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1. Introduction

As follows from their name, the application of
electronic materials is based on special behavior of
electrons in such media. For organic (molecular)
electronic materials, the behavior of a single electron,
including electron transfer/transport, n-/p-doping
processes, and so forth, depends primarily on the
energy of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital
(LUMO) levels and the orbital interactions. By
designing molecules with tunable HOMO and LUMO
levels, one can achieve control over the properties of
materials and the performance of the electronic
devices based on them. The molecules with low
HOMO/LUMO gaps are of particular importance due
to their ability to easily donate (from HOMO) or
accept (on LUMO) an electron, which is the basic
process in all organic electronic devices. Although any
molecule can, in theory, act as an electron donor and
electron acceptor, only a few, so-called electrochemi-
cally amphoteric compounds, can do both within a
readily accessible potential window, forming stable
redox states. The value of the band gap (in organic
semiconductors) and the conductance band formation
(in organic metals) are directly connected with the
position of HOMO/LUMO levels in individual mol-
ecules (as well as with intermolecular interactions
in the solid). Finally, the molecules with a controlled
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HOMO/LUMO gap are the prime targets for unimo-
lecular electronic applications.

There are two basic strategies to endow a low
HOMO/LUMO gap (or high electrochemical ampho-
tericity) in organics: (i) by extending s-conjugation
in the molecule and (ii) by construction of covalent
D—A compounds (where D is a z-electron donor and
A is a m-electron acceptor) in which the HOMO and
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LUMO orbitals can be tuned relatively indepen-
dently. Both principles have been successfully real-
ized in the design of 7-conjugated polymers. For small
closed-shell molecules, a narrow HOMO—-LUMO gap
is a rare characteristic, although it has been achieved,
on the basis of the first strategy, in oligo(acenes) and
in fullerene materials. There are also many examples
of tuning the HOMO—-LUMO gap on the basis of the
second strategy, as exemplified by various tetrathia-
fulvalene—A derivatives.

Numerous derivatives of the sulfur heterocycle 2,2'-
bis(1,3-dithiolylidene), mislabeled tetrathiafulvalene
(TTF), are the subject of this review. The discovery,
in the early 1970s (see below), of the unusual stability
and solid-state properties of the radical cation result-
ing from a single-electron oxidation of the parent
molecule led to subsequent formation of organic
metals and eventually organic superconductors. Es-
sentially all of these molecular solids are based on
copious derivatives of TTF that were synthesized by
clever organic chemists throughout the world in the
last 30 years. Besides substitution of the peripheral
hydrogen atoms by a myriad of groups, modifications
include exchanging the sulfur atoms for selenium?!?
and tellurium.37? Clearly, with the large number of
publications on TTF and its derivatives, it would be
nearly impossible to cover the field as one article in
Chemical Reviews. In what follows we will see only
a glimpse into the fecundity of the field with coverage
of synthetic design of small HOMO—-LUMO gaps.
The following classes of compounds are described:
m-extended TTF's including TTF—acenes, conjugated
TTF—acceptor compounds (TTF—0¢-A), and, particu-
larly, TTF—o-fullerene systems.

The second section is devoted to oligo(acene) ma-
terials which are the focus of recent major research
activities of chemists, physicists, and materials sci-
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entists, primarily due to their application in organic
field-effect transistors (OFETSs). Reflecting the very
limited number of review articles available in this
field, we will present a general overview of the chem-
istry and physics of oligo(acene)s, although, within
the scope of this Chemical Reviews article, particular
attention will be given to the concept of small HOMO/
LUMO gap and coverage of across-field materials:
oligo(acene)-based sulfur heterocycles (except TTF—
acenes) and oligo(acene)-fullerene conjugates.

2. Reducing the HOMO/LUMO Gap in TTF
Derivatives

Since discovering the first organic conductors based
on tetrathiafulvalene (TTF, 1), [TTF]Cl in 1972 and
metal TTF—TCNQ in 1973, tetrathiafulvalene has
been among the most studied heterocyclic systems.

NC CN
[ |
SIS
S 'S
\—/ |
NC CN
TTF, 1 TCNQ

By now, over 10 thousand papers reporting the syn-
thesis, properties, and application of TTF derivatives,
its complexes, and ion radical salts have appeared.
The huge amount of research activity in the 1970s
and 1980s has been directed toward achieving metal-
lic conductivity and superconductivity in TTF deriva-
tives, although no industrially important TTF-based
materials have ever been created. However, the field
of TTF chemistry is very much alive, and new
functional TTF derivatives, making use of the electron-
donor and charge-transfer complexing abilities of
TTF, are being synthesized as materials for different
applications, which include electrochemical switches,
sensors, surface modification agents, and so forth.
Several reviews outlining these new applications
have been published in recent years.3~ 11

