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ABSTRACT

Reactions of 4,4-diphenyl- and 4,4-di(p-tolyl)dithienosilole with tetracyanoethene (TCNE) in DMF gave coupling products 4,4-diphenyl- and
4,4-di(p-tolyl)-2-(tricycanoethenyl)dithienosilole (1a and 1b) in good yield. The films of 1b exhibited vapor-chromism, and the color of the film
changed from red to blue-purple upon exposure to the vapor of organic solvents such as ethanol, methanol, acetonitrile, ethyl acetate, acetone,
and hexane. The color reverted to the original red upon contact with chloroform vapor, indicating that this process is reversible.

The silole (silacyclopentadiene) ring has been extensively
studied as a novel conjugated system, in which theσ*-orbital
of the silole silicon atom may effectively interact with the
π*-orbital of the butadiene fragment, leading to the low-
lying LUMO.1 In particular, since Tamao et al. reported that
2,5-bis(pyrrol-2-yl)silole derivatives exhibit highly electron-
transporting properties, applicable to electron-transport in
electroluminescent (EL) devices,2 many papers concerning
the functionalities of silole-containing compounds and
polymers have been published.3

Recently, we synthesized dithienosiloles (DTSs), in which
a bithiophene system is bridged intramolecularly by a silylene
unit at theâ,â′-position forming a silole ring.4 Interestingly,
DTSs show highly electron-transporting properties, and the
devices with a structure of ITO/TPD/Alq/DTS/Mg-Ag,

where TPD, Alq, and DTS are the hole-transport, emitter,
and electron-transport, respectively, emit strong electrolu-
minescence (EL).5 In these compounds, the nature of
substituents on the thiopheneR-carbons markedly affects the
electronic states, and introduction of electron-withdrawing
groups lowers the LUMO energy level.6 In fact, the
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maximum luminance of 16 000 cd/m2 among the DTS-based
devices was obtained when a film of DTS bearing electron-
withdrawing pyridyl groups at theR-carbons of the thiophene
rings was employed as the electron-transport. On the
contrary, introduction of electron-donating thienyl groups at
the same positions of DTS significantly suppresses the
electron-transporting properties.

To obtain DTS-based materials with higher electron-
transporting properties, we synthesized DTSs bearing a
strongly electron-withdrawing tricyanoethenyl group.7 Al-
though attempted building of an efficient EL device based
on the present tricyanoethenyl-substituted DTS was unsuc-
cessful, we found that the vapor-deposited film exhibited
unique vapor-chromic behavior.

Tricyanoethenyl-substituted DTSs (1a,b) were obtained in
85% and 87% yields, respectively, from the reactions of 2,6-
unsubstituted DTSs (2a,b) with excess tetracyanoethene
(TCNE) in DMF as shown in Scheme 1.8 Compounds1a,b
are deep red metallic colored crystals and melt at high
temperatures without decomposition. They are soluble in
common organic solvents and can be fabricated to clear films
by vapor deposition or spin-coating of the solutions.

Table 1 summarizes the optical and electrochemical
properties of1a,b, in comparison with those of the parent
DTSs 2a,b and 5-(tricyanoethenyl)-2,2′-bithiophene (3).
Compound3 was prepared in 50% yield from the reaction
of 2,2′-bithiophene with TCNE, similarly to1a,b.9 As shown
in Table 1, the absorption and emission maxima of1a,b were
markedly red-shifted from those of2a,b by about 150 nm.
The absorption edges of1a,b were also red-shifted from
those of2a,b by about 1 eV. The cyclic voltammograms
(CVs) of 1a,b measured in acetonitrile showed irreversible
oxidation peaks at about 1.2 V vs Ag+/Ag, which are shifted
positively from those observed for2a,b. These results seem
to indicate the smaller band-gap energies as well as the lower
energy level of HOMOs for1a,bas compared with those of
2a,b. This is suggestive of the lower-lying LUMOs of1a,b
than those of2a,b, in accordance with the fact that the CVs
of 1a,b revealed the cathodic reduction peak at ca.-0.8 V
vs Ag/Ag+, while 2a,bare inactive in the reductive mode in
the range down to-2.0 V. When compared with3, the
absorption maxima and edges of1a,b were red-shifted by
about 30 nm and 0.1 eV, respectively. The reduction peak
of 1a,b in the CVs appeared at essentially the same potential
as those of3, while the electrochemical oxidation took place
at lower energy, indicating that the HOMOs of1a,b are at
higher energies relative to that of3, being primarily
responsible for the red-shifts in the absorption maxima.

Interestingly, the emission maxima of1a,b and3 moved
to higher energies, by 10, 15, and 8 nm, respectively, when
the solvent was changed from THF to less polar diethyl ether.
This is in contrast to2a,bwhose emission spectra exhibited
no clear solvent dependence. The wavelengths of UV
absorption maxima were also affected by the solvent polarity,
but much less sensitively, and the same change of the solvent
led to blue-shifts by less than 2 nm. In ethyl acetate, the
spectra revealed the absorption and emission maxima at
almost the same energies as those in THF, except for the
emission spectrum of3, which showed the maximum at 478
nm, 6 nm blue shifted from that in THF.
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Scheme 1 Table 1. Optical and Electrochemical Properties of
Compounds1a,b, 2a,b, and3

absorpna emissna

peak potentialb

(V vs Ag+/Ag)

compd λmax (nm) ε × 10-3 λedge (eV) λmax (nm) oxidn redcn

1a 512 32 2.1 574 1.20 -0.80
1b 513 33 2.1 575 1.21 -0.79
2a 356 6.1 3.2 420 0.87 ndc

