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Synthesis and Characterization of
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The synthesis and characterization of several co-oligomers, 5,5'-bis(4,4'-dialkyl-2,2'-
bithiazol-5-yl)-(3,4,3',4'-bis(ethylenedioxy)-2,2'-dithienyl) (AT.A), 5,5'-bis(3,4-ethylenediox-
ythien-2-yl)-4,4'-dibutyl-2,2'-bithiazole (TBT), and 5,5'-bis(3,4,3',4'-bis(ethylenedioxy)-2,2'-
dithien-5-yl)-4,4'-dibutyl-2,2'-bithiazole (T,BT,) are described. The solid-state structure of
AT,A features z-stacking with a short intermolecular distance of 3.5 A. In thin films, the
m-stacks are parallel to the film substrate as determined by X-ray diffraction. The UV—vis
spectra of AT,A films show features that are ascribed to the effects of ;z-stacking. In addition,
all these co-oligomers, composed of donor—acceptor moieties, show lowered optical band gaps,
mainly because of the low oxidation potential imparted by incorporation of the 3,4-
ethylenedioxythiophene (EDOT) moiety. Cyclic voltammetry indicates that these co-oligomers
can be either p-doped or n-doped, and the spectroelectrochemical measurements show that
the AT,A films are stable upon cycling the oxidation state. All these features make these

materials promising for use in electronic devices, e.g., organic thin film transistors.

Introduction

Recently, organic conjugated materials have been
studied very intensively as active materials for organic
thin film transistors (OTFTs).1=5 The unique properties
of these organic materials make them more attractive
than inorganic semiconductors for applications requir-
ing large area coverage, structural flexibility, or solution
processing.5—8 Currently, outstanding progress has been
made in fabricating OTFT devices.®~12 The field-effect
mobility of some OTFT devices has reached values
comparable to those of amorphous Si-TFTs, e.g., single-
crystal pentacene OTFT devices show mobilities of
1-2.7 cm2v~1s1 at room temperature,®® a value
comparable to that of amorphous Si. These advances in
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organic devices suggest that organic conjugated materi-
als may be competitive with traditional Si technology
in low-end applications that do not require rapid
switching rates. However, some fundamental challenges
still remain, and, above all, there remain questions
about how charge transport is related to the molecular
and solid-state structures of the organic materials.14~17
In OTFT devices, early success has been limited to a
few types of conjugated materials,'® e.g., thiophene
oligomers, polythiophene, pentacene, etc. It is well-
known that both thiophene oligomers and pentacene
molecules are packed in the so-called “herringbone”
pattern in which intermolecular, 7—x contacts are
minimized.1®~2! Despite the poor z—m overlap between
neighboring molecules, highly purified pentacene has
extremely high charge carrier mobility at low temper-
ature.®10 There is little evidence to indicate that the
herringbone-packing pattern is structurally superior for
promoting high carrier mobility to other crystalline
prototypes, e.g., w-stacks. Therefore, it is important to
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explore new structures for high mobility, especially, the
mr-stacking structure.

Instead of aligning in the face-to-edge manner of the
herringbone pattern, zz-stacked molecules are situated
in a face-to-face arrangement.?? Clearly, such a packing
configuration leads to stronger w—m interactions be-
tween neighboring molecules. The larger 7—x interac-
tions facilitate charge transfer between adjacent mol-
ecules by either of two mechanisms. At low temperatures,
charge transport in crystalline materials appears to be
coherent, i.e., band theory seems to be appropriate. At
higher temperatures, phonon scattering leads to inco-
herent (hopping) transport.11423 Large 7—x interactions
increase the carrier bandwidth (and, hence, the mobil-
ity) at low temperatures, and decrease hopping barriers
at higher temperatures. Calculations show that the
bandwidth for sz-stacking structures could reach 0.2—
0.4 eV, compared to the bandwidth of pentacene that is
estimated to be 0.2 eV.22725 These values are still an
order of magnitude smaller than those for inorganic
semiconductors, e.g., Si, that have chemical bonds (1—3
eV) between neighboring atoms.

In this contribution, we develop several new materials
for application in OTFTs. The materials are co-oligomers
based on 4,4'-dialkyl-2,2'-bithiazole and 3,4-ethylene-
dioxythiophene (EDOT) in a donor—acceptor type
molecule. Alkyl bithiazole oligomers crystallize with
a “staircase” m-stack motif and may be reversibly
n-doped,?6=2° whereas EDOT is a popular p-type mate-
rial with low oxidation potential.3%31 When the two
moieties are connected in a donor—acceptor system, the
resultant materials will be both p- and n-dopable, and
may adopt the s-stacked structures characteristic of the
bithiazoles. Thus, we synthesized several co-oligomers:
the acceptor—donor—acceptor type, AT, A (A = 4,4'-
dialkyl-2,2'-bithiazole, T, = EDOT dimer). Specific
alkylbithiazoles will be denoted by E = diethylbithiaz-
ole, B = dibutylbithiazole, and H = dihexylbithiazole.
Also synthesized were donor—acceptor—donor type oli-
gomers, TBT (T = EDOT, B = dibutylbithiazole) and
T,BT, (T, = EDOT dimer, B = dibutylbithiazole). Stille
coupling reactions have been used successfully to pre-
pare these compounds.32 The full characterization of
these materials has confirmed that the BT,B oligomer
is potentially a good candidate for high mobility organic
semiconductors in OTFTs.
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Experimental Section