Although dibenzoTTF (2)!2 was synthesized in the
1920s and dimethyl- and diphenyl-!3 derivatives were
reported in the 1960s, the broad interest in sulfur
donors arose in the early 1970s with the synthesis
of the unsubstituted TTF by Coffen,'* Hiinig,'® and
Wudl.'® Coffen prepared it as part of a study of
tetrathioethylenes, Hiinig prepared it as part of an
ongoing study of disproportionation of radical ions,
and Wudl prepared it as a possible cathode of an all-
organic battery. The later group was the first to show
the rich science resulting from the redox properties
of this molecule, which can form a stable radical
cation and dication at rather low redox potentials.
The good donor properties of TTF are partly due to
aromatization energy gain when going from the
dithiolylidene moiety in the neutral molecule to
dithiolium aromatic rings in the oxidized states
(Scheme 1). Gas-phase vertical ionization potential
values in the range 6.4—7.0 eV have been reported
for TTF (1).1718 The electrochemical redox potentials
of TTF (1) (E°10x = 0.34 V, E°sx = 0.78 V vs Ag/AgCl
in MeCN) are sensitive to substituents on the dithiole
rings, and most substituents including the most
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Scheme 1. Redox Transformation of TTF 1
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frequently used alkylthio groups act as electron
acceptors. The only exception is due to alkyl groups,
which decrease the oxidation potential by ~15—30
mV per introduced methyl group.

The majority of TTF’s applications are determined
by the donor abilities of this molecule, which are the
result of the high-lying HOMO. The LUMO energy
in such compounds is, generally, also rather high, as
good donors are usually poor acceptors. It is difficult
but not impossible to combine the high HOMO and
low LUMO in the same molecule, and the outcome
of such a “marriage” can arise in fascinating elec-
tronic properties, such as, for example, in low-band-
gap polymers. The design and properties of TTF-
based materials combining the concepts of low
oxidation potential and reduced HOMO—-LUMO gap
will be the subject of this section.

2.1. General Synthetic Approaches to
Functionalized TTF Derivatives

Since the first synthesis of the TTF skeleton in
compound 2, a number of different synthetic methods
with yields up to ~90% have been elaborated (Scheme
2). As these have been exhaustively reviewed by

Scheme 2. Synthetic Methods for Construction of
the TTF Skeleton (Reproduced with Permission
from Ref 19a. Copyright 1987 Taylor & Francis
Group.)
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Fanghaenel and co-workers,!® only a short overview
is given here. The three most popular synthetic paths
to the TTF nucleus are indicated in Scheme 2 by
arrows A, B, and C (see also reviews by Gorgues et
al., by Yamada et al., and by Fabre in this thematic
issue of Chemical Reviews). The base- or phoshite-
promoted coupling of dithiolium salts or dithiole-2-
chalcones (methods A and B, respectively) are usually
the most straightforward paths to symmetrical TTF
derivatives. The asymmetric TTFs are easily acces-
sible by method C, which includes a base-promoted
coupling of a Witting reagent (usually generated by
reaction of another dithiolium salt with phosphine).
An important modification of this method was the
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Scheme 3. Synthetic Routes to the Two Most Important TTF Precursors: (a) 1,3-Dithiole-2-thione and (b)
the 1,3-Dithiolium Salt (Reproduced with Permission from Ref 19a. Copyright 1987 Taylor & Francis
Group.)
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use of a phosphite derivative (Wittig—Horner re- (Scheme 4b), which are convenient synthons for
agent), which allowed to substantially increase the further functionalization.?! Among the other func-
reaction yield. The starting 1,3-dithiole-2-thione and tionalization methods, we would like to mention two
1,3-dithiolium salts can be generated in a number of approaches which deliver symmetrical monofunction-
ways, as illustrated in Scheme 3. alized TTF derivatives. The first is the Diels—Alder

The synthetic strategy toward functionalized TTF reaction of dimethylene[2H|TTF [generated in situ
derivatives can, a priori, be based either on (a) from bis(bromomethyl)TTF or 3-sulfolenoTTF] with
construction of the TTF skeleton from functionalized different dienophiles (Scheme 4c¢), which was used
precursors or on (b) functionalization of the pre- in the synthesis of several annulated TTF-—qui-
formed (nonfunctionalized) TTF compound. In the nones (e.g., compounds 29—31 in section 2.3.1) and
early days, the majority of synthetic efforts were TTF—fullerene conjugates (e.g., compounds 106 and
based on strategy a, which gave birth to numerous 114—116 in section 2.5.2). The second route, which
components for organic metals and later afforded was particularly effective in supramolecular chem-
m-extended TTF derivatives (see section 2.2). On the istry,® is based on N-alkylation of mono-/bis-pyrro-

other hand, the diversity of complex TTF derivatives 10TTF compounds.??

described in this paper would have been highly

unlikely without elaboration of some reliable reac- 2.2. w-Extended TTFs and TTF —Acenes
tions allowing the realization of strategy b. The most .
fertile among these were the approaches based on The search for molecular metals in the 1970s and
deprotection of S-(5-cyanoethyl)thioTTF, followed by 1980s has given birth to the idea of extending the

alkylation of the resulting thiolate (Scheme 4a)% and i-conjugated system of the TTF in order to decrease
the intra- and intermolecular Coulombic repulsion

Scheme 4. Functionalization of TTF via (a) the between the charges on the molecules in the solid
Protecting (8-Cyanoethyl) Group Route, (b) the state (and thus improve the intermolecular interac-
Lithiation Route, (c) the Diels—Alder Cyclization tion). The first m-extended TTF, dibenzo derivative
Route, and (d) the PyrroloTTF Route 2, was synthesized half a century before the parent
@ R S~ CN ;; base R_s s_SKR molecule,!? but its electron-donor properties were
I I I b I acknowledged much later (Chart 1). The annulated
RO™S 57w benzene rings have an electron-withdrawing influ-

