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Thin solid films of 14 sexithiophenes variously substituted at the terminal-positions were
electrochemically deposited on electrodes by anodic coupling of the corresponding half-capped
terthiophenes. Sexithiophene films were investigated by cyclic voltammetry, EQCM, in situ ESR, and in
situ conductivity. Reversible oxidation is composed by two separate one-electron steps, the first of which
is split into two 0.5-electron steps for most 3,4-ethylenedioxy-substituted terthiophenes. ESR indicates
strong magnetic dimerization for the one-electron oxidized species. Conductivity (in the rarfge 10
10! S cnT?) is redox type and develops at the neutral-cation (neupalaron) and cationdication
(polaron-bipolaron) levels with values-510 times higher for the latter. The influence of steric, electron
donor—acceptor, and conjugative effects on conductivity was evaluated by a suitable choice of end-
capping substituents.

Introduction Mobilities as high as 1 ¢V~ s7! are obtainable from
dihexyl-terminated sexithiophene in thin film transistérs.

Organic thin-film metat-insulator-semiconductor field-  ajky| chain end-capped oligofluorene-thiophenes have given
effect transistors (OFETS) are highly interesting for plastic highly ordered polycrystalline films with charge carrier

electronic device$In particular, oligothiophenes and poly- mobility as high as 0.1 cAV -1 s and thin-film OFETs
thiophenes are good candidates for such applications becausg,sqe from these materials showed high stabfli®ther
of their excellent electronic properties, stability under ambient  o-ant end-capped sexithiophenes have appeared in OFETs
conditions, and ease of chemical modification. Recently, anq in one of these the removal of the bulky solubilizing
regioregular oligothiophenes have produced good OFETSgqs has increased the mobility from2@0 3 x 1072 cr?
with high mobility from solution-processable materials. V-1lg18

Oligothiophenes have in fact been shown to act as efficient | jjoher mopiities in both n- and p-channel operation and
semiconducting layers in OFETS, the field-effect mobility o0 a6 stability are required for applications in all-organic
of carriers being mainly controlled by structural organization electronics, thus calling for a broader range of candidate
of oligomer molecules in the filfhNon-substitutedc.-oligo- compounds. Therefore, we have investigated rnew-

thiophenes, the simplest compounds in the family, have beencapped sexithiophenes deposited as thin solid films by
intensively studied since Horowitz et al. demonstrated the

high hole mobility ofa-sexithiophened-6T) films.*
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a-coupling of the corresponding terthiophefié%(see Chart

1) as shown in Scheme 1. The method in general provides
the sexithiophene film as a crystalline sample also in the
case of insoluble products and directly on the electrode in a
form suitable for magnetic and conductivity investigations.
The purpose of this investigation is to give the electronic
(electrochemical, magnetic, and conductive) properties of
these compounds as thin films. This type of investigation,
applied in the past ta,w-methyl-capped sexithiophefié!

has been here extended to a series,of-capped sexithio-
phenes with different caps.

Substituents with different electron doraacceptor (DA)

properties have been used since their presence may givé’ 9C¢ B _
terthien-5-yl)heptanoic acid (T3C6CA3,2,2:5',2"-terthiophene-

enhanced stability vs doping. With the same purpose the
central thiophene ring of the terthiophene T3R has been mad
electron-rich by replacing thiophene with 3,4-ethylene-
dioxythiophene (EDT) giving TETR (see Chart 1). Vinyl

substituents such as dibromovinyl- and dicyanovinyl (not

(T3R)2

are actually investigated as model systems for molecular
conduction. Thus, ferrocene between two carboxyl gr8ups
and terthiopherié or dihexyl viologeA” between thiols have
been recently investigated. The insertion of a long conjugated
moiety such as the sexithiophene frame is an added value.
Understanding of the basic conductivity of these materials
is a fundamental prerequisite for the analysis of the conduc-
tive properties of conjugated molecular wires.

Finally, many of these two-end modified molecules are
made even more interesting by their possible use in mono-
layer-protected metal and oxide clusters. In fact, the conduct-
ing properties of nanometer-size gold clusters bridged by
sexithiophene molecules are attractive for the possible
electrochemical modulation of the redox (conducting) state
of the sexithiophene bridgé.

1. Experimental Section

1.1. Chemicals and ReagentsAll melting points are uncor-
rected. All reactions of air- and water-sensitive materials were
performed under nitrogen. Air- and water-sensitive solutions were
transferred with double-ended needles. The solvents used in the
reactions (Fluka) were absolute and stored over molecular sieves.
Acetonitrile was reagent grade (Uvasol, Merck) with a water content
<0.01%. The supporting electrolyte tetrabutylammonium perchlo-
rate (BuNCIO,4) and all other chemicals were reagent grade and
used as-received.

The following compounds were prepared according to literature
rocedures: 5-methyl-2;8',2"-terthiophene (T3Me),7-(2,2:5',2"-

5-carboxylic acid (T3CAJ° 6-(2,2:5',2"'-terthien-5-yl)hexane-1-

&hiol (T3C6SH)? 2,2:5,2"-terthiophene-5-thiol (T3SHY, 5-bromo-

5'-dicyanovinyl-2,2-bithiophene&?® 5-methoxy-2,25',2"-terthio-
phenée?* 5-N,N-(dimethylamino)-5(tributylstannyl)-2,2bithiophenes?
2,2:5',2"-terthiophene-5-carbaldehyde (T3CH®R,2:5',2"-ter-

vinyl itself since its coupling is not allowed by its excess thiophene-5-carbonitrile (T3CN¥,3',4'-(ethylenedioxy)-2,25',2"-

electron-donor propertié3 have also been investigated to

check the effect of a conjugation extended beyond the
sexithiophene frame.

Among the investigated compounds there are also car-
boxyl-terminated forms for grafting with oxide surfaces and
thiol-terminated forms for gold graftin. The surface-
grafting carboxy- and thiol-terminated forms are particularly
interesting in the light of recent molecular electrorfitn
fact, symmetrical molecular wires with two identical handles

(9) Zotti, G.; Schiavon, G.; Berlin, A.; Pagani, Ghem. Mater1993 5,

620.

(10) Demanze, F.; Godillot, P.; Garnier, F.; HapiotJPElectroanal. Chem.
1996 414 61.

(11) Zotti, G.; Schiavon, G.; Berlin, A.; Pagani, &dv. Mater. 1993 5,
551.