Materials. All manipulations and preparations were per-
formed under a nitrogen atmosphere using standard Schlenk
line techniques unless otherwise stated. Reagents were pur-
chased and used as received unless otherwise stated. Freshly
opened, reagent grade solvents were dried by sequentially
passing them through columns of molecular sieve (4A) and Cu/
Al;O3 under a dry N, atmosphere. Synthesis of EDOT dimer
(EDQOT),,% 4,4'-dialkyl-2,2'bithiazoles, 5,5'-dibromo-4,4'-dialkyl-
2,2'-bithiazole, and 5-trimethylstannyl-4,4'-dialkyl-2,2'-bithia-
zole were performed according to the literature procedures.®
Synthesis of ET,E and HT,H are similar to that of BT,B and
are described in the Supporting Information.

1H NMR spectra were collected on a Varian 300 or Varian
400 spectrometer and referenced to the residual solvent proton
resonance. UV—vis spectra were collected on a Shimadzu
3101PC with baseline correction. Emission spectra were
collected on a Shimadzu 4121 interfaced with a Gateway
computer. Cyclic voltammetry (CV) was performed with a
Princeton Applied Research Potentiostat model 263A inter-
faced to a PC computer. The solvent was dry CH3zCN or THF,
and the supporting electrolyte was tetrabutylammonium
hexafluorophosphate (TBAPF) (0.10 M). The reported poten-
tials are vs the ferrocene/ferrocenium (Fc/Fc*) couple, obtained
by adding a crystal of ferrocene to the solution. Mass spectra
were collected on a VG 70-250-s high-resolution spectrometer.
Elemental analyses were performed by the University of
Michigan Microanalysis Laboratory.

5,5'-Dibromo-2,2'-Bis(3,4-ethylenedioxythiophene) (Br—
(EDOT),—Br). A 10-mL Schlenk flask equipped with a stir-
ring bar was charged with (EDOT), (500 mg, 1.77 mmol) in
dry CH,ClI; (60 mL). N-bromosuccinimide (NBS) (660 mg, 3.71
mmol) was added, and the reaction was allowed to stir at 0 °C
for 2 h. The slightly blue mixture was dissolved in 500 mL of
CH_Cl, and washed by NH3-H,0 (10%, 150 mL), H,O (3 x 50
mL), and brine (2 x 50 mL), and dried over MgSQO,. The CH,-
Cl, was evaporated (Rotovap) to give a yellowish solid that
was stored in a drybox. Yield = 660 mg (85%). '"H NMR
(CDClg): ¢ 4.31 (8H,s).

5,5'-Bis(4,4'-dibutyl-2,2'-bithiazol-5-yl)—(3,4,3',4'-bis-
(ethylenedioxy)-2,2'-dithienyl) (BT:B). (Dibutylbithiazole)-
SnMej; (295 mg, 0.666 mmol) in dry toluene (60 mL) was added
via cannula to a 100-mL Schlenk flask containing Br—
(EDOT),—Br (130 mg, 0.30 mmol) and Pd(PPhs),Cl, (21 mg,
0.03 mmol). The mixture was heated for 20 h during which
time it turned dark red. After the mixture was cooled and
filtered through Celite diatomaceous earth, the solvent was
removed. The dark red solid was redissolved in CH,Cl, and
washed with HCI (5 wt %, 50 mL), H,O (3 x 50 mL), NH4CI
(saturated, 2 x 50 mL), and brine (2 x 50 mL), and dried over
MgSO,. The solvent was evaporated to give a red solid. Further
purification involved a Soxhlet extraction with methanol to
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remove most of the starting materials, followed by flash
chromatography over silica gel with CHClI; eluent to remove
side-products. Bright red, single crystals were grown by slowly
evaporating the solvent. Yield = 180 mg (71%). *H NMR
(CDClg): 6 0.915 (6H, t, J = 7.2 Hz, —CHgs, outside), 6 0.95
(6H, t, J = 7.2 Hz, —CHs, inner), 6 1.37 (4H, m, J = 7.6 Hz,
—CH;—, outside), 6 1.44 (4H, m, —CH_—, inner), 6 1.69 (4H,
m, —CH_—, outside), 6 1.75 (4H, m, —CH_,—, inner), 6 2.78 (4H,
t, J = 8 Hz, —CH_—, outside), 6 2.98 (4H, m, J = 7.6 Hz,
—CHy—, inner), 6 4.36 (8H, t, J = 2 Hz, —CH,CH,—, EDOT
ring), 0 6.90 (2H, s, 5-position ring proton). MS (El): M* =
838.3. Elemental Analysis: calcd C, 57.3%; H, 5.53%; N, 6.67%;
found C, 57.1%; H, 5.63%; N, 6.61%.

