutions,
together with the growth of low-energy absorption tails at ca.
650 nm (Fig. 2 and Fig. S1, ESI{). Owing to the limited solubility
in DMSO solution, the concentration of these complexes cannot
achieve higher than 1.2 x 10~ M. It is found that the absorbance
at ca. 650 nm shows a non-linear relationship with concentration,
indicating deviations from Beer’s Law. This reveals that ground-
state aggregation occurs in the concentrated DMSO solutions of
these complexes. The low-energy absorption tails are assigned as
metal-metal-to-ligand charge-transfer (MMLCT) transitions due to
the formation of intermolecular Pt---Pt, m—n stacking and hydro-
phobic interactions. Similar results have also been observed for
complex 3 upon increasing the concentration from ~10~" to
107> M in DMSO solution (Fig. S2, ESIt). The absorbance at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 2 Concentration-dependent UV-vis absorption spectra of complex
1 in DMSO solution in the concentration range of 4.59 x 107% to
1.15 x 10~* M. Inset: A plot of apparent absorbance against concentration,

monitored at 650 nm. The apparent absorbance values were obtained by
correcting to 1 cm path length equivalence.

730 nm is found to slightly deviate from Beer’s Law, indicating
the possible formation of intermolecular Pt---Pt interactions.
However, the poorer solubility of complex 3 with longer alkoxy
chains in polar DMSO solution limits the investigation of its
UV-vis absorption spectroscopic properties at concentrations
higher than 4.3 x 10> M. Although the deviations from Beer’s
Law are not obvious for complex 3, its DMSO solution at the
concentration range of 10~> M is found to be temperature-
responsive, exhibiting drastic color changes from yellow to green
upon cooling. In addition, the clear DMSO solution of complex 3 is
also shown to have scattering signals in the dynamic light scattering
(DLS) measurements. These temperature-dependent spectroscopic
changes as well as the DLS data further support the self-assembly of
complex 3 in concentrated DMSO solutions.

In order to further investigate the self-assembly behaviors of
the dinuclear platinum(ir) complexes 1-3, their DMSO solutions
with similar concentration of 107> M have been subject to
temperature-dependent studies by cooling the sample solutions
from 368 K to 293 K with a slow cooling rate of 0.5 K min™".
Upon cooling, the color of the solutions changes from yellow to
green gradually (Fig. 3a), along with a growth in their MMLCT
absorption bands at ca. 600 nm (Fig. 3b, Fig. S3a and S4a, ESI¥),
which is attributed to the formation of intermolecular Pt---Pt
and n-m stacking interactions. Clear isosbestic points at ca.
410 nm and 475 nm have been observed, indicating a clean
equilibrium between the monomer and its self-assembled
aggregate species at each temperature. In addition, the plots
of normalized degree of aggregation against temperature show
sigmodal cooling curves, suggesting the involvement of isodesmic
mechanisms in their self-assembly processes. Thus, the
temperature-dependent isodesmic model has been employed
to fit the variable-temperature UV-vis absorption data, and the
results further confirm the isodesmic growth mechanisms for
their aggregation processes. Furthermore, the equilibrium con-
stants for their self-assembly processes can be determined from
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Fig. 3 (a) Photographs showing the color changes of complex 2 in DMSO
solution upon heating or cooling. (b) UV-Vis absorption spectral traces of
complex 2 in DMSO solution upon cooling from 368 to 293 K at a rate of
0.5 K min™™ Inset: A plot of the degree of aggregation at 620 nm as a
function of temperature with the curve fitted to the temperature-dependent
isodesmic model. (c) Van't Hoff plot of the equilibrium constant K, at various
temperatures with the corresponding thermodynamic parameters.

0.0031

the van’t Hoff plots and the corresponding thermodynamic
parameters have been obtained (Fig. 3c and Fig. S3b, S4b, ESI¥).
It is found that the enthalpy changes of these complexes
determined from the isodesmic model show good agreement
with those determined by the van’t Hoff plots. The thermo-
dynamic parameters of complexes 1-3 have been obtained and
are summarized in Table S2 (ESIY).

