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Application of external stimuli in self-assembly processes would offer greater degrees of
freedom to regulate the supramolecular nanostructures and functions of self-assembling
molecules. In particular, the utilization of electric field to control molecular self-assembly is
of fundamental significance, and it contributes to the development of applications in
nanofabrication and optoelectronic fields. Here we study the self-assembly of an anionic
platinum complex ([Pt(tfmpy)(CN)2] BusN*, tfmpy = 2-(4-(trifluoromethyl)phenyl)pyridine))
in the absence or presence of an electric field. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images demonstrated an interesting morphological
transformation from rod-like to flower-shaped nanoaggregate structures. For rod-like
nanostructure, selected area electron diffraction (SAED) and powder X-ray diffraction
(PXRD) analysis suggested that that the BusN* cations are squeezed between adjacent

platinum(1l) complex anions, forming alternating layers of two ions. In addition, SAED result

suggested the flower-shaped nanoaggregate is constructed by a layer-by-layer packing
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through the formation of Pt---Pt and =-m stacking interactions. Importantly, confocal
fluorescence imaging showed that these two different stable assemblies possess distinct
emission colors and lifetimes. This unique feature might be useful in various optoelectronic

applications including data recording, anti-counterfeiting, smart windows, etc.

1. Introduction

Supramolecular nanostructures created by molecular assemblies have attracted considerable
interest due to their rich aggregation structures and unique optical properties.! The
introduction of external stimuli to manipulate supramolecular architectures would provide
more possibilities for preparing self-assembled functional nanostructures with different
morphologies and optoelectronic properties. In this respect, light,”) magnetic field™® and
electric field™ have drawn much attention because they can be delivered remotely and
instantaneously to the assembled systems. Among them, electric field can be considered as a
useful tool for obtaining different supramolecular nanostructures. For example, Stupp and
coworkers prepared two compounds with opposite charges to form an ordered membrane
under an electric field.*!! Sun and coworkers demonstrated an in situ electrically driven cation
exchange process for the construction of an individual sulfide supramolecular architecture.c]
Although self-assembly by applying an electric field has been achieved, the investigations on
the changes of their optical properties induced by morphological variations are rare. To date,
only few examples of two stable assemblies with distinct morphological and optical properties
have been reported.B®! Particularly, examples of two different supramolecular nanostructures
exhibiting distinct emission colors are very rare. The drastic emission color changes between
two nanoaggregate structures would be useful in recognizing the morphological
transformation of molecular materials and in realizing different optoelectronic applications.
Moreover, the study on the effect of changing the voltage or the electrode on the formation of

different nanostructures is important to obtain deep insights into the assembling processes.
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Platinum(Il) complexes have attracted broad research interest due to their intriguing optical
and facile self-assembly properties, associated with metal-metal and n-m stacking
interactions.t®! Different supramolecular architectures have been obtained by modifying the
chemical structures of platinum(ll) complexes and changing the solvent composition.®
Although distinct morphologies have been realized by a class of amphiphilic anionic
platinum(Il) complexes, those nanostructures exhibit the same emission color due to the metal
to metal interactions.[®¥ Recently, a class of anionic platinum(ll) complexes has been shown
to exhibit monomer emission in the solid state.[] It is because the Pt---Pt interactions, which
normally result in aggregate formation, are suppressed due to the existence of bulky
counterion. This feature makes this class of anionic platinum(ll) complexes potential
candidates to realize different nanostructures with distinct emission colors in the absence or
presence of an external stimulus.

At first glance, we have tried to achieve this goal by changing the solvent compositions in
the self-assembly processes of an anionic platinum(l1) complex [Pt(tfmpy)(CN)2] BusN* (1)
(ttmpy = 2-(4-(trifluoromethyl)phenyl)pyridine). As shown in Figure S1, different
nanostructures can be obtained by this method, but all these supramolecular structures exhibit
the same green emission color. Consequently, it seems that the spontaneous self-assembly
into a state of thermodynamic equilibrium cannot achieve the goal of different nanostructures
with distinct emission colors. Therefore, it is envisioned that the out-of-equilibrium self-
assembled nanostructure may exhibit different morphology and photoluminescence (PL)
property under an external stimulus. In such case, applying an external stimulus to change the
spatial position of complex and counterion might lead to significant variations in their
supramolecular architectures and optical properties. Considering the ionic characteristic of
anionic platinum(Il) complexes, electric field would be a perfect choice to induce the
molecular assemblies. Herein, complex 1 has been prepared as the building block for

supramolecular assemblies (Figure 1a). By slow evaporation of a CH3CN solution of 1, the
3