2-(Trimethylstannyl)-3,4-(ethylenedioxy)thiophene. In
a 100-mL Schlenk flask, was placed a 2.0 g (14.1 mmol) sample
of 3,4-(ethylenedioxy)thiophene in 50 mL of dry THF. A
solution (6.2 mL, 15.5 mmol) of 2.5 M n-butyllithium was
added dropwise into the EDOT solution at —78 °C under
nitrogen. After the solution was stirred for 1 h, it was allowed
to warm to —40 °C, and 3.37 g (16.9 mmol) of trimethylstannyl
chloride was added to the solution. The solvent was removed
via Rotovap after the solution was stirred overnight. After the
solvent was evaporated, the residue was dissolved in hexane
and washed with H,O (3 x 30 mL), then brine (2 x 30 mL),
and dried over MgSO,. The product was a white solid after
the solvent was evaporated in a vacuum. Yield = 3.60 g (84%).
IH NMR (CDCls): 6 0.31 (9H, s, —SnMejs), 6 4.14 (4H, t, J =
8.0 Hz, —CH,— on EDOT ring), ¢ 6.55 (1H, s, 5-position ring
proton). Elemental analysis: calcd C, 35.5%; H, 4.63%; found
C, 34.7%; H, 4.54%.
5,5'-Bis(3,4-ethylenedioxythien-2-yl)-4,4'-dibutyl-2,2'-
bithiazole (TBT). In a 100-mL Schlenk flask equipped with
a reflux condenser and nitrogen outlet, was placed (EDOT)-
SnMes (146 mg, 0.479 mmol), Br—(Dibutylbithiazole)—Br (100
mg, 0.228 mmol), and Pd(PPhs),Cl, (16 mg, 0.02 mmol), and
dry toluene (60 mL). The mixture was heated to reflux for 16
h, after which time the solution showed a green fluorescence.
After cooling to room temperature, the toluene solution was
washed with HCI solution (5%, 50 mL), H,O (3 x 30 mL),
saturated NH,4Cl solution (2 x 30 mL), then brine (2 x 30 mL),
and dried over MgSO.. The solvent was removed by Rotovap
to give an orange solid. Then, the raw product in CH,CI, was
run through a chromatography column filled with silica gel
for further purification. Yield = 109 mg (85%). 'H NMR
(CDCl3): 6 0.944 (6H, t, J = 7.2 Hz, —CHs), 6 1.44 (4H, m, J
=7.2Hz, —CH;—), 0 1.75 (4H, m, 3 = 7.2 Hz, —CH,—), 6 2.95
(4H, t, —CH,—), ¢ 4.26 (4H, m, J = 2.7 Hz, —CH, on EDOT
ring), 0 4.32 (4H, m, J = 2.7 Hz, —CH, on EDOT ring), 6 6.41
(2H, s, EDOT ring proton at 5-position). Elemental analysis:
calcd C, 55.7%; H, 5.03%; N, 4.99%; found C, 55.8%; H, 5.09%;
N, 4.85%.
5,5'-Bis(5-bromo-3,4-ethylenedioxythien-2-yl)-4,4'-dibu-
tyl-2,2'-bithiazole (Br—TBT—Br). A 100-mL Schlenk flask
equipped with a stirring bar was charged with TBT (100 mg,
0.178 mmol) in CH.CI, (60 mL). N-bromosuccinimide (NBS)
(67 mg, 0.376 mmol) was added, and the reaction was allowed
to stir at 0 °C and under exclusion of light for 2 h. After the
solvent was evaporated, the raw product was washed with
acetone to remove the extra starting materials to give an
orange solid. Yield = 121 mg (95%). *H NMR (CDCls): 6 0.94
(6H,t,J=7.2 Hz, —CHa), 0 1.25 (4H, m, J = 7.2 Hz, —CH,—),
0175 @H, m, J = 7.2 Hz, —CH;—), 6 2.95 (4H, t, —CH,—), 0
4.32 (8H, m, —CH,, EDOT ring). Elemental analysis: calcd
C, 43.5%; H, 3.65%; N, 3.90%; found C, 45.3%; H, 4.16%; N,
4.04%.
5,5'-Bis(3,4,3',4'-bis(ethylenedioxy)-2,2'-dithien-5-yl)-
4,4'-dibutyl-2,2'-bithiazole (T2:BT;). In a 100-mL Schlenk
flask equipped with a reflux condenser and nitrogen outlet,
was placed (EDOT)-SnMes (94 mg, 0.308 mmol), Br—TBT—
Br (100 mg, 0.139 mmol), Pd(PPhj3).Cl, (20 mg, 0.03 mmol),
and dry toluene (60 mL). The mixture was heated to reflux
for 12 h. After cooling to room temperature, the solution was
washed with HCI solution (5%, 50 mL), H.O (3 x 30 mL),
saturated NH,Cl solution (2 x 30 mL), then brine (2 x 30 mL),
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Scheme 1. Synthesis of AT,A Oligomers: (a)
BuLi/—78 °C/THF, CuCl,; (b) NBS/CH,CI,/0 °C; (c)
BuL.i/—78 °C/THF, SnMezCl; (d) Stille Coupling,
Pd(PPh3),Cl,/Toluene/20 h