Interestingly, the stability of the self-assembled aggregates
in DMSO solutions is found to be enhanced upon increasing
the hydrophobicity of this series of complexes. By changing the
substituted hydrophilic chains on the terpyridine ligand to
hydrophobic chains with similar chain length, the enthalpy
release of complex 2 (AH = —77.72 k] mol ') is comparable to but
slightly greater than that of complex 1 (AH = —57.28 kJ mol ).
Moreover, upon increasing the alkoxy chain length from
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-0C;,H,5 (2) to -OC13H35 (3), the enthalpy release of complex 3
(AH = —101.2 k] mol™) is greater than that of complex 2
(AH = —77.72 k] mol ). These results suggest that, in addition
to the intermolecular Pt---Pt and n-m stacking interactions,
stronger hydrophobic interaction provided by the longer alkoxy
chains can facilitate the formation of more stable aggregates.
The negative AG values determined by the van’t Hoff plots
are indicative of spontaneous self-assembly processes of these
complexes. In addition, these self-assembly processes are
enthalpically driven rather than entropically driven, which have
been revealed by the negative values of entropy changes. There-
fore, various kinds of intermolecular non-covalent interactions
including Pt---Pt, n-n stacking and hydrophobic interactions
play important roles in the spontaneous self-assembly behaviors
of this series of complexes. In addition, such ground-state
aggregation is further supported by the corresponding variable-
temperature "H NMR studies, in which the aromatic proton
signals are downfield-shifted and sharpened upon increasing
temperature (Fig. S5, ESIt).

In view of the self-assembly behaviors suggested by the
concentration- and temperature-dependent UV-vis absorption
studies, transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) have been employed to provide
further insights into the self-assembly morphologies of complexes
1-3 formed in DMSO solutions at high concentrations. Only the
prepared sample from complex 3 with the longest substituted
alkoxy chains (-OC;3H3,) among these complexes exhibit well-
defined morphology under the studied conditions. This can be
rationalized by the stronger hydrophobic interaction in addition to
the intermolecular Pt---Pt and n-n stacking interactions, which
may facilitate the formation of larger and more stable aggregates.
Interestingly, twisted fiber-like structures with ca. 500-1000 nm in
length and 100-120 nm in width have been observed from the
TEM images for complex 3 (Fig. 4a and b). In addition, selected-
area electron diffraction (SAED) has been performed on these
twisted fibrous structures. The result shows two pairs of diffraction
arcs with the same d-spacing of ca. 3.53 A along the long
axes of the two individual nanofibers that are twisted together

Fig. 4 TEM images of complex 3 prepared from a DMSO solution with
(a) lower magnification and (b) higher magnification. (c) A TEM image of
complex 3 prepared from a DMSO solution with a red circle indicating
where SAED was performed and (d) the corresponding SAED pattern.
(e) An SEM image of complex 3 prepared from a DMSO solution.
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(Fig. 4c and d), suggesting the involvement of Pt - -Pt and n-n
stacking interactions along the long axes of the twisted nano-
fibers. Moreover, very similar twisted nanofibers with similar sizes
have also been observed from the SEM image of complex 3
(Fig. 4e), further supporting the formation of these nanoaggregates
facilitated by various intermolecular noncovalent interactions.
Furthermore, DLS experiment has been conducted for the
DMSO solution of complex 3 at room temperature. Because the
DMSO solution of this complex is found to absorb the laser
light of the DLS instrument at 633 nm which may interfere with
the measurements, a solution of relatively lower concentration
(<107° M) with absorbance of lower than 0.1 at this wavelength
has been used to minimize such interference. The hydrodynamic
diameter of the aggregates is found to be ca. 860 nm (Fig. S6, ESIt),
which is in line with the TEM and SEM results. In addition, in view
of the drastic changes in the temperature-dependent UV-vis
absorption spectra, DLS experiment for a DMSO solution of
complex 3 has been performed at a high temperature of 363 K
(Fig. S6, ESIt). The hydrodynamic diameter of the aggregates at
363 K (ca. 210 nm) is found to be much smaller than that at room
temperature, indicating partial deaggregation of these self-
assembled aggregates upon heating. This result is in good agree-
ment with the temperature-dependent UV-vis absorption studies.

