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Synthesis of Highly Soluble and Oxidatively Modification of the molecular structure of acenes could lead
Stable Tetraceno[2,3b]thiophenes and Pentacenes 0 substantial changes in electronic and optical properties.
Structural modification may also increase the stability, improve
the solubility, and improve the thin film packing and mobility
over the parent hydrocarbon. The electronic, physical, and
photophysical properties of pentacenes, for example, can be
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University, Bowling Green, Ohio 43403 aromatic skeletod.® Anthony et al. showed that the solid-state
packing of pentacene could be improved by substitution of
neckers@photo.bgsu.edu various trialkylsilylethynyl functionalities at the 6 and 13
_ positionst®11 Such improved packing results in the enhanced
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OFET device performance.

Bao et al. recently showed that tetraceno[B]tBiophene, an
asymmetric sulfur containing acene, exhibited field effect
mobility as high as 0.47 ctnvV~1 s71 with a decent oroff
ratio (> 10° at room temperaturé¥. This compound seems quite
interesting given that its OFET device performance is compa-
rable to that of pentacene. However, tetracenof}tBiophene
also suffers from instability and decomposes within 60 min in
solution12 We anticipated that its properties and performance
could be improved by suitable substitution.

In this paper we report the synthesis, characterization, and
photophysical properties of tetraceno[dBriophenes 1—3)

: , - , and pentacenedi{6) (Chart 1). Compound4—3 are func-

50 €00 650 700 780 8OO tionalized at the 6,11 and 5,12 positions with the methoxy and

Wavelength (nm) alkylethynyl and phenylethynyl groups, respectively, whites
. . . . . are substituted at the 5,14 and 6,13 positions with the same

A comparative study of suitably functionalized, highly fctionalities. Our goals were 2-fold: to understand the effect
soluble tetraceno[2,Bjthiophenes1—3) and pentacened{ of substituents on the properties of the tetracenoff;3-
6) that show higher photoxidative stability than that of thiophenes and to compare properties with analogous penta-
unfunctionalized corresponding acenes is reported. Thecenes. We observed a systematic shift in the optical band gap
absorption and emission &f-3 (Amax= 624—656 NM,Amax of the compounds. We show that6 are highly soluble in
= 634-672 nm, P ~ 10%) and4—6 (Anax = 672—704 common organic solvents and more stable than the correspond-
nM, Amax = 682—718 nm, ®r ~ 10%) were found to be ing parent hydrocarbons, tetraceno[B]gtiophene 7) as well
systematically red-shifted by the substitution in the order of as pentacenes].
the tert-butylethynyl < triisopropylsilylethynyl < phenyl- Compoundsl—6 were synthesized from 2,3-dihydro-9,10-
ethynyl groups. The oxidation potentials of these compounds dihydroxy-1,4-anthracenedion®)( which was first methylated
were similar E;» ~ 0.70 V), except ford, which showed by using dimethyl sulfate in the presence of anhydrous potas-
lower oxidation potentialEy, ~ 0.63 V). sium carbonate (Scheme *).15> Double aldol condensation of
the product (2,3-dihydro-9,10-dimethoxy-1,4-anthracenedione,
10) with 1 equiv of 2,3-thiophenedicarboxaldehyde or 1,2-
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FIGURE 1. Normalized absorption spectra df—6 recorded in
dichloromethane.

compared to that of unfunctionalized corresponding acenes. For
example, the absorption maximab{624 nm) and4 (672 nm)
are more than 90 nm red-shifted than those7 d632 nmj?
and8 (578 nm), respectively. This huge red-shift in absorption
can be attributed to the-conjugation extending ethynyl group
as well as the electron donating methoxy group. The latter is
known to cause a red shift of about 25 nm in the absorption of
several compounds:18 Interestingly, the absorption maxima
are also sensitive to the peripheral substituents attached to the
ethynyl group. In the order of thiert-butyl < triisopropylsilyl
< phenyl groups, the compounds in both series showed an
increment of about 15 nm in absorption maxima.

