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Abstract: Supramolecular assembly of small molecules via noncovalent interaction is useful for bottom-
up construction of well-defined macroscopic structures. This approach is attracting increasing interest due
to its high potential in manufacturing novel molecular electronic and optoelectronic devices. This Article
describes the synthesis and functions of a sheet-shaped assembly from novel triphenylene-fused metal
trigon conjugates. These conjugates were recently designed and synthesized by a divergent method and
used for the supramolecular self-assembly of sheet-like objects. In contrast to triphenylene, which absorbs
photons in ultraviolet region, the triphenylene-fused metal trigon conjugate shows a strong absorption band
in the visible region. The metal trigon conjugate emits green photoluminescence with significantly enhanced
quantum yield and allows intramolecular energy migration, as a result of extended π-conjugation over metal
sites. It assembles via physical gelation to form noncovalent sheets that collect a wide wavelength range
of photons from ultraviolet to visible regions. The noncovalent sheets allow exciton migration and are
semiconducting with an extremely large intrinsic carrier mobility of 3.3 cm2 V-1 s-1. They are highly
photoconductive, produce photocurrent with a quick response to light irradiation, and are capable of repetitive
on-off switching. Moreover, these sheets facilitate a conduction path perpendicular to the sheet plane,
thus exhibiting a spatially distinctive anisotropy in conduction. The noncovalent sheet assemblies with these
unique characteristics are important for molecular optoelectronic devices based on solution-processed soft
materials.

Introduction

Conjugated molecules have been a central subject of studies
in the fields of organic electronics and optoelectronics.1

Introduction of metal modules to conjugated molecules plays
an important role in expanding the diversity of supramolecular

self-assembly. For example, the properties of metal ions such
as magnetism, and redox and photochemical activities, may be
transcribed on the supramolecules. In this context, triphenylene,
a typical conjugated planar molecule, is an intriguing motif for
this purpose because of its utility in supramolecular assembly.2-4

However, to date, metal-containing triphenylene derivatives have
been limited to thio-ligated bismuth5a and silver5b crystalline
solids. Here, we report the first example of triphenylene-fused
metal trigon conjugates (Chart 1; TSZn3), where multinuclear
metal sites6 are connected to one another via conjugation with
a triphenylene core. TSZn3 emits green photoluminescence with
a significantly enhanced quantum yield and allows intramo-
lecular energy migration between metal sites as a result of
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extended π-conjugation. In contrast to the 1D arrays reported
for triphenylene derivatives,2,3 self-assembly of TSZn3 leads
to the construction of a 2D sheet. We found that the assembled
2D sheet collects photons over a wide wavelength range from
the ultraviolet to visible regions, converts them to bright
luminescence, and allows exciton migration. Furthermore, the
noncovalent 2D sheet is electrically semiconducting and capable
of repetitive on-off switching. The 2D sheet shows photocon-
ductivity with a quick response to the irradiation of a wide range
of visible light with a large on/off ratio. A clear spatial
anisotropy reveals that the sheet assembly favors a conduction
path perpendicular to the stacked sheets rather than that along
the sheet plane.

Experimental Section

THF was distilled over benzophenone ketyl under Ar before use.
Other organic solvents for reactions were distilled over the
appropriate drying reagents under argon or obtained as dehydrated
reagents from Kanto Chemicals. Tris(dibenzylideneacetone)di-
palladium(0), sodium tert-butoxide, and rac-BINAP were obtained
from Tokyo Kasei Co. (TCI). Zinc(II) acetate dihydrate was
obtained from Kanto Chemicals. Benzophenone imine and triethy-
lamine were obtained from Aldrich. Wakogel C-300HG was used
for column chromatography. Deuterated solvents for NMR mea-

surement were obtained from Cambridge Isotope Laboratories, Inc.
Solvents for gelation test were spectroscopic grade and used as
received.