OCoO~NOUAWNE

WILEY-VCH

mononuclear anionic platinum(ll) complex was found to exhibit a strong tendency toward the
formation of a nanorod structure with an intense green emission. On the other hand, by
applying an electric field in a CH3CN solution of 1, a flower-like nanoaggregate structure was
formed, which was rarely seen in small organic molecules and metal complexes.® Moreover,
it was found that this flower-like nanostructure displayed a strong orange photoluminescence.
Therefore, two stable nanostructural assemblies with distinct emission colors have been
realized. In addition, the influence of electric field on the assembly process has been
investigated. The results revealed that the surface roughness of various electrodes plays
significant roles in the formation of different supramolecular structures.

2. Results and Discussion
2.1. Synthesis and Characterization

The synthetic procedures are shown in the Supporting Information. Complex 1 was
synthesized by the reaction of platinum(ll) dimer [Pt(tfmpy)(Cl)]> with an excess of n-
BusN*CN- in CH,Cl; at 50 °C for 5 h. The complex obtained was characterized by *H and **C
NMR spectroscopy, MALDI-TOF mass spectrometry and X-ray crystal structure analysis.
Single crystals of 1 were obtained by slow diffusion of ethyl ether to its dichloromethane
solution (Figure S2, CCDC 1839766). As confirmed by X-ray crystallography, the BusN*
cations are squeezed between adjacent [Pt(tfmpy)(CN)2] anions, forming alternating layers of
two oppositely charged ions. Figure 1b shows that the adjacent Pt complexes are separated
from each other by more than 10 A. Therefore, Pt---Pt and n-r stacking interactions are absent
because of the spatial isolation of 1.

2.2. Photoluminescence Properties

The PL properties of 1 were investigated first. As illustrated in Figure 2, 1 exhibited a sharp
structured emission band at 479-547 nm in the solid state with a high quantum efficiency of
65.7%. The observed strong green emission can be attributed to the isolated monomer because

the crystal structure of 1 shows that Pt---Pt and m-m stacking interactions are absent as a
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consequence of the crystal packing caused by the bulky n-BusN* cations (Figure 1b). In sharp
contrast, it displays very weak PL intensity in a dilute CH2Cl> solution (20 pM),
corresponding to the quantum efficiency lower than 0.1%. However, increasing the volume
fraction of a poor hexane solvent in the CH2Cl,-hexane mixed solution, the bright green light
is constantly intensified, clearly demonstrating the aggregation induced phosphorescence
emission (AIPE) effect of 1. This AIPE phenomenon can be explained by an energy
stabilization of quenching the d-d* states in solution due to molecular distortions and bond-
length changes.["3

2.3. Spontaneous Self-Assembly

The self-assembling properties of 1 in CH3CN solution were then studied. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) images in Figures 3a and
S3 showed that the nanorods (aggregate state A) were formed by slow evaporation of CH3CN
solution of 1 (¢ = 1 x 10~* M). These nanorods have been measured with the width of about
300 nm and length of about tens of micrometer. In addition, such rod-like nanostructures were
characterized by an intense green PL emission, which is the same as that of the monomeric
molecule of 1. The identity of the energy and profile of the PL spectra for 1 and A reveals that
no Pt---Pt interactions are present (Figure S5).

2.4. Electric Field Induced Assembly

It has been demonstrated that when neighbouring monomeric platinum(ll) complexes interact
with each other by Pt---Pt metallophilic interactions, the emission bands will exhibit
significant bathochromic shifts. Thus, to realize the distinctly different morphologies and
optical properties for 1, shortening the distance between metal center of adjacent molecules is
crucial. 1t would be an effective way to achieve this purpose by varying the spatial position of
the ionic complex and the counterion via an electric field. Electrophoretic deposition (EPD)
technique was used to guide the self-assembly of 1 on electrode surface in this study. EPD is a

fast and convenient method that involves the movement of ionic molecules under an
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appropriate external electric field.”) Here, two aluminum foil wrapped Pt electrodes were
immersed in a CHsCN solution of 1 (1 x 10* M). From Figure 6a, we can see that the
CH3CN solution of 1 is almost non-emissive under 365 nm irradiation. Upon applying a
voltage of 3 V for 60 seconds, a bright orange emission can be discerned on the anode under
the UV light at 365 nm. From the mass spectral data of 1 on the anode, we can see that the
structure of 1 remains intact under our experimental conditions (Figures S6). It clearly
demonstrated that such an emission is originated from the triplet metal-metal-to-ligand charge
transfer (MMLCT) states, which is associated with the Pt---Pt metallophilic interactions.
Moreover, the appearance of MMLCT absorption band at 451 nm further reveals the Pt.--Pt
interactions between adjacent monomers of 1 (Figure S7). This interesting electric field
induced changes in morphology and luminescence should be promising in realizing
information recording and data security protection systems.[!*]

