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A Submicrometer Wire-to-Wheel Metamorphism of Hybrid Tridentate
Cyclometalated Platinum(II) Complexes™**
Wei Lu, Stephen Sin-Yin Chui, Kwan-Ming Ng, and Chi-Ming Che*

Supramolecular architectures self-assembled from synthetic
organic and/or metal-organic molecules are currently of great
interest, and aggregates on diverse size scales with widely
varying morphologies and functionalities have been obtained
in molecular design studies.! The incorporation of structural
motifs that are responsive to external stimuli (light irradiation
or chemical reagents) into organic nanostructures allows
subsequent surface modification and morphologic manipu-
lation of these organic superstructures,” which include
spherical,”®! semispherical ¥l block,” fibrillar, sheet,” toroi-
dal,® and tube! shapes self-assembled from metal complexes
or metal-containing polymers. Discrete nano- and submi-
crometer ring-shaped structures may exhibit intriguing phys-
ical properties, such as nanoscopic far-infrared optical
response and a mesoscopic Aharonov—Bohm effect,!'”) due
to their unique rotational symmetry. Micrometer-scale toroids
have been assembled from a dimeric palladium(1I) porphyrin
complex through a dewetting process,”® although submicrom-
eter ring-shaped superstructures assembled from small mol-
ecules with high levels of crystallinity remain elusive.
Square-planar platinum(II) complexes have long been
known to aggregate in the solid state and in highly concen-
trated solutions.'"'?) Distinctive anisotropic spectroscopic
properties (low-energy absorption and/or emission) have
often been observed and cited as a signature for the formation
of extended polymeric Pt"--Pt" chains."?! Recently, several
groups have taken advantage of solvophobic Pt™--Pt" inter-
actions to organize discrete molecular platinum(II) com-
plexes into nanowires and microwires that exhibit environ-
ment-sensitive emissions and/or semiconducting, liquid-crys-
talline, or gelating properties.’”! In particular, two platinu-
m(II) complexes containing tridentate cyclometalated
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ligands, namely the neutral species 1!* and the cationic
species 2(PF),* have been found to bind to each other to
form a hybrid complex (1-2)(PF¢) [Eq.(a)] which self-
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assembles in concentrated acetone solution into nanowires
with diameters of less than 30 nm and lengths of over
30 um."* These molecular platinum(II) aggregates are
quasi-one-dimensional in nature, presumably due to the fact
that molecular propagation is faster along the axis of the
Pt"--Pt" chain than in the lateral directions.

As the morphology of organic and/or organometallic
superstructures can significantly affect their properties, we
are presently studying the formation of aggregated platinu-
m(II) complexes at the nano- to micro-scales under various
conditions. Herein we report crystalline wheel-shaped super-
structures of organoplatinum(II) complexes which grow
through a wire-to-wheel metamorphism process involving a
ligand-substitution reaction. To the best of our knowledge,
this is the first time that organometallic molecules and
noncovalent intermolecular metal-metal and ligand-ligand
interactions have been used to construct submicrometer-sized
nonlinear superstructures. Given the rich optoelectronic
properties of organoplatinum(II) complexes,''! novel meso-
scopic applications based on the superstructures reported
herein could be envisaged.

In the present study, we found that the ligand-substitution
reaction of the coordinated chloride in 1 with acetonitrile
significantly influences the growth of the nanowires derived
from (1-2)(PFs) when a mixture of acetonitrile and water is
used as solvent. The ligand-substitution reaction of 1 with
acetonitrile to give 3* has been reported previously,"” and
complex 3(PF¢) can be prepared in quantitative yield by
refluxing 1 in an acetonitrile/water mixture in the presence of
excess NH,PF, [Eq. (b)].['!