(12) (a) Nawa, K.; Imae, I.; Noma, N.; Shirota, Macromoleculed995
28, 723. (b) Pagels, M.; Heinze, J.; Geschke, B.; Randslgctrochim.
Acta 2001, 46, 3943.

(13) (a) Kumar, A.; Abbott, N. L.; Kim, E.; Biebuick, H. A.; Whitesides,
G. M. Acc. Chem. Resl995 28, 219. (b) Ulman, A.Chem. Re.
1996 96, 1533. (c) Love, J. C.; Estroff, L. A.; Kriebel, J. K.; Nuzzo,
R. G.; Whitesides, G. MChem. Re. 2005 105, 1103.

(14) (a) Carroll, R. L.; Gorman, C. BAngew. Chem., Int. E®2002 41,
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Chem. Re. 2003 103 3803. (d) James, D. K.; Tour, J. NChem.
Mater. 2004 16, 4423. (e) McCreery, R. LChem. Mater2004 16,
4477,

(15) Dinglasan, A. M.; Bailey, M.; Park, J. B.; Dhirani, &. Am. Chem.
Soc.2004 126, 6491.
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Magoga, M.; Joachim, CPhys. Re. B 1999 59, 12505.

(17) Heiss, W.; Van Zalinge, H.; Higgins, S. J.; Bethell, D.; Hobenreich,
H.; Schiffrin, D. J.; Nichols, R. 3. Am. Chem. So2003 125, 15294.

(18) Sih, B. C.; Teichert, A.; Wolf, M. OChem. Mater2004 16, 2712.

(19) Berlin, A.; Zotti, G.; Schiavon, G.; Zecchin, 8. Am. Chem. Soc
1998 120, 13453. .

(20) Kagan, J.; Arora, S. K.; &ftnol, A. J. Org. Chem1983 48, 4076.
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3681.
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terthiophene (TETJ? and 5-dibromovinyl-2,25',2"'-terthiophene
(T3CHCBr2)28

IH and3C NMR spectra were recorded on a Bruker FT 300 or
on a Varian Unity Plus Spectrometer (300 MHz f6f) using the

Zotti et al.

heated at 200C for 40 min and then cooled to room temperature.
The resulting mixture was poured into water and extracted with
ether. The organic phase was washed with a water and dried (Na
SQOy), and the solvent was evaporated. Flash chromatography of

solvent peak as internal reference; chemical shifts values are giventhe residue (silica gel, C4€l,,), afforded the title compound as a

in parts per million.

5-Dicyanaiinyl-2,2:5",2"-terthiophene (T3CHCCNZ2J.0 a de-
gassed solution of 5-bromd-Bicyanovinyl-2,2-bithiophene (80
mg, 0.25 mmol) and 2-(tributylstannyl)thiophene (112 mg, 0.30
mmol) in toluene (3 mL) was added Pd(RRH7 mg, 0.006 mmol).
The mixture was heated at 8@ under argon. After 30 h the

yellow solid (151 mg, 73% yield), mp 118119 °C. Anal. Calcd
for CisH1,0,Ss: C, 56.22; H, 3.77%. Found: C, 56.03; H, 3.59%.
IH NMR (CDCly): 6 2.48 (s, 3H), 4.37 (s, 4H), 6.67 (m, 1H),
7.01 (m, 2H), 7.20 (m, 2H). MSy/e 320 (M).
3',4'-(Ethylenedioxy)-2,25',2""-terthiophene-5-carbonitrile
(TETCN).Clorosulfonyl isocyanate (130 mg, 0.91 mmol) was added

reaction mixture was cooled to room temperature, then filtered, and dropwise to a solution of '3¥-(ethylenedioxy)-2,25',2"'-ter-
washed with cold toluene to give the pure title compound as a dark thiophene (278 mg, 0.91 mmol) in GEI, (7 mL), keeping the

violet solid (46 mg, 57% yield), mp 113C (with decomposition).
HRMS: nve (EI) for C16HgN,S;; calcd 323.9850, found 323.9854.
IH NMR (DMSO-g): 6 7.14-7.18 (m, 1H), 7.40 (d,1H), 7.47 (br
d,1H), 7.61 (dd,1H), 7.647.68 (m, 2H), 7.90 (d,1H), 8.63 (s,1H).
13C NMR (DMSO-dg): ¢ 109.28, 113.97, 114.66, 125.46, 125.55,

temperature at-30 °C. The reaction mixture was stirred for 2 h,
and then DMF (0.07 mL, 0.91 mmol) was added. Afieh of
stirring at—30 °C, the reaction mixture was hydrolyzed with water
(15 mL). The aqueous phase was extracted with@}l and the
combined organic layers were washed with brine and then with

125.69, 127.01, 128.73, 129.14, 132.92, 133.41, 135.31, 139.38,water and dried (N&0;), and the solvent was evaporated. Flash

142.54, 147.27, 152.26. M&ye: 324 (M™).
5-N,N-Dimethylamino-2,%',2"'-terthiophene (T3NMe2)To a

chromatography of the residue (silica gel, &LH/petrol ether 6:4)
afforded the title compound as a yellow solid (112 mg, 37% vyield),

degassed solution of 2-bromothiophene (47 mg, 0.29 mmol) and mp 181-182°C. Anal. Calcd for GsHgNO,S;: C, 54.36; H, 2.74;

5-N,N-(dimethylamino)-5 (tributylstannyl)-2,2-bithiophene (170
mg, 0.34 mmol) in toluene (3 mL) was added Pd(pPL3 mg,
0.01 mmol). The mixture was heated at 8D under argon. After

N, 4.23%. Found: C, 54.19; H, 2.66; N, 4.12%{ NMR
(CDCl): 6 4.42 (m, 4H), 7.05 (m, 1H), 7.09 (d, 1H), 7.27 (m,
2H), 7.50 (d, 1H). MSmve 331 (M). 13C NMR (CDCE): 6 64.86,

30 h the reaction mixture was cooled to room temperature, then 65.28, 106.31, 107.42,114.70, 121.56, 124.19, 124.96, 127.33,

filtered, and washed with cold toluene to give a brown solid (6
mg, 5% yield), which was identified as 3,5bis(N,N-dimethy-