In addition to distinct luminescence changes of 1 after applying an external electric field,
the supramolecular structure of 1 has been noticeably altered as well. A flower-like assembly
(aggregate state B) with a mean diameter of 5 um was observed in the SEM image as shown
in Figures 3b and S8. It suggests that these flower-like assemblies are three-dimensional
hierarchically assembled supramolecular architectures, which were constructed by a large
number of ultrathin nanoribbons. To gain a further insight into the aggregate state B, a grid
net was used to replace the Pt electrode as the anode to facilitate TEM investigation. After
applying a voltage of 3 V for 60 seconds, a bright orange luminescence was observed on the
grid net as expected. TEM images in Figures 3d, S4 and S9 confirmed that the flower-like
structures consist of numerous ultrathin nanoribbons. The thickness of nanoribbon was
measured by atomic force microscopy (AFM). From its cross-sectional analysis, it was found
that the thickness is approximately 6 nm as shown in Figure 3f. Furthermore, the presence and

uniform distribution of carbon, nitrogen, fluorine, and platinum in the flower-like
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supramolecular nanostructures were confirmed by the corresponding elemental mapping
(Figure 4).

2.5. Effect of Electric Field and Electrodes

The investigations of the effect of the electric field on the molecular assembly have been
carried out. Firstly, the supramolecular structures of 1 under different voltages have been
studied. In Figure S10, SEM images of aggregate state B, which was formed by applying
different voltages of 3, 5, 7, and 9 V, showed similar supramolecular structures, indicative of
the fact that the influence of voltage on the morphology of 1 can be ignored. Besides, the
structural evolution with variation of the voltage application time (15 s, 30 s, 45 s and 60 s)
was observed for the samples in SEM images, which clearly showed the stepwise growth
mechanism of aggregate state B of 1 (Figure 5). The influence of different electrodes on the
formation of nanostructures has also been studied. Figure S11 shows that different electrodes
have notable effects on the self-assembled structures. Thick nanosheets were observed by
using copper as the electrode at a certain voltage. When indium tin oxide (ITO) was used as
the electrode, irregular nanoparticles were formed by applying a voltage.

2.6. Molecular Packing

It is believed that the spatial location of bulky cations of BusN™ is critical for growing the
different nanostructures of 1. For aggregate state A, selected area electron diffraction (SAED)
and powder X-ray diffraction (PXRD) analysis suggest that these nanorods have high
crystallinity. In Figure 3e, the diffraction peaks of nanorods well matched with the calculated
data by Mercury from the single-crystal data of 1. It is strongly suggested that the molecular
packing of nanorod is similar to that of the single crystal of 1, and the BusN™ cations are
squeezed between adjacent platinum(ll) complex anions, forming alternating layers of two
ions (Figure 6b). For aggregate state B, SAED analysis of multiple stacked region of
aggregate state B exhibited obvious diffraction rings, which confirms its crystalline nature

(Figure 3c). It is worth noting that one d spacing is about 0.36 nm (Figure S12), which is
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indicative of the presence of periodic Pt---Pt and n-m stacking interactions in the self-
assembled materials. In addition, the change in emission lifetimes between aggregate state A
and B can also confirm the formation of intermolecular Pt---Pt and n-n stacking interactions
in the flower-like nanostructure (Figure S13). Therefore, it is believed that the ultrathin
nanoribbon is constructed by a layer-by-layer packing through the formation of Pt---Pt and n-
n stacking interactions, which is schematically depicted in Figure 6b.