O

(), s

Br \ r

s
\

\_/
R

R
@—«S © N
N.Z —=2 )—(S SnMe;
R

\

R=Ethyl
Butyl
Hexyl

ATA

and dried over MgSOQ,. The solvent was removed by Rotovap
to give an orange solid. Then, the raw product in CH,CI, was
run through a chromatography column filled with silica gel
for further purification. Yield = 109 mg (93%). *H NMR
(CDClg): 6 0.976 (6H, t, J = 7.2 Hz, —CHs), 0 1.45 (4H, m,
J=72Hz, —CH,—), 6 1.79 (4H, m, J = 7.2 Hz, —CHy-), 6
3.00 (4H, t, J = 7.8 Hz, —CHy—), 6 4.25—4.39 (16H, m, —CH,,
EDOT ring), 60 6.32 (2H, s, EDOT ring proton at 2-position).
Elemental analysis: calcd C, 54.3%; H, 4.31%; N, 3.33%; found
C, 53.2%; H, 4.65%; Nn 3.18%.

Results and Discussion

Preparation. All these co-oligomers of alky-bithia-
zoles and EDOT were prepared using Stille coupling
reactions. AT,A oligomers were synthesized as shown
in Scheme 1. The coupling between the diallkylbithia-
zole—SnMe3; and Br—(EDOT),—Br required a high reac-
tion temperature because the bithiazole-tin reagents are
poor nucleophiles. Thus, toluene was chosen as the
solvent in most of our coupling reactions, as reactions
in THF gave very low yields (~20%). The yields of the
coupling reactions are reasonably high, except for ETE.
It is necessary to have pure reactants to achieve high
yields. Using less than 1 equiv of BuLi per bithiazole
in the lithiation reaction decreased the amount of ditin
bithiazole formed by unintentional dilithiation. Fur-
thermore, because of the low oxidation potential of
(EDOT),, Br—(EDOT),—Br must be prepared at 0 °C
with exclusion of light to prevent over-oxidation or
polymerization by NBS. Reducing the crude product and
removal of the NBS with NH3-H20 is recommended.
However, the AT,A oligomers are reasonably stable due
to the electron-withdrawing bithiazole groups attached
to the (EDOT), core that block the reactive 5,5'-positions
of EDOT,. The products with butyl and hexyl side-
chains are very soluble in many common solvents, e.g.,
toluene, and CHCI3, making them suitable for liquid-
phase spin-coating.

The syntheses of TBT and T,BT, are shown in
Scheme 2. The Stille coupling reactions in this series
gave better yields than those obtained for BT,B because
(EDOT)—SnMejs is a better nucleophile than (dibutyl-
bithiazole)—SnMes. Adding a slight excess of (EDOT)—
SnMesz reduced the amount of monosubstituted product
that formed during the coupling reaction.
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Table 1. Characterization of Five Co-Oligomers on the Basis of WAXD Pattern, UV Absorption, Emission Maximum
Wavelength, and Optical Band Gap

UV absorption emission optical band
eV (nm) eV (nm) gap (eV)
name WAXD peaks (20) and d-spacing soln film soln soln film
ET.E 4.4°(20.0 A), 8.1°(10.9 A) 2.69 (461) 2.69 (461) 2.23 (556) 2.28 2.00
8.5°(10.4 A), 9.7°(9.1 A) 2.48 (500)
12.7°(7.0 A), 17.1°(5.2 A) 2.25 (551)
21.2°(4.2 A), 25.1°(3.5 A)
BT.B 6.3°(14.0 A), 10.9°(8.1 A) 2.66 (466) 2.61 (475) 2.12 (585) 2.30 2.08
18.9°(4.7 A), 22.5°(3.9 A) 2.46 (504)
25.1°(3.5 A) 2.30 (539)
HT,H 5.0°(17.7 A), 9.8°(9.0 A) 2.66 (466) 2.66 (466) 2.12 (585) 2.30 2.10
17.5°(4.1 A), 21.9°(4.1 A) 2.50 (496)
25.2°(3.5 A) 2.30 (539)
TBT 3.02 (411) 3.03 (409) 2.57 (482) 2.60 2.46
2.86 (434) 2.45 (506)
2.63 (471)
T.BT, 2.66 (466) 2.65 (468), 2.24 (554) 2.24 2.10
2.50 (496), 2.12 (585)
2.30 (539)
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Figure 1. WAXD patterns of solution-cast films of ET-E,
BT,B, and HT,H.

The only successful route to T,BT, was the coupling
between (EDOT)—SnMe; and Br—TBT—Br. Attempts at
coupling (EDOT),—SnMes; and Br—(dibutylbithiazole)—
Br failed because of the low stability of (EDOT),—
SnMejs. Fortunately, Br—TBT—Br was easy to prepare
by bromination of TBT by NBS. Because Br—TBT—Br
was only partially soluble in toluene, the coupling
reaction had to be done at reflux temperature. Both
compounds, TBT and T,BT,, are quite soluble and stable
enough for further characterization.