Absorption maximaAmay), extinction coefficientsd), emis-
sion maxima Amax, and fluorescence quantum yielddg) of
1-6recorded in dichloromethane are presented in Table 1. The
tetraceno[2,3]thiophenes especially show very small Stoke’s
shift (~9—16 nm). Compound$—3 are weakly fluorescentl{r
~ 10%), similar to8 and other linear hydrocarbon acenes. The
®f values of1—6 were found to be similar10%) in various
solvents such as dichloromethane, tetrahydrofuran, and toluene.
The absorptions af—6 were also recorded in thin films, which
were made by casting-2B drops of concentrated dichlo-
romethane solution of the compounds on a quartz plate and

quinone[2,3b]thiophene 1) or 5,14-dimethoxy-6,13-penta-
cenequinone 12), respectively. The latter compounds were
finally converted intd —6following known synthetic procedurés.”

We initially attempted methylation after the aldol type of
condensation betweé&nand 2,3-thiophenedicarboxaldehyde. But
the reaction of the aldol product (6,11-dihydroxy-5,12-tetracene-
quinone[2,3b]thiophene,13) with dimethyl sulfate resulted in
an inseparable isomeric mixture of the methylated produdts (
and 14) (Scheme 2). This is becaud8® undergoes tautomer-
ization under the reaction conditions employed (anhydrogs K
COs, Me;SQy). However, an optimized reaction condition
(Scheme 1) was used to accomplish the methylatidhinfthe
first step, which afforded.O in a good yield. The aldol-type
condensation of0with 2,3-thiophenedicarboxaldehyde yielded
only 11

The tetraceno[2,B}thiophene derivativesl(-3) are deep blue
while the new pentacene derivativéds6) are blue-green. Each
is highly soluble in common organic solvents and thus easily
processible. Figure 1 shows the absorption spectrd-e6
recorded in dichloromethane. The-7* band is highly sensitive
to the substituents and showed significant bathochromic shifts

(16) Payne, M. M.; Odom, S. A.; Parkin, S. R.; Anthony, J.(&g.
Lett 2004 6, 3325.

(17) Payne, M. M.; Parkin, S. R.; Anthony, J. E.; Kuo, C.; Jackson, T. (18) The magnitude of this shift agrees with the empirical rules for
N. J. Am. Chem. SoQ005 127, 4986. absorption spectroscopy, each methoxy group inducing a red shi2®him.
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TABLE 1. Photophysical Properties of -6 Recorded in

o

—_— ——:
Dichloromethane g’ \ I e
-y
Amax (nm)/ Amax  Amax Ei»  optical = 081 ——
compd eM-tcml) (nmp (m) @ (V)b Eg(eVy g ey
1 624 (10 100) 633 634 008 069  1.86 8 %7\ \ 2
2 639(13300) 646 648 009 071 183 S \ N\ s
3 656 (13400) 674 672 0.1 0.69 1.72 2 0.4+ N \ e
4 672 (10 300) 679 682 0.09 0.63 1.70 ® \ . |—e—8
5 686(14200) 691 712 012 0.70 1.69 2 024 ~ \\
6 704(13500) 725 718 011 0.70 1.58 = " SN, 4
x | —~———— e ]
aRecorded in thin film? Ey/, values against the ferrocene/ferrocenium 00 | T & T 10
redox system-4.8 V). ¢ Optical band gapHg) determined from the onset .
of the thin film absorption peak. Time (hrs)

FIGURE 3. Photoxidative stability o1—6 monitored through decrease
in their absorption in toluene solution upon exposure to ambient light.