SAED analysis and emission lifetime measurement of the assembled structures on different
electrodes have been performed. In Figure S14, we can see that SAED analysis of the thick
nanosheets obtained on the copper electrode showed obvious diffraction rings, which
confirms its crystalline nature. In these assemblies, one d spacing was calculated as 0.36 nm,
indicating the presence of periodic Pt---Pt and mn—m stacking interactions. Besides, the
emission lifetime of these thick nanosheets is similar to that of aggregate state B (Figure S13),
which confirms that the molecular packing of the two nanostructures is the same. However, as
shown in Figure S14, SAED analysis revealed the amorphous nature of the irregular
nanoparticles obtained on the ITO electrode. Emission decay time of these irregular
nanoparticles is different from that of the aggregate state B (Figure S13). These results
indicate the different molecular packing of irregular nanoparticles from aggregate state B. The
differences in surface roughness of various electrodes may be responsible for the different
supramolecular structures. Nucleation and oriented growth of molecules on the ITO electrode
is difficult because of its very smooth surface and low surface energy. As a result, amorphous
irregular nanoparticles are likely to grow on the ITO electrode. Based on these results, we can
conclude that electric filed is indeed a decisive factor in forming different nanostructures.

2.7. Confocal Fluorescence Imaging
Confocal fluorescence microscopy (CFM) was utilized to study the changes of morphologies
and emission colors of assemblies. As shown in Figure 7a, the sample prepared by

evaporation of a CH3CN solution of 1 exhibited a rod-like supramolecular nanostructure with
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a strong green emission at an excitation wavelength of 405 nm that corresponds to assembly
A. In contrast, flower-shaped assembly B shows an intense orange emission maximum at 587
nm (Figure 7b). Also, photoluminescence lifetime imaging microscopy (PLIM) was utilized
to examine the emission decay time change. The lifetime imaging clearly illustrates that the
emission lifetime significantly decreased from 900 ns to 280 ns after formation of
intermolecular Pt---Pt and n-n stacking interactions of 1 (Figures 7c and 7d). This change is in
accordance with the previous report.l™!] Therefore, we are able to distinguish the difference in
supramolecular structures of 1 according to their optical variations.

3. Conclusion

To conclude, we have demonstrated that the utilization of external electric field could be an
effective way to create supramolecular architectures. For 1, electric field markedly helped it to
overcome the steric hindrance of bulky counterion to assemble into flower-shaped
nanostructures. SEM and TEM images reveal that the flower-like superstructures are
composed of numerous ultrathin nanoribbons. Moreover, it was found that these two stable
morphologies possess distinct luminescence properties. Our results suggest that it could be a
reliable method in charged self-assembling systems by the introduction of electric field to
help construct nanostructures. It may be promising in various optoelectronic applications,
such as data recording, anti-counterfeiting, smart windows, and so on.

4. Experimental Section

Materials: Unless otherwise stated, all starting materials and reagents were purchased from
commercial suppliers and used without further purification. All solvents were purified before
use. The solvents were carefully dried and distilled from appropriate drying agents prior to
use.

Measurements: NMR (*H: 400 MHz, °C: 100 MHz) spectra were recorded on a Bruker
ACF400 spectrometer at 298 K using deuterated solvents. Mass spectra were obtained on a

Bruker autoflex matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF/TOF)
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mass spectrometer. UV-visible absorption spectra were recorded with a Shimadzu UV-2600
spectrophotometer. Photoluminescent spectra were measured with an Edinburgh Instrument
FLS920. The fluorescence quantum efficiency of the solid state was measured on a FLS920
steady state and calibrated integrating sphere systems from an Edinburgh Instrument. X-Ray
diffraction data were collected at 293 K using graphite-monochromated Mo—Ka radiation (A =
0.71073 A) on a Bruker APEX DUO diffractometer. The collected frames were processed
with the software SAINT and an absorption correction (SADABS) was applied to the
collected reflections. The structure was solved by the Direct methods (SHELXTL) in
conjunction with standard difference Fourier techniques and subsequently refined by full-
matrix least-squares analyses on Fa.

Photoluminescence lifetime imaging: The obtained nanostructures were placed on the PLIM
setup, which is integrated with Olympus IX81 laser scanning confocal microscope. The
photoluminescence signal was detected by the system of the confocal microscope and
correlative calculation of the data was carried out by professional software which was
provided by Pico Quant Company. The light from the pulse diode laser head (Pico Quant,
PDL 800-D) with excitation wavelength of 405 nm and frequency of 0.5 MHz was focused
onto the sample with a 40x/NA 0.95 objective lens for single-photon excitation.