2b 358 7.9 3.1 420 0.98 ndc

3 484 30 2.2 563 1.30 -0.78

a In THF. b Determined by CV in acetonitrile containing 100 mM of
LiClO4 as the supporting electrolyte and 2 mM of the substrate at the scan
rate of 100 mV/s.c Not detected.
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Table 2 summarizes the results of the ab initio molecular
orbital (MO) calculations on the model compounds1c, 2c,
and 3 at the level of HF/6-31G.10 All of the possible two
and four planar conformers, with respect to the rotation
around the single bonds between theπ-systems, were found
to be stable with the energy minimum, for1c and 3,
respectively. However, the conformation does not signifi-

cantly affect the HOMO and LUMO energy levels and the
orbital profiles. As shown in Table 2, both of the HOMOs
and LUMOs of1c were calculated to be at lower energy
levels than those of2c. In addition,1c has higher-lying
HOMOs relative to3, although the LUMOs of1c and3 are
almost at the same level. These are in good agreement with
the optical and electrochemical data obtained for the actual
compounds described as above.

The HOMOs and LUMOs of the conformers of1cderived
from the calculations spread over the whole of the molecule.
The LUMOs, however, are more localized on the tricyano-
ethenyl unit rather than on the DTS ring, while the HOMOs
are mainly composed of the DTSπ-orbital. Probably, the
tricyanoethenyl unit in1cplays a major role as the electron-
withdrawing group to lower both the LUMO and HOMO
energy levels, relative to2c. On the other hand, the resonance
effect of the tricyanoethenyl group, which would raise the
HOMO level, seems to be too small to compensate for the
inductive effect. This rather localized orbital profile also
suggests that the charge displacement is involved in the
excited states to some extent, in accordance with the solvent-
dependence of the emission spectra of1a,b. Since similar

orbital localization is observed for the HOMOs and LUMOs
of 3, the presence of the silole ring in1c may affect only
the HOMO obviously to raise the level relative to that of3.

The low-lying LUMOs of1a,b as estimated by the optical
and electrochemical properties, as well as the MO calcula-
tions, prompted us to examine them as the electron-transport
for the multilayer EL device system. However, the device
with a structure of ITO/TPD (40 nm)/Alq (50 nm)/1b (10-
20 nm)/Mg-Ag did not emit any luminance, and no current
was detected up to an applied voltage of 20 V.

To our surprise, the vapor-deposited film of1b exhibited
vapor-chromic behavior and theλmax moved from 541 to 579
nm, accompanied by a color change from red to blue-purple
upon exposure to ethanol vapor, as shown in Figure 1. A
similar change was observed when the film was dipped in
liquid ethanol for a short period of time. The color remained
unchanged after several months without exposure to ethanol,
and the color reverted to the original red after a short contact
with chloroform vapor, indicating that this process is
reversible. When the blue-purple film was dissolved in CDCl3

and the solution was analyzed by1H NMR, a spectrum
consistent with that of1b was obtained, indicating that no
corresponding chemical reactions occurred with the color
change. The1H NMR spectrum showed also the absence of
a detectable amount of ethanol in the film. Although we
have no clear data to understand the mechanism of the
vapor-chromism, the X-ray diffraction measurements of
the film showed that the strong peak at 14.67 Å of
the original film moved to 14.72 Å, after contact with the
ethanol vapor. Presumably, some changes in the solid-state
structure were involved. In contrast to this, compound3
gave no clear films by either vapor deposition or spin-coating(10)Gaussian 98, revision A.9; Gaussian, Inc.: Pittsburgh, PA.

Table 2. Relative HOMO and LUMO Energy Levels (eV) for
Compounds1c, 2c, and3, Derived from MO Calculations at the
HF/6-31G Level

compd HOMO LUMO compd HOMO LUMO

1c-1 -8.51 -0.66 3-1 -8.81 -0.57
1c-2 -8.49 -0.58 3-2 -8.56 -0.59

3-3 -8.64 -0.64
2ca -7.88 1.75 3-4 -8.60 -0.62

a Reference 4c.

Figure 1. UV spectra of a vapor-deposited film of1b on a quartz
plate (red line) before and (blue line) after a short contact with
ethanol vapor. Inset is a photo of the film, of which the bottom
half was treated with ethanol.
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of the solution, but always afforded cloudy light red films
and the contact of the films with ethanol led to no color
changes.

Similar quick color and UV spectral changes occurred
when the films of1b were exposed to other polar organic
solvents, such as methanol (λmax of the film after the contact
) 579 nm), acetonitrile (580 nm), ethyl acetate (582 nm),
and acetone (582 nm). A contact with hexane also caused
a similar color change of the film, but much less sensitively.
The absorption maximum of the film of1b moved to 574
nm after exposure to hexane vapor for 1 min. Exposure of
the film to steam led to no color and spectral changes.

In conclusion, a novel tricyanoethenyl-DTS system that
may be potentially important as a new donor-acceptor type
chromophore has been developed.11 Studies to extend this
system to the new functionality materials are underway.
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Int. Ed. 2000,39, 556.

1894 Org. Lett., Vol. 4, No. 11, 2002