Photochemical studies

Upon UV excitation, color changes from green to yellow have
been observed for the DMSO solutions of complexes 1 and 2
(Fig. 5). It is found that the absorption bands at ca. 405-475 nm
and 570 nm decrease while the high-energy absorption bands
at ca. 330 nm slightly increase, with clear isosbestic points at ca.
392 nm (Fig. 5). Molecular ion clusters of [M + 20]*" have been
observed in the HR-ESI-mass spectra of the solutions after
photoirradiation (Fig. S7, ESIt), which are found to have a
good agreement with the corresponding simulate isotopic
patterns, indicating the formation of the corresponding endo-
peroxides. Interestingly, compared with complexes 1 and 2, the

1.5

1.0

0.5

Absorbance

0.0- '
300 400 500 600 700 800
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Fig. 5 UV-Vis absorption spectral changes of complex 1 in DMSO
solution upon photoirradiation at 365 nm at 298 K. Inset: Photographs
showing the color changes of complex 1 in DMSO solution upon UV
excitation.
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DMSO solution of complex 3 with the longest alkoxy chains
shows similar UV-vis absorption spectral changes but to a lesser
extent upon photoirradiation (Fig. S8, ESIT), exhibiting less
obvious color changes. This could be due to the supramolecular
aggregation induced by the stronger intermolecular Pt- - -Pt, -7
stacking and hydrophobic interactions, which would reduce the
exposure of the anthracene groups to dissolved oxygen in the
solution and make the molecules more difficult to interact with
the oxygen.

More interestingly, such photooxygenation of the anthracene
core unit may interrupt the n-conjugation of the originally
planar anthracene surface (Fig. 6) and thus might further
change the molecular packing of the complex, resulting in the
formation of different morphologies. In light of the well-defined
supramolecular aggregates suggested by the TEM, SEM and DLS
studies of complex 3 with the longest alkoxy chain length,
electron microscopy was employed to study the morphologies
formed in its DMSO solution after photoirradiation. It is note-
worthy that the supramolecular architecture has been found to
change after photooxygenation, showing some irregular aggre-
gates rather than well-defined twisted nanofibers in the TEM
image (Fig. S9a, ESIf). Compared with the twisted fibrous
structure formed from the DMSO solution of complex 3, these
irregular aggregates are found to be smaller, with the size of ca.
500-600 nm. In addition, very similar morphologies with similar
sizes have also been observed from the SEM image of complex 3
after photoirradiation (Fig. S9b, ESIf), further revealing the
architecture of these nanoaggregates. Such drastic morphological
changes might be attributed to the changes in the molecular
structure upon photooxygenation which may greatly affect the
molecular packing of the complex.

Apart from the electron microscopic studies, DLS has also
been performed, showing a hydrodynamic diameter of ca.
780 nm for these irregular aggregates (Table S3, ESIt), which
is found to be slightly smaller than that of the sample before

(a) [Pt] [Pt]
I |||
oo 2. X
hv LS
Il I
Pt Pt]

substituted terpyridine Pt P

Fig. 6 (a) Photooxygenation reaction of complexes 1-3 upon photo-
irradiation and (b) the corresponding cartoon showing the schematic
drawing of proposed conformational changes upon photooxygenation
at the molecular level.
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photoirradiation (ca. 860 nm). The DLS results are found to
be in line with the TEM and SEM results. The size of the
aggregates from the DLS study is slightly larger than that found
in the TEM and SEM images, which is probably due to the
shrinkage of the structures by loss of solvent during the drying
process for TEM and SEM measurements."’

Conclusions

To conclude, a new series of dinuclear anthracene-containing
alkynylplatinum(n) terpyridine complexes with photo-modulated
self-assembly behaviors has been designed and successfully
synthesized. Facilitated by various kinds of intermolecular non-
covalent interactions such as m-m stacking and hydrophobic
interactions as well as directional Pt- - -Pt interactions, supramo-
lecular assemblies have been formed in concentrated DMSO
solutions of these dinuclear platinum(u) complexes, showing
intriguing temperature-responsive spectroscopic features with
drastic color changes. Moreover, well-defined supramolecular
architectures have been formed, as revealed by the electron
microscopic and DLS studies. In addition to the intriguing self-
assembly properties, this series of complexes can undergo photo-
oxygenation, as revealed by their UV-vis absorption spectral
changes and HR-ESI-MS analyses. More interestingly, such photo-
oxygenation has been shown to alter the self-assembly behaviors
of the complex with the longest alkoxy chains, which has been
revealed by its TEM and SEM images as well as DLS studies
before and after photoirradiation. By taking advantages of the
directional non-covalent Pt- - -Pt interactions, the changes in the
photophysical properties and self-assembly behaviors of these
anthracene-containing alkynylplatinum(u) terpyridine complexes
upon photoirradiation could be observed. This work is believed to
provide important insights into the judicious design of platinum(u)
complexes with photo-modulated self-assembly behaviors.
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