X-ray Diffraction. Since the crystal structure of
BT,B has been solved recently,3 the film orientation
could be studied based on the wide-angle X-ray diffrac-
tion (WAXD) patterns. Figure 1 shows an overlay of the
WAXD patterns of AT,A solution-cast films. The 26 and
d values are collected in Table 1. BT,B shows XRD
peaks at 20 = 6.3°, 10.9°, 18.9°, 22.5°, and 25.1°,
corresponding to 14.0, 8.1, 4.7, 3.9, and 3.5_A, respec-
tively. These peaks could be assigned to the (101), (002),
(113), (311), and (312) reflections by comparison to the
X-ray powder pattern simulated from the single-crystal
structure (Supporting Information). The d spacing cor-
responding to the peak at 20 = 25.1° is similar to the
m-stacking distance measured from the single-crystal
structure.

There is also a strong diffraction peak at 26 = 5.0°
from HT,H films, corresponding to the lamellar struc-

(33) Cao, J.; Kampf, J. W.; Curtis, M. D. 2002, manuscript in
preparation.

Scheme 2. Synthesis of TBT and T,BT, Oligomers:
(a) Br,/CHCIs/Reflux/2 h; (b) BuLi/—78 °C/THF,
SnMesCl; (c) Stille Coupling, Pd(PPhj3),Cl,/Toluene/
16 h; (d) NBS/CH,CI,/0 °C/Dark; (e) Stille Coupling,
Pd(PPh3),Cl,/Toluene/16 h
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ture with a d spacing of 17.7 A. The longer hexyl side-
chain is expected to expand the lamellar distance. Other
peaks of HT,H are located at 26 of 9.8°, 17.5°, 21.9°,
and 25.2°, and these match the d spacings of 9.0, 5.1,
4.1, and 3.5 A in the butyl derivative. It thus appears
that the butyl and hexyl derivatives are isomorphous.

The structure of ET,E appears to be similar, but not
isomorphous, to those of the butyl and hexyl compounds.
A strong peak at 20 = 4.4° (20 A) is observed, but the
20 A distance is not compatible with a simple lamellar
spacing between ethyl-substituted oligomers. Other
peaks are located at 26 of 8.1°, 8.5°, 9.7°, 12.7°, 17.1°,
21.2°, and 25.1°, corresponding to 10.9, 10.4,9.1 7.0, 5.2,
4.2, and 3.5 A. However, the peak corresponding to the
m-stacking distance (3.5 A) still can be observed, imply-
ing that ET,E also forms z-stacks.

UV—Vis Spectroscopy. Figures 2 and 3 display the
UV—vis spectra of solutions and solid films of these
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Figure 2. UV—vis absorption spectra of AT,A, TBT, and T»-
BT, oligomers in solution: (a) TBT, (b) T.BT,, (c) ET-E, (d)
BT:B, and (e) HT:H.
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Figure 3. UV-—vis absorption spectra of the oligomer films.

Top: (a) ET:E, (b) BT.B, and (c) HT,H. Bottom: (a) TBT and
(b) T.BT>.

oligomers, and the results are summarized in Table 1.
As expected, the length of alkyl side-chains slightly
influenced the absorption spectra of AT,A compounds
in both solution and the solid state. For example, ET,E
in solution gave an absorption maximum at 2.69 eV (461
nm), which is 0.03 eV blue-shifted compared to BT,B
and HT,H, both of which absorb at 2.66 eV (466 nm).
Interestingly, if we compare two oligomers having the
identical side-chains, T,BT, and BT,B, there is no
difference in solution UV absorption maxima as both
occur at 2.66 eV. The donor—acceptor sequence seems
to have little influence on the solution absorption, as
long as the number of the conjugated rings is the same.
Compared to the corresponding donor or acceptor oli-
gomers, the donor—acceptor systems have clearly low-
ered the energy of the optical transition. For instance,
butyl bithiazole trimer (B3), a typical acceptor oligomer,
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Table 2. Estimates of Davydov Splitting (Wp) and
Interchain Transfer Integral (#) from the Solid-State
Absorption Spectra and Solution Emission Spectra?

name Wop (eV) AEaps (eV) AEem (V) S (meV)
ET.E 0.21 1.34 0.75 95
BT.B 0.15 1.08 0.58 88
HT.H 0.16 1.10 0.60 85
TBT 0.17 1.06 0.75 35
T2BT> 0.15 1.10 0.73 55

2 AEaps and AEenm represent the measured widths of the absorp-
tion and emission peaks, respectively.

shows an absorption maximum at 3.27 eV (379 nm),
compared to 2.66 eV for BT,B. Because of the fewer
conjugated rings in its backbone, a significant blue shift
was observed in the absorption maximum of TBT at 3.02
eV (410 nm) compared to 2.66 eV (466 nm) for BT,B.

