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A high soluble dimeric perylene tetracarboxylic diimide (1) was fabricated into the thin
solid films by means of quasi-Langmuir–Shäfer (QLS) method. The structure and properties
of the QLS films were comparatively studied with those of monomeric perylene tetracarb-
oxylic diimide (2) by electronic absorption, fluorescence, polarized electronic absorption
spectroscopy, X-ray diffraction (XRD) and atomic force microscopy (AFM). Experimental
results revealed the film crystallinity and general molecular order in the film of 1 are
improved effectively in comparison with those of 2 due to the dimeric structure of 1. Elec-
tron mobilities as high as 0.03 cm2 V�1 s�1 for the films of novel dimeric 1 are achieved,
which is much better than that of monomeric 2 (5.0 � 10�7 cm2 V�1 s�1). In particular,
the electronic mobility of 1 only slightly decreased after exposure to air and remained
almost unchanged after 90 days, which is attributed to molecular packing effects including
close stacking of dimeric PDI units and segregation effects imparted by the 2-N,N-di(n-
butyl) amino-4,6-dihydrazine-1,3,5-trazine unites as well as relatively low-lying LUMO
energy level. The present result represents not only the first example of solution-processed,
air-stable dimeric PDI-based n-type OFET, but more importantly provides an efficient way
to enhance the performance of air-stable n-channel organic semiconductors through intra-
molecular bonding to pre-organizing the p-conjugated organic molecules into a rigid co-
facially stacked structure.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Organic field-effect transistors (OFETs) with solution-
processable organic semiconductors as active layers have
attracted a significant research interest due to their poten-
tial applications in low-cost integrated circuits and flexible
electronics [1–3]. Great progress has been achieved in the
past decade towards developing novel semiconductor
materials, especially those possessing p-conjugated elec-
tronic structure with high carrier mobility and good solu-
bility in common organic solvents, such as conjugated
polymers, oligomers of thiophenes, perylenes and phthalo-
cyanines [4–8]. In addition to the intrinsic molecular
chemical-physical properties and electronic structures of
organic compounds, the performance of OFETs has been
found to be closely related with the packing model of or-
ganic molecules in the solid state [9–11]. It has generally
been accepted that maximizing p-orbital overlap between
neighboring conjugated molecules is one good way to con-
struct organic semiconductor thin films to reach high car-
rier mobility [12–16]. Various methods have been
developed to enhance face-to-face stacking of conjugated
semiconductor molecules in solid state by introducing dif-
ferent functional groups which are able to drive the assem-
bly process to the prerequisite stacking. For instance,
substituents were incorporated to pentacence molecules
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Fig. 1. Schematic structures of dimeric 1 and monomeric 2.
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to prevent C–H� � �p forces and induce more effective p–p
interactions between pentacence molecules, thus leading
to improved OFET properties [17–19]. Introduction of long
alkoxy groups onto aromatic semiconductor molecules
was also found to be helpful in improving the OFET prop-
erties as the liquid crystal property borrowed beneficial
in promoting the p–p stacking and form ordered structure
[20,21]. Using solution processing to modify molecular
packing, the p–p stacking distance of 6,13-bis(triisopropyl-
silylethynyl) pentacene (TIPS-pentacene) was decreased
from 3.33 Å to 3.08 Å, the hole mobility in TIPS-pentacene
transistors increased from 0.8 cm2 V�1 s�1 to a high mobil-
ity of 4.6 cm2 V�1 s�1 [22]. Compared with highly devel-
oped p-channel organic semiconductors, n-type
counterparts lag far behind for some major challenges such
as: low mobility, poor stability in air, poor solubility for
solution process, and large barriers to electron injection
[23–25]. In organic electronics, n-type semiconductors
are indispensable for the construction of diodes and com-
plementary circuits with high operation speed and low
power consumption. Perylene tetracarboxyl diimides
(PDIs), a category of organic dyes with excellent thermal
and photostability, have recently been intensively studied
as good n-type semiconductors due to the high electron
affinity caused by the electron-withdrawing imide groups
[1,26–28]. Different functional groups have been intro-
duced at the imide nitrogen atoms of PDIs with the aim
of modifying the packing in solid state and thus improving
the OFETs performance. Only a small amount of literature
has addressed high performance PDI-based n-type organic
semiconducting materials with good solution processabil-
ity and device environmental stability [3]. As part of our
continuous efforts towards the fabrication of ordered
PDI-based nano-structures with potential application in
OFET devices [7,29–33], in the present paper, a novel per-
ylene tetracarboxylic diimide (PDI) dimeric molecule with
four phenoxy groups at the 1,7-positions of the two PDI
rings connected by two 2,4-diamino-1,3,5-triazine rings
(1), Fig. 1, was employed in our study. The reasons we
choose this compound are: (i) the two PDI rings covalently
connected by two triazine spacers to form a cyclic rigid
molecule, make the torsion of the PDI p system very small
and favor a very dense molecular p–p stacking; and (ii) the
phenoxy groups attached to two PDI units can improve its
solubility in conventional organic solvents without dis-
rupting the p-conjugation of the backbone [33], while the
hydrophobic alkyl chains attached to two triazine rings
provide sufficient flexibility for the optimization of non-
covalent stacking of the perylene diimide p-systems. For
comparative studies its monomeric counterpart (2) was
also prepared. The devices with the quasi-Langmuir–Shäfer
(QLS) films of the dimeric 1 as an active layer achieve a
good n-type OFETs performance with the carrier mobility
as high as 0.03 cm2 V�1 s�1 and on/off current ratio greater
than 103, which is much better than that of the QLS films
fabricated from the corresponding PDI monomer. To the
best of our knowledge, this represents the first experimen-
tal effort towards constructing the structure–property cor-
relations for the face-to-face stacked PDI dimer-based n-
type semiconductor.
2. Experimental section

