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Introduction of electroaccepting groups at the periphery of triphenylamine-based derivatives leads to an
internal charge-transfer band. Syntheses and spectroscopic, electrochemical, and theoretical studies of
various derivatives which differ by the strength and the number of electroacceptor groups are presented.
These various results show that the ICT band and the acceptor/donor abilities of derivatives can be finely

tuned.

Introduction

acene%or thiophene-based oligomers or polyme&?<:°® How-
ever, due to their one-dimensionality, these materials present

~ Organic solar cells are subject to a considerable current anisotropic optical and charge transport propetti#swhich
interest motivated by the perspective of achieving large area, pose specific problems for device fabrication. Thus, whereas a

low-cost, lightweight, and flexible power source<.Based on

vertical orientation of the conjugated chains on the substrate

the intensive research effort invested in the optimization of improves the mobility of charge carriers in organic field-effect
multilayered and bulk heterojunctions solar cells during the past transistord?1such an orientation is detrimental for solar cells

decade, power conversion efficiencies in the5%o range have
been reachet®

Many materials used as donors in organic heterojunction solar

as it strongly reduces the absorption cross-section of the incident
light as well as charge transport across the Céll.
Organic glasses derived from triphenylamine (TPA)-based

cells are derived from linear-conjugated systems such as compounds have been widely used as hole-transporting or
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electroluminescent material in OLEB%0n the other hand, the
amorphous character of these materials offers the possibility to
develop organic semiconductors with isotropic optical and
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charge-transport properties. In the past few years, several groupsicceptor groups on the electronic properties of the system have
have developed hybrid systems obtained by fixation of conju- been analyzed on compountis4, whereas the effect of the
gated chains on a TPA core as active materials for the fabricationnumber of tricyanovinyl acceptor groups was analyzed on
of OFETs or solar cell$* However, the absorption maximum compound}—6 from both experimental and theoretical view-
of these materials in the 46@&50 nm region is clearly  points.

insuf_ﬁcient to ensure an efficient ha_rves_ting of solar light. A Results and Discussion

possible solution to this problem consists in the covalent grafting

of electron-acceptor groups on the hybrid TPA-conjugated Synthesis.Trialdehyde7 was synthesized according to the
system in order to increase the absorption in the visible ré§ion. already reported methd2 Compoundsl—3 have been syn-

In this context, we have shown that the creation of an thesized by condensation of trialdehy@ewith indandione,
intramolecular charge transfer (ICT) by introduction of electron thiobarbituric acid, and malonodinitrile, respectively. The reac-
acceptors such as indan-1,3-dione or dicyanovinyl groups at thetion carried out at room temperature in chloroform and in
periphery of the hybrid TPAthiophene systems leads to a presence of triethylamine leads to derivatiZeand3 in good
considerable improvement of the performances of the resulting yields (Scheme 1). The compounds were precipitated by addition
bilayer or bulk heterojunction solar cells thanks to the simul- of methanol to the reaction mixture. The synthesislofas
taneous increase of the open-circuit voltage and extension ofmuch more complicated because of the polycondensation

the spectral respondé.
We report here a further analysis of the structteectronic

reactions of indandion¥,and it was only after several purifica-
tions by chromatography that compouddcould finally be

property relationships in a new series of TPA-based compoundsisolated in ca. 1% yield.