(b) ence, increasing the oxidation potential by ~250 mV

R H DA R L N R X with respect to the parent TTF (Table 1).23 Several
IS>=(SI _— IS>=<SI —_— IS>=<SI homologues of 2, such as bisnaphthoTTF 324 and
RT™S  ST7R RS SR RS SR bisphenanthroTTF 4,% are known, and numerous
benzene-fused oligomers?%27 and a polymer?? of type
5 were synthesized. For the oligomers 5, multiredox
behavior was documented (four and six reversible

S_S t R R' R

© I RIS>=<S< RISHSHR oxidation waves for n = 1 and 2, respectively?®?), and
S):(S s s RS ST i i
R R

R’ R'

reduction of the optical gap to 2.3 eV was shown for
similar pyridazine-fused bis-TTF.?%2 However, even
. B Naowe for the Folym(er ?, no }elzlectro%l%emécal ampfl}o}tl:elgcitg
S, S~= af, then R-Ha S S~=— or significant (to less than 2 eV) reduction of the ban

@ RISHSEN_TS I i /\:/\N_R gap was observed.28
Several heterocycle-annulated TTF's, such as bis-
lithiation of the TTF molecule followed by reaction furanoTTF 6a,%° bis-pyrroloTTF 6b,30-31.22 bis-thio-
with a number of electrophilic agents, affording pheneTTF 6¢,32 and bis-selenopheneTTF 6d,3? have
aldehydes, alcohols, carboxylic acids, and so forth been prepared (Chart 1). The tetramethylated de-
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Table 1. Cyclic Voltammetry and Optical Absorption Data of Some 7-Extended TTF's

compd RE//solvent® E°1x, V E°x, V E°1ox — E°x, V hv,b eV ref
TTF, 1 Ag/AgCl//PhCN 0.34 0.71 0.37 23
2 Ag/AgCl//PhCN 0.60 0.98 0.38 23
4 SCE//ODCB 0.52 0.98 3.2 25
6a SCE//MeCN 0.72(p.a.) 1.03(p.a.) 0.31 29
6b Ag/AgCl//MeCN 0.38 0.72 0.34 30
6¢ SCE/DMF 0.78 0.96 34
7a Ag/AgCl//MeCN 0.23(2e) 0 35b
8a Ag/AgCl//MeCN 0.20 0.36 0.16 35b
8b Ag/AgCl//DCM 0.48 0.71 0.23 2.89 36
10 SCE/MeCN 0.42(2e) 0 2.39 38b
11 Ag/AgCl//DCM—MeCN (1:1) 0.35 0.76,1.09, 1.25 0.41 39
18a SCE//MeCN -0.11 —0.04 0.15 2.51 47
18b not known 0.06¢ 0.33 48
19a SCE//MeCN 0.00(2e) 0 47
19b Ag/AgCl//MeCN 0.03(2e)4 0 49
19¢ SCE//MeCN 0.18(2e) 0 47
20 SCE//MeCN 0.24(2e) 0 47
21a SCE/DCM 0.44(2e)° 0 2.99 64
21b Ag/AgCl//MeCN 0.55(2e, p.a.) 0 62
21c Ag/AgCl//MeCN 0.48/0.35" 0 53
21d Ag/AgCl//MeCN 0.43/0.07" 0 51
22 Ag/AgCl//DCM 0.28(2e, p.a.) 1.64, 2.2(p.c.) 0 54
23a SCE/DCM 0.39(2e)° 1.47p 0 2.97 64
23b SCE/DCM 0.55(2e)° 1.47p 0 2.94 64
23¢ SCE/DCM 0.52(2e)° 1.45p 0 2.86 64
23d Ag/AgCl//MeCN 0.41/0.09 (2e) 0 57
24a SCE/DCM 0.50(2e)° 1.48p 0 3.07 64
24b SCE/DCM 0.63(2e)° 141p 0 3.05 64
24c¢ SCE/DCM 0.65(2e)° 1.41p 0 2.95 64
25a SCE/DCM 0.49(2e)° 1.31p 2.71 64
25b SCE/DCM 0.59(2e)° 2.70 64
25¢ SCE/DCM 0.59(2e)° 2.75 64
26a Ag/AgCl//MeCN 0.48/0.01/ 57
26b Ag/AgCl//MeCN 0.45/0.117 57

@ RE = reference electrode. ® The longest wavelength absorption maxima. ¢ Determined as E1,; by differential pulse polarography
of 18b?". ¢ Determined as the cathodic peak of the reduction of 19b?". ¢ Determined as the half-wave potential. / Quasi-reversible
two-electron process; anodic and cathodic peak potentials are given.