133.61, 137.37, 139,80, 141.72.
1.2. General Procedure for the Electrosynthesis of Bulk

lamino)tetrathiophene. This compound was completelycharacterizedSexithiophenes_Bu|k sexithiophenes have been produced by

by HRMS,H NMR, and3C NMR spectroscopic techniques. The
organic solution obtained from the filtration was washed with a
saturated solution of KF (& 30 mL), water (3x 30 mL), and a
saturated solution of NaCl (50 mL). The resulting organic layers
were dried (MgS@), and the solvent was removed in vacuo. Flash

exhaustive electrolysis (1.5 F mé) at a potential 0.1 V more
positive than the oxidation peak potential of 10 mg of the
corresponding terthiophene in 25 mL of acetonitrite 0.1 M
NaClO, (+ 5:1 HCIO, for T3NMe2). The resulting dark blue
suspension (or solution for T3NMe2) of the oxidized product has

chromatography of the residue (silica gel, petrol ether/ether 8:2) paen reduced with hydrazine to a yellow suspension (or solution),

afforded the title compound as a yellow solid (10 mg, 12% yield),
mp 147148°C. HRMS: m/e (El) for C;4H13NS;; calcd 291.0219,
found 291.0210!H NMR (CDCl): 6 2.95 (br s, 6H), 5.80 (d,
1H), 6.84 (d, 1H), 6.88 (d, 1H), 6.997.01 (m, 1H), 7.02 (d, 1H),
7.12 (dd, 1H), 7.18 (dd,1H). MSywe: 291 (M).
3',4'-(Ethylenedioxy)-2,25',2"' -terthiophene-5-carbaldehyde
(TETCHO).POCE (503 mg, 3.28 mmol) was added dropwise at O
°C to a solution of 34'-(ethylenedioxy)-2,25',2"-terthiophene (495
mg, 1.62 mmol) and DMF (0.25 mL, 3.24 mmol) in 1,2-
dichloroethane (20 mL). The reaction mixture was refluxed for 2

h, then cooled to room temperature, poured into an aqueous solution

of sodium acetate (1 M, 100 mL), and stirred for 2 h. The resulting
mixture was extracted with Ci€l,; the organic phase was dried

which was evaporated to dryness. Chloroform and water were then
added, the organic phase was dried 5@,), and the solvent was
evaporated to give the desired compound (yiekB0%).

1.3. Apparatus and Procedure .Experiments were performed
at room temperature under nitrogen in three electrode cells. The
counter electrode was platinum; the reference electrode was a silver/
0.1 M silver perchlorate in acetonitrile (0.34 V vs SCE). The
voltammetric apparatus (AMEL, Italy) included a 551 potentiostat
modulated by a 568 programmable function generator and coupled
to a 731 digital integrator.

The working electrode for cyclic voltammetry was a platinum
mini disk electrode (0.003 cth For electronic spectroscopy a 0.8

(Na:SOy) and the solvent evaporated. Flash chromatography of the X 2.5 cmindium tin oxide (ITO) sheet (ca. Zsquare resistance,

residue (silica gel, CkCl,,) afforded the title compound as an
orange solid (450 mg, 83% yield), mp 17475°C. Anal. Calcd
for C15H100sSs: C, 55.87; H, 3.01%. Found: C, 55.72; H, 2.92%.
IH NMR (CDCl): 6 4.42 (m, 4H), 7.05 (m, 1H), 7.24 (d, 1H),
7.28 (m, 2H), 7.65 (d, 1 H), 9.85 (s, 1H¥C NMR (CDCk): ¢

64.82, 65.19, 122.81, 123.94, 125.00, 127.34, 133.71, 136.80,

137.40, 140.26, 140.73, 144.49, 182.38. M#e 334 (M™).
5-Methyl-3,4'-(Ethylenedioxy)-2,%',2"-terthiophene (TETMe).
A mixture of 3,4'-(ethylenedioxy)-2,25',2"-terthiophene-5-car-
baldehyde (216 mg, 0.65 mmol), KOH (124 mg, 2.21 mmol),NH
NH2-H,0 (111 mg, 2.21 mmol), and ethylene glycol (10 mL) was

(26) Yassar, A.; Demanze, F.; Jaafari, A.; El Idrissi, M.; CoupryAGu.
Funct. Mater.2002 12, 700.

(27) Zhu, Y.; Wolf, M.J. Am. Chem. So2000122 10121.

(28) Kagan, J.; Arura, S. Dl. Org. Chem1983 48, 4317.

from Balzers, Liechtenstein) was used.

Electronic spectra were obtained from a Perkin-Elmer Lambda
15 spectrometer; FTIR spectra were taken on a Perkin-Elmer 2000
FTIR spectrometer. FTIR spectra of films were taken in reflection
absorption mode.

Matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectra were taken on a Reflex TOF spectrometer
(Bruker) operating in the positive reflection mode, using 2,5-
dihydroxybenzoic acid as the matrix.

Electrochemical quartz crystal microbalance (EQCM) analyses
were performed with a platinum-coated AT-cut quartz electrode
(0.2 cn?), resonating at 9 MHz, onto which the polymers were
deposited. The oscillator circuit was homemade and the frequency
counter was Agilent mod.53131A. Data were collected by a
microcomputer with homemade analyzing software. The dry mass
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Table 1. Terthiophene Oxidation Potentials EPr) and Absorption
(4A1); Sexithiophene Film Oxidation Potentials E°s) and Adsorption 0.4
(4s) a
terthiophene EPr/V2 E°s/V ArinmP As/nm p
T3Me® 0.70 0.50,0.72 360 445 02
T30Me 0.55 0.31,0.55 368 398 o 7] 5
T3NMe2 0.05 0.20,0.60 378 398 15
T3CHO 0.85 0.45,0.90 400 430 E
T3CA 0.81 0.45,0.85 375 435 = 00
T3C6CA 0.65 0.34,0.66 360 430 I
T3SH 0.78 0.45,0.70 370 455
T3C6SH 0.66 0.31,0.59 360 440
T3CN 0.85 0.45,0.98 378 428 0.2 5
TETMe 0.47 0.1, 0.45 377,480 447,9520sh ’ T T T T |
TETCHO 0.66  ¢0.1;0.3),0.7 430,43%h 482,56Gh 0.0 0.2 0.4 0.6 0.8 1.0
TETCN 0.68 (-0.06;0.25),0.7 396,48h 447,54Gh EN vs Ag/Ag"
T3CHCCN2 0.85 0.55,1.00 478 532 i " ) )
T3CHCBI2 0.68 0.30:0.78 395 462 Figure 1. Repetitive cyclic voltammetry of T3CHCCN2 1® M in
T3 0.71 355 43936 acetonitrile+ 0.1 M BuNCIO,. Scan rate: 0.1 V€. Cycles 1st to 5th.
aAt 0.1 V st scan rate? In CHCl. ¢In chlorobenzene or o-dichlo- .
robenzened Cast from CHGY. ° = —1.81 and—1.87 V respectively due to the carbonyl
. moiety. Also, the reduction of T3CN and TETCN is a one-
and charge measurements were performed according to theelectron reversible process Bt = —2.02 and—2.08 V

procedure previously publishéd.

