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Since the first report on organic field-effect transistors (OFETs)
in 1986,1 OFETs have attracted increasing interest during the past
decades because of their easier fabricating and lower cost compared
with traditional silicon-based transistors.2 They can be ideally used
in large-area, compact, and lightweight plastic circuits on flexible
substrates in electronic devices.3 In recent years, great progress has
been made on both the fabrication methods of OFETs and the
synthesis of high-performance semiconductor materials.4 Especially,
some typical organic materials have achieved mobilities beyond
10 cm2 V-1 s-1,4a that can even be compared with mobilities of
amorphous-silicon devices. Despite this remarkable development,
the design of new semiconductors with high OFET performances
and a better understanding of the relationship between the structure
and the property are still the major challenges in modern molecular
electronics.

Triarylamine-based organic semiconductors have been widely
studied as hole transport materials for optoelectronic applications
(e.g., xerography, organic light-emitting diodes, etc.).5 These
materials possess attributes, such as good electron-donating ability
and reasonably high ambient stability, that meet well with the
requirements for OFETs application. However, most of the very
recent reports presented low FET mobilities owing to their
amorphous nature in solid state.6 Here, we would like to report a
new FET semiconductor based on triarylamine units with a
macrocyclic structure, compound1. Different from those linear,
star-shaped or dendrimeric triarylamines for amorphous materials,
a closed ring and steric crowded structure will restrict the rotation
of the phenyl groups and improve the molecular ordering in the
solid state, that will facilitate the charge carrier transportation.
Ethylene was chosen as linkage for its ability to effectively extend
theπ-conjugated length, reduce the band gap, and tune the electrical
properties.4g,7For comparison, a linear analogue (2) was investigated
simultaneously.

The synthesis of compound1 is summarized in Scheme 1. It
can be conveniently synthesized by McMurry coupling reaction
from 4,4′-diformyltriphenylamine.8 Although the yield of1 (9.0%)
was a little lower, it was only a two-step reaction that can be
operated in a large scale. Compound2 was synthesized according
to the literature.9 Both 1 and 2 have large solubility in common
organic solvents, such as CH2Cl2, chloroform, and toluene. They

can be easily purified by recrystallization and gradient sublimation.
Thermogravimetric analysis (TGA) measurements gave the thermal
decomposition temperatures (Td), 338 °C for 1 and 400°C for 2,
indicating their good thermal stability to be used as active layers
in OFETs.

Single crystals of1 were obtained by the slow evaporation of
solvent from dichloromethane solution. The molecular structure of
1 was shown in Figure 1a; it could be seen that fourp-phenylene
units were linked by two nitrogen atoms and ethylene bridges to
form a macrocycle. These linking atoms adopted coplanar structure
with each phenylene ring canting out of this plane with torsion
angles from 34.60 to 50.35°. The molecules in the crystal packed
into columns along theb-axis direction as shown in Figure 1b. These
columns then stacked in a so-called “layer-by-layer” pattern both
in a- andc-axis directions. Such column and layer-by-layer packing
manner should favor efficient hole transportation.

The vapor-deposited thin films of1 and2 on SiO2/Si substrates
were characterized by X-ray diffraction (XRD) (Figure S10). The
XRD pattern of thin films of1 deposited at 22°C displayed a series
of sharply resolved peaks assignable to multiple (00l) reflections,
indicating that1 formed highly crystalline layer-structure in thin
films. It shows an interlayer peak at 2θ ) 6.86°, corresponding to
a d-spacing of 12.87 Å. This value is almost identical to that of
the layer spacing along thec-axis direction in the single crystal
(13.05 Å), showing that the molecular packing in the thin films
was almost the same as that in single crystals. On the other hand,
XRD results of2 exhibited no reflection peaks, indicating that the
films were almost amorphous and the molecules were randomly
oriented. Therefore, a significant improvement of molecular order-
ing in the evaporated thin films was achieved by molecule1 with
ring architecture.

AFM images show complementary information about these films
(Figure S11). As we know, the morphological features of thin films
depend significantly on substrate temperature (Tsub). At 22 °C 1
formed large-area and interconnected crystalline domains with an
average diameter of 1µm, which were very helpful to hole
transportation. The crystal grains grew in size and elongated in
shape with increasing substrate temperature. However, film dis-
continuities and large gaps increased as well, which had large
negative effect on OFETs. Contrastly,2 formed films with many
discontinuities at each temperature, exhibiting poor hole transport
properties.

OFET devices were fabricated using a top-contact geometry on
a layer of SiO2 dielectrics (450 nm). Gold electrodes with W/L of
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Scheme 1. Synthesis of 1
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3.0 mm/0.05 mm were applied after organic film deposition by
using shadow mask. The output characteristics of these devices are
shown in Figure 2 and Table 1. These materials all performed as
p-type semiconductors at room temperature.