Chart 1. Structures of Annulated TTF's
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rivative of bis-pyrroloTTF 6b was the only fused TTF
derivative showing lower (by 10—30 mV3%3!) oxida-
tion potential than the parent TTF 1. Very recently
the first field-effect transistor from a TTF derivative
(6¢) has been demonstrated.?* In the solid state, 6¢
forms closed-packed stacks with an interplane dis-
tance of 3.56 A, and the molecule itself is completely
planar, which is in contrast to the case of the parent,
neutral TTF, where twisted and boat-type conforma-
tions have been observed (Figure 1). Single crystals
of 6¢ show excellent hole mobility, often above 0.1
cm?/V-s, with the highest value of 1.4 em?V-s. A
relatively high oxidation potential of this compound
(E°10x = 0.78 V, E° = 0.96 V vs SCE, Table 1) is
responsible for its stability (for months in air) and,
probably, explains the reported high on/off ratio of
the FET devices (above 7 x 105).34

S, S
S -
L=

6a, X=0
6b, X =NH
6c, X=S
6d, X = Se

Figure 1. Crystal packing of TTF 6c. (Reproduced with
permission from ref 34. Copyright 2004 American Chemical
Society.)
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Chart 2. Structures of Some TTF Vinylogues
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7a,R=H

8a,R=H
7b, R = CO,Me

16a, R=H
16b, R = CO,Me

After the first vinylogue of TTF (7) was prepared
in 1979 by Cava et al.,? a vast number of 7-extended
TTFs, where the dithiol rings were separated by up
to nine conjugated vinylene units (e.g., compounds
8,350:36 9 37 10,38 and 113%) and/or thiophene and other
heterocyclic moieties (e.g., compounds 12,4 13—15,4
16,*? and 174%), were synthesized (Chart 2). Recently,
a series of derivatives of 8 with a macrocyclic struc-
ture have been synthesized.** Predictably, extension
of the conjugated system decreases the HOMO—
LUMO gap, and the longest compound of this series,
17, shows a gap on the level of 2 eV (1.8 eV, based
on the absorption red-edge).*® Despite a reduced gap,
electrochemical reduction was not observed. On the
other hand, the extension of 7-conjugation does en-
rich their electrochemistry. The conjugated 17 can
reversibly donate up to four electrons (in one two-
electron process and two one-electron processes). The
recently reported, less extended, compound 11 shows
four reversible single-electron oxidation waves (Fig-
ure 2). For more information on linear m-extended
TTFs, the reader can consult a detailed review by
Roncali.?”

A large and important series of 7-extended TTFs
was created by combining the TTF and acene elec-
tronic systems in a quinoid-type structure (Chart 3).4°
The parent molecule of this series (18a), having a
single benzenoid ring separating two dithiole moi-
eties, was reported in 1989 by Yamashita et al. 6
although the diphenyl*’ and dibenzo (18b)*® deriva-
tives had been known before. The donor 18a is the
strongest reducing agent among all TTF derivatives
(Table 1), and its red color (compared to yellow-
orange for TTF) suggests a reduced HOMO—-LUMO
gap. Interestingly, this is the only compound in the
series of TTF—acenes which oxidizes in two separate
single-electron waves. Extending the acene linker to
naphthalene and higher should result in steric hin-
drance between the sulfur atoms and hydrogen atoms
of the acene moiety, which may drastically affect the
electrochemistry and can render these as two-electron-

R
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MeO O
—
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Figure 2. Cyclic voltammetry of linear n-extended TTFs
17 (top) and 11 (bottom, potential in V vs Ag/AgCl).
(Reproduced with permission from refs 43 and 39. Copy-
right 1995 and 2004, respectively, Elsevier Science Ltd.)

donor (see below) molecules. The first TTF—naph-
thalene 19b was synthesized by Bryce and Moore
as dication salts,*® and the neutral molecule 19a
was reported soon after.“® The higher homologue,
anthracene-TTF 20, showed electrochemical be-
havior resembling that of TTF—naphthalene 19.47
A single two-electron oxidation was observed at
+0.24 V, which is 60 mV higher than that of 19c,
although this could be due to different kinetics of
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Chart 3. Structures of TTF—Acenes
R R R
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R R M Me )_(
S_S 19a, R=H s s 20 21a,R=H 22 R R
>—( 19b, R = Me 21b, R = SMe 23a, R=H
R R 19c, R-R = benzo 21¢, R = SCH,CH,S 23b, R = SMe
18a, R=H 21d, R = Me 23c¢, R = SCHyCH,S
18b, R-R = benzo 21e, R-R = (CH=CH), 23d, R = Me

R
24a,R=H 25a,R=H

24b, R = SMe 25b, R = SMe 26a R=H
24c, R = SCH,CH,S 25¢, R = SCH,CH,S 26b. R = Me

these electrochemically quasireversible processes
(Table 1).

When the dithiole moieties are attached to the
central benzene rings of an anthracene linker, strong
steric repulsions, due to the peri hydrogen atoms of
adjacent benzene rings in 9,10-bis(1,3-dithiol-2-
ylidene)-9,10-dihidroanthracene (TTFAQ), enforce a
“saddle-type” conformation in the neutral molecule
(Scheme 5). The first TTFAQ 21e was reported in

Scheme 5. Two-Electron Oxidation of TTFAQ
(s 57 <
- S S
N T L [
Te S 8
> +2e
TTFAQ TTFAQ?"