ESR spectra were taken on a Bruker ER 100D following the
procedure previously describétAbsolute spin calibration was
performed with VOS@5H,0 crystalsg-value calibration with thin

respectively attributable to the conjugated cyano moiety. The
reduction of TSCHCCNZ2 occurs &, = —1.29 V and is a
one-electron irreversible process. Similarly, T3CHCBr2 is

films of DPPH @ = 2.0036Y). reduced atE, = —1.95 V. The behavior is the same
The apparatus and procedures used for the in situ conductivity €ncountered for a dicyanovinyl-substituted polythioph&ne.
experiments were previously described in de¥aif The electrode 2.1.2. General Electrodimerizatiooxidation results in

for conductivity measurements was typically_ a_two-band platir_lum general in an efficient--dimerization (Scheme 1). Electro-
electrode (0.3 cnx 0.01 cm for each band) with interband spacing chemical dimerization is in fact reported for, for example,
of 20 um. In the case of conductivities lower than 205 cnr?, T3CNL and T3Me? Repetitive CV up to the oxidation peak
the electrode was a microband array platinum electrodentS — ytential (Figure 1) displays in fact the progressive deposition

bandwidth, 100 nm thick) with interband spacing o1 The yho hroduct of coupling, namely, the electroactive-
deposit was thick enough to ensure minimum resistance, under L
capped sexithiophene.

which condition the conductivity is given byo = k/(R — Ry),

whereR is the measured resistand®, the lead resistance, and The dimers of T3Me, T3CHCCN2,_ T30Me, TETMe,
the cell constant. TETCN, and TETCHO are soluble in CHCWwhereas
(T3CHO)2 is only slightly soluble. The dimers of T3CA,
2. Results and Discussion T3C6SH, and T3SH are insoluble in the usual organic

solvents but (T3C6CA)2 is slightly soluble (ca.»2 10°®
M) in boiling chlorobenzene and appreciablyX0~° M) in
pyridine. (T3CHCBr2)2 is moderately soluble in boiling
o-dichlorobenzene.

A typical synthetic procedure for the production of bulk
dimer is illustrated in the Experimental Section.

The formulation as sexithiophene was established for the

2.1. Electrochemistry ofa-Capped Terthiophenes2.1.1.
General Electrochemistryl.he terthiophenes were generally
investigated in acetonitrilet 0.1 M BwNCIO,. A 1:1
acetonitrile/CHCI, mixture was used for T3SH for solubility
reasons.

The cyclic voltammogram of the terthiophenes (except

T3NMe2, see below) shows an irreversible oxidation process bl ds by MALDI. which sh inal K
at oxidation peak potentials, given in Table 1. The peak Soluble compounds by » Which SNows a single pea

) . .
potentials follow the electron-donor or -acceptor (DA) atnmyz corresponding to the [M- H] ™ ion. The formulation

properties of the substituents. TSCHCCN2 and T3CHCBr2 \k/)vals confirmed by UV-vis spectroscopy and FTIR (see

are distinguished since the T3 moiety continues its conjuga- elow). o _ )

tion on a further &C conjugated double bond. For this  2-1.3. Electrodimerization of T3SNMeZhis compound is

reason the peak potential of T3CHCBr2, despite the presence®Xidized in acetonitrile+ 0.1 M BwNCIO, at an early

of the two bromine acceptor atoms, is comparable with that potential (0.05 V) mainly due to the electron-donor ability

of the electron-rich T3Me. of the amine substituent. The overall CV appears composed
The cyclic voltammograms of T3CHO and TETCHO by two isoelectronic processes @& = 0.05 and 0.50 V)

show also a reversible one-electron reduction procege at  Put their peak height corresponds to the passage of 0.5 F
mol~1. This suggests for the first electron process a one-

(29) Zotti, G.; Zecchin, S.; Schiavon, G.; GroenendaalChem. Mater. electron oxidation of 50% monomer followed by deproto-

200Q 12, 2996. nation by the remaining 50% monomer. At the second
(30) Zotti, G.; Schiavon, GSynth. Met1989 31, 347.
(31) Inzelt, G.; Day, R. W.; Kinstle, J. F.; Chambers, JJQPhys. Chem.

1983 87, 4592. (34) (a) Arbizzani, C.; Gallazzi, M. C.; Mastragostino, M.; Rossi, M.; Soavi,
(32) Schiavon, G.; Sitran, S.; Zotti, Gynth. Met1989 32, 209. F. Electrochem. Commur2001, 3, 16. (b) Casalbore-Miceli, G.;
(33) Aubert, P. H.; Groenendaal, L.; Louwet, F.; Lutsen, L.; Vanderzande, Gallazzi, M. C.; Zecchin, S.; Camaioni, N.; Geri, A.; Bertarelli, C.

D.; Zotti, G. Synth. Met2002 126, 193. Adv. Funct. Mater 2003 13, 307.
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process oxidation of the protonated monomer (50% of the

total) occurs. In fact, addition of excess HGI@®ypically in

a 5:1 ratio), which caps the amine ends, changes the oxidation

pattern to a single full-height processi&t= 0.50 V.
Dimerization after oxidation fails generally on the elec-

trolysis time scale due to parasitic reactions accompanying

the proton scavenging action of the am#fi&et in excess

HCIO, the amine ends are protonated and dimer is produced

without losses. Unfortunately, it is not deposited on the

electrode since the protonated form is soluble. Thus, bulk
electrolysis has been performed (see Experimental Section)

and for further investigations the dimer was film cast on
electrodes from CHGlsolution.