with ICT (1—6, Chart 1). The effects of different types of
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CompoundsA—6 substituted by one, two, and three tricy-
anovinyl groups were synthesized following two routéZhe
first involves the reaction o8 with an excess of tetracyanoet-
hylene at 60°C in DMF. Successive formation & 5, and4
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SCHEME 1. Synthetic Procedures for Synthesis of
Derivatives 1-6
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FIGURE 1. UV-—vis absorption spectra of compounti§old dashed),
NC_ N DMF id li i loride.
8 + )_( 6 (50%), 5 (29%), 4 (races) 5 (solid line), and6 (dashed) in methylene chloride
NC CN
TABLE 1. UV-—vis Absorption Data (in CH,Cl,) and Cyclic
1) NaCN Voltammetric Data (in 0.10 M BusNPFg/CH2Cl,, Scan Rate 100 mV
)
— 4(85%) s71, Ref SCE) for Compounds 16
2) H*, Pb(OAC)4
) Ag—a*  AICT  Epa(V) Ex(V) AE®(€V) AESf(eV)
was followed by TLC. The best results were obtained after 1 1 396 528 091 —11% 235 202
week of reaction. Compoundisand5 were isolated in 50 and 2 420 557 105 —095 293 2.00
29% yield, respectively, while compouddwvas only observed 3 368 538 1.06 -1.23 2.30 2.29
in trace amounts. Increasing temperature, reaction time, andg jg g%g i-(l)g *8-22 i-gg igg
TCNE quantities only led to degradation. Compouhdvas 6 496 £33 088 —064 196 185

finally obtained in 85% yield by treatment of compoufd _ _ _
substituted by three dicyanovinyl groups, with successively a|rreversible proces®.Optical gap based ohcr. © Electrochemical gap
NaCN and Pb(OAg)in acidic conditions. All new compounds = Epa — Epr

were isolated as glassy solids and satisfactorily characterized

by NMR and mass spectrometry. presence of tetrabutylammonium hexafluorophosphate 0.10 M
UV —vis Spectroscopy.The UV—vis spectrum of all com- as supporting electrolyte. The cylic voltammogram of all
pounds presents a first absorption band in the-3%80 nm compounds shows a reversible oxidation process indicative of

region followed by a second transition at longer wavelengths. stable cation radical. As shown in Table 1, the potential of the
Based on the spectrum of reference compounds devoid ofanodic peakH,,) of the trisubstituted compounds increases with
acceptor group?c the first absorption band can be assigned to the strength of the acceptor groups and shifts from 0.91 V for
a wr—x* transition and the second band to an intramolecular indandione to 1.19 V for the strongest tricyanovinyl acceptor.
charge-transfer (ICT) transition between the FAiophene Comparison of the data for compounds 6 shows that the
donor block and the peripheral acceptors groups. The-U¥ increase of the number of tricyanovinyl acceptor groups from
data for the fully substituted compounds-4 show that the 1 to 3 leads to a 0.31 V positive shift &, As for oxidation,
maximum of the ICT band increases from 528 nm for compound all compounds can be reduced at a potential which depends on
1 substituted by indanedione acceptors to 613 nm for compoundthe strength and on the number of acceptor groups. Whereas
4 bearing the tricyanovinyl groups. These results show that, ascompoundsl—3 undergo irreversible reduction, the process is
expected, the absorption maximum of the ICT band reflects the fully reversible for compoundd—6 (Figure 2). As shown in
relative strength of the acceptor groups. Comparison of the dataTable 1, the potential of the corresponding cathodic p&} (
for compounds5, 5, and4 shows that increasing the number of  shifts toward more positive values fron0.64 to—0.56 VV when
tricyanovinyl acceptor groups produces a decrease of thethe number of acceptor groups increases. The deconvoluted CV
intensity of the bands in the 36@50 nm region together an  of compounds4—6 (Figure 2) show that the intensity of the
increase of the relative intensity of the ICT transition around reduction wave relatively to that of the oxidation one increases
600 nm (Figure 1). As appears in Figure 1, these changes arewith the number of acceptor groups. Assuming a monoelectronic
accompanied with a hypsochromic shift of the ICT band. This oxidation process, integration of the reduction wave shows that
later result probably reflects changes in the dipole moment of the reduction process involves one, two, and three electrons for
the molecules, but this question clearly requires further work. compoundss, 5, and4 respectively.