An acetonitrile solution of (1-2)(PF;) (6.0 x 107°m) was
prepared by dissolving equimolar amounts of 1 and 2(PF;) in
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acetonitrile. A 100-pL aliquot of this solution was rapidly
added to water (5.0 mL) to give a transparent blue dispersion
which shows a distinct low-energy absorption at A, =
604 nm. This characteristic absorption band was attributed
to a [do*(Pt-Pt)—m*(cyclometalated ligand)] metal-metal-to-
ligand charge transfer (MMLCT) transition arising due to the
formation of a polymeric Pt"-Pt" chain."? A transmission
electron microscopy (TEM) image of the initial dispersion
showed that it contains nanowires with diameters of around
30 nm and lengths of around 300 nm (see the Supporting
Information). This dispersion was either allowed to stand at
25°C for 48 h (sample A) or isothermalized at 50°C (sam-
ple B) or 70°C (sample C) for three minutes and subsequently
allowed to stand at 25°C for 48 h. A blue suspension was
obtained in all cases. Field-emission scanning electron micro-
scopy (FE-SEM) revealed that these suspensions contain
free-standing submicrometer wires and wheels with well-
defined facets (Figure la and b for samples A and C,
respectively). A few spring-shaped architectures were also
found in sample C. Energy dispersion X-ray (EDX) elemen-
tal analysis (see the Supporting Information) revealed that
the submicrometer wire and wheel structures contain Pt, F, P,
and N. The yield of the wheel-shaped superstructures was
estimated from the FE-SEM images to be less than 5% for
sample A, more than 10 % for sample B, and approximately
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Figure 1. FE-SEM images of the superstructures prepared by precipitat-
ing (1-2) (PFe) from acetonitrile into water at 25°C (sample A; a) and
at 70°C (sample C; b). Both dispersions were aged at 25°C for 24 h.
FE-SEM images of freestanding wires (c), springs (d), wheels (e-g),
and various intermediate structures (h—j) formed.
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50% for sample C. Reprecipitation of (1-2)(PF) at a higher
temperature (70°C) in an acetonitrile/water (1:50, v/v)
mixture led to the preferential formation of wheel-shaped
superstructures.!”

Figure 1c—g show representative FE-SEM images of
discrete wires, springs, and wheels. The straight wires are
typically around 100 nm high, 100 nm wide, and 3-10 um
long; the cross-sections of these wires are rectangular. The
springs are typically 100-150 nm wide, 0.3-1 um long, and
have a pitch of 100-200 nm. Both right- and left-handed
helixes can be seen in the FE-SEM images (Figure 1b). The
outer and inner diameters of the wheels vary greatly. Thus, the
largest wheels have outer and inner diameters of around 750
and 300 nm respectively, whilst those of the smallest ones are
around 100 and 20 nm, respectively. The height (the length of
the central channel) of these wheels ranges from 100 to
350 nm. Each discrete wheel consists of 18 equal segments
arranged in a circular pattern and the 18 outmost edges and 18
radial grain boundaries can be discerned in the FE-SEM
images (amplified images available as Supporting Informa-
tion). A number of submicrometer superstructures containing
joint wire and wheel or wire and spring fragments were also
observed in the FE-SEM images (see Figure 1h—j and the
Supporting Information). These superstructures could repre-
sent intermediate species that form during the growth process,
as discussed below.

To shed light on the structure of the freestanding wheels, it
appeared necessary to elucidate the structural characteristics
of the microwires. Thus, a crystalline solid sample of (1-2)-
(PF,) was prepared by reprecipitating equimolar amounts of 1
and 2(PF;) from DMF solution (approx. 3x107%m) into
water. A subsequent FE-SEM study revealed that the
precipitate contained tabular microwires with a high morpho-
logical purity (Figure 2a). The powder X-ray diffraction
(XRD) pattern (Figure 2b) of a solid sample of (1-2)(PF,)
containing only microwires was measured and indexed. The
low-angle region (26 <30°) of the powder XRD data
indicated an orthorhombic unit cell with lattice constants a
~25.1, b=9.65, and c=6.70 A (=3.35 Ax2; Figure2b,
inset). The unusually intense (002) diffraction peak suggests
that the nanowires grow preferentially along the ¢ axis (most
possibly the long axis of the Pt"-Pt" chains).

The discrete wires and wheels were structurally charac-
terized using data from the TEM and selected area electron
diffraction (SAED) patterns (Figure 3). The repeating peri-
ods in the SAED pattern of the submicrometer wire
(Figure 3b) were indexed according to the powder XRD
data of a crystalline solid sample of (1-2)(PF,). The submi-
crometer wire grows along the [001] direction with a d-spacing
of 3.36 A, which is a typical Pt"---Pt"" separation in quasi-one-
dimensional cyclometalated platinum(II) or platinum(II)
diimine complexes."""?) The repeating period of 6.4 A
observed corresponds to the (400) crystal face, which is
perpendicular to the wire growth direction (the long axis of
the polymeric Pt"-Pt" chain).