2.1.4. U= Vis Spectroscopy of SexithiopheriEse CHC}
solution of the compounds, with the exception of the EDT-

based and the end-conjugated compounds, shows a maximum

at 426-450 nm (maximum wavelengths of films or solutions

are summarized in Table 1). Comparison with sexithiophene,

which gives its maximum at 432 n#ficonfirms the dimeric

formulation. In the case of the conjugatively extended
(T3CHCCNZ2)2 and (T3CHCBr2)2 the maxima are batho-
chromically shifted both in the monomer and in its dimer.

Also, the maxima of EDT-based compounds are bathochro-

mically shifted as shown by poly(3,4-ethylenedioxy)thio-
phene vs polythiopherig.

The sexithiophenes (T30Méfé (T3CHO)2* and
(T3CN)24041 were previously reported and their optical
properties given. The solid films of sexithiophene films show
in general a vibronic structur@which indicates the crystal-
line nature of the deposits. This is particularly evident for
films of (T3CHCBr2)2 (Figure 2) but analogous structures

Zotti et al.
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Figure 2. UV—vis spectrum of (T3CHCBr2)2 on ITO.
0.4 1
0.2-
0.0 . . .
400 500 600 700
A/nm

Figure 3. UV—vis spectra of ) T3CHO in CHC} solution and (---)
(T3CHO)2 film on ITO.

absorption maxima of e.g. thiophene-2-carboxaldehyde and

are displayed also by other dimeric deposits. Spectra of thiophene-2-carbonitrile (258 and 242 nm in EtSHand

T3CHO and its dimer, shown in Figure 3, typically illustrate

indicates a higher electron-acceptor ability of CHO vs CN.

the broader feature of the band in the solid sexithiophene 2.1.5. FTIR Analysis of SexithiophengS.IR analysis of
compared to that of the terthiophene in solution (data are (T3R)2 further supports the proposed formulation. The

summarized in Table 1). Spectra of TET derivatives show
an additional shoulder at lower energy. The DA pattern

spectrum is practically identical with that of the monomer
but for the disappearance of the band at 690 ¢rdue to

makes the absorption of sexithiophene films range from 398 the out-of-plane bending modes of the hydrogen atoms at

nm of (T30Me)2 to 482 nm of (TETCHO)2 with the
maximum shift (532 nm) for the extended (T3CHCCN2)2.
A note on the optical properties is that the aldehyde
derivatives are bathochromically shifted compared with the
cyano-substituted homologues. This is in line with the

(35) (a) Daire, F.; Bedioui, F.; Dewynck, J.; Bied-Charreton, I.
Electroanal. Chem1986 205, 309. (b) Dunand-Sauthier, M. N. C.;
Deronzier, A.; Moutet, J. C.; Tingry, 9. Chem. Soc., Dalton Trans.
1996 2503.

(36) (a) Havinga, E. E.; Rotte, |.; Meijer, E. W.; Hoeve, W. T.; Wynberg,
H. Synth. Met1991, 43, 473. (b) Chosrovian, H.; Rentsch, S.; Grebner,
D.; Dahm, D. U.; Birckner, E.; Naarmann, [Synth. Met1993 60,

23.

(37) Pei, Q.; Zuccarello, G.; Ahlskog, M.; Ingana.Polymer1994 35,
1347.

(38) Garcia, P.; Pernaut, J. M.; Hapiot, P.; Wintgens, V.; Valat, P.; Garnier,
F.; Delabouglise, DJ. Phys. Chem1993 97, 513.

(39) (a) Wei, Y.; Wang, B.; Wang, W.; Tian, Jetrahedron Lett1995
36, 665. (b) Destri, S.; Mascherpa, M.; Porzio, Bnth. Met1995
69, 287. (c) Wei, Y.; Yang, Y.; Yeh, J. MChem. Mater.1996 8,
2659.

(40) Barclay, T. M.; Cordes, A. W.; MacKinnon, C. D.; Oakley, R. T,;
Reed, R. WChem. Mater1997, 9, 981.

(41) Yassar, A.; Demanze, F.; Fichou, Opt. Mater.1999 12, 379.

(42) Fichou, D.; Horowitz, G.; Xu, Z.; Garnier, Synth. Met1992 48,
167.

the terminal thiophene rings, and the presence of a single
strong band at 790 cm, due to the corresponding mode of
the inner thiophene ring$.This was obtained also for the
extended sexithiophenes (T3CHCCN2)2 (Figure 4) and
(T3CHCBTr2)2, for which the twin €CN stretching bands

at 1575 and 1435 cm and C-Br stretching bands at 870
and 840 cm? could be nicely used as intensity reference
peaks.

2.2. Electrochemistry of Sexithiophene Films.2.2.1.
General ElectrochemistryThe cyclic voltammogram of
sexithiophene films shows in general two oxidation and two
backward reduction peaks with hysteresis, i.e., which is an
unusual separation between forward and backward peak
potentials. In several cases the two oxidation peaks merge
into one. The cyclic voltammograms of thin films of
(T3CHCCNZ2)2, (T3CA)2, (T3C6CA)2, and (T30OMe)2
shown in Figure 5 illustrate the passage from broad but
distinct redox processes to narrow hysteretic peaks.

(43) D'Auria, M. Tetrahedron Lett1995 36, 6567.
(44) Akimoto, M.; Furukawa, Y.; Takeuchi, Y.; HaradaSlynth. Met1986
15, 353.
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Figure 4. FTIR spectra of (a) T3CHCCN2 and (b) (T3CHCCNZ2)2. 0.0 W
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Figure 6. Cyclic voltammogram of (a) (TETCHO)2 and (b) (TETCN)2
films in acetonitrile+ 0.1 M BwNCIO,. Scan rate: 0.1 V8.

e
&E’ - charge to dry weight (in the undoped state) which confirms
= W the passagef® F mol 2.

The dimer of T3OMe displays the same CV of (T3Me)2
but at a lower (ca. 0.2 V less positive) potential given by
the electron-donor methoxy substituents. For the same reason

0 10 10 10 1 the cyclic voltammogram of (T3NM2 film shows two
ENV vs Ag/Ag" reversible oxidation processes at even lower potentials.
Figure 5. Cyclic voltammograms of (a) (T3CHCCN2)2, (b) (T3CA)2, (c) Despite this no further reversible oxidation process is
(T3C6CA)2, and (d) (T30Me)2 films in acetonitrite 0.1 M BwNCIO,. displayed in the available potential range.