Electrochemical Experiments.Compoundd—6 have been Theoretical Calculations. The electronic properties of
analyzed by cyclic voltammetry in methylene chloride in the  compound#—6 have been investigated by means of theoretical

PP T T —————— . calculations. Ab initio quantum calculations have been per-
Vower, H. .3, A Chein. S0d968 60.3806. (5} Lambert, C. Gasnner, [0/ed with the Gaussian 03 package of programs at a hybrid
W.; Schnidlin, E.; Meerholz, K.; Brachle, B J. Chem. Soc., Perkin Trans.  density functional theory (DFT) level. Calculations were done
1999 2, 577. using the restricted B3LYP/6-31G(d)* functions. HOMO and
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FIGURE 2. Deconvoluted CV of compounds 5, and4 (from top to
bottom) in CHCI,, TBAPFK 0.1 M 100mV/S vs SCE.

LUMO levels of neutral molecule$—6 are shown in Figure 3
(larger pictures of HOMG LUMO levels are available in ESI).
As generally observed for TPA derivatives, the three@

JOC Article

with electrochemical results. For compounfisand 4, the
localization of the LUMO at the terminal acceptor groups leads
to a 2- and 3-fold degenerated LUMO, respectively (Figure 3).
This indication of independent terminal acceptor groups agrees
well with the two- and three-electron reduction processes
indicated by electrochemical results for compouBdsd4. In
contrast, the persistence of a relatively delocalized HOMO for
all compounds is consistent with the observed one-electron
oxidation process. Calculations also show that the HGMO
LUMO gap AE increases with the number of electro-acceptor
groups on the molecule, in agreement with optical and electro-
chemical results.

Conclusions

Star-shaped conjugated systems consisting of a hybrid-TPA
thiophene core substituted by electron-acceptor groups have been
synthesized. Optical and electrochemical data and theoretical
calculations provide a coherent picture showing that the
electronic properties of this class of compounds can be
controlled over a wide range by varying the nature and the
number of acceptor groups. Comparison of the characteristics
of compounds containing indandione, barbiturate, and dicyano-
and tricyanovinyl acceptor groups shows that the latter leads to
the systems with the smallest HOMO LUMO gap and the lowest
LUMO level.

The analysis of the effect of the number of tricyanovinyl
groups shows that increasing the number of acceptor groups
leads to a decrease of the HOMO and LUMO levels and to an
increase of the energy gap. On the other hand these three
compounds present a reduction potential higher than that of
fullerene Go. While these results show that these compounds
cannot be used as donor in bulk heterojunction solar cells, they
suggest that they could eventually behave as n type or as
ambipolar organic semiconductors. Work aiming at the confir-
mation of this hypothesis is now underway and will be reported
in future publications.

Experimental Section

Synthesis ofN,N,N-Tris[4-[5-(1,3-dioxoindan-2-ylidenemethyl)-
2-thienyl]phenyllamine (1). To a solution of tris[4-(5-formyl-2-
thienyl)phenyllamine7 (0.2 g 0.35 mmol) in 10 mL of CkCl,
were added 3.3 equiv of indandione and one drop of triethylamine.
After 24 h of stirring, 3 equiv of indandione were added, and the
mixture was stirred again for 24 h. Addition of petroleum ether
led to the precipitation of a crude product which was dissolved in
CH.Cl,. The organic phase was washed with 0.10 M aqueous
sodium hydroxide and water and dried over magnesium sulfate.
After solvent removal, the mixture was chromatographed twice on
a silica gel column using Ci€l, as eluent and once on a preparative
plate using the same eluent. P@evas obtained in ca. 1% vyield

bonds are coplanar which is characteristic of enamines andas a purple glassy solidH NMR (CDCL) attributed by 2D
indicates a certain degree of conjugation between the arms.COSY: 7.98 (m, 12H, 4, 5, 6 and)67.79 (m, 6H, 7 and'}, 7.75
Steric hindrance between the phenyl rings grafted on the central(d, 6H, 2,33 = 8.5 Hz), 7.45 (d, 3H, 33J = 4 Hz), 7.23 (d, 6H,
nitrogen atom generates the typical propeller shape of the 3, 3] = 8.5 Hz).3C NMR (CDCk): 190.4, 189.8, 156.8, 147.5,