and4) were quite unstable, the long wavelength absorption of
1 and4 decaying to almost zero within 5 and 10 h, respectively.
On the other hand, there was comparatively little change (less
than 20%) in the absorption & and 6 even after 10 h of
ambient light illumination. The corresponding tetraceno[ld;3-
thiophene derivative2(and 3) showed intermediate stability
with their absorption diminishing almost 80% in 10 h. Substitu-
tion seems to increase the photoxidative stability of these com-
pounds, especially in the pentacene series, becaard8 are
not stable and disappear in lessrttiah under ambient lighg
FIGURE 2. Normalized fluorescence spectra df6 recorded in It is noted thatl—6 are more photostable than their unsub-
dichloromethane. stituted analogous, i.e7,and8. The z-electron delocalization
through the ethynyl group may be the reason for the higher
evaporating the solvent. The thin film absorptions (spectra photostability of1—6. The formation of endoperoxide across
provided in the Supporting Information) were expectedly red- the most reactive central ring is the reason for the photoinsta-
shifted and broadened compared to those recorded in solutionbility of linear acene$:?° The enhanced photostability &f 3,
apparently due to the strong electronic interactions in thefiim. 5, and6é compared to that of and8 may also be related to the
The thin films of these compounds were stable under laboratory bulkiness of the substituent at the central ring and the presence
conditions, at least for 3 weeks. of the methoxy group, which may hinder the approach af O
Cyclic voltammetry (CV) was employed to investigate the  In conclusion, tetraceno[2§ithiophenes 1—3) and penta-
electrochemical properties of—6. The CV graphs were cenes 4—6) substituted with the methoxy, alkylethynyl, and
obtained with a scan rate of 100 mV/s and with the compounds phenylethynyl groups were synthesized. The absorption and
in 0.1 M tetrabutylammonium perfluorate (BUPFs) in anhy- emission spectra df—3 (Amax = 624—656 NM,Amax = 634—
drous dichloromethane. The oxidation potentials of tetraceno- 672 nm,®r ~ 10%) and4—6 (Amax = 672—704 nM, Amax =
[2,3-b]thiophenes1—3, E1» &~ 0.70 V) were found to be similar ~ 682—718 nm,®r ~ 10%) were found to be systematically red-
to that of pentaceneeq,, ~ 0.70 V)2 and its derivativesy and shifted by the substitution in the order of ttet-butylethynyl
6), indicating that the electrochemical HOMO levels of these < triisopropylsilylethynyl< phenylethynyl groups. The oxida-
compounds are similar (Table 1). Interestinglghowed a lower  tion potentials were similaiHy2 ~ 0.70 V), except foA, which
Ey» value (0.63 V) and also turned out to be the most showed lower oxidation potentig(, ~ 0.63 V). Compounds
photounstable (vide infra). The optical band gaps estimated 1—6 are quite soluble in common organic solvents and more
either in solution or in the solid state are higher fer3 (1.86— stable than unfunctionalized compounds. The derivatives con-
1.72 eV in solid) than fod—6 (1.70-1.58 eV in solid). This taining thetert-butylethynyl functionality were relatively more
indicates that the LUMO levels of tetraceno[hBhiophenes  unstable than the rest.
are higher than those of pentacenes, since their HOMO levels
are similar. Furthermore, there is also a distinct trend of Experimental Section
decreasing optical band gap going frdnto 3 or from 4 to 6.

Normalized Flourescence

Wavelength (nm)

Thus, the LUMO levels of both series are similarly and Genera}l.l All clhemica(ljs angl sfot:ventfs vt;/ere o_tf)_tain_ed frcl)m
; - commercial suppliers and used without further purification unless

considerably gffe_cted by. Fhe substitution pattern. o otherwise noted. Moisture and air-sensitive reactions were carried

The photoxidative stability of—6 was studied by monitoring oyt in a drybox.H and 3C NMR spectra were recorded with a
changes in the absorption of air-saturated solutions underBruker 300 MHz spectrometer with tetramethylsilane (TMS) as the
ambient light (Figure 2). Compoundsand 6 were relatively internal standard and chemical shifts relative to TMS at 0.0 ppm
stable, while compounds with thert-butylethynyl function { are reported in parts per million (ppm) fd1 NMR on theo scale.
UV —visible absorbance spectra were recorded with a Shimadzu
UV —vis spectrometer. Fluorescence spectra were recorded with a