The UV spectra in solid films are dependent on the
solid-state morphology, in particular, whether the mol-
ecules are s-stacked.3* In the series of AT,A, the
absorption peaks are all shifted to lower energies with
respect to the solution because molecular chains adopt
a more planar conformation in the solid state. ET-E,
BT,B, and HT;H share a 3-peak pattern with maxima
located at 2.69, 2.48, and 2.25 eV (461, 500, and 551
nm, respectively) for ET,E, 2.61, 2.48, and 2.30 eV (475,
500, and 539 nm, respectively) for BT,B, and 2.66, 2.50,
and 2.30 eV for HT,H (466, 496, and 539 nm, respec-
tively). The compounds, TBT and T,BT,, also have a
3-peak pattern similar to that of BT,B. The peak
maxima are situated at 3.03, 2.86, and 2.63 eV (409,
434, and 471 nm, respectively) for TBT and 2.65, 2.50,
and 2.30 eV (468, 496, and 539 nm, respectively) for T,-
BT,. The origin of the multi-peaks has been explained
by exciton band theory.26:34=39 |f there is more than one
molecule per unit cell, the absorption peaks are split
into one allowed transition for each translationally
inequivalent molecule (Davydov splitting). Phonon cou-
pling may relax the Ak = 0 selection rule (k = wavevec-
tor for the exciton band) with the result that the
absorption peak samples the density of states in the
exciton band. This, combined with the Davydov splitting
(Wp), results in a 3-band pattern if there are two
molecules per unit cell.3®

The Davydov splitting can be estimated from the film
absorption spectra, i.e. the separation of the peaks from
the two high-energy exciton branches.2® For example,
in the case of BT,B, the Davydov splitting is about 0.15
eV (Wp = 2.61—-2.46 = 0.15 eV). The values of the five
co-oligomers are in the range of 0.15—0.21 eV, as
collected in Table 2, which are larger than those
normally found in organic crystals such as anthracene.
Our recent study shows that the interchain transfer
integral, 3, can also be estimated from the solid-state

(34) Politis, J. K.; Nemes, J. C.; Curtis, M. D. 3. Am. Chem. Soc.
2001, 123, 2537.

(35) Beljonne, D.; Langeveld-Voss, B. M. W.; Shuai, Z.; Janssen,
R. A. J.; Meskers, S. C. J.; Meijer, E. W.; Bredas, J. L. Synth. Met.
1999, 102, 912.

(36) Bosisio, R.; Botta, C.; Colombo, A.; Destri, S.; Porzio, W.; Grilli,
E.; Tubino, R.; Bongiovanni, G.; Mura, A.; DiSilvestro, G. Synth. Met.
1997, 87, 23.

(37) DiCesare, N.; Belletete, M.; Marrano, C.; Leclerc, M.; Durocher,
G. J. Phys. Chem. A 1999, 103, 795.

(38) Spano, F. C.; Siddiqui, S. Chem. Phys. Lett. 1999, 314, 481.

(39) Koren, A. B.; Kampf, J.; Curtis, M. D. 2002, submitted for
publication.
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Table 3. Cyclic Voltammetry of Five Oligomers as Measured in THF/ TBAPFs Solution; Potentials are Referenced to
Fc/Fct Couple

oxidation (V vs Fc/Fct)

reduction (V vs Fc/Fct) band gap (eV)

name EoxP EY20x AE, Ered® EY?req AE, EsSV
ET.E 0.282 —2.45 —2.37 0.16 27
0.403
BT.B 0.302 0.262 0.080 —-2.38 -2.31 0.15 2.6
0.761 0.724 0.075
HT.H 0.316 0.281 0.071 —2.37 —2.32 0.11 2.6
0.656 0.593 0.13
TBT 0.637 —2.42 -2.31 0.22 2.9
T.BT, 0.130 —2.35 —2.26 0.18 2.4
0.220
absorption and emission spectra which are discussed 2"12 !
elsewhere.3° The value of 43 can be obtained from eq 1 2.23\ \
) s
4ﬁ = Wabs - AEem (1) 2 ‘ h
where Waps and AEem correspond to the width of the 2 (@, )
solid-state absorption and emission spectra, respec- % n ,/(b),' \\ _
tively. The effect of the Davydov splitting has been o« .y '
subtracted from the measured width of absorption A (&) \‘,\\ i
spectra: Waps = AEaps — Wp. The values of g, as listed /] 0
in Table 2, imply that AT,A oligomers (8 ~ 90 meV) may ’ ‘ ' AN
have stronger interchain interactions than TBT or T»- 25 22 19 16
BT, (6 = 35 or 55 meV) and, in the donor—acceptor— Energy (eV)
donor series, 5 increases as the chain length increases.
We have used the ZINDO method to estimate the 2. "245 224
interchain interactions of z-stacks, and the magnitudes -

of the calculated transfer integrals are comparable to
those found experimantally.#® It is interesting to note
that the fine structures seen in ET-2E, BT2B, and HT,H
film absorption spectra imply that the molecules are
m-stacked, and that there are two molecules per unit
cell—features that are confirmed by the solved crystal
structure of BT,B.3 Therefore, we may also predict that
the solid-state structures of TBT and T,BT, feature
molecules that are z-stacked with two inequivalent
molecules per unit cell.

