
Electron Transport

High-Mobility Air-Stable n-Type Semiconductors
with Processing Versatility: Dicyanoperylene-
3,4:9,10-bis(dicarboximides)**

Brooks A. Jones, Michael J. Ahrens, Myung-Han Yoon,
Antonio Facchetti, Tobin J. Marks,* and
Michael R. Wasielewski*

Traditionally, inorganic materials have been the active
charge-transporting components in numerous electronic
devices. While inorganic materials are ideal for many
applications, the rapid development of molecular/polymeric
semiconductors for organic field-effect transistors (OFETs)
promises materials better suited to inexpensive, flexible,
large-area applications, such as displays, RF-ID tags, smart
cards, and sensors.[1] To this end, recent advances in p-type
organic semiconductors have fulfilled many of the require-
ments for use in diverse applications;[1c–e,2] however, n-type
materials, needed for complementary circuits, continue to
present challenges, such as low mobilities, instability in air,
poor solubility for efficient film-casting, and large barriers to
electron injection.[1b,2]

We have already demonstrated that high-mobility n-type
organic semiconductors can be realized by functionalizing
oligothiophene cores with electron-withdrawing perfluori-
nated groups (e.g. DFT-4T and FTTTTF).[3] Furthermore,
other research has demonstrated that electron-withdrawing
imide substituents afford promising architectures for n-type
naphthalene and perylene-based OFET materials (e.g., NDI
and PDI).[4] Thus, vapor-deposited and solution-cast films of
N-fluorocarbon NDI derivatives exhibit air-stable n-type
mobilities as high as 0.1 cm2V�1 s�1, Ion/Ioff� 105, and thresh-
old voltages of approximately 20 V.[4f–h] However, while N-
alkyl NDI derivatives exhibit comparable or superior elec-
trical performance, they fail to operate in air, possibly because
of the less densely packed hydrocarbon tails.[4f] While N-alkyl
PDI films exhibit outstanding mobilities of approximately
0.6 cm2V�1 s�1, OFET performance again degrades in air,
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devices exhibit very large threshold
voltages of around 75 V, and these
materials are not known to be
solution processable.[4d,i,k] In all
instances, the focus of this prior
work has been synthetic modifica-
tion solely of the N-substituents. In
other studies, microwave conduc-
tivity measurements of 1,6,7,12-
substituted PDI derivatives demonstrated that modulation
of p–p overlap by twisting of the normally flat core can
drastically affect carrier mobility;[4c] however, to date func-
tionalization of the PDI core for OFETapplications has gone
unexplored. Herein we report two core-cyanated PDI deriv-
atives, PDI-CN2 and PDI-FCN2, which exhibit the highest air-

stable n-type OFET carrier mobilities reported to date, in
combination with low threshold voltages and substantial
processing versatility.

The synthesis of PDI-CN2 was reported elsewhere.[5] This
compound exhibits excellent air-stability and solubility in
organic solvents, while reduced pressure thermogravimetric
analysis (TGA) scans indicate slight (about 2%) decompo-
sition during sublimation. The low-energy LUMO indicated
by the first reduction potential, �0.07 V versus the saturated
calomel electrode (SCE),[5] suggests improved n-type charge-
carrier stability over PDI (�0.43 V vs. SCE).[6, 7] Moreover,
the results with PDI-CN2-derived OFETs (see below) moti-
vated the synthesis of a new PDI derivative, PDI-FCN2, with
additional electron-withdrawing substituents and greater
volatility. The new compound was synthesized using modifi-
cations of published core cyanation[5] and N-fluoroalkyla-
tion[4f,j] procedures, and was characterized by NMR spectros-
copy, mass spectrometry, optical absorption spectroscopy,
photoluminescence, cyclic voltammetry, thermogravimetric
analysis, and single-crystal X-ray diffraction. The electro-

chemical and optical data (Table 1) reveal further depression
of the LUMO level of PDI-FCN2 compared to PDI and PDI-
CN2, while TGA indicates quantitative sublimation.

For both cyanated PDI materials, a 1:1 mixture of isomers
(cyanated at the 1,7 or 1,6 positions) is indicated by NMR
spectroscopy, however this characteristic is found to be
inconsequential for spectroscopic, electronic structural, and
solid-state charge-transport properties (verified by measure-
ments on the pure 1,7 isomer). Single crystals of PDI-FCN2

were grown by sublimation, and the crystal structure
(Figure 1) reveals a slightly twisted polycyclic core (torsion
angle of about 58) with slip-stacked face-to-face molecular
packing and a minimum interplanar spacing of 3.40 C.[8] This

motif allows considerable intermolecular p–p overlap, which
results in good charge-transport properties (see below). The
positions of the disordered cyano substituents suggests that
this structural feature does not greatly affect packing.

Top-contact configuration OFETs were fabricated with
vapor-deposited PDI films (10�6 Torr, 0.2 Cs�1 growth), and
mobilities determined in the saturation regime by standard
procedures.[3] The microstructures and mobilities of the
vapor-deposited films are found to be sensitive to substrate
temperature during growth (see Supporting Information[9]).
Owing to the remarkable air-stability of these materials, all
data presented herein were acquired under ambient atmos-
phere. PDI-CN2-based OFETs display mobilities as high as
0.10 cm2V�1 s�1, threshold voltages of approximately 15 V,

Table 1: Electronic and OFET characteristics of perylene diimide derivatives.

Compound labs [nm]
[a] lem [nm]

[a] E(1) [V]
[b] E(2) [V]

[b] m [cm2V�1 s�1] Ion/Ioff

PDI-CN2 530 547 �0.07 �0.40 0.10 105

PDI-FCN2 530 545 +0.04 �0.31 0.64 104

[a] measured in THF (10�5/10�6m). [b] Measured in a solution of 0.1m tetrabutylammonium
hexafluorophosphate (TBAPF6) in THF versus SCE.