(19) Ostroverkhova, O.; Shcherbyna, S.; Cooke, D. G.; Egerton, R. F;
Hegmann, F. A.; Tykwinski, R. R.; Parkin, S. R.; Anthony, J.JEAppI.
Phys 2005 98, 033701. (20) Allen, C. F. H.; Bell, A.J. Am. Chem. Sod 942 64, 1253.
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Fluorolog fluorimeter. Thin layer chromatography was performed 140.00, 139.50, 131.00, 129.75, 125.47, 124.95, 124.85, 124.76,
on MERCK Silica Gel 60 thick layer plates. Column chromatog- 124.63, 123.88, 123.04, 121.49, 120.01, 115.55, 114.00, 112.00,
raphy was performed on Sorbent Technologies brand silica gel (40 111.55, 80.44, 80.36, 63.71, 31.02, 29.33; HRM& [M] *calcd
63 um, Standard grade). High-resolution mass analyses werefor C34H3,0,S 504.2123, found 504.2120.
performed at University of lllinois SCS Mass Spectrometry 5 12-Bis(triisopropylsilylethynyl)-6,11-dimethoxytetraceno-
Laboratory. [2,3-b]thiophene (2). 2 was prepared by the reaction between
2,3-Dihydro-9,10-dimethoxy-1,4-anthracenedione (10fCom- triisopropylsilylacetylene and1 and purified by column, using a
pound 10 was prepared by a modified methylation metBdd.  mixture of hexane and dichloromethane (2:3) as the eluent. Yield
Compound9 (2.5 g, 10.3 mmol) was added to a 500 mL oven 41%;'H NMR (300 MHz, CDC}) 6 9.53 (s, 1H), 9.47 (s, 1H),
dried round-bottomed flask equipped with a stir bar and acetone 8.32 (m, 2H), 7.54 (d, 1H), 7.45 (m, 2H), 7.38 (d, 1H), 4.10 (s,
(200 mL) and dioxane (100 mL) were added. During stirring 6H), 1.33 (s, 42H)}C NMR (300 MHz, CDC}) 6 149.55, 140.40,
dimethyl sulfate (28 mL, 169 mmol) and anhydrous potassium 140.02, 131.68, 130.19, 125.77, 125.72, 125.16, 125.07, 124.76,
carbonate (15 g, 118.2 mmol) were also added. The entire mixture 124.68, 123.68, 123.09, 121.89, 120.48, 115.62, 114.30, 107.34,
was stirred under argon at room temperature for about 30 min and106.63, 106.33, 94.73, 63.78, 18.94, 18.44, 11.61, 11.02;
then refluxed for 12 h. The optimal formation 8 was monitored HRMS nvVz [M + H]* calcd for G4Hs70,Si,S 705.3617, found
with GC-MS. The reaction mixture was allowed to cool and filtered. 705.3621.

The filtrate was concentrated and subjected to the next step without  5,12-Bis(phenylethynyl)-6,11-dimethoxytetraceno[2,Blthio-
further purification. phene (3). 3was prepared by the reaction between phenylacetylene
6,11-Dimethoxy-5,12-tetracenequinone[2,B}thiophene (11). and 11 and purified by column, using a mixture of hexane and

Thiophene-2,3-carboxaldehyde (1 equivldf as estimated from dichloromethane (9:1) as the eluent. Yield 35%j NMR

the GC/MS profile) and THF (100 mL) were added to the (300 MHz, CDC}) 6 9.59 (s, 1H), 9.45 (s, 1H), 8.41 (m, 2H), 7.85

concentrated solution af0 and the mixture was stirred several (m, 4H), 7.91 (d, 1H), 7.72 (d, 1H), 7.62Z.45 (m, 8H), 4.21 (s,

minutes until all solids dissolved. Ethanolic KOH (5%, 5.75 mL) 6H); ¥*C NMR (300 MHz, CDC}) 6 149.05, 141.00, 140.05,

was then added. The mixture was refluxed overnight, following 131.54, 131.50, 130.99, 130.88, 130.33, 128.76, 128.64, 125.98,

which it was cooled and poured into an ice cold water bath. The 125.93, 125.39, 125.30, 124.78, 124.69, 124.49, 124.41, 123.88,

product precipitated then was filtered and dried. The brown crude 123.03, 121.39, 120.07, 115.32, 114.04, 103.41, 103.02, 91.48,

solid product was purified by column chromatography with 63.73; HRMSm/z [M]* calcd for GgH240.S 544.1497, found

dichloromethane as solvent. Evaporation of the solvent yielded pure 544.1509.

11 in the form of an orange yellow solid (yield 20%H NMR 6,13-Bisfert-butylethynyl)-5,14-dimethoxypentacene  (4).

(300 MHz, CDCH}) 6 8.84 (s, 1H), 8.75 (s, 1H), 8.45 (m, 2H), 7.77 4 was prepared by the reaction between-butylacetylene and

(m, 3H), 7.60 (d, 1H), 4.18 (s, 6H}3C NMR (300 MHz, CDC}) 12 and purified by column, using a mixture of hexane and

0 183.06, 182.71, 156.00, 155.96, 144.53, 143.08, 132.88, 132.03,dichloromethane (1:1) as the eluent. Yield 40%j NMR