Synthesis of 1: A mixture of platinum(ll) bis(2-(4-(trifluoromethyl)phenyl)pyridine) dichloro-
bridged dimer (0.1 mmol) and an excess of tetrabutylammonium cyanide (0.5 mmol) was
dissolved in dichloromethane at 50 °C for 3 h. The solvent was removed and the residue was
washed with water and extracted with dichloromethane. Then, the product was recrystallized
by vapor diffusion of diethyl ether into dichloromethane. Yield 71%. *H NMR (400 MHz,
CDCla): (ppm) 9.51 (d, J = 4 Hz, 1H), 8.45 (s, 4H), 7.92 (t, J = 8 Hz, 1H), 7.78 (d, J = 8 Hz,
1H), 7.60 (d, J = 8 Hz, 1H), 7.34 (d, J = 8 Hz, 1H), 7.22 (t, J = 8 Hz, 1H). 3.37-3.33 (m, 8H),
1.74-1.66 (m, 8H), 1.52-1.43 (m, 8H), 1.01 (t, J = 8 Hz, 12H). *C NMR (100 MHz, CDCls),

(ppm): 166.49, 158.03, 153.33, 150.14, 139.14, 134.87, 131.23, 130.39, 125.97, 123.89,
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123.26, 122.94, 120.68, 119.45, 58.80, 24.01, 19.62, 13.62. MS (MALDI-TOF) [m/z]: 468.6

[M—BuwN]".
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lonic Molecules

1 Electric Field

Ordered Nanostructures

Figure 1. a) Chemical structure of complex 1. b) A perpendicular view illustrating the
alternation of n-BusN* cations and Pt complex anions within the crystal of 1. The Pt.--Pt
separation amounts to 10.519 A. ¢) Schematic diagram showing the utilization of electric field
to control the self-assembly of ionic molecules to form ordered nanostructures.
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Figure 2. a) PL spectra of 1 in hexane—-CHzCl> mixtures (20 uM) with different hexane
fractions. Inset: photographs of 1 in CH2Cl (left) and hexane—CH2Cl> mixture (v : v, 99 : 1)
(right) under 365 nm irradiation. b) A plot of the relative PL intensity (I/lo) of 1 at 479 nm
versus the composition of the hexane—CH.Cl> mixture of 1 (lo is the PL intensity in pure
CHCI; solution).
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Figure 3. a) SEM image prepared by slow evaporation of a CH3CN solution of 1 (1x 10 M).
Scale bar = 10 um. b) SEM images prepared by applying a voltage of 3 V for 60 seconds in a
CH3CN solution of 1 (1x10“ M). Scale bar = 3 um. ¢) TEM image and the corresponding
SAED patterns (inset) of the aggregate state A. Scale bar = 1 um. d) TEM image and the
corresponding SAED patterns (inset) of aggregate state B. Scale bar = 1 um. ¢) PXRD
patterns of the nanorods (red line) and the calculated data by Mercury from the single-crystal
data of complex 1 (black line). f) AFM image and its cross-section analysis of nanoribbon
structure. Scale bar = 100 nm
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Figure 4. Energy-dispeie X-ray speccopy analysi typical flower-like nanostructure
and the corresponding elemental mapping.
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Figure 5. SEM images of the flower-like nanoaggregate at various stages of growth. a) 15 s,
b) 30 s, ¢) 45 s, and d) 60 s. Scale bar =2 pm.
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Figure 6. a) Diagram illustrating the setup for the investigation of the luminescence change of
1 under electric field and photographs of 1 (10 x 10 M) in acetonitrile before and after
applying a voltage of 3 V under photoexcitation at 365 nm. b) Schematic diagram showing
the formation of the rod-like and flower-like nanostructure of 1

19



OCoO~NOUAWNE

—
3
R
>
=
(2]
c
0]
2
£
]
o)
N
©
S
—_
o
zZ

0.8+

06

044

024

0.0+

rocHlike structure

—u— flower-like structure

{ 4
g §
T T "1 T T
450 500 550 600
Wavelength (nm)

20

650

1200.000
n

[sulownoy se

0.000

WILEY-VCH

Figure 7. CFM images of a) rod-like and b) flower-shaped nanostructures. PLIM images of c)
rod-like and d) flower-shaped supramolecular structures. e) PL spectra obtained by CFM.
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The self-assembly of an anionic platinum complex ([Pt(tfmpy)(CN)z]'BusN*) in the
absence or presence of an electric field has been studied in this work. SEM and TEM
images demonstrated an interesting morphological transformation from rod-like to flower-
shaped nanoaggregate structure. Importantly, it is found that these two different stable
assemblies possess distinct emission colors.
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Distinct Emission Colors
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