2.1. Chemicals

Dimer 1 and monomer 2 were synthesized according to
previously published procedure [33]. Hexamethyldisilaz-
ane (HMDS) was purchased from Aldrich. All other re-
agents and solvents were of reagent grade and used as
received.
2.2. Characterization

UV–vis spectra and polarized UV–vis spectra were re-
corded on a Hitachi U-4100 spectrophotometer. For the
polarized absorption spectra recording, a dichroic sheet
polarizer was placed in front of the QLS films with s- and
p-polarized light, respectively. X-ray diffraction experi-
ment was carried out on a Bruker AXS D8 ADVANCE X-



Fig. 2. Normalized electronic absorption (left) and fluorescence emission (right) spectra of dimer 1 (A and C) and monomer 2 (B and D) in CH2Cl2(dash line)
and QLS films (solid line). The excited wavelength was 515 nm.

Table 1
The orientation angles of the PDI ring of 1 and 2 in the QLS films.

A// A\ D0�(A///A\) A// A\ D45� (A// A\) h (�)

Dimeric 1 (518 nm) 0.204 0.198 1.03 0.218 0.234 0.932 61.5
Monomeric 2 (516 nm) 0.284 0.243 1.17 0.263 0.276 0.953 67.1
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ray diffractometer. AFM images were collected in air under
ambient conditions using the tapping mode with a Nano-
scopeIII/Bioscope scanning probe microscope from Digital
instruments.
2.3. OTFT device fabrication

Before depositing the QLS films of dimeric 1 and mono-
meric 2, surface treatment for SiO2/Si substrates was per-
formed according to literature method using HMDS [34].
OTFT devices were fabricated on a HMDS-treated Si/SiO2

(300 nm thickness, capacitance C0 = 10 nF cm�2) substrate
by evaporating gold electrodes onto the QLS films of 1–2
employing a shadow mask. Electrodes with two sets of
dimensions (W = 8.16 mm, L = 145 l m, W/L = 56 and
W = 28.6 mm, L = 240 lm, W/L = 119) were used for OFET
measurements. The drain-source current (Ids) versus
drain-source voltage (Vds) characteristic was obtained with
a Hewlett-Packard (HP) 4140B parameter analyzer at room
temperature. QLS films were prepared following the meth-
od published previously [35]. In the present case, the 10-
layer QLS films of 1–2 were obtained for OFET
measurements.
3. Resulted and discussion

3.1. Electronic absorption and fluorescence emission spectra

The electronic absorption and emission spectra of com-
pounds dimer 1 and monomer 2 in CHCl3 and the QLS films
were recorded and shown in Fig. 2. The absorption spec-
trum of dimer 1 in solution has a characteristic vibronic
structure associated with the p–p electronic transitions
of PDI chromophores with a 0–1 band at 515 nm and 0–0
band at 552 nm. This absorption spectrum corresponds
well to many other folded and circular perylene dimers re-
ported previously [7,33,36]. The intensity of the vibrational
transitions within the progression follows the order 0–
1 > 0–0, which is commonly attributed to the intramolecu-
lar p–p stacking in PDI dimer in solution [33,36].



