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Thionation and fluorination of pyromellitic diimides (PyDls)
increased the electron mobility and on/off ratio of the original
diimides by two orders of magnitude and improved the threshold
voltage and air-stability of diimide compounds.

Organic field-effect transistors (OFET) have been extensively
explored in both academia and industry for their potential
applications in large-area and flexible electronics.! Under ambient
conditions, most of the OFET materials exhibit unipolar transport
properties (i.e., they are either P-type or N-type).z'6 However,
complementary circuits with large noise margin and low power
dissipation require air-stable OFETs with both P- and N-type
transport properties. Remarkable progress has been made on air-
stable P-type OFETs such as fused acene, thiophene, and
thienoacene derivatives with hole mobilities exceeding that of
amorphous silicon FET (~1 cmZV'ls'l).2 In contrast, air-stable N-type
OFETs have been rarely reported. Although N-type OFET research
has accelerated in the past decade, only a few of the proposed
devices can be operated under ambient conditions.*® The most
attractive candidates for N-type OFETs are perylene diimides
(PDIs),3 naphthalene diimides (NDIs),4 anthracene diimides (ADIs),5
and pyromellitic diimides (PyDIs),6 which possess high electron
mobilities and deep lowest unoccupied molecular orbital (LUMO)
levels. Because of the high susceptibility of radical anions, the
electron mobilities of N-alkyl diimide analogues rapidly decay under
ambient conditions.*’ The LUMO levels of diimide compounds can
be stabilized by introducing strong electron-withdrawing groups,
such as —CN, —F, —Cl, and —Br, into the diimide framework.>® The
effectiveness of this strategy in realizing air-stable N-type OFET
materials has been already demonstrated. However, the synthesis
procedure for the introduction of electron-withdrawing groups (e.g.
CN and Br) onto the diimide compounds is Iengthy.s"6b Therefore,
the investigation of new electron-withdrawing units appropriate to
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N-type OFET materials is still sought. Recently, Aso® and Seferos o*
al®® sequentially demonstrated that the simple thionatior. o,

compounds not only increases the intermolecular
interactions but also reduces their LUMO levels compared \...
those of their parent compounds. Moreover, the electron mobilitie
of dithioimide compounds are two orders of magnitude higher tha~-
those of diimide compounds under a nitrogen atmosphere.

PyDI is one of well-known N-type OFET materials with a sm: |
aromatic core which is favorable for tuning its chemical structure
and physical property. Furthermore, the starting material of PyL .
pyromellitic dianhydride, is much cheaper and easier prepared than
those of NDIs and PDIs which provides an advantage in large sca :
synthesis. Herein, we report on the syntheses, electron mobilities,
and air-stabilities of two pyromellitic dithioimides (PyDTIs) wi'
different N-substituents and their PyDI parent compound (see Fig.
1(a)). The LUMO level (calculated by density functional theory (DF )
at the B3LYP/6-31G** level with GAUSSIAN 09 Program) was 0.71
eV lower in PyDTI-F than in PyDI-F (Fig. l(b)).gThe stabilization =~
the LUMO level not only decreases the injection barrier of .
electrons into the metal electrode but also improves the air-stability
of the OFET. Furthermore, the sulfur atoms of PyDTI-F admit a
higher population of LUMOs than the oxygen atoms of PyDI-F. Th s
property increases the intermolecular electronic coupling in tt 2
solid state, thereby enhancing the charge mobility of the device.
The electron mobility of the PyDTI-F-based OFET reached up to 0.€ .
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Fig. 1 (a) Chemical structures, (b) calculated LUMO levels of PyDI-F and
PyDTIs. Values in parenthesis are obtained from cyclic voltammetry (C\ .
The red circles indicate the nonbonding characteristics.
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R R Table 1. The average electrical parameters of PyDTI-C8 and PyDTI-F ba_
0O 0 o Nzo s Nzs OFETs. The parameters in parenthesis are the best values achieved from 2"

RNH, Lawesson's reagent
DMF, reflux toluene, reflux
0 g S0 o) N o SANS
R R

Scheme 1. Synthetic routes, reagents and conditions to PyDTI derivatives.

em®V's? under ambient conditions, accompanied by a high on/off
ratio (5.5 x 105) and a low threshold voltage (Vy, = 16.1 V).

The PyDTI derivatives were synthesized by the methodology
outlined in Scheme 1. First, PyDIs were synthesized by imidization
reaction of pyromellitic dianhydride with different amines in the
presence of dimethylformamide (DMF). The obtained PyDlIs were
thionated with Lawesson’s reagent in toluene to obtain PyDTI
analogues. After purification by flash column chromatography, all
compounds were confirmed by NMR and mass spectroscopy. Single
crystals of PyDTI-C8 were successfully grown by slow diffusion of
hexane into the PyDTI-C8 solution in CHCl;. The crystal structure
was compared with that of N,N’-di(n-tetradecyl)pyromellitic diimide
(PyDI-C14),10 which exhibits typical herringbone stacking (Fig. 2(a)).
The molecular arrangement of the thionated compound (PyDTI-C8)
is face-to-face packing with a very short m—m distance of 3.39 A
owing to the interaction between the electron-rich phenyl ring and
electron-poor bisthiosuccinimide (Fig. 2(b)).