131.45, 130.71, 129.91, 125.02, 124.83, 122.79, 122.04, 121.30,(300 MHz, CDC}) 6 9.40 (s, 2H), 8.26(m, 2H), 7.95 (m, 2H), 7.39

121.27, 63.20; HRMSwz [M] * calcd for GoH140,S 374.0613,  (m, 4H), 4.10 (s, 6H), 1.66 (s, 18%%C NMR (300 MHz, CDC})

found 374.0614. 0132.19, 131.37, 128.76, 126.47, 125.73, 125.55, 124.91, 123.08,
5,14-Dimethoxy-6,13-pentacenequinone (12fompoundl0 115.11, 113.00, 80.84, 63.66, 31.34, 29.42; HRM3[M] * calcd

was caused to react with 1,2-bezenedicarbaldehyde to obfain  for CzgH340, 498.2559, found 498.2553.

following the same procedure employed idr Purel2was isolated 6,13-Bis(triisopropylsilylethynyl)-5,14-dimethoxypentacene (5).

as yellow solid (yield 21%)*H NMR (300 MHz, CDC}) 6 8.84 5 was prepared by the reaction between triisopropylsilylacetylene

(s, 2H), 8.44 (m, 2H), 8.12 (m, 2H), 7.79 (m, 2H), 7.70 (m, 2H); and 12 and purified by column, using a mixture of hexane and

13C NMR (300 MHz, CDC}) 6 182.98, 156.04, 135.16, 132.37, dichloromethane (2:3) as the eluent. Yield 47%; NMR (300

131.42, 129.93, 129.91, 129.06, 128.74, 124.83, 121.68, 63.28;MHz, CDCl) 6 9.62 (s, 2H), 8.30 (m, 2H), 7.99 (m, 2H), 7.43 (m,

HRMS m/z [M] * calcd for G4H1604 368.1048, found 368.1049.  4H), 4.12 (s, 6H), 1.39 (s, 42H}3C NMR (300 MHz, CDC}) ¢
General Procedure for the Synthesis of £6. Compoundd—6 149.58, 132.49, 131.81, 128.56, 126.83, 126.11, 125.83, 125.30,

were synthesized starting from eithik or 12 following a general 125.18, 123.15, 115.38, 107.61, 107.38, 63.73, 18.92, 12.31; HRMS

method. The synthesis df is detailed as an example. An oven Mz [M]" calcd for CeHsg0,Si, 698.3975, found 698.3984.

dried 100 mL round-bottomed flask equipped with a stir bar was  6,13-Bis(phenylethynyl)-5,14-dimethoxypentacene (6). 6

clamped in a dry boxtert-Butylacetylene (0.13 mL, 1.06 mmol)  was prepared by the reaction between phenylacetylené 2add

was added to the flask and dissolved in dry dichloromethane (10 purified by column, using a mixture of hexane and dichloromethane

mL). To this stirring solution was addedBuLi (0.44 mL of a 2.5 (3:7) as the eluent. Yield 38%k NMR (300 MHz CDC}) 6 9.56

M solution in hexane) dropwise. The mixture was stirred for about (s, 2H), 8.35 (m, 2H), 8.10 (m, 2H), 7.92 (m, 4H), 7-57.28

30 min at room temperature. In a separate flask a solutiohlof  (m, 10H), 4.23 (s, 6H)33C NMR (300 MHz, CDC}) ¢ 149.59,

(0.1 gm, 0.27 mmol) in dry dichloromethane (5 mL) was prepared, 132.52, 131.54, 131.12, 128.79, 128.68, 128.49, 126.42, 126.20,

and was slowly added to the lithiatéett-butylacetylene solution. 126.03, 125.80, 125.40, 124.55, 123.07, 115.06, 104.16, 91.92,

The whole mixture was allowed to stir at room temperature 63.67; HRMS m/z [M]* calcd for GgH,60, 538.1933, found

overnight. Then it was taken out of the dry box and was quenched 538.1931.

with 10% HCI (1 mL). To this was added SnGh 10% HCI (1

mL) and the mixture was stirred at room temperature under dark  Acknowledgment. We thank Dr T. H. Kinstle for valuable
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Supporting Information Available: H NMR and3C NMR
of 1-6, 11, and12, details about formation of isomeric mixture of
11 and14, thin film absorption ofl—6, CV graphs, theb values
of 1—6 recorded in different solvents. This material is available
free of charge via the Internet at http://pubs.acs.org.
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