Scan rate: 0.1 VS, L . . . . .
Stabilization of the intermediate radical cation, given by

the difference between the two subsequent redox potentials

Hysteresis in fact reflects strong attractive interactions (AE° = E°, — E°;), ranges from 0.2 to 0.5 V according to
among the molecules in the cryst&lspposing counterion  the substitution. The strongest stabilizatiokE¢ = 0.5 V)
ingress into the structure. This effect is normally observed is that of CHO- and CN-based sexithiophenes, which is likely
when solid-solid electrochemical transformations are ac- due to localization of the dication positive charges at the
companied by large crystalline chandé3hiophene oligo- ends of the molecule. This localization is favored by the
mers such as sexithiophene it8elfid tetradecyl-substituted  presence of electron-accepting terminal groups with conse-
dodecathiopheriéshow a single oxidation and two reduction quent positive shift of the second oxidation potertfal.
peaks in CV. According to a conduction-based md8he 2.2.2. Electrochemistry of TET-Based Sexithiophenes.
oxidation is characterized by a slow electron transfer betweeng|ectrodeposition is scarce for (TETMe)2 due to lose
adjacent oligothiophene chains whereas in the backwardaghesion of the undoped form. Therefore, (TETMe)2 films
reduction the response is fast. On this basis the peakyere produced by casting from CHGlolution the sexithio-
potentials in reduction may be taken as a more precisephene produced as shown in the Experimental Section.
evaluation of the redox potentigfsFollowing this suggestion Whereas the (TETMe)2 films are oxidized in a two-
the redox pot(_antials of the rep_orted sexithiophenes are giVenelectron oxidation and two one-electron backward reduction
as the reduction pgak. potentials (Table 1). peaks, (TETCHO)2 and (TETCN)2 display the first oxidation

The electron stoichiometry for the two redox processes pracess split into two (Figure 6) with a potential separation
was previously determined for (T3Me)2 by spectrophotom- Age — 03-0.4 V. Note the strong hysteresis for the

etry? with the result that the overall redox cycle involves 2 yyiqation peak of (TETCN)2. EQCM shows that the first
F mol™*. The determination of the electron stoichiometry for +uin redox process involves one electron and another one

the compounds here investigated was made directly on theg|ectron is involved in the second process. It appears that

film with EQCM. Thus, deposits gave a ratio of reversible e first oxidation of these sexithiophenes T6 involves the
formation of a mixed-valence species such as the dimeric

(45) Laviron, E.J. Electroanal. Chemi981, 122 37. radical cation (T6)™ (see eq 1) followed by oxidation to
(46) Neufeld, A. K.; Madsen, I.; Bond, A. M.; Hogan, C.Ehem. Mater. . . . . . .
2003 15, 3573. z-dimerized radical cation (T®" and finally to dication:

(47) Yassar, A.; Delabouglise, D.; Hmyene, M.; Nessak, B.; Horowitz, G.;
Garnier, F.Adv. Mater. 1992 4, 490. . +e - 24 _ +
(48) Xu, Z. G.; Horowitz, GJ. Electroanal. Chem1992 335, 123. 2T6—e=(T6),” — e=(T6),"" — 2e=2T6" (1)
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This is what occurs with tetrathiafulvalene moieties in  2.3. In Situ ESR of Sexithiophene FilmsOxidation of
polymers where a similar splitting of the first one-electron the sexithiophene films produces an ESR signal{B.%5
oxidation process is observéd. wide) which, in general, after an initial linear increase with

Since (TETMe)2 is not split, the results suggest that the charge, attains a maximum and decreases to zero in two-
electron-donor EDT moiety, when coupled with acceptor €lectron oxidation (Figure 7). This may be explained with
moieties, favors the formation of mixed-valence species. In
fact, the steric hindrance introduced between the sexithiophene (a) A b 24 (o)
linear and coplanar chains by the ethylenedioxy moiety is
likely to be relieved by a reciprocal shift of the chains as
found by structural analysis of similar cagédhis displace-
ment overlaps the electron-poor cyano or aldehyde substit-
uents with the electron-rich ethylenedioxy moieties (see
Scheme 2), thus strengthening the interaction and stabilizing
mixed-valence states.

2.2.3. Electrochemistry of (T3CHCBr2)2 and
(T3CHCCNZ2)2.The sexithiophene films of (T3CHCBr2)2 14
are oxidized in a single oxidation process with strong » . . . . .
hysteresis. At difference, films of (T3CHCCN2)2 are oxi- 00 05 10 00 05 10 00 05 10
dized in two distinct one-electron reversible oxidation ENV vs Ag/Ag"
processes, with blue coloring of the film in the first and Figure 7. In situ ESR signal vs potential of (a) (T3CA)2, (b) (T3CHO)2,
dissolution in the second one (beyond 0.8 V, as indicated and (c) (T30OMe)2 in acetonitril¢- 0.1 M BWNCIO,. Scan rate: 0.02 V
by EQCM analysis). The CVs are almost devoid of hyster- S - Dashed lines: CVs for comparison.
esis. TheAE® value for these extended sexithiophenes is high
(AE° = ca. 0.5 V), reflecting the high degree of delocal-
ization.

The (T3CHCBr2)2 films are reduced &, = —1.80 V
irreversibly, due to reductive cleavage of the-Br bond,

ESR signal/spins mol
1

o
!
o
!
o
!

14

the subsequent formation of the paramagnetic radical cation
and of the diamagnetic dicatidnOn the reverse scan the
signal (inverted in the figures for better clarity) reappears
with shoulders in correspondence with the cyclic voltam-
. ) .. metric peaks and a more or less defined maximum in the
Whe.reas. (T3CHCCN2°)2 films are reduced reversibly (with intermediate potential range. At full back reduction the signal
partial dissolution) a&* = —0.95 V. disappears completely, indicating absence of charge/spin
EQCM has allowed the statement that for (T3CHCBr2)2 trapping phenomena.
films the ratio of oxidative reversible charge to dry weight

in th doned q h o E The spin concentration was evaluated at the reverse
(in t_e undope s_tate) corresponds o the passage o reduction scan, where we may assume that equilibrium
mol~L. The value is the same as the other sexithiophenes