Emission spectra of solutions of the co-oligomers AT,A
are shown in Figure 4, and the results are also sum-
marized in Table 1. ET,E has an emission maximum
at 2.23 eV (556 nm). The maxima for BT,B and HT,H
are nearly identical at 2.12 eV (585 nm), and the
spectrum of BT,B also displays a small shoulder near
2.20 eV (564 nm). As expected, the high-energy edges
of the emission from all three co-oligomers overlap the
low-energy feet of their corresponding absorption peaks
(overlap of the 0—0 vibronic transitions). However, in
the cases of TBT and T,BT; oligomers, multiple peaks
were detected in emission spectra. TBT has maxima at
2.57 and 2.45 eV (482 and 506 nm, respectively),
whereas T,BT, emits at somewhat lower energy val-
ues: 2.24 eV (554 nm) and 2.12 eV (585 nm). Compared
to their absorption spectra, the high-energy edges of the
emission also overlap the low-energy feet of their
corresponding absorption peaks, but the Stokes shifts
are larger than those of AT,A compounds, implying a
large degree of out-of-plane ring torsion in the ground
state of TBT and T,BT,.

The band gaps of these co-oligomers were estimated
by extrapolation of the low energy edge of the absorption
spectra to the baseline and are also collected in Table

(40) Cao, J.; Curtis, M. D. 2002, manuscript in preparation.
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Figure 4. Emission spectra of the oligomers in dilute CHCI;

solution. Top: (a) ET:E, (b) BT2B, and (c) HT,H. Bottom: (a)
TBT and (b) T:BT..

1. Both BT,B and HT;H have the same band-gaps (2.3
and 2.1 eV for the solution and solid state, respectively),
whereas ET-E gives a little smaller value (2.28 and 2.00
eV for the solution and solid-state, respectively). In the
case of T,BT,, the values are very similar to BT,B and
HT,H (2.24 and 2.10 eV for the solution and solid-state,
respectively). As expected, the smallest oligomer, TBT,
has the highest band gap (2.60 and 2.46 eV for the
solution and solid-state, respectively) due to its shorter
conjugation length.

Electrochemistry. Cyclic voltammetry (CV) mea-
surements were carried out to determine the redox
behavior of the oligomers, and the results are shown in
Table 3. The oxidation and reduction waves of the AT,A
materials in 0.1 M THF/TBAPF; solutions are displayed
in Figures 5 and 6. As expected, the acceptor—donor—
acceptor type oligomers, AT>A, can be both oxidized and
reduced within the potential range of the solvent/
electrolyte window. In solution, all three AT,A oligomers
have two oxidation waves. HT,;H has one reversible
oxidation near EY?,, = 0.281 V (AEp, = 71 mV) and a
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Figure 5. Oxidation cyclic voltammetry waves of the oligo-
mers at 50 mV/s scan rate in THF/TBAPF; solution. Top: three
AT,A oligomers. Bottom: TBT and T,BT..

quasi-reversible oxidation at E Y2, = 0.593 V (AE, =
130 mV) vs the ferrocene/ferrocenium couple (Fc*/Fc,
0.1 M BusNPF¢s (TBAPF) in THF as the supporting
electrolyte). Similarly, BT,B also shows two quasi-
reversible oxidations around EY2, = 0.262 V (AE, =
80 mV) and EY2,, = 0.724 V (AEP, = 75 mV). These
two quasi-reversible couples correspond to 1e-oxidations
to form cation radical and di-cations, respectively. The
potential could be cycled repeatedly with no change in
the CV curves. However, the oxidation behavior of ET>E
is quite different from that of BT,B or HT,H. ET,E has
two resolvable oxidation waves at EP, = 0.282 and 0.403
V and one returning reduction wave at 0.113 V. The
oxidation waves of ET,E drift to more positive values
by almost 60 mV after being cycled for 10 times, instead
of being invariant as in HT,H and BT,B. We ascribe
these changes to the formation of a film of the oxidized
material on the electrode surface. The longer alkyl side
chains apparently inhibit film formation. Despite the
variation in the oxidation behavior, the reduction cycles
are very similar among the three compounds. HT,H
displays a quasi-reversible reduction near EY2.y =
—2.32 V (AEPq = 110 mV). BT,B shows an almost
identical reduction potential at EY2q = —2.31 V (AEPyeq
= 150 mV), and ET,E displays very little difference,
with a reduction potential at EY2.qy = —2.37 V (AEPeq
= 160 mV).

Compared with the acceptor—donor—acceptor type of
structures, the donor—acceptor—donor compounds, TBT
and T,BT,, show quite different oxidation behavior.
Both compounds show electrochemical irreversibility
during the oxidation cycle. TBT gave an oxidation at
Eox = 0.637 V and a returning reduction at Ereq = 0.347
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Figure 6. Reduction cyclic voltammetry waves of the oligo-
mers at 50 mV/s scan rate in THF/TBAPF solution. Top: three
AT,A oligomers. Bottom: TBT and T.BT..