To investigate the influence of thionation on OFET performance,
thin films of PyDI-F and PyDTIs were fabricated on Si/SiO,
substrates modified or unmodified with cyclic olefin copolymers
(COC) and octadecyltrichlorosilane (ODTS) at variable substrate
temperatures (T;). All PyDTIs devices exhibited typical N-type
properties under ambient conditions. The electron mobilities (i)
were determined from the saturation regime at a source—drain (V,)
voltage of 80 V. The performances of all OFET devices are
summarized in Table 1. Note that none of the PyDI-F-based devices
exhibited N-type characteristics under ambient conditions. The
OFETs of PyDTI-C8 presented N-type characteristics only when
deposited on COC-modified substrate at T, = 25 and 35 °C. (Fig. S1,
Supporting Information). The PyDTI-C8 achieved a maximum
electron mobility and an on/off ratio of ~5.8 x 102 em*v'is™ and
~2.54 x 10, respectively. In comparison, the PyDTI-F-based OFETs
exhibited superior performances on all tested substrates. Fig. 3
plots the output and transfer characteristic curves of PyDTI-F-based
OFETs fabricated on different substrates at T, = 25 °C. Under
ambient conditions, PyDTI-F on ODTS-modified substrate exhibited
an electron mobility as high as 0.62 em?vis? along with an on/off
ratio of 5.5 x 10° and a low threshold voltage (Vy = 16.1 V).

Fig. 2 The electronic couplings and molecular packing of (a) PyDI-C14 and (b)
PyDTI-C8 viewed along the molecular axes. For clarity, side chains of
molecules are omitted.
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the devices.
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Fig. 3 (a-c) Output and (e-g) transfer characteristics of PyDTI-F OFETs (7=~
°C) on (a, e) bare (b, f) ODTS-modified and (c, g) COC-modified substrates.

Surprisingly, thionation and fluorination not only increased th

electron mobility and on/off ratio of the original diimid-
compounds by two orders of magnitude but also improved th

threshold voltage and air-stability of these compounds. As given ir
Fig. S2, the X-ray diffraction (XRD) patterns of both PyDTI-C8 an !
PyDTI-F films (T, = 25 °C) exhibited sharp (00/) reflectior.s
corresponding to d-spacings of 14.3 and 17.7 A, respectively, which
are consistent with crystallographic c-axis of PyDTI-C8 (14.1 A) ar 1
the molecular length of PyDTI-F (18.6 A). These results suggest that
the PyDTIs molecules have a m-stacking orientation parallel to e
substrate to form highly ordered lamellar structures, which e
favor the charge transport between source and drain electrodes. To
investigate the influence of substrate and substrate temperature ¢
the OFET performance, the morphologies of thin films of PyDTI -
were analyzed by atomic force microscopy (AFM). As shown in Fig.
4, they have similar textures of terraced plate, regardless «r
substrate and substrate temperature. The terrace sizes increasea
with substrate temperature on all substrates. At substra’ :
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Fig. 4 AFM images (3 um x 3 um) of PyDTI-F films based on different
substrates (a) T, =25 °C and (b) T; = 50 °C.

temperatures exceeding 50 °C, however, significant cracks
appeared in the thin films, which appropriately explain the OFET
performances.

At room temperature, charge transfer in organic
semiconductors is believed to be governed by thermal hopping
between neighboring molecules. This phenomenon is described by
Marcus electron-transfer theory,11 which posits that a high charge-
transfer rate can be achieved by minimizing the reorganization
energy (A) and maximizing the electronic coupling (t). The electronic
couplings (t') between electron transfers in dimers extracted from
single crystalline structures were predicted by the Amsterdam
density functional (ADF) program at the PW91PW91/TZ2P level with
dispersion correction.” The t value of PyDTI-C8 along dimer 1 (D1)
was 51 meV, higher than those of PyDI-C14 (D1 = 46 meV; D2 = 23
meV; see Fig. 2). Moreover, the reorganization energy of electron
transfer (A" = 530 meV) was much higher in PyDI-F than in PyDTI-C8
(A" = 255 meV) and PyDTI-F (A" = 287 meV). The relatively small A"
values of the PyDTIs are related to the nonbonding characteristics
of the edge-tip carbon atoms of phenyl rings (Fig. 1(b))13 and
sufficiently explain the high electron mobility of PyDTI-F relative to
the PyDI derivatives.® The A"values also decreased in thionated NDI
and PDI derivatives (Table S2, Supporting Information).

The electrochemical behaviors of PyDI-F and PyDTIs were
explored by cyclic voltammetry (CV) (see Fig. 5). The experimental
LUMO levels were estimated from the empirical relation E ypo =
-4.8 - (Eredl/2 - Eox, ferrocene) €V. The experimental LUMO level of
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Fig. 5 Cyclic voltammograms of PyDI-F and PyDTls in CH,Cl, containing 0.1 M
H-BU4NPF5.
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PyDTI-F was -4.18 eV, which is 0.58 eV deeper than that of PyL.
and consistent with the calculation. The experimental LUMO leve .
of PyDTIs were much lower than those of PyDI-F, indicating
stronger electron withdrawing ability of the thioimide group tha « °
the imide group. Although oxygen is more electronegative then
sulfur, oxygen atoms are comparatively small and consequentlv
their electronic orbitals are very tight. The interelectronic repulsic 1
induced by an additional electron is higher in oxygen than in sulfur.
Thus, the electron withdrawing ability of the imide group is low r
than expected. The low lying LUMO level of PyDTI-F improves the
air-stability and reduces the threshold voltage of the N-type OFET.

In conclusion, the LUMO levels of diimide compounds can btc
simply  stabilized by Moreover, thionatic .
simultaneously increases the electronic couplings and reduces tt
reorganization energies of diimide compounds. Therefore, N-typ
devices based on PyDTI-F display superior performance and ai
stability under ambient conditions. The present work condui*
comprehensively experimental and theoretical examinations of the
effects of thionation in OFET materials. The insights gained "
benefit not only applications of OFETs but also the development of
organic photovoltaic devices and light-emitting diodes.
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