. ) ) . >rconditions are attained. The value for the spin concentration
de§p|te the extension, Wh'(,:h t.herefore doe_s not give contri- ot the pne-electron oxidized oligomer (see Table 2) is lower
butions to the eI_ectron st0|c,jh|ornetry of oxidation. than unity, which must be due to spin pairingirdimerss:

EQCM analysis of the oxidation process shows for both \ost of the values fall in the range 0:D.2 spins per
sexithiophenes an almost linear mass increase with oxidationmo|ecu|e, the exceptions being (T3Me)2 and (T30Me)2
charge. The slop&sAm/Q = ca. 100 g mot?, is indicative (0,05 spins per molecule) which are the most hysteretic in
of the assumption of perchlorate anion with no solvent cy\/ and hence the most compact crystalline solids in the
exchange. A big amount of solvent is in any case present inggries.
the undoped (T3CHCCN2)2 since its wet mass decreases The g-values (see Table 2) are close to the free-electron

;romr,] forsxample,fcg. 10 to@g upon cér\);ing. This accounts value g = 2.0023) but are higher for the thiols, (TETCHO)2,
or the absence of hysteresis in Its CVs. (TETCN)2, and (T30Me)2, due to orbital contribution from
sulfur and oxygen atoms.

(49) Hapiot, P.; Kispert, L. D.; Konovalov, V. V.; Saveant, J. 8.Am.
Chem. Soc2001, 123 6669.

(50) Huchet, L.; Akoudad, S.; Levillain, E.; Roncali, J.; Emge, A.; Bauerle, (51) Miller, L. L.; Mann, K. R. Acc Chem. Res1996 29, 417 and
P.J. Phys. Chem. B998 102 7776. references therein.
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Table 2. Sexithiophene ESRy-Values and One-Electron Spin Table 3. Sexithiophene Film Conductivities &1 and o> for
Concentration Ng Neutral—Polaron and Polaron—Bipolaron Conductivities)

sexithiophene g Ng/s molt sexithiophene 01/S et 02lS cnmt
(T3Me)2 2.0025 0.05 (T3Me)2 0.01
(T30Me)2 2.0032 0.05 (T30Me)2 0.0001 0.0010
(T3NMe2)2 2.0029 0.20 (T3CHO)2 0.0007 0.0070
(T3CHO)2 2.0028 0.10 (T3CA)2 0.002 0.008
(T3CA)2 2.0026 0.20 (T3C6CA)2 0.0004
(T3C6CA)2 2.0026 0.20 (T3SH)2 0.007
(T3SH)2 2.0030 0.20 (T3C6SH)2 0.0001
(T3C6SH)2 2.0030 0.20 (T3CN)2 0.01 0.10
(T3CN)2 2.0027 0.10 (TETMe)2 0.002 0.015
(TETMe)2 2.0026 0.15 (TETCHO)2 0.002 0.010
(TETCHO)2 2.0034 0.10 (TETCN)2 0.0005 0.0060
(TETCN)2 2.0030 0.20 (T3CHCCNZ2)2 0.01 a
(T3CHCCNZ2)2 2.0027 0.15 (T3CHCBr2)2 0.030 0.15
T3CHCBIr2)2 2.0049 0.05 aDij .
T6 20025 issolution.

In the case of (TETCHO)2 and (TETCN)2 films the ESR the materials. Equilibrium conditions are in this way continu-
signal goes to zero only after the second oxidation processOUsly malontamed as ascertained previously for poly-
(1.1 V, Figure 8) and not at the first twin oxidation (0.5 V), thiophene? _ o .
thus confirming the overall one-electron stoichiometry of the ~ As the most typical case, the in situ conductivity of

first twin process. (T30Me)2 as a function of the potential (Figure 10) shows
that the material is redox-conductfidoth at the neutral/

cation and at the cation/dication transition with maximum
3+ conductivities of 1x 104 and 1x 103 S cnt’. Other cases

______ are illustrated in Figure 11 and conductivities are listed in
Table 3. In general, the conductivity of the second redox
couple is roughly 10 times higher than the first one, fixing
therefore a sort of empirical “10-fold rule”.
e NS Unfortunately, the in situ conductivity of (T3NMR, i.e.,
the sexithiophene with the most donor substituents, could
not be measured due to failure in bridging the microband
electrode from bad mechanical properties of the material.
The conductivities of (T3C6CA)2 and (T3C6SH)2 are
0 sufficiently high to be measured at the cation/dication
transition only, producing the lowest conductivities in the
series.
14 Conductivity of (TETCHO)2 and (TETCN)2 films is
shown in both redox processes (Figure 12). Conductivity in
y T T T the first process is in particular localized in the second half
0.5 0.0 0.5 1.0 X o
N of the twin one-electron process. The conductivitites of the
_ _ _ ENV vs AglAg _ _ (TETR)2 series are comparable to those of the (T3R)2
B o O cceloritte, analogues (with the excepion of (TSCN)2, see below), which
indicates that the steric hindrance introduced between the

In the case of (T3CHCBI2)2 films the ESR signal appears sexithiophene linear and coplanar chains by the ethylene-
on reverse scan only (Figure 9) and attains a maximum spindioxy moiety is not particularly significant, as confirmed by
concentration noticeably low (0.05 s mé). Theg-valueis  Simple molecular modeling.
exceptionally high (2.0049) due to the contribution of the ~ The in situ conductivity of (TSCHCCN2)2 films, measured
bromine atoms. The plot of spin concentration and redox up to 0.8 V only to avoid dissolution, develops at the first
charge, recorded from the oxidized to the undoped form, oxidation with a high value (1G S cnt?) peak. It appears
shows that at the highest fraction of oxidative charge (up that conjugation extended to include the caps favors conduc-
from 50% of the total two-electron charge) does not produce tion. The in situ conductivity of (T3CHCBr2)2 films gives
unpaired electrons (Figure 9). This result is in marked high values for both redox couples, thus confirming that
difference with the other sexithiophenes such as (T3CA)2, conjugation extended to include the caps favors conduction.
showing the disappearance of spins only at full two-electron A higher (5-fold) conductivity of the more oxidized level is
oxidation (Figure 9). It is suggested that a very strong also confirmed.
m-dimerization due to the packed structure of (T3CHCBr2)2  2.5. Neutral-Polaron and Polaron—Bipolaron Con-
is responsible for the difference. ductivities. The evolution of the conductive properties in

2.4. In Situ Conductivity of Sexithiophene Films.The the hexamers as a function of the oxidation degree may be
in situ conductivity has been measured as a function of the
potential going from the oxidized to the undoped state of (52) Chidsey, C. D.; Murray, R. Wi. Phys. Chem1986 90, 1479.