Figure 1. Crystal Structure of PDI-FCN2. a) viewed along the unit cell
diagonal, showing stacking relationships; fluoropropyl groups deleted
for clarity. b) Viewed along the ab face diagonal, showing the segrega-
tion of arene and fluoroalkyl groups. Note the statistical disorder of
the cyano substituents.[10]
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and Ion/Ioff(+ 100 V/0 V)� 105, while PDI-FCN2 devices
exhibit mobilities as high as 0.64 cm2V�1 s�1, threshold
voltages between �20 V and �30 V, and Ion/Ioff(+ 100 V/
�60 V) as high as 104. Figure 2 shows current–voltage (I–V)
characteristics between source and drain electrodes recorded
at different gate biases (VG) for OFETs of PDI-CN2 and PDI-
FCN2 operating in ambient atmosphere. Given the similarities
in first reduction potentials for PDI-CN2 and PDI-FCN2, the
striking difference in threshold voltages is presumably due to
variations in trap densities in the two materials. Devices
stored and tested under ambient conditions exhibit negligible
degradation in mobility, threshold voltage, or Ion/Ioff over six
months.

The microstructure of the vapor-deposited thin films was
analyzed by X-ray diffraction (XRD), atomic force micros-
copy (AFM), and scanning electron microscopy (SEM), with
XRD revealing d-spacings in highest-mobility devices of
17.9 C for PDI-CN2 and 20.3 C for PDI-FCN2. From a
geometry-optimized, computed molecular length of 22.0 C
for PDI-CN2

[11] and a crystallographically determined length
of 22.8 C for PDI-FCN2, tilt angles relative to the substrate
normal of 558 for PDI-CN2 and 628 for PDI-FCN2 are
estimated. These results suggest favorable molecular orienta-
tions for source-to-drain electrode charge transport.

AFM and SEM analysis of film morphology confirms
polycrystalline topologies with ribbon-like grains (ca. 400–
800 nm long, and ca. 100 nm wide).[9] Such large-grained
polycrystalline features should promote charge-carrier mobi-
lity through efficient p–p intermolecular overlap and mini-
mization of trap sites.[1c,12]

To investigate material versatility for various applications,
preliminary studies on bottom-contact OFETs and solution-
cast films were performed. Bottom-contact devices are found
to display air-stable mobilities from 10�3–10�4 cm2V�1 s�1.
PDI-FCN2 transistors, like many fluorinated organic semi-
conductors, require alkane thiol treatment of gold electrodes
to better match surface energies at the metal/organic inter-
face.[4g] PDI-CN2 devices function without the aid of thiolated
electrodes, retaining the ability of PDI to function on
unmodified substrates.[4i] Top-contact devices fabricated
from drip-cast films are also air-stable and exhibit mobilities
of 10�3–10�5 cm2V�1 s�1. In contrast, solution casting of high-

quality films of PDI derivatives not having core functional-
ization is difficult owing to low solubility in common solvents.
While the performance of the vapor-deposited top-contact
devices is currently superior to the bottom-contact and
solution-cast devices, efforts are being made to optimize
device performance in these latter configurations.

One of the unique characteristics of the new PDI systems
is the presence of significant charge-carrier densities at VG=

0 V. Thus, the OFET threshold voltages for these materials
are at VG=�20 V to �30 V, with the absence of charge
carriers then defining the “off” state at �60 V, and classifying
these devices as “always on” transistors.[13] This characteristic
is documented for very electron-deficient materials, and often
attributed to unintentional doping.[14] In some cases, the
presence of charge carriers belowVG= 0 V can be reversed by
exposure to an oxidant, and for our devices, I2 vapor increases
the threshold voltage to >�5 Vand decreases the ISD at VG=

0 V by up to an order of magnitude. Further studies of the
nature and origin of the charge carriers are currently under-
way.

It is thought that ambient stability in n-type organic
semiconductors benefits from electron-withdrawing fluori-
nated substituents, which electronically stabilize the charge
carriers as well as promote close packing through fluorocar-
bon self-segregation. Judging from the present redox poten-
tials, the charge carriers are not expected to be stable with
respect to gaseous O2;

[15] however, the close-packed fluorine
functionalities may help provide a kinetic barrier to oxida-
tion.[1c] The strategic cyanation of PDI produces air-stable N-
fluoroalkyl andN-alkyl materials, the air stability presumably
reflecting carrier stabilization in the very low-lying LUMOs.

In summary, we report a promising new class of solution
processable, cyano-polycyclic n-type organic semiconductors
with high carrier mobility and air-stable OFET operation.
Notable properties of this family reflect a combination of
functionality at the core and imide positions. The cyano
functionalities provide solubility for solution processing and
stability of n-type charge carriers by lowering the LUMO to
resist ambient oxidation. The electron-withdrawing N-func-
tionalities further aid charge carrier stability by further
lowering the LUMO energies, but may also induce close
molecular packing for increased intermolecular p overlap and

Figure 2. a) I–V characteristics of PDI-CN2 exhibiting a mobility of 0.10 cm
2V�1 s�1 in ambient atmosphere b) I–V characteristics of a PDI-FCN2

FET exhibiting a mobility of 0.64 cm2V�1 s�1 in ambient atmosphere. VSD=Voltage between source and drain, ISD=current between source and
drain, VG=gate voltage.
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more efficient charge transport. With the rich chemistry for
PDI functionalization available, these derivatives should
prove informative for elucidating structure–function relation-
ships in organic n-type electronics.
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