1978 by Akiba et al.,?° although the in-depth studies
of the electronic properties of these compounds were
initiated in the 1980s by Bryce et al. The later group
synthesized the strongest electron donor in the
TTFAQ series, tetramethylated 21d (in neutral® and
dication*® forms) and was the first to report the
peculiar redox behavior of TTFAQ compounds.?!
Many other derivatives of TTFAQ, with substituents
on dithiole rings (e.g., unsubstituted 21a,%8 tetra-
methylthio-TTFAQ 21b,>? bis(ethylenedithio)TTFAQ
21c¢?®) and the anthracene core (e.g., 22%%), were
synthesized, and over 240 different®® TTFAQs were
reported to date.

In contrast to the parent TTF, TTFAQ derivatives
oxidize in a single two-electron process (Scheme 5).
The rereduction of the dication occurs at significantly
lower (by 200 mV and more, depending on the
molecule and the conditions®®) potential, which sug-

gests dramatic structural changes between neutral
and oxidized molecules. Furthermore, these changes
are slow enough to be observed on the time scale of
cyclic voltammetry experiments. Thus, decreasing the
temperature from +20 to —70 °C shifts the position
of the TTFAQ?*" — TTFAQ® cathodic peak from
~ —0.07 V to ~ —0.4 V (Figure 3),°* and a similar
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Figure 3. Cyclic voltammetry of TTFAQ 22. The three
oxidation waves at —70 °C correspond to formation of
TTFAQ?' (irreversible two-electron oxidation at E,, =
0.28V vs Ag/AgCl), TTFAQ3™ (reversible, E° = 1.64 V), and
TTFAQ*" (irreversible, E, o = 2.2 V). (Reproduced with per-
mission from ref 54. Copyright 1991 Elsevier Science Ltd.)

effect can be achieved by increasing the scan rate.
Introducing additional steric hindrance by replacing
the sulfur atoms with more bulky selenium atoms
also slows down the rearrangement process, as
manifested by increased anodic/cathodic peak sepa-
ration for mono- and diselenaTTFAQs.57
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These interpretations were proved by X-ray crys-
tallography of neutral and oxidized dicationic TTFAQ
21d (Figure 4).5® Whereas the steric hindrance in the

0,

==

Figure 4. Crystal structure of neutral TTFAQ 21d (top)
and its dication 21d2* (bottom).5® The drawings are pro-
duced from the data stored at the Cambridge Crystal-
lographic Data Center (CCDC).

neutral TTFAQ results in puckering the molecule,
which adopts a saddle-shaped conformation, a de-
crease of the bond order between the anthracene and
dithiole nucleus in the dication allows a 90° rotation
of the substituents, so that the anthracene fragment
becomes planar and the molecule fully aromatic. The
aromatic anthracene in the TTFAQ dication (for 22)
can be further oxidized in two one-electron waves,
giving the radical trication (reversibly) and tetraca-
tion (irreversibly) (Figure 3).5* On the other hand,
the distorted structure of the neutral molecule com-
promises the decrease of the HOMO—-LUMO gap,
which can be expected from the extension of the
conjugated system. Consequently, TTFAQ and its
homologues do not show amphoteric redox behavior,
and the optical gap reduction is also minimal.

The strong aromaticity gain during the loss of the
second electron results in an interesting electrochemi-
cal phenomenon—inverted potentials in a two-elec-
tron process (similar to that observed in 9,10-bis-
(dimethylamino)anthracene??). That is, the oxidation
potential of the TTFAQ radical cation is lower than
that of the neutral molecule.?° Consequently, the
transient radical cation is not thermodynamically
stable and not observable in routine ESR experiments.

The inverted potentials also influence the behavior
of the molecule in its charge-transfer complexation.
Thus, whereas the parent TTF, with a similar oxida-
tion potential, forms a complex with TCNQ with only
partial (~60%) charge transfer, full two-electron
transfer has been observed for the TCNQ complexes
of TTFAQ. The first crystallographically character-
ized complex, (TCNQ)4«(21a), had a D/A ratio of
1:4(TTFAQ is in a dication state, whereas TCNQ
bears a —0.5 charge, as TCNQWTCNQ©).58 Yet, 1:2
complexes of other substituted TTFAQs with TCNQS!
and nitrofluorene (acceptor of similar electron affin-
ity)%° have been characterized later. The tendency of
TTFAQ to form fully ionic charge-transfer salts can
be rationalized by the fact that, unlike the case in
TTF complexes, the resonance between the com-
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pletely neutral and fully ionic forms is not possible
due to different geometries of TTFAQ? and TTFAQ?",
which makes partial charge transfer thermodynami-
cally unfavorable.

The radical cation of TTFAQ can be synthesized
by UV photolysis (as demonstrated for 21b%?) or
y-radiolysis (as demonstrated for 21a—c¢, 23, and
2493), It was characterized as a metastable species
which readily disproportionates to yield the TTFAQ
dication and neutral species, with a half-life time
from ~107* s (ref 62) to ~1072 s,% determined from
the spectral decay. The UV—vis spectra of 21b** are
typical for TTF radical cation, showing an absorp-
tion band at ~650 nm with weak vibronic struc-
ture. Time-resolved resonance Raman (zR?) spectros-
copy suggests that the geometry of TTFAQ radical
cation is closer to the quinoid-type structure of the
neutral molecule, rather than to the aromatic dica-
tion state. The latter adequately explains the in-
verted oxidation potentials and also is in agreement
with the theoretical calculations at the semiempirical
(PM3), ab initio (HF/6-31G(d)), and DFT (B3-P86/
6-31G(d)) levels.®*