Fig. 3. X-ray diffraction patterns of compound dimer 1 (left) and
monomer 2 (right) films on SiO2/Si substrate.
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Furthermore, the main absorption band for dimer 1 in
solution is blue-shifted with respect to that of monomer
2. This observation confirms the face-to-face stacked
molecular geometry between the two PDI rings in the di-
meric compound [7,33,37,38]. The absorption spectra of
dimer 1 in QLS films, Fig. 2A, show no significant shift in
the main absorption band in comparison with that in solu-
tion. This indicates that the face-to-face dimeric structure
is well preserved in the QLS films. A new peak at 557 nm
derived from p–p interactions of the chromophores in
the solid state appeared, indicating that a crystalline thin
film was formed by overlapping neighboring perylene moi-
eties of dimer 1 [39,40]. By comparing the absorption spec-
trum of 2 in solution, the relative enhancement of the 0–1
transition in the QLS film of 2 was shown by the normal-
ized absorption spectra, Fig. 2B, which implied the forma-
tion of H-type (face-to-face) aggregation [21,41,42].
Consistent with the absorption measurement, the fluores-
cence spectra in the QLS films showed a new emission at
about 702 nm for 1 and 675 nm for 2, respectively
(Fig. 2C and D), which is a typical emission of PDI exci-
mer-like state, suggesting strong p–p stacking and a typi-
cal H-type (face-to-face) aggregation configuration
[30,43,44]. More interestingly, emission maxima appeared
in the QLS films of 2 (ca. 675 nm) is almost the same posi-
tion as that of 1 in solution (ca. 676 nm). This not only fur-
ther validates the face-to-face stacked molecular geometry
between the two PDI rings of 1 but also indicates the co-fa-
cial dimer formation in the QLS films of 2. The effective
intermolecular face-to-face interaction in the H aggregates
together with the intense intramolecular p–p stacking in
dimer 1 provide the p electrons with an extensive area
for delocalization. This forms the most basic necessary
characteristics for an organic semiconductor with good
charge transport ability [45].

3.2. Orientation of PDI ring in the QLS films

Further information on the molecular organization in
the QLS films of these compounds was obtained by polar-
ized UV–vis spectroscopic technique. The polarized UV–
vis spectra of QLS films on glass substrate were recorded
with an incidence angle of 0� and 45�, respectively,
Fig. S1 (Supplementary material), and the data are summa-
rized in Table 1. The orientation angles of PDI ring can be
calculated by the method of Yoneyama et al. [46]. The tilt
angles of the PDI rings of 1 and 2 were calculated to be
61.5� and 67.1� respectively, which are larger than the ma-
gic angle 54.7�. A slipped co-facial stacking mode (H-aggre-
gate) was achieved for either 1 or 2 in the QLS films
according to the exciton theory [36], which is consistent
with their aggregation behaviors deduced from electronic
absorption and emission spectra.

3.3. X-ray diffraction patterns

For most of the applications, the properties of the de-
vices are closely related to the structure of solid films
[10,11,35,47]. The quality of the thin solid films can be as-
sessed using X-ray diffraction technique, which is helpful
for understanding the microstructure–function relation-
ship between molecular ordering in organic thin films
and charge transport properties [26]. As shown in Fig. 3A,
in the low-angle range, the XRD diagram of QLS films of
1 deposited on glass substrate shows three well-defined
diffraction peaks at 2h = 2.88�, 5.74� and 8.24�, which are
ascribed to the diffractions from the (001), (002) and
(003) planes, respectively. This implies that QLS films of
1 had an long-range order across its thickness [10,35,48].
The d spaces calculated according to the Bragg equation
is about 3.07 nm and corresponding to the distance be-
tween two adjacent PDI 1 molecules in the longitudinal
direction. Judging from a geometry-optimized, molecular
length (3.40 nm) of dimer 1 molecule, the tilt angle relative
to the substrate of 64.5� is obtained. This corresponds well
with the result of polarized UV–vis spectra, indicating
again that dimer 1 molecules take a slipped co-facial stack-
ing mode with an ‘‘edge-on’’ configuration in the QLS films.
In addition, a broad peak at 0.42 nm for the dimer 1 films
suggested that there exists liquid-like ordered packing of
long alkyl chains [30,49]. A higher-order diffraction is
found at 0.31 nm for dimer 1 films, which can be attributed
to the formation of efficient p–p stacking with face-on ori-
entations [29–32]. It is therefore expected that dimer 1
films would be able to adopt 3-D conduction channels that
would decrease the barrier of charge transport over that of
the QLS films with only perpendicular p–p planes [50], in
turn contributes to the excellent electron mobility revealed



Fig. 4. AFM images of the QLS films of dimeric 1 (A) and monomeric 2 (B).