Scheme 3. Energy Diagram of the Co-oligomers,
Based on Their Threshold Oxidation and
Reduction Potentials and the Low-energy UV—Vis
Absorption Thresholds
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eV, whereas T,BT, had two oxidations at 0.130 and
0.220 V with a returning Ejq at —0.12 V. A more
detailed study of the spectroelectrochemical and chemi-
cal oxidations of these compounds will be reported
separately.®® Both TBT and T,BT, had similar quasi-
reversible reduction potentials at EY2,y = —2.31 V
(AEPreq = 220 mV) and EY?,¢q = —2.26 V (AEP;eq = 180
mV), respectively. Regardless of the donor—acceptor
sequence of these co-oligomers, EHMO calculations
suggest that the positive charge is mostly located on the
EDOT rings after oxidation of the co-oligomers, a result
that is confirmed by ESR experiments.*°

The band gaps determined from CV are similar to the
optical band gaps obtained from extrapolation of the
low-energy edge of the UV—vis absorption. An ap-
proximate energy diagram, illustrated in Scheme 3, is
based on the CV and UV-—vis data. The band gaps
calculated from CV are 2.6, 3.0, and 2.4 eV, compared
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Figure 7. Spectroelectrochemical measurement of BT.B
films: (a) neutral film, (b) 0.60 V for 1 min, (c) 0.0 V for 5
min, and (d) 0.0 V for 10 min.
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Figure 8. 1, doping of BT.B films made by vacuum deposi-
tion: (a) neutral film, (b) doped by I, vapor for 3 h.

with the corresponding optical band gaps: 2.3, 2.6, and
2.2 eV for AT,A, TBT, and T,BT,, respectively.

A spectroelectrochemical study of the oligomer films
was undertaken, and the results for BT,B are shown
in Figure 7. A film of BT,B was dip-coated onto an ITO
electrode and the measurements were conducted in a
cell containing a 0.1 M TBAPFg solution in acetonitrile.
The spectra of the films changed rapidly after voltage
was applied. At 0.60 V, the intensities of the peaks of
the neutral film decreased, while new peaks grew in at
24,16, and 1.1 eV (517, 775, and 1127 nm, respec-
tively). Upon resetting the voltage to 0.0 V, the film
starts to de-dope as evidenced by the decrease in the
intensities of the peaks assigned to the oxidized species
and the concomitant growth of the peaks due to the
neutral material. The fact that the fine structure, caused
by the details of molecular packing, is regenerated also
is strong evidence that the cycle of oxidation/reduction
does not alter the solid-state packing. This means that
the dopant ions (PFs~) most likely move into the
channels that are parallel to the z-stacks. The de-doping
process is relatively slow: it takes about 10 minutes
after switching the voltage back to 0.0 V for the film to
be fully reduced. After a doping/dedoping cycle, the
intensity of the absorption peak is a little lower than

Chem. Mater., Vol. 15, No. 2, 2003 411

that of the fresh sample, most likely because a small
amount of oxidized film detaches from the ITO electrode
in acetonitrile solution and is not reduced.

Solid-state films can also be doped by chemical means,
e.g., I> vapor. Figure 8 displays the UV—NIR spectra of
BT,B film made by vapor deposition before and after I,
doping. Compared to the spectroelectrochemical changes
observed in Figure 7, the chemical doping causes a
similar spectral change. The peaks of the neutral
oligomer are replaced by peaks at 2.48 and 1.01 eV (500
and 1228 nm) along with broad shoulders at 2.03 and
1.61 eV (611 and 770 nm). The explanation of the
spectral changes in the oxidized films in terms of
configuration interaction of the excited states of the
radical cations has recently been made.?®

The conductivities of the 1,-doped BT>,B films (about
1 um to 5 um thick) were measured. The films were cast
from CHCI3 onto glass slides and doped by I, vapor for
3 h. The doped films gave conductivities of about 1 x
1072 S/cm~1 as measured by the standard 4-point probe
method. The conductivity is lower than that of EDOT
polymer,3° possibly due to the roughness of the solution
cast films that introduces high grain-boundary resis-
tance.

Conclusions

Alkyl-bithiaozle and (EDOT), co-oligomers, AT-A,
have been synthesized by Stille coupling reactions. The
addition of alkyl-bithiazole units induces the co-oligo-
mers to form m-stacked crystal structures with short
intermolecular contact distances (e.g., 3.5 A measured
for the BT,B crystal) and good w—x overlap. Analysis
of the X-ray diffraction pattern of the films deposited
on a hydrophilic substrate shows that the s-stacking
axis is parallel to the substrate with the conjugated
rings tilted with respect to the substrate. The incorpora-
tion of the EDOT dimer unit into the oligomers imparts
a low oxidation potential. Because the bithiazole groups
have a reasonably low reduction potential, the combina-
tion of low energy LUMO acceptor (bithiazole) with high
energy HOMO donor (EDOT) leads to a lowered band
gap. The electrochemical characterization demonstrates
that either p-doping or n-doping is possible for these
oligomers. BT,B and HT,H oligomers display quasi-
reversible electrochemical behavior, whereas ETE,
ATA, and T,BT, oligomers show more complex behavior.
All these features make these new materials promising
for use in organic-based TFTs. The fabrication and
characterization of OTFTs with BT,B as the active
semiconductors will be reported elsewhere.
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