molecule. The HOMO is mainly located on the central node
with a significant contribution of the unsubstituted branches in
5 and6. The LUMO is localized on the peripheral electron-
withdrawing groups and on the adjacent thiophene rings.
Distributions of HOMO and LUMO levels are separated in all
compounds indicating that the HOM@.UMO transition can

143.8,142.0, 140.5, 136.3, 136.2, 135.0, 134.8, 128.7, 127.8, 124.7,
124.3, 123.7, 123.0, 122.8. MS (MALDITOF): 5H33NOS; M™
960.0. HRMS: M (calcd) (959.1470) 959.1495.

Synthesis of Compounds 2 and 3To a solution of tris[4-(5-
formyl-2-thienyl)phenyllamine& (0.2 g, 0.35 mmol) in 10 mL of
CH.Cl, were added 3.3 equiv of malonodinitrile or thiobarbiburic
acid and one drop of triethylamine. The condensation was followed

be consider as a charge-transfer transition. As expected, thepy TL.C: mono-, di-, and trifunctionnalized compounds appeared
HOMO and LUMO levels decrease when increasing the number successively. Afte4 h (for 3) to 10 h (for2) of reaction, addition

of electron-withdrawing groups on the molecule, in agreement of petroleum ether allowed the precipitation of a crude product.

J. Org. ChemVol. 72, No. 22, 2007 8335
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FIGURE 3. Calculated HOMO and LUMO levels for compounds 6.