N. An et al. / Organic Electronics 14 (2013) 1197–1203 1201
for the devices fabricated with 1 (vide infra). In the case of
the films of 2, only a weak p–p stacking feature at 0.32 nm
is observed without the presence of a lamellar structure
evidenced by the absence of any diffraction peaks in the
low-angle range. The better crystallinity in the QLS films
of 1 compared to that of 2 can be related to not only im-
proved co-planarity by the unique co-facially dimeric
structure, but more importantly the minimization of steric
repulsions by the substituent alkyl side chains (which re-
sults in a highly ordered and denser molecular packing
and aligned nature of dimeric 1 in the films). Obviously,
the more closer p–p stacking and higher molecular order
as well as increased crystallinity existed in the QLS films
of 1 than those of 2, which is expected to provide more effi-
cient orbital overlap and thereby facilitates charge trans-
port between source-to-drain electrodes [31,51].

3.4. AFM surface topography

AFM provides more information on the aspect of the
QLS films and therefore allows us to correlate the morphol-
ogy and electrical properties. Fig. 4 compares the morphol-
ogies of the QLS films of dimer 1 and monomer 2 deposited
on the SiO2/Si substrate. The surface of the QLS films of 1
exhibits a granular structure with the average diameter
of ca. 100 nm,and root mean square (Rms) roughness value
of 7.69, Fig. 4A, whereas that of 2 presents a larger grain
size with a non-uniform morphology and a higher Rms va-
lue of 36.8, Fig. 4B. The more uniform grain size and much
lower Rms value for the QLS films of 1 will significantly de-
crease gaps between the grains and crack formation in the
film, and thus improving the carrier mobility [52].

3.5. OFET properties

To further determine the majority carrier type and cor-
responding mobility of these compounds, typical top-con-
tact/bottom-gate configuration OFET devices, in which the
source and drain electrodes are vacuum-deposited on the
top of the QLS films of 1–2, have been fabricated. OFET
properties were evaluated under positive or negative gate
bias in both air and N2 to explore the majority charge car-
rier type, device performance, and environmental stability.
Experimental data were analyzed using standard field-ef-
fect transistor equations:

Ids ¼ ðW=2LÞlC0ðVg � V thÞ2

where Ids is the source-drain current, Vg is the gate voltage,
C0 is the capacitance per unit area of the dielectric layer,
and Vth is the threshold voltage, and l is the mobility in
the saturation region [53]. The mobilities were determined
in the saturation regime from the slope of plots of (Ids)1/2

versus Vg. As shown in Fig. 5, the positive gate and
source-drain voltages indicate that the QLS films of dimer
1 are of n-type characteristics in both air and N2. Both de-
vices show significant contact resistance, as evidenced
from the nonlinearity of the output curve at low source-
drain voltage, and can be attributed to the non-ideal semi-
conductor–metal interface [54]. Electron mobility of about
0.03 and 0.02 cm2 V�1 s�1 for dimer 1 is observed in N2 and
air, respectively (with current on/off ratios on the order of
�103–104). In addition, over 90% devices of dimer 1 exhib-
ited electron mobility over 0.02 cm2 V�1 s�1 with the high-
est electron mobility near 0.1 cm2 V�1 s�1 measured in the
nitrogen glove-box. The electronic mobility of 1 only
slightly decreased after exposure to air and remained sta-
ble for more than 90 days. It is worth noting that no p-
channel behavior was observed in both air and N2, similar
to the OFET behaviors of the monomeric PDI-based mole-
cules with no substituents at the bay positions (1,6,7,12
positions of the perylene core) reported previously [54].
As for monomer 2, we observed both p- and n-channel
transistor behavior with significantly lower hole and elec-
tron mobility, �6.0 � 10�4 and �5.0 � 10�7 measured in
air and N2, respectively, Fig. S2 (Supplementary material).
As a consequence, enhanced electron transport perfor-
mance was achieved just via increasing the number of
PDI units within one PDI-based molecule for the first time.
Note that compound 1 seems to represent also the first
example of solution-processable n-type dimeric PDI-based
semiconductor, to the best of our knowledge. Actually,
OFET characteristics have been tested using electrodes



