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ABSTRACT

Two novel n-type disk-shaped molecules containing a triphenylene core and three fused naphthaleneimide imidazole or peryleneimide imidazole
“arms” are synthesized and characterized. The n-type charge carrier mobilities of these molecules are evaluated by both field effect transistors
and space-charge limited-current measurements, which exhibit drastically different mobility anisotropy. A strong correlation between film
morphology and the charge transport behavior is established by X-ray scattering and atomic force microscopic analyses.

Organic semiconductors with controllable molecular
packing and long-range ordering are of great interest for
the development of high-performance electronic devices,
such as organic field-effect transistors (OFET)1 and or-
ganic photovoltaics (OPVs).2 While charge carrier

mobility is the key parameter in describing organic semi-
conductors, the devices are also dependent on the direc-
tionality of charge transport and the associated
anisotropy.3 Charge transport in the lateral direction
favors high FET performance, while the vertical charge
transport is desirable for diode-typedevices suchasOPVs.4

Disk-shaped molecules containing polycyclic aromatic
cores have a strong propensity for stacking into 1D
columns as the preferred charge transporting pathway,4,5

and thus emerge as a promising class of organic semicon-
ductors with controllable transport anisotropy.3b In terms
of charge carrier types, both p-type (hole conducting) and
n-type (electron conducting) semiconductors are required
for the fabrication of complementary logic circuits6 or for
use as active materials in OPVs.2 A number of p-type disk-
shaped molecules with mobilities comparable to or even
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surpassing that of amorphous silicon have been devel-
oped over the past decades, including triphenylenes,7

phthalocyanines,8 porphyrins,9 hexabenzocoronene,10 and
truxenes.11 In contrast, n-type disk-shaped molecular sys-
tems are still much underdeveloped.12 Evenmore so, there
lacks a detailed study of their electronic properties in the
context of thin film devices.
n-Type naphthalenetetracarboxylic diimide (NDI) and

perylenetetracarboxylic diimide (PDI)-based materials
have become increasingly attractive due to their high
charge-carrier mobilities, superior light absorption in the
wavelength range of visible light, and high thermal, che-
mical, and photostability.13 Incorporating these electron-
deficient units into c3-symmetric disk-shaped molecular
skeletons poses as an appealing approach toward achieving
good optical, electronic, and self-assembly properties.12e

Herein, we report the investigation of a series of novel n-
type disk-shaped molecules that contain a triphenylene
core fused with three naphthaleneimide imidazole or per-
yleneimide imidazole “arms” (Scheme 1). As a result of
extended conjugation, the fusion has led to enhanced
optical properties along with well-aligned frontier orbital
energies. Moreover, charge carrier mobilities of these

compounds, measured both in the context of field effect
transistors and by the space-charge limited-current
(SCLC) model, show drastically different directional ani-
sotropy. As revealed by X-ray scattering and atomic force
microscopic (AFM) analyses, a strong correlation between
the film morphology and the charge transport behavior
has been established.

Scheme 1 shows the synthesis of the naphthaleneimide-
based trimer TP-TNI, the peryleneimide-based trimer
TP-TPI, and their respective single “arm” counterparts,
i.e. naphthaleneimide imidazole (NI) and peryleneimide
imidazole (PI). The trimeric TP-TNI and TP-TPI are
obtained as a statistical mixture of cis- (symmetric) and
trans- (asymmetric) isomers from the condensation reaction
between hexaaminotriphenylene and the corresponding
anhydrides. Branched swallow-tail alkyl chains are em-
ployed as the imide substituent to endow good solubility in
common organic solvents. BothTP-TNI and TP-TPI give
very broad NMR spectra across a wide range of tempera-
tures. Nevertheless, their identities are fully supported by
mass spectrometry and elementary analyses. The trimers
are thermally stable above 400 �C as revealed by thermo-
gravimetric analysis (TGA). No thermal transitions could
be observed in differential scanning calorimetry (DSC) in a
wide temperature range from 20 to 350 �C at various
scanning rates (10 and 2 �C min�1) (Figures S1�S2,
Supporting Information, SI).
The optical properties of these compounds are inves-

tigated in both solution and thin film. The UV�vis
spectra of TP-TNI and TP-TPI in CHCl3 solution reveal
(Figure 1a) broad absorption in the visible region, with
maxima at 502 nm (ε = 25600 M�1 cm�1) and 624 nm
(ε=49200M�1 cm�1), respectively. The absorption spec-
trum ofTP-TNI is significantly red-shifted as compared to
those of monomeric NI as a result of more extensive