Attempts to obtain SAED patterns for the same wheel
structure along various other projections were unsuccessful,
presumably due to the instability of the organometallic
superstructures in the electron beam. The TEM image of a
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Figure 2. a) FE-SEM image of (1-2) (PFs) microwires. b) Powder X-ray
diffraction pattern of (1-2) (PF,) and the orthorhombic unit cell (inset)
deduced from this diffraction pattern.

freestanding wheel (Figure 3¢) and its corresponding SAED
pattern (Figure 3d) recorded using an electron beam perpen-
dicular to the wheel’s basal plane reveal cyclic multiple twins
with pseudo-18-fold rotational symmetry and three basic
d spacings of 3.36,3.49,and 11.2 A. The former two d spacings
are in the same direction and the latter is perpendicular to
them. The 18 outmost edges identified from the TEM image
are consistent with the SEM observations.

The TEM image of a freestanding wheel (Figure 3¢) and
its corresponding SAED pattern (Figure 3 f) acquired using
an electron beam parallel to the wheel’s basal plane reveal
that there is a repeating period of 11.2 A with a sixfold
rotational symmetry in the sectional plane. There is also a
d spacing of 12.9 A along the central channel and two
d spacings of 3.36 and 3.48 A perpendicular to the central
channel, in other words along the curved circumference of the
wheel.

The 2D packing of the polymeric Pt"--Pt" chains is
rectangular, with dimensions of 12.8 x 9.65 A, in the wires and
hexagonal, with a side length of 12.9 A, in the wheels. It
should be noted that the cross-sectional dimensions of the
wires and wheels are similar to the molecular dimensions of
(1-2)* (approx. 12x8A) and (32)* (approx. 12x10A;
estimations available as Supporting Information). The
volume of the unit cell, as calculated from the structural
data obtained from the powder XRD, TEM, and SAED
studies shown in Figures2 and 3, increases from 840 A3
(approx. 12.8x9.6x6.8) in the wires to 980 A> (approx.
12.9x11.2 x6.8) in the wheels. Interestingly, the pseudo-18-
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Figure 3. TEM images and the corresponding SAED patterns for
submicrometer wires (a and b) and wheels, acquired with an electron
beam perpendicular (c and d) and parallel (e and f) to the wheel’s
basal plane. The TEM images have been rotated by 92° to compensate
the image-diffraction pattern rotational angles so that the diffraction
pattern coincides in orientation with the respective image. The
relationship between the electron diffraction pattern and the electron
beam, and the unit cells derived from these electron diffraction data,
are shown on the right (errors for lattice parameters are not more than
2%). ATEM image of an intermediate superstructure (g) and its FFT
image (h) are also shown.

fold rotational symmetry could also be identified in the TEM
(Figure 3g) and the corresponding fast Fourier transform
(FFT; Figure 3h) images of a superstructure containing both
wheel and wire fragments. This finding indicates that the
symmetry of the wheels develops during the growth process.

We also examined the effect of adding an excess of PF;~
anions to the superstructures of (1-2)(PF;) obtained from an
acetonitrile/water dispersion. Thus, a methanolic solution
(30 pL, concentration of approximately 0.2m) of NH,PF, or
NH,CI (for comparison) was added to a freshly prepared
acetonitrile/water (1:50, v/v, 5 mL) dispersion of (1-2)(PF,)
(concentration: 1.2 x 10~ M) and the resultant blue suspension
stirred at 25°C for three minutes. The low-energy absorption
(Amax =626 nm (or 642 nm)) found for the suspension after
addition of NH,PF, (or NH,CI) is slightly red-shifted with
respect to the absorption of the initial dispersion (4, =
604 nm; spectra available as Supporting Information). An
FE-SEM image of the (1-2)(PF)/NH,CI suspension revealed
the presence of entangled nanowires with diameters of
around 30 nm (Figure 4a), whereas an FE-SEM image of
the (1-2)(PF,)/NH,PF, suspension revealed the presence of
particles with diameters ranging from 50 to 300 nm (Fig-
ure 4b). Dynamic light scattering (DLS) measurements on
the particle-size distribution showed that the predominant
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Figure 4. FE-SEM images of the precipitate collected from (1-2) (PF)/
NH,Cl (a) and (1-2) (PF¢)/NH,PF, suspensions (b and c, at various
magnifications). d) TEM image of a discrete nanowheel in the (1-2)-
(PFs)/NH,PF¢ suspension.