Results and Discussion

TSZn3 was synthesized by metalation of TSH6 with zinc(II)
acetate and unambiguously characterized by various spec-
troscopies (see Supporting Information). A divergent method
was developed for the synthesis of the unprecedented TSH6 from
triphenylene. Electronic absorption spectroscopy revealed an
extended π-electronic conjugation in the triphenylene-fused
trigons. As indicated by the blue curve in Figure 1, TSH6 in
CH2Cl2 at 23 °C exhibits an absorption band due to the π-π*
transition at 379 nm, which is red-shifted by 94 and 48 nm
from those of triphenylene (285 nm; black curve) and a mono-
Schiff-base control SH2 (331 nm; dotted blue curve), respec-
tively. In relation to this observation, TSZn3 exhibits an
absorption band at 419 nm (red curve) and a 44 nm red-shift
from the mononuclear reference SZn (375 nm; dotted red
curve).7 As all of the above samples are highly soluble in
CH2Cl2, we thus evaluated the absorption coefficients by plotting
absorbance versus concentrations, which gives a good linear
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Chart 1. (a) Schematic Representation of Triphenylene-Fused
Trigons TSH6 and TSZn3, Nonalkoxylated Trigon, and Their
Controls SH2 and SZn; and (b) Lattice Packing of the Assembled
2D Sheets
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correlation (Figure S2). These results indicate that conjugation
is extended from the focal triphenylene core to the mounted
metal sites. Consequently, TSH6 and TSZn3 display significantly
expanded light absorption windows along with largely enhanced
absorption coefficients (Figure 1; 8.9 × 10-6 M).

TSZn3 formed a well-defined sheet-shaped monolayer on an
HOPG substrate by casting a CHCl3 solution, as revealed by
STM (Figure 2a). In a hydrocarbon solvent such as decalin,
TSZn3 self-assembles to form a physical gel (Figure S3; Table

S1).8,9 When added to decalin, TSZn3 gradually dissolved upon
heating at 80 °C to produce a dark red solution (9.0 mM, 20
mg/mL). When the solution was allowed to stand at 25 °C for
5 min, it formed a red-orange physical gel. On heating at 70
°C, the gel of TSZn3 became fluid and eventually turned into
a solution, and the gel-to-sol transition temperature was
estimated to be 48 °C (Figures S3 and S4).9a The sol-gel
transition is thermally reversible many times. FE-SEM images
of a freeze-dried xerogel reveal that it consists of 2D sheets
without any other morphologies such as spheres, fibers, ribbons,
or rods (Figure 2b). One-by-one examination of the objects
shows that the sheets are extended two-dimensionally for several
micrometers in length and width (Figure 2c), while the thickness
varies from a few nanometers to several hundred nanometers,
as identified by AFM measurement. Reports of noncovalent
sheet assembly are rarely in the literature,10 while other textures
such as spheres, fibers, rods, ribbons, and tubes have been well
developed in supramolecular systems. Although PXRD mea-
surement of the xerogel exhibits broad peaks in the wide angle
range, reflections at 2.7°, 8.6°, 19.7°, and 26.1° (Figure 2d; black
curve) can be identified. To elucidate the molecular packing,
we first conducted quantum chemical calculation at the AM1
level performed on Spartan’04 (Wave function, Inc.) to optimize
the TSZn3 geometry, and then performed molecular modeling
and Pawley refinement by using Reflex, implemented in the
Materials Studio program package version 4.3.11 Simulation
using the P32 space group (No. 145) with a ) b ) 65.8262 Å
and c ) 4.4916 Å results in a PXRD pattern (Figure 2d; red
curve) that is in good agreement with that observed experimen-
tally. All of the diffractions can be reasonably assigned.
Therefore, TSZn3 most likely assembles in a trigonal manner
with interdigitated alkyl chains to form 2D sheets that stack to
afford a layered structure (Figure 2d; Chart 1b; Figures S5-S7).

The molecular ordering in the sheet assembly is morphologi-
cally similar to the lattice structure of single crystals of a
triphenylene-fused Zn(II) trigon without alkyl chains (Figure
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Figure 1. Electronic absorption spectra of TSH6 (blue curve) and TSZn3

(red curve) as compared to that of triphenylene (black curve), and control
compounds SH2 (dotted blue curve) and SZn (dotted red curve), in CH2Cl2

at 25 °C (8.9 × 10-6 M; at this concentration no aggregation occurs).

Figure 2. (a) STM image of TSZn3 on an HOPG substrate (bar: 10 nm).
(b) Large-area FE-SEM image of xerogel of TSZn3 (bar: 10 µm). (c) A
high magnification image of layered sheets (bar: 500 nm). (d) Experimental
(black curve) and simulated (red curve) PXRD patterns of the sheet and
simulated molecular packing structure (insets). The enlarged PXRD curve
shows a broad and weak peak at 2θ ) 26.1°, corresponding to a d value of
3.41 Å, which is reasonable for π-π stacking.
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3).12 The triphenylene-fused trigon is almost planar (Figure 3a
and b). Each Zn(II) atom is five-coordinated with four equatorial
sites occupied by two salicylidene-imine units and one axial
site by an oxygen atom from a coordinated DMSO molecule
(Figure 3a). As shown in Figure 3c, within one bilayer (the
trigons in red are in the same sheet, while the neighboring sheet
in green is staggered over the red one), each molecule is stacked
with three molecules of the neighboring sheet through π-π
interaction (π-π distance ) 3.24 Å). The bilayer further stacks
in the c direction to form a layered sheet structure, where the
interbilayer distance is 5.79 Å and between the bilayers are
located the axial and non-coordinating DMSO molecules (Figure
3d).