Scheme 1. Synthetic Scheme and Molecular Structures of TP-
TNI, TP-TPI, NI, and PIa

aTP-TNI and TP-TPI are obtained as a mixture of symmetric and
asymmetric isomers, with only the structures of symmetric ones shown.
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electron delocalization in the trimeric polycyclic aro-
matic cores. The fine absorption bands in the TP-TPI
spectrum show a hypsochromic shift when compared to
the PI monomer, together with an additional broad
shoulder at longer wavelength. The hypsochromic shift
suggests H-aggregation in the solution, while the broad
featureless band might originate from intramolecular
charge transfer. TheUV�vis spectra of spuncast thin films
ofTP-TNI andTP-TPI showabathochromic red shift (ca.
30 nm) when compared to the corresponding solution
spectra, ascribable to enhanced π�π intermolecular inter-
actions in thin films. From the onset of their long wave-
length absorption spectra (670 nm forTP-TNI and 770 nm
forTP-TPI), the respectiveoptical bandgaps are estimated
to be 1.9 and 1.7 eV. From the cyclic voltammetry (CV)
measurements (Figure S3, SI), the lowest unoccupied
molecular orbital (LUMO) energy levels of TP-TNI and
TP-TPI are measured to be�3.7 eV (Figure 1b). The low-
lying LUMO energies of TP-TNI and TP-TPI suggest
their potential as n-type semiconductor materials. The
highest occupied molecular orbital (HOMO) energy levels
are calculated to be�5.7 and�5.3 eV forTP-TNI andTP-
TPI, respectively, from the difference between the LUMO
and optical band gap.

Lateral charge transporting properties of thesematerials
are evaluated in FETs (Figure 2), using the bottom gate/
top contact OFET configuration with octyldecyltrichlor-
osilane (OTS)-modified SiO2 as the dielectric layer.

14Gold
(Au) is used as the source/drain electrodes unless men-
tioned otherwise, and the scratched n-doped Si works as
the gate electrode.All samples are preparedby spin coating
organic solutions of active materials on OTS-SiO2, result-
ing in thin films with a thickness of ∼20�30 nm. The
highest lateral electron mobility (μ//) of TP-TNI is 1.3 �
10�4 cm2 V�1 s�1 (Table S1, SI), which is among the

highest FET electron mobilities for solution processed
disk-shaped n-type molecules.12,15 The on/off ratio is on
the order of 103�104. In contrast, the mobility of the
corresponding monomer NI is more than 4 orders of
magnitude smaller. Devices with Al as source/drain elec-
trodes also showed a similar tendency. For perylene-based
derivatives, the highest μ// of the monomeric PI is 1.4 �
10�5 cm2 V�1 s�1. Surprisingly, the carrier mobility of TP-
TPI-based transistors is very low (∼10�9 cm2 V�1 s�1)
regardless of the nature of the evaporated top electrodes
(Au, Al, or Ca/Al).

Vertical charge carrier mobilities (μ^) are measured
using the SCLC model for the spuncast thin films
(50�120 nm) sandwiched between indium tin oxide
(ITO) and Al electrodes (Table S2, SI). In sharp contrast
to TP-TPI’s poor lateral charge transporting characters,
the μ^ is measured to be 1.3 � 10�4 cm2 V�1 s�1, corre-
sponding toamobility anisotropy (μ^/μ//) ofmore than105

(Figure 2). The charge transport in TP-TNI is more
balanced. The SCLC μ^ is measured to be 1.6 � 10�5

cm2 V�1 s�1, resulting in the value of μ^/μ// several orders
smaller than that of TP-TPI. For the monomeric NI and
PI, the μ^/μ// values are around 10

1�102 and 100�101, also
several orders smaller.
To gain a better understanding of the dramatic differ-

ence in transport anisotropy of these disk-shaped mole-
cules, synchrotron grazing incidence wide-angle X-ray
scattering (GIWAXS) and AFM studies are carried out
to investigate the thin film morphologies. The GIWAXS
pattern of theTP-TNI thin film corresponds (Figure 3a) to
a typical hexagonal columnar packing, with the columns
laying parallel to the substrate. The Q-plot shows (red
curve, Figure 3b) a d-spacing of 3.4 Å in the horizontal line
cut, indicative of π�π interactions between the disk-
shaped molecules in the lateral direction.16 In contrast,
there is no vertical π�π stacking as suggested by the
absence of scattering peaks in the vertical profile (black
curve, Figure 3b). A 3.4 nm intercolumnar distance can be
derived from the d-spacing of 3.0 nm, which correlates to
the footprint of TP-TNI. The d-spacing of 2.5 nm on the

Figure 1. (a) UV�vis spectra of NI (red dotted line), PI (black
dotted line), TP-TNI (red solid line) and TP-TPI (black solid
line) in CHCl3, and thin films of TP-TNI (red dashed line) and
TP-TPI (black dashed line). (b) Relative positions of their
frontier orbital energy levels.