As expressed in Table 1, the hole mobility of1 deposited at
22 °C was found to be 1.5× 10-2 cm2 V-1 s-1, which was 100
times as high as that of2 under the same condition. To the best of
our knowledge, this performance is one of the best results of OFETs
based on triarylamine derivatives. Similar to what had been
observed in many OFETs, the FET performance of1 varied with
Tsub. It was related to the change in morphological features as noted
by AFM analysis. WhenTsub became higher, the discontinuities
increased, resulting in a poor FET performance. The on/off ratios
of 1 and 2 were high, because both of them had very low off
currents in the pA range.

To understand the relationship between the structure and the
property, we employed the Marcus electron transfer theory and an
incoherent Brownian motion model to calculate the hole mobilities10

(see Supporting Information) based on the single-crystal structures
of compound1 and2. The intermolecular electronic couplings were
obtained by directly evaluating the dimer Fock matrix with the
unperturbed monomer’s molecular orbitals,11 and the reorganization
energies were performed at the density-functional theory (DFT)
level with the B3LYP function and a 6-31 g(d) basis set. The room-
temperature hole-diffusion mobility was obtained to be 2.1× 10-2

cm2 V-1 s-1 for 1 and 1.9× 10-3 cm2 V-1 s-1 for 2. These values
compared very well with the experimental results. It suggested that
the macrocyclic structure of compound1 was more favorable to
hole transportation.

In summary, the molecular ordering of ethylene linked triph-
enylamine dimers in vapor deposited thin films changed signifi-
cantly when the molecular structure changed from linear to cyclic

type. The cyclic structure also led to a significant reduction of the
reorganized energy. Because of the two facts, compound1 displayed
an improved mobility in FETs as compared to that of linear
compound2. Another attractive character of FETs based on1 is a
high on/off ratio up to 107. Considering the intrinsic stability of
triphenylamine-based materials, this result may provide a new
promising choice for organic semiconductors for OFETs. We are
currently investigating modifications of these molecules to improve
the FET performance.

Acknowledgment. We thank the National Natural Science
Foundation of China (Grants 20421101, 20572113, 90206049,
20472089) 973 Program and Chinese Academy of Sciences for
financial support.

Supporting Information Available: Details of experimental and
computational procedures, X-ray crystal structure (CIF) of compound
1, additional data or spectra, information of OFET device fabrication,
XRD, and AFM. This material is available free of charge via the Internet
at http://pubs.acs.org.

References

(1) Tsumura, A.; Koezuka, H.; Ando, T.Appl. Phys. Lett.1986, 49, 1210.
(2) (a) Dimitrakopoulos, C. D.; Malenfant, P. R. L.AdV. Mater. 2002, 14,

99. (b) Kelley, T. W.; Baude, P. F.; Gerlach, C.; Ender, D. E.; Muyres,
D.; Haase, M. A.; Vogel, D. E.; Theiss, S. D.Chem. Mater.2004, 16,
4413. (c) Sun, Y.; Liu, Y.; Zhu, D.J. Mater. Chem.2005, 15, 53.

(3) For example: (a) Crone, B.; Dodabalapur, A.; Lin, Y. Y.; Filas, R. W.;
Bao, Z.; LaDuca, A.; Sarpeshkar, R.; Katz, H. E.; Li, W.Nature2000,
403, 521. (b) Huitema, H. E. A.; Gelinck, G. H.; van der Putten, J. B. P.
H.; Kuijk, K. E.; Hart, C. M.; Cantatore, E.; Herwig, P. T.; van Breemen,
A. J. J. M.; deLeeuw, D. M.Nature2001, 414, 599. (c) Gelinck, G. H.;
Huitema, H. E. A.; Van Veenendaal, E.; Cantatore, E.; Schrijnemakers,
L.; Van der Putten, J. B. P. H.; Geuns, T. C. T.; Beenhakkers, M.; Giesbers,
J. B.; Huisman, B. H.; Meijer, E. J.; Benito, E. M.; Touwslager, F. J.;
Marsman, A. W.; Van Rens, B. J. E.; De Leeuw, D. M.Nat. Mater.2004,
3, 106.