A series of higher TTF—acenes 23—25 was reported
by Martin et al. in 1998,%¢ although the first tet-
racene-TTFs 23a,d were synthesized by Moore and
Bryce in 1991, together with a more complex bisan-
thro-TTF 26 (Chart 3).57 Basically, the structural
feature in these resembles that observed in TTFAQ
21, and a quasi-reversible two-electron oxidation
wave was observed. Unexpectedly, the oxidation
potential of tetracene derivative 23 is lower than that
of pentacene derivatives 24 and 25 by 100 mV (but
higher than that of TTFAQ 21), although this is likely
a reflection of the quasi-reversible nature of the
oxidation (with influence of kinetic factors) and
adsorption phenomena for the less soluble pentacene
derivatives. All higher TTFAQ derivatives also ex-
hibited a second single-electron oxidation wave re-
sulting in radical trications. Again, electrochemical
amphotericity was not observed for these TTF-—
acenes, and the lowest electronic transition cor-
responded to a HOMO—-LUMO gap of 2.68 eV (for
pentacene derivative 25¢).

To conclude, although the extended conjugation
approach was very successful to generate a low
HOMO-LUMO gap in polymers and several molec-
ular materials (e.g., long oligoporphyrins®®), it has,
so far, not proved feasible for TTF derivatives.

2.3. Conjugated TTF —Acceptor Systems

One of the original reasons for synthesis of TTF
D—A systems was a search for novel charge-transfer
materials with predefined D/A stoichiometries, for
example, molecular conductors,® although the fun-
damental interest in such systems and the possible
applications are beyond this review. In this and the
following subsection we describe another concept of
the HOMO/LUMO gap control based on a donor—
acceptor (D—A) molecule with spatially separated
HOMO and LUMO orbitals.

2.3.1. Fused TTF-A Compounds

The first compound having an electron-acceptor
moiety conjugated with TTF, TTF—benzoquinone 27,
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Table 2. Cyclic Voltammetry and Optical Absorbance Data for Fused TTF—A Compounds

compd RE//solvent E°1x, V E°x, V E°eq, V E°yeq, V E,, eV hvier, eV ref
27 NHE//toln—MeCN (9:1) 0.5ir -0.32 —0.90ir ~0.8 27
27 Ag/AgCl//ODCB—MeCN (19:1) 0.96 1.35 —0.56 —-0.61;1.2 1.52 67
28a SCE/DCM 0.60 1.02 -0.27 0.87 1.41¢ 68
31 Ag/AgCl//DCM 0.64(2e) —-0.95 ~1.6 70
32 Ag/AgCl//DCM—MeCN (9:1) 0.74 0.11 -0.21 -1.20 0.95 1.39 67
33 Ag/AgCl//DCM—MeCN (9:1) 0.99 1.36 —-0.20 —0.28 1.19 1.53 67
34 Ag/AgCl//EtCN 0.65 0.80, 1.25 -0.51 1.16 71
35 SCE//PhCN 0.73 0.98 —0.52 1.25 1.63 72

@ Measured in DCM for 28b; hvicr in the solid state is 1.19 eV.

was synthesized by oxidation of the corresponding
bis(hydroquinone) in 1993 by Watson et al. (Chart
4).27 Tts electrochemical behavior was characterized
by a reversible reduction at —0.32 V (vs NHE),
although the second reduction and the oxidation
waves were irreversible. The difference between the
first reduction and oxidation waves suggests a fairly
low HOMO—-LUMO gap of ~0.8 eV (Table 2) which,
however, was questioned by more recent studies.”
The carefully controlled cyclic voltammetry of 27 in
an ODCB—MeCN solvent mixture (for increased
solubility) revealed two reversible oxidation waves
and three reversible reduction waves. These redox
potentials suggest an essentially higher gap of 1.52
eV. A few years later, Frenzel and Miillen reported
donor—acceptor triads 28, containing two TTF moi-
eties and one benzoquinone (BQ) moiety.®® The redox
behavior of this triad was quite clear: two reversible
two-electron oxidations of TTF fragments and one-
electron reduction of BQ, providing an electrochemi-
cal gap E, as low as 0.87 eV (the second reduction
was not observed due to the narrow electrochemical
window of the solvent used) (Table 2). The near-IR
absorption spectrum of 28 displayed an intramolecu-
lar charge-transfer band of moderate intensity with
a maximum at ~800—900 nm (positive solvato-
chromism). A weak paramagnetic signal at g =
2.0075 (in solution), corresponding to TTFt was
observed for 28 but was attributed to impurities (the
signal diminished with purification).