Fig. 5. Drain-source current (Ids) versus Drain-source voltage (Vds) characteristic at different gate voltage (left) and transfer curve (right) for dimeric 1 in air
(A and B) and in N2 (C and D), respectively, on the HMDS-treated SiO2/Si substrates with the Au electrode at channel length L = 145 lm.
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with two sets of dimensions (channel length at L = 145 and
240 lm with the W/L ratio of 56 and 119, respectively), no
evidence was revealed for the effect of the geometric fac-
tors on the OFET mobilities in present case. However, all
the devices based on 1 showed higher contact resistance
(caused by the nonideal semiconductor–metal interface)
at channel length L = 240 lm (Fig. S3, Supplementary
material), while better interface contacts were founded
for L = 145 lm (Fig. 5). This may be the result of the differ-
ent thin-film quality between compound 1 and 2. Table S1
summarizes the OFET parameters for compound 1.

Investigations have revealed that the energy levels of
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are crucial
in determining the majority charge carrier and charge car-
rier stability of organic semiconductors [55,56]. In the
present case, the HOMO and LUMO energy levels of 1–2
can be estimated from their half-wave potentials of the
first and second reductions (versus SCE) obtained by cyclic
voltammetry [33]. As summarized in Table S2 (Supplemen-
tary material), both the HOMO and LUMO energy levels of
�6.16 and �3.89 eV for dimer 1 are smaller than those of
�5.88 and �3.77 eV for monomer 2, indicating that dimer
1 are harder to be oxidized and easier to be reduced than
monomer 2. Therefore, the larger electron mobility of di-
mer 1 relative to that of monomer 2 is probably closely re-
lated to the lower LUMO energy levels enabled by the
enhanced molecular packing, which results in the smaller
injection barriers for electrons with regard to the gold con-
tacts [57]. Normally, an air-stable n-type semiconductor
needs a LUMO energy level lower than �4.0 eV to against
the air-derived electron traps [26,58]. The LUMO energy le-
vel of 1 still does not meet this request. Obviously, mono-
mer 2 does not satisfy this condition too which
corresponds well with the fact that the n-type semicon-
ductor properties of the monomer 2 can be detected only
under an inert atmosphere [59]. The un-expected air sta-
bility of dimer 1 OFETs is thought to be strongly related
with the molecular packing and morphology of the thin
films [51,52]. The densely packed PDI cores together with
the closely packed liquid-like ordered alkyl chains may
provide a kinetic barrier to the diffusion of oxygen and
moisture into the channel region. On the other hand, the
energy-optimized conformation of 1 obtained from the
DFT calculation (B3LYP/6-31G(d)) indicates that dimer 1
includes a rigid face-to-face configuration with a inter-pla-
nar distance of 4.8 nm, while the in-plane torsion angle be-
tween the long axis of the two PDI rings and the dihedral
between the PDI planes are close to zero [33]. Such molec-
ular structural characteristics are expected conventionally
to reduce the reorganization energy of PDI molecules with
a greater magnitude, which should be highly responsible
for the higher electron mobility of dimer 1 than that of
monomer 2 [60]. Additionally, the superior charge trans-
port performance of the dimeric 1 TFTs might also be re-
lated to stronger intermolecular interactions in the QLS
films through the incorporation of flexible alkyl -solubiliz-
ing chains to a rigid co-facially stacked structure. This
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conclusion is consistent with the results of the XRD and
morphological analyses.

4. Conclusions

We have presented good n-channel OFET properties of
the QLS films of a novel PDI dimer 1, with a carrier mobility
as high as 0.03 cm2 V�1 s�1. Very dense and rigid face-to-
face arrangement of undistorted PDI planes as well as the
good film crystallinity facilitate charge carrier transport.
In particular, the thin-film OFETs of PDI dimer 1 exhibit
long-term air-stable operation, despite the absence of elec-
tron-withdrawing substituent at the aromatic core. The re-
sults suggested that molecular packing effects including
densely packed PDI cores together with the closely packed
liquid-like ordered alkyl chains are crucial for air stability.
This provides an efficient way to enhance the performance
of air-stable n-channel organic semiconductors through in-
tra-molecular bonding to pre-organizing the p-conjugated
organic molecules into a rigid co-facially stacked structure.
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