diameter of the particles within this suspension was around
120 nm. Importantly, the amplified FE-SEM (Figure 4c) and
TEM (Figure 4d) images indicated that these particles are
nanowheels with inner diameters ranging from a couple of
nanometers to as large as 20 nm. No distinct electron
diffraction patterns could be recorded for these amorphous
nanowheels. Notably, when the concentration of the meth-
anolic NH,PF; solution (30 uL) used was decreased to 0.02M,
both nanowires (major) and nanowheels (minor) were
observed in the TEM images of the resultant suspensions
(see the Supporting Information), thus indicating an incom-
plete transformation from nanowires to nanowheels at this
lower concentration.!"

Acetone solutions of the respective superstructures
derived from (1-2)(PF;) (nanowires, mixture of submicrom-
eter wires and wheels, and nanowheels) were investigated by
ESI mass spectrometry (spectra available as Supporting
Information). This analysis clearly showed that the submi-
crometer wheels and nanowheels contain the cation 3* in
addition to 1 and the cation 2*. The '"H NMR spectra of a
mixture of submicrometer wires/wheels gave a rough estima-
tion of the molar ratio of 3" of less than 5%. No ringlike
superstructures were observed upon injection of an acetone
solution containing equimolar amounts of 2(PF;) and 3(PFy)
(concentration: 1.2x107°M) or an acetone solution of a
mixture of 1, 2(PF;), and 3(PF,) in various molar ratios into
water.'”! The transformation of 1 into the cation 3* may occur
after the formation of nanowires, and the ringlike super-
structures are not likely to self-assemble directly from 1,
2(PFy), and 3(PF) in solution.

The fact that higher reaction temperatures (up to 70°C)
and excess NH,PF, facilitate the formation of ringlike
superstructures in aqueous acetonitrile dispersions is in
agreement with the reaction of 1 in an acetonitrile/water
mixture. The cation 3" is the thermodynamic product of the
chloride/acetonitrile substitution reaction of 1 in an acetoni-
trile/water solution in the presence of an equimolar quantity
of PF¢™ ions. Higher temperatures apparently accelerate the
transformation from 1 into 3. If an excess of NH,PF, is added
to the reaction system, the lower solubility of 3(PF) in the
acetonitrile/water mixture means that 3(PF,) precipitates out
of the solution and hence facilitates the transformation from 1
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into 3*. It is evident that the acetonitrile solvent and the
ligand-substitution reaction (the transformation from 1 into
3*) play a key role in the morphological evolution of the
nanoscale aggregates of platinum(IT) complexes, therefore we
propose a mechanism where the wire-to-wheel metamor-
phism process is driven by ligand-substitution reactions that
are initiated at the surface and possibly extend to the inner
chains of the wires®®! (see Scheme 1). The Pt"--Pt" chain is
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Scheme 1. Diagram illustrating the possible process for the wire-to-
wheel metamorphism. The intermediate superstructures drawn are
consistent with those found in the FE-SEM images.

perturbed by the electrostatic repulsion between two neigh-
boring cations (2* and 3"; 3* is derived from neutral 1 by the
chloride/acetonitrile substitution reaction). These ligand-
exchange reactions have two possible consequences:
1) defects are introduced into the Pt™-Pt" chain, which
subsequently induces the distortion and bending of the wires,
and 2)the 2D packing of the polymeric Pt"--Pt" chains
gradually changes from rectangular to hexagonal, and thus
the unit cell must expand to accommodate the new acetoni-
trile ligands. The spring-shaped superstructures may share a
similar wire-to-spring growth mechanism. The co-existence of
wheels and springs in the reaction mixture is not surprising as
these two superstructures are likely to have similar energies.
We note that the thinner wires (diameters of less than 100 nm)
are more likely to be transformed into springs, presumably
due to their lower constraints and higher flexibility.?

In summary, we have shown that the subtle interplay
between closed-shell Pt"--Pt" interactions and electrostatic/
Coulombic interactions leads to the formation of organo-
platinum(II) superstructures with diverse morphologies. The
preliminary studies carried out have shown that the meta-
morphism process reported herein can tolerate chemical
modification on the cyclometalated ligand; this work will be
reported in due course (see the Supporting Information for an
example).
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