The photochemical properties of TSZn3 both in the solution
and during assembly were studied in comparison with a control
SZn. Upon excitation at 390 nm in CH2Cl2 at 25 °C, SZn emits
a weak fluorescence at 484 nm (Figure 4a; blue curve) with a
quantum yield (ΦFL) of only 0.3%. In sharp contrast, TSZn3

emits green fluorescence at 503 and 535 nm (green curve) with
a ΦFL value of 11.5%, which is almost 30-fold that of SZn. On
the other hand, when excited with light ranging from 250 to
500 nm, the gel produces similar luminescence at 570 and 606
nm (red curve). The ΦFL value of the gel was estimated to be
7%. The large red-shifted emission with an enhanced quantum
yield is clearly the result of extended π-conjugation and π-π
stacking interaction.13 These observations indicate that the 2D
sheets can absorb photons over a wide wavelength range from
ultraviolet to visible regions and convert them to bright green-
orange emission.

Because extended π-electronic conjugation is present, we
assumed that excitation energy would migrate over the trigon
conjugates. Thus, the fluorescence depolarization characteristics
of TSZn3 were investigated upon excitation with polarized light

in a viscous medium such as polyethylene glycol (PEG).14 SZn
exhibits the highest retentivity in fluorescence depolarization
(Figure 4b; p ) 0.266). The fluorescence of TSZn3 was
considerably depolarized to result in a decreased p value (0.138),
indicating that the excitation energy most likely migrates over
the nanosized trigon. Of interest, TSZn3 gel exhibits more
significant depolarization in fluorescence to afford the lowest p

(12) Crystal data for the non-alkoxylated triphenylene-fused Zn trigon,
C60H36N6O6Zn3 ·11C2H6OS: trigonal, space group R-3(h) (No. 148),
a ) b ) 24.94(3), c ) 26.91(4) Å. R ) � ) 90°, γ ) 120°, V )
14501(32) Å3. Z ) 6, final R1 ) 0.137 (I > 2σ(I)), wR2 ) 0.480 (all
the reflections), and GOF ) 1.133. The refinement was based on 7360
independent reflections out of total 7360 reflections collected and 368
variable parameters. Crystallographic data have been deposited at the
Cambridge Crystallographic Data Centre with reference number CCDC
675626.

(13) Yamaguchi, Y.; Matsubara, Y.; Ochi, T.; Wakamiya, T.; Yoshida, Z.-
i. J. Am. Chem. Soc. 2008, 130, 13867–13869.

Figure 3. Crystal structure of nonalkoxylated TSZn3. (a) Top and (b) side
views of one molecule. (c) Top and (d) and side views of crystal packing.
DMSO solvent coordinates with each Zn(II).

Figure 4. (a) Normalized fluorescence spectra of SZn (blue curve), TSZn3

in CH2Cl2 (green curve), and TSZn3 gel (red curve). (b) Fluorescence
depolarization profile. (c) I-V profile of a 10 µm-wide Pt gap (black curve,
without a TSZn3 sheet; red curve, with a TSZn3 sheet; blue curve, with an
iodine-doped TSZn3 sheet). (d) Electric current when a 2 V bias voltage is
turned on or off. (e) I-V profile of a TSZn3 sheet sandwiched between
Al/Au electrodes (blue curve, without light irradiation; red curve, upon
visible light irradiation). (f) Photocurrent when light is turned on or off.
(g) FP TRMC profile of the TSZn3 sheet at 25 °C on irradiation with a
355 nm pulse laser at a power of 2.6 × 1016 photons cm-2. (h) Dependence
of minimum mobility of the charge carrier of the TSZn3 sheet on photon
density (local carrier density).
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value of only 0.097. Therefore, the excitation energy is not
localized but can migrate over the sheets. Such an exciton
migration is highly interesting from the viewpoint of developing
molecular optoelectronics.