Later, Hudhomme et al. synthesized TTF—-BQ
diads 29 and 30, with donor and acceptor separated
by a benzene ring, but their electrochemistry was not
reported.®® A related diad 31, having a m-extended
donor moiety, TTFAQ, reported the same year by
Bryce et al., displayed a moderate amphotericity with
a gap E; ~ 1.6 eV, but no charge-transfer interac-
tion in the diad was observed.”” Very recently,
Hudhomme et al. reported a new TTF—BQ diad 32
and a BQ-TTF—BQ triad 33.” The compounds showed
pronounced amphotericity in cyclic voltammetry (Table
3) that accounted for a HOMO—-LUMO gap of 0.95
eV (for 32). A very weak and broad intramolecular
CT band (¢ ~ 425 M™! cm™! for 32) was observed
in these compounds, and similar to the case of
TTF—-BQ 28, the corresponding optical gap (1.39 eV
for 32) is larger than the electrochemical gap (Table
2). However, in contrast to the case of compound 28,
the CT absorption of 32 and 33 demonstrated a
pronounced negative solvatochromism; that is, the
Amax Of 32 decreases from 892 to 762 nm on going from
a low polarity (CSg) to high polarity (DMSO) medium.
Interestingly, despite direct fusion of the acceptor and

donor fragments, the HOMO and LUMO orbitals are
essentially localized on the TTF and BQ fragments,
respectively (Figure 5).

Figure 5. HOMO and LUMO orbitals of the triad 33, as
calculated at the BSLYP/6-31G* level. (Reproduced with
permission from ref 67. Copyright 2004 American Chemical
Society.)

An interesting TTF-related donor acceptor mol-
ecule 34 (Chart 4) was obtained by introducing
dithiole moieties into cyclohexanetrione.” The com-
pound can be easily prepared by reaction of 1,3,5-
benzenetriol (phloroglucinol) (which can be repre-
sented as the enol tautomer of cyclohexanetrione)
with 2-methylthio-1,3-dithiolium iodide in the pres-
ence of pyridine. Due to the presence of three donor
dithiol moieties, 34 can donate three electrons in
subsequent electrochemical stages, although only the
first two processes are reversible. A reversible one-
electron reduction was also observed, and the differ-
ence between the first oxidation and the first reduc-
tion potentials renders the HOMO—-LUMO gap to be
1.16 eV. However, no absorption in the vis-NIR spec-
trum, which could be attributed to a HOMO—-LUMO
transition, was reported for this orange compound.
The thioindigo moiety, which possesses similar elec-
tron affinity to that of BQ, was attached to TTF by
Khodorkovsky et al.”2 The resulting diad 35 possesses
an electrochemical gap of 1.25 eV. In addition, a long-
wavelength absorption band at 760 nm can be
tentatively attributed to a charge-transfer electronic
transition, although the electronic transition energy
hvier (1.63 eV) is somewhat higher than the E,.

Several other TTFs fused with electron-deficient
heterocycles, such as 2,4-dioxo(1H,3H)pyrimidine
(e.g., 367) or 1,2,5-thiadiazole®® (fused to the dithiole
nucleus in TTF as in 37 or to the acene nucleus in
m-extended TTF's), are known, but the electrochemi-
cal amphotericity was not established.
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Chart 4. Structures of TTF-Fused Acceptor Molecules
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2.3.2. TTF—m-Acceptor Captodative (“Push-Pull’)
Compounds

There was considerable interest in TTF—n-A com-
pounds with a long m-linker as nonlinear optical
(NLO) materials for second-harmonic generation
(SHG) applications due to good electron-donor prop-
erties and polarizability of the TTF unit. The first
determination of SHG efficiency (EFISH-determined
hyperpolarizability parameters uf3,) of TTF—x-A

molecules was reported in 1997 for the simplest
derivative, TTF—carbaldehyde 38b (Chart 5).7* The
moderate acceptor properties of the aldehyde group
can be easily enhanced by conversion into dicyano-
methylene derivatives 39 (a,b;" a—c™). Later, trans-
formations of TTF—aldehydes into nitrophenyl (4076)
and cyanophenyl,’® nitrophenylimine (4176), oxazolo-
ne (427), 3-dicyanomethyleneindan-1-one (437577),
barbituric acid (447®), and thiobarbituric acid (456%75)
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Table 3. Cyclic Voltammetry, Optical Absorbance, and Hyperpolarizability Data for TTF—z-A Compounds