(4) For example: (a) Sundar, V. C.; Zaumseil, J.; Podzorov, V.; Menard, E.;
Willett, R. L.; Someya, T.; Gershenson, M. E.; Rogers, J. A.Science2004,
303, 1644. (b) Xiao, K.; Liu, Y.; Qi, T.; Zhang, W.; Wang, F.; Gao, J.;
Qiu, W.; Ma, Y.; Cui, G.; Chen, S.; Zhan, X.; Yu, G.; Qin, J.; Hu, W.;
Zhu, D. J. Am. Chem. Soc.2005, 127, 13281. (c) Meng, H.; Sun, F.;
Goldfinger, M. B.; Jaycox, G. D.; Li, Z.; Marshall, W. J.; Blackman, G.
S. J. Am. Chem. Soc.2005, 127, 2406. (d) Merlo, J. A.; Newman, C. R.;
Gerlach, C. P.; Kelley, T. W.; Muyres, D. V.; Fritz, S. E.; Toney, M. F.;
Frisbie, C. D.J. Am. Chem. Soc.2005, 127, 3997. (e) Payne, M. M.;
Parkin, S. R.; Anthony, J. E.; Kuo, C. C.; Jackson, T. N.J. Am. Chem.
Soc.2005, 127, 4986. (f) Wu, Y.; Li, Y.; Gardner, S.; Ong, B. S.J. Am.
Chem. Soc.2005, 127, 614. (g) Videlot-Ackermann, C.; Ackermann, J.;
Brisset, H.; Kawamura, K.; Yoshimoto, N.; Raynal, P.; El Kassmi, A.;
Fages, F.J. Am. Chem. Soc.2005, 127, 16346. (h) Takimiya, K.; Kunugi,
Y.; Konda, Y.; Ebata, H.; Toyoshima, Y.; Otsubo, T.J. Am. Chem. Soc.
2006, 128, 3044. (i) Zen, A.; Bilge, A; Galbrecht, F.; Alle, R.; Meerholz,
K.; Grenzer, J.; Neher, D.; Scherf, U.; Farrell, T.J. Am. Chem. Soc.2006,
128, 3914.

(5) (a) Shirota, Y.J. Mater. Chem.2000, 10, 1. (b) Shirota, Y.J. Mater.
Chem.2005, 15, 75.

(6) (a) Cravino, A.; Roquet, S.; Aleveque, O.; Leriche, P.; Frere, P.; Roncali,
J.Chem. Mater.2006, 18, 2584. (b) Saragi, T. P. I.; Lieker, T. F.; Salbeck,
J. AdV. Funct. Mater.2006, 16, 966. (c) Saragi, T. P. I.; Lieker, T. F.;
Salbeck, J.Synth. Met.2005, 148, 267. (d) Sonntag, M.; Kreger, K.; Hanft,
D.; Strohriegl, P.; Setayesh, S.; de Leeuw, D.Chem. Mater.2005, 17,
3031.

(7) (a) Drolet, N.; Morin, J. F.; Leclerc, N.; Wakim, S.; Tao, Y.; Leclerc, M.
AdV. Funct. Mater.2005, 15, 1671. (b) Roncali, J.Chem. ReV. 1997, 97,
173.

(8) (a) McMurry, J. E.Chem. ReV. 1989, 89, 1513. (b) Hu, Z.; Atwood, J.
L.; Cava, M. P.J. Org. Chem.1994, 59, 8071.

(9) Wang, X.; Wang, D.; Zhou, G.; Yu, W.; Zhou, Y.; Fang, Q.; Jiang, M.J.
Mater. Chem.2001, 11, 1600.

(10) (a) Marcus, R. A.ReV. Mod. Phys.1993, 65, 599. (b) Brédas, J. L.;
Beljonne, D.; Coropceanu, V.; Cornil, J.Chem. ReV. 2004, 104, 4971.
(c) Deng, W. Q.; Goddard, W. A., III. J. Phys. Chem. B2004, 108, 8614.

(11) (a) Yin, S. W.; Yi, Y. P.; Li, Q. X.; Yu, G.; Liu, Y. Q.; Shuai, Z. G.J.
Phys. Chem. A2006, 110, 7138. (b) Shuai, Z.; Beljonne, D; Silbey, R. J.;
Brédas, J. L.Phys. ReV. Lett. 2000, 84, 131. (c) Troisi, A.; Orlandi, G.
Chem. Phys. Lett.2001, 344, 509.

JA064726S

Figure 1. (a) Top view and side view of the molecular structure of
compound1. (b) Stacking pattern of1 in the crystal viewed along theb-axis
(hydrogen atoms were omitted for clarity).

Figure 2. (a) Plots of drain-to-source current (IDS) vs drain-to-source voltage
(VDS) for the FET of1 fabricated on SiO2 at 22°C. (b) -IDS and (-IDS)1/2

vs VG plots for the same device atVDS of -60V.

Table 1. The Performance of FETs Based on 1 and 2 Prepared
at Different Temperatures of the Substrate (Tsub)

compound Tsub (°C) mobility (cm2 V-1 s-1) on/off ratio

1 12 6× 10-3 106

1 22 1.5× 10-2 107

1 60 1× 104 105

2 22 2× 104 105
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