ESR signal/a.u.
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Figure 9. In situ ESR signal vs (left) potential and (right) charge of (top) (T3CA)2 and (bottom) (T3CHCBr2)2 in acetohidile M BwNCIO,. Scan
rate: 0.02 V si. Dashed lines: CVs for comparison.

this Peierls-type distortion the materials are insulating.
Further oxidation produces bipolarons and their confinement
I in the same hexameric unit produces again the insulating
i state. In this connection it must be noted that whereas the
fo charge in the ion radical is delocalized over the whole
______ ’ . molecular framework, localization of the two positive charges
TSI T in the dication occurs at the ends of the molecule, i.e., at a
! large distance from one another to minimize Coulombic
’ repulsion?®
Polarons may provide a mixed-valence conduction with
bipolarons (polarortbipolaron conduction) or with neutral
states (neutralpolaron conduction). This is exactly what we
have obtained in the majority of our investigated cases.
(T3Me)2 and (T3SH)2 do not display a neutrglolaron
conductivity, though the values expected on the basis of the
“10-fold rule” from the polaron-bipolaron conductivity
values are within the capability of the instrument. We believe
. that this result is due to merging of the two processes, i.e.,
E/V vs Ag/Ag . . .
- 10 In sit ductivity tential of (T3OMe)2 i onitril to the scarce potential separation of two broad responses with
igure . 1IN SItu conductvity vs potential O €)Z In acetonitrile . f . f
+ 0.1 M BwNCIO,. Dashed line: CV for comparison. a nOtlceak_)le dlﬁference of _'nt_enS|ty' .
. . . All the investigated sexithiophene deposits are more or
described as follows. Oxidation produces polarons which are . : L . .
; S . less microcrystalline and their different morphologies might
expected to be confined right in a hexameric segment both. : : . X
- a4 , =5 influence to some extent their conductive properties. We will
on theoretica®>* and experimental ground3® In the . C ) :
R, . next compare the different materials in the light of their
hexamer they are strongly-dimerized® and according to : : .
different molecular and electronic structures assuming that

morphological differences are of minor weight.

0.0020 -

c/Scm™
;

<

0.0010 1

0.0000 T T
0.0 0.2 0.4 0.6 0.8

(53) Bredas, J. L.; Chance, R. R.; Silbey,fys. Re. B 1982 26, 5843.

(54) Andre J. M.; Delhalle, J.; Bredas, J. L. @uantum Chemistry Aided Steric reasons are important in determining the conductiv-
Design of Organic PolymersLin, S. H., Ed.; World Scientific: ity The conductivities of the hexyl-substituted sexithiophenes
Singapore, 1991; p 245. L . .

are lower than those of the other sexithiophenes which is

(55) Navarrete, J. T.; Zerbi, Q. Chem. Phys1991 94, 965.
(56) ghgis;er&shen, P.S A, Hia:mnedtt, A.T; Hirlllsrggg. sAé R5.§ gwann, M. J.; Higgins, attributable to the long hexyl chain separating the sexithiophene
. JuJd. em. S0cC., Faraaday lra 3 . [ . .
(57) Demanze, F.; Cornil, J.; Garnier, F.; Horowitz, G.; Valat, P.; Yassar, moleties. Qn the Con_trary’ _a short me_thyl substituent in
A.; Lazzaroni, R.; Bredas, J. LJ. Phys. Chem. B997, 101, 4553. T3Me)2 gives a relatively high conductivity.
g y hig y
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Figure 11. In situ conductivity vs potential of (a) (T3CA)2, (b) (T3CHO)2, (c) (T3CHCBr2)2, and (d) (T3CN)2 in acetonitilel M BuNCIO,4. Dashed
lines: CVs for comparison.

@ ) i solid state while, at the same time, influencing the ordering
-7 0.0104 of oligothiophene chains through the development of inter-

" R molecular CN---H interactions. This strong intermolecular
interaction and the resulting short distance of hopping are
the most likely reasons for the record conductivity if this
sexithiophene.

0.01 1

0.005

o/Scm’”

Conclusions

Thin solid films of sexithiophenes, variously substituted
at the terminaby,w-positions, were electrodeposited and their
electrochemically modulated conductivity was investigated
by in situ conductivity measurements.

ENV vs Ag/Ag® ENV vs Ag/Ag" The reversible oxidation of sexithiophen_eg is_ composed
) ) - . of two separate one-electron steps. Conductivity is redox type
Figure 12. In situ conductivity vs potential of (a) (TETCHO)2 and (b) .
(TETCN)2 films in acetonitrile+ 0.1 M BuNCIO,. Dashed lines: cvs ~ and develops at the neutratation (neutrat-polaron) and
for comparison. cation—dication (polaror-bipolaron) levels with values in
the range 10°—10"' S cnT! depending on the substitution

In general, electron-donor or -acceptor properties appeartype.
almost non-influential on the conductivity. Thus, the con- Whereas differences in electron doraicceptor properties
ductivities of T3CHO and T3CA are comparable with that appear not to be particularly influent, steric and conjugative
of T3Me despite the very different DA electron properties. effects affect conductivity strongly. As a consequence, the

Conjugation is a driving factor. The fact that the conduc- cyano moiety, with its effective conjugation and small size,
tivity of (T3CHCCBr2)2 and that expected for (T3CHCCBr2)2 gives the sexithiophene with the best performance in the
on the basis of the “10-fold rule” are ca. 10-fold higher than series.
that of (T3Me)2 may be attributed to their higher conjugation.  Conductivity is also much different for the two oxidation

A particular note must be made on the highly conducting states of the sexithiophenes. Thus, the second redox couple
(T3CN)2. Structural analysis has shown that the (T3CN)2 is roughly 10 times higher than the first one, so a sort of
sexithiophene molecules are linked into ribbonlike arrays by empirical “10-fold rule” may be enunciated for these redox
intermolecular CN---H contact8.The ribbons are packed neutrat-polaron and polaronbipolaron conductivities.
in a herringbone manner. The nitrile group as substituent is  The results obtained are of fundamental importance in the
small enough to allow close intermolecular contacts in the understanding of the basic conductivity of these materials
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