compd RE//solvent E°1, V E°, V. E°weq, V. E°eq,V  Eg eV hvicr, eV 10~48uf, esu ref
38a SCE//DCM 0.60 1.03 2.61 33 (ref 76) 74
38b SCE//DCM 0.59 1.00 2.48 85; 46 (ref 76) 74
38¢c 2.38 (ref 75) 80 76
39a SCE//DCM 0.63 0.87 —0.891 ~1.5 1.99 75
39a SCE//DCM 0.69 0.97 —0.89i ~1.6 1.99 74
39b SCE//DCM 0.54 0.84 —0.871 ~1.4 2.00 234 75
39b SCE/DCM 0.59 0.92 —0.88i ~1.5 2.00 74
39c SCE//DCM 0.50 0.83 —0.871 ~1.4 2.04 320 75
40a Ag/AgCl//MeCN 0.45 0.77 2.48 150 76
40b Ag/AgCl//MeCN 0.37 0.74 2.40 240 76
40c Ag/AgCl//MeCN 0.42 0.78 2.48 180 76
40e Ag/AgCl//MeCN 0.41 0.75 2.45 210 76
4l1a 2.38 62 76
41b 241 76
41c 2.47 76
42a SCE/DCM 0.53 0.86 —0.88i ~1.4 1.88 295 75
42b SCE//DCM 0.49 0.83 —-0.91i ~1.4 1.97 611 75
43a SCE//DCM 0.46 0.75 —0.92i 1.42 1.55 75
43b SCE/DCM 0.47 0.75 —0.961 ~1.4 1.71 259 75
43c SCE/DCM 0.45 0.75 —-0.971 ~1.4 1.80 570 75
44a Ag/AgCl//DMF 0.55 0.80 —0.761 ~1.3 1.93 39 78
44b Ag/AgCl//DCM 0.58 0.92 —0.781 ~1.3 1.91 67 78
44c Ag/AgCl/DMF 0.61 0.82 —0.671 ~1.2 2.08 104 78
44d Ag/AgCl//DCM 0.59 0.97 —0.701 ~1.2 2.04 154 78
45a SCE//DCM 0.60 0.97 —0.631 ~1.2 1.73 180 75
45b SCE/DCM 0.60 1.00 —0.571 ~1.1 1.85 347 75
45¢ SCE//DCM 0.56 0.90 —0.52i ~1.0 1.91 455 75
46 Fc/Fet//MeCN 0.14 0.43 —2.18 2.32 3.18 79
47 Fc/Fet//MeCN 0.15 0.43 —-1.65 1.80 2.66 79
48 Fc/Fet//MeCN 0.08 0.40 —1.43 -1.61 1.51 2.95 79
49 Fc/Fet//MeCN 0.261 0.541 —-1.76 2.02 1.72 79
50 2.34 80
51a SCE//DCM¢ 0.51(2e) —-1.10 ~1.6 2.07 138 81
51b SCE//DCM¢ 0.58(2e) —0.97 ~1.6 2.23 154 81
51c SCE//DCM¢ 0.62(2e) —1.04 ~1.6 2.17 172 81
52a SCE//DCM¢ 0.48(2e) —0.99 ~1.5 2.23 272 81
52b SCE//DCM¢ 0.58(2e) —0.97 ~1.6 2.26 334 81
52¢ SCE//DCM¢ 0.60(2e) —0.95 ~1.5 2.19 325 81
53a SCE/DCM 0.51/0.13% —1.01i —-1.49 ~1.5 140 82
53b SCE/DCM 0.62/0.43% —1.001 —-1.44 ~1.6 163 82
53¢ SCE//DCM 0.64/0.38% —1.02i —1.47 ~1.6 155 82
53d SCE/DCM 0.45/0.20° —1.01i -1.37 ~1.4 180 82
53e SCE//DCM 0.62/0.43% —1.001 —1.42 ~1.6 277 82
53f SCE//DCM 0.65/0.40°0 —0.971 —1.43 ~1.6 191 82
53g SCE/DCM 0.47/0.19% —-0.971 —-1.37 ~1.4 247 82
53h SCE//DCM 0.65/0.37% —0.931 —-1.41 ~1.5 270 82
531 SCE//DCM 0.66/0.35° —0.94i —-1.39 ~1.5 250 82
54a SCE/DCM 0.48/—0.07° —1.06i1 —1.47 ~1.5 82
54b SCE/DCM 0.60/0.21° —1.051 —-1.45 ~1.6 82
54¢ SCE//DCM 0.57/0.16° —-1.071 —1.46 ~1.6 82

@ Anodic (for oxidation) and cathodic (for reduction) peak potentials are given for these waves. ® Two electron quasi-reversible
waves; the anodic/cathodic peak potentials are given. i = the peak potential of the irreversible wave.

derivatives with larger hyperpolarizability were re-
ported. Generally, increasing the electron-withdraw-
ing properties of the acceptor part reduces both
the electrochemical and optical gaps and provides
higher hyperpolarizability uf, (Table 3). The lowest
E, (~1.0 eV) for TTF—7-A systems was realized with
the thiobarbituric acceptor group, and these com-
pounds (45) also showed good hyperpolarizabilities
((180—455) x 107*® esu), although the highest uf
((259—611) x 10748 esu) values have been obtained
with oxazolone and dicyanomethyleneindanone groups
(compounds 43) (Table 3). On the other hand, as
evident from Table 3, there is no direct correlation
between the electrochemical (E;) and optical (Avicr)
gaps, which hinders determination of HOMO—-LUMO
gaps for these molecules. This is partially (but not
entirely) attributable to the irreversible nature of
the electrochemical reduction, where the peak po-

tential does not correspond to the thermodynamic
redox potential. Also, the HOMO—-LUMO nature of
the longest wavelength transition has not been
established in these compounds, and the low inten-
sity of these bands (as for highly conjugated mol-
ecules, € ~ 102 M~ cm™!) reported in many cases puts
reasonable doubt on these assignments. In many
(cf., series 39a—c or 43a—c) but not all cases, the
elongation of the z-linker between the donor and
acceptor results in small but consistent ~Aypsochromic
shifts of the long-wavelength absorption, although
the electrochemical gap is reduced (Table 3). Regard-
less of this behavior, the hyperpolarizability of all
TTF—7x-A compounds increases with elongation of the
m-linker.

A similar approach toward NLO chromophores,
based on the carbaldehyde 46, was recently demon-
strated.” Compounds 45—49 contain a stronger
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TTF—pyrrole donor moiety and, in contrast to com-
pounds 38—41, can be reversibly reduced to radical
anions (and even a dianion for 48), which allows for
more precise determination of the HOMO—-LUMO
gap (Table 3). The lowest E, was found for nitrophe-