Single crystals of triphenylene have been reported to function
as semiconductors.15 The well-defined molecular order of the
assembled 2D sheets indicates a high probability of becoming
electrically semiconducting. We investigated this possibility by
measuring the electrical conductivity across a 10 µm-wide Pt
gap by a two-probe method (Figure 4c; inset). The 2D sheet
shows an almost linear I-V profile in air at 25 °C (Figure 4c;
red curve), while the gap itself is unresponsive (black curve)
irrespective of bias voltage. For example, at a 2 V bias voltage,
the sheet shows an electric current of 0.25 nA. The unassembled
sample (as-synthesized) of TSZn3, however, exhibits a low
current (Figure S8a; 20 pA) under otherwise identical conditions.
This is also the case for SZn (Figure S8b; 8 pA). Thus, the
high conductivity observed for TSZn3 is clearly related to the
highly ordered alignment of the conjugated metal trigon. Doping
with iodine (Figure S9)16 increased the electric current (Figure
4c; blue curve), suggesting that the self-assembled 2D sheet is
a p-type semiconductor. Furthermore, the current can be
switched on-off repetitively without significant deterioration
(Figure 4d). Cyclic voltammetry of TSZn3 reveals that the first
oxidation potential is as low as 0.28 V vs Fc+/Fc (Figure S10),
suggesting a facile generation of charge carriers with an
oxidative dopant such as iodine.17

Along this line, we further investigated the light irradiation
effect on the conductivity of the 2D sheets, because triphenylene
single crystal has been reported to be photoconductive on
irradiation with ultraviolet light, as a result of exciton migration
followed by charge separation at the molecule-electrode
interface.18 Accordingly, we sandwiched the 2D sheets between
Al/Au electrodes to examine this possibility (Figure 4e, inset).
Upon irradiation with visible light (>400 nm), the 2D sheets
show an almost linear I-V profile with significantly enhanced
current (Figure 4e; red curve). In contrast to the sheet of TSZn3,
triphenylene lacks an absorption window in the visible region
(Figure 1; black curve); thus, it barely responds to visible light
irradiation. On-off experiments revealed that the photocurrent
shows a quick response to light irradiation and can be
repetitively switched many times with an on-off ratio of about
200 (Figure 4f). In contrast, the 2D sheets bridged on the Pt

gap electrodes show photocurrent generation but with a low
current increment and a low on-off ratio of only 30 (Figure
S11). Such spatial anisotropy in photocurrent generation suggests
that a conduction path perpendicular to the stacked sheets is
superior to that along the sheet plane.

To evaluate the intrinsic carrier mobility, we conducted laser
flash photolysis time-resolved microwave conductivity measure-
ments (FP TRMC; see Supporting Information).19 The transient
conductivity profile shows a rapid rise upon laser irradiation,
to yield a ΦΣµ value of 2.8 × 10-5 cm2 V-1 s-1 at a photon
density of 2.6 × 1016 photons/cm2 (Figure 4g). To determine
the number of charge carriers, time-of-flight transient was
integrated at different bias voltages (Figures S12 and S13). The
number of charge carriers estimated by extrapolation of the bias
at 0 V was 1.8 × 108, leading to the charge carrier generation
yield (Φ; number of charge carrier/number of photon) of 8.5 ×
10-6. Therefore, the minimum carrier mobility (Σµ) was
evaluated to be 3.3 cm2 V-1 s-1. It is noted that the carrier
mobility is maintained almost constant when different photon
densities are applied (Figure 4h), suggesting that free charge
carriers are generated by single photon processes via the trigon
excited states. The relatively slow rise-time of the conductivity
transient (k ) 3 × 105 s-1) also supports the charge carriers
produced by migrated excitons rather than the singlet excited
state of single molecule. The intrinsic carrier mobility is
extremely high as compared to small organic semiconductors,20

conjugated polymers21 including the state-of-the-art semicon-
ducting polymer, RR-P3HT (µ ) 0.014 cm2 V-1 s-1),22 and
liquid crystalline system,23 and is most likely related to the
highly ordered molecular structure in the sheet assembly.

Conclusions

Exploration of metal-ion integrated conjugation systems has
a high probability of leading to the development of new
materials. In summary, we reported an unprecedented π-con-
jugation system with electronically correlated multinuclear metal
sites on a fused triphenylene trigon. Upon self-assembly, the
metal trigon forms a well-defined 2D sheet, which harvests a
wide range of photons, converts them to bright emission, and
allows exciton migration. Moreover, the 2D sheet is semicon-
ducting, shows an extremely high carrier mobility, and is capable
of repetitive on-off current switching at room temperature. The
noncovalent 2D sheet is photoconductive and exhibits a quick
response to visible light irradiation with a large on/off ratio and
a significant spatial anisotropy. These characteristics are unique
and clearly originate from the highly ordered molecular structure
of the noncovalent sheet assembly, thus casting a sharp contrast
to the triphenylene precursor. Therefore, the multifunctional
sheets constitute an important step for molecular optoelectronics
based on soft materials.
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