Compound3 was isolated pure in 90% yield as a red solid. In the week at 60°C under nitrogen atmosphere followed by addition of
case of2, the crude product was dissolved in g, and washed 100 mL of methylene chloride. The organic phase was washed 10
with an aqueous solution of sodium hydroxide 0.1 M and then three times with water and dried over magnesium sulfate. After evapora-
times with water after the organic phase was dried on magnesiumtion of the solvent, the residue was chromatographed on silica gel
_sulfate. /-_\fter evaporation of the solvent, the pure deriva?iveas using methylenechloride/petroleum ether 1/1 (compdirahd then
isolated in 55% yield asa p_urple gla_ss_y _50|ld- ) methylenechloride/EP 3/1 (compougilas eluent. Compounds
eml\(la’m’yl\ll):gltsh[itr[]?/-l](sﬁglrl(;/)l(]oa?r:mgr?z%ylrllimll\ldl\lﬂnlj(’?3-8)((3?-)5-2Iggn(-s and2 were isolated in 50 and 29 yields, respectively, as green glassy
3H), 7.89 (d, 3H3J = 4.5 Hz), 7.78 (d, 6H% = 8.5 Hz), 7.51 (d, solids. Note'that compour@wgs observed in tracg amoun.ts.
3H,3)=4Hz), 7.21 (d, 6H3] = 8.5 Hz), 4.61 (m, 12H), 1.34 (m, N-[4-(5-Tricyanoethenyl-2-thienyl)phenyl]-N,N-bis[4-(2-thie-
18H). 3C NMR (CDCkL): due to very poor solubility, several  nyl)phenyllamine (6). *H NMR (CDCl): 8.03 (d, 1H,3] = 4.5
signals were not observed (see the Supporting Information). MS Hz), 7.59 (d, 2H3J = 9 Hz), 7.58 (d, 4H3] = 8.5 Hz), 7.44 (d,
(MALDITOF): CsHsiN70gSs M+ 1121.0. HRMS: M- (calcd) 1H), 7.29 (m, 4H3J = 4.5 Hz), 7.17 (d, 2H3J = 9 Hz), 7.11 (d,
(1121.2225) 1121.2213. 2H, 3 = 8.5 Hz), 7.09 (dd, 2H3J = 5, 3.5 Hz).13C NMR
N,N,N-Tris[4-[5-(2,2-dicyanoethen-1-yl)-2-thienyl]phenyl]- (CDCls): 160.0, 150.3, 145.1, 143.5, 141.8, 131.9, 131.7, 131.1,
amine (3). Spectroscopic data are identical to those already 128.2,128.1,127.2, 125.9, 124.9, 124.2, 123.0, 121.7, 112.9, 112.8,
published:® _ _ _ 112.5, 80.1. MS (MALDITOF): GsHN.Ss MS M+ 592.1.
ﬁynt_heS(lz)ofTN,N,N-lTrtl_s[4-(]§-trlcyanoeatf(lggyl-2-tgIgg)sll)phe-l) HRMS: M** (calcd) (592.0850) 592.0833.
nyllamine (4). To a solution of compoun mg, 0. mmo ) . . .
d?/ssolved at 0C under nitrogen atrﬁosphere in g mL of dry DMF N,N-B|s[4-(5_-tr|cyanloethenyl-2-th|enyI)phenyI]N-[43-(2-th|e-
was added 5 equiv of NaCN dissolved in 2 mL of 1:1 water ~ "Yphenyljamine (5). *H NMR (CDCly): 8.06 (d, 2H,°] = 4.5
DMF. The mixture turned brown immediately. After 15 min of ~HZ). 7.65 (d, 4H3) = 8.5 Hz), 7.62 (d, 2H}) = 8.5 Hz), 7.48 (d,
stirring at 0 °C, two drops of acetic acid and one drop of 2H,%J=4.5Hz), 7.32 (m, 2H), 7.21 (d, 4H) = 9 Hz), 7.17 (d,
concentrated hydrochloric acid were added followed by portionwise 2H, 3 = 8.5 Hz), 7.11 (dd, 1H3) = 5, 3.5 Hz).23C NMR
addition of 3 equiv of Pb(OAg) and the solution turned blue. The  (CDCl): 159.0, 149.1, 144.4, 143.1, 141.6, 132.3, 132.2, 132.0,
mixture was stirred fo2 h at 0°C, and 100 mL of water was 128.4,128.3,127.4,126.6, 126.1, 125.3,124.8, 123.8, 123.4, 112.8,
added. The suspension was filtered on a Hyflo supercell. The solid 112.5, 112.2, 81.4. MS (MALDITOF): £H1dN;S3 MS M** 693.0.
collected on the top of the column was dissolved in methylene HRMS: (calcd) (693.0864) 693.0854.
chloride and the solution dried over magnesium sulfate. After

evaporation of the solvent, the residue was chromatographed on
silica gel (eluent 3:1 ChCl,/PE) to give 65 mg (85%) of a blue ~ A\Cknowledgment. We thank the SCAS of Angers for

coruscant glassy solidH NMR (CDCl): 8.08 (d, 3H,2] = 4.5 analytical experiments, in particular, Dr. S. Fournier for HRMS.
Hz), 7.70 (d, 6H3J = 9 Hz), 7.51 (d, 3H3J = 4.5 Hz), 7.23 (d,

6H, %) = 9 Hz). 13C NMR is not available due to the extremely Supporting Information Available: H NMR spectra of
low solubility. MS (MALDITOF):  CasH1gN10Ss, 794.0. HRMS: compoundd, 2, 4—6; HOMO—LUMO figures and calculated bond

M (calcd) (794.0878) 794.0854. _ _ length for compoundé—6. This material is available free of charge
Synthesis of Compounds 5 and 6To a solution of tris[4-(2- via the Internet at http://pubs.acs.org.

thienyl)phenyllamine3 (100 mg, 0.2mmol) was added 4 equiv of
TCNE dissolved in 5 mL of DMF. The mixture was stirred for 1  JO701390Y
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