Figure 2. Comparison of FET (empty bar) and SCLC (gray bar)
electron mobilities of TP-TNI, TP-TPI, NI, and PI.
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vertical direction is tentatively assigned to the coexistence
of lamellar structures. Based on the GIWAXS data, an
“edge-on” packing model is postulated with the “Y”-
shaped disks arranged into face-to-faceπ-stacked columns
(Figure 3d, left). The parallel alignedhexagonal columns in
TP-TNI thin film facilitates the charge-carrier transport in
an FET configuration. The good lateral mobilities are also
supported by AFM studies, which illustrate the formation
of a continuous film with a smooth surface and small
domain sizes (Figure S7a, SI).
On the other hand, the GIWAXS of TP-TPI indicates

an amorphous film despite some characteristic scatter-
ing peaks (Figure S6, SI). The horizontal line cut of the
Q-plot shows a d-spacing of 4.4 Å that is ascribable to
the center-to-center distance of adjacent slip-packed
aromatic planes, which translates to a face-to-face inter-
planar distance of ∼3.5 Å (Figure 3c).17 The small peak
on the vertical line cut reveals a d-spacing of 2.1 nm. It
can be assigned to the (002) scattering that correlates to
the 4.2 nm molecular size of TP-TPI. Although TP-TPI

molecules appear to have some orientational order in the
lateral direction, overall the film is quite amorphous and
the poor molecular ordering in the thin film introduces
structural defects that work as trapping sites for lateral
charge transport. In addition, AFM images of TP-TPI
film show (Figure S7c, SI) much rougher film morphol-
ogy than that of TP-TNI. The presence of large discon-
tinuous domains leads to boundaries that significantly
increase the lateral electron transport barrier.18 Despite
the lack of long-range ordering, the “Y” shaped TP-TPI

molecules are well positioned to form an intercalated π-
stacking network across the film through partial π-sur-
face overlap of their extended conjugated “arms”
(Figure 3d, right). Such π-stacking results in a vertically
interconnected, continuous hopping pathway that is
responsible for good SCLC mobilities.
In summary, novel n-type disk-shaped molecules TP-

TNI and TP-TPI have been constructed from a tripheny-
lene core and three fused naphthaleneimide and perylenei-
mide arms. As a result of the fusion,TP-TNI exhibits 4�5
orders ofmagnitude higher lateral electronmobility in thin
film transistors than the corresponding monomeric NI.
Such a trend is however reversed in the peryleneimide-
based system. SCLC measurements indicate remarkable
charge transport anisotropy inTP-TPIwhile, in the case of
TP-TNI, the charge transport ismore isotropic.Correlated
with X-ray scattering and AFM studies, the observed
transport anisotropy for TP-TPI suggests that there
lacks a connected pathway on the lateral direction while
the molecules are more interconnected along the vertical
direction due to slipped π-stacking and large domains.

On the other hand, the TP-TNI molecules are arranged
into more ordered hexagonal packing with edge-on
orientation in thin films. The difference in molecular
ordering is probably a result of a larger void space and
higher reorganization cost due to the increased mole-
cular size of TP-TPI. Nevertheless, the structures of
disk-shaped trimeric molecules can be readily tuned
for further improvement of molecular orientation and
long-range ordering in thin films, and thus, hold great
promise as a new class of high performance n-type
organic semiconductors.
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Figure 3. (a) GIWAXS pattern of TP-TNI. The inset shows the
correlation between scattering pattern in q-space and the real
space molecular ordering in a hexagonal lattice. (b and c)
Respective q-plots of TP-TNI and TP-TPI thin films. Red and
black solid lines show the horizontal and vertical line cuts.
(d) Proposed molecular packings in TP-TNI (left) and TP-TPI

(right) in thin films. The red arrow indicates the possible electron
hopping pathway within the intercalated π-stacking network
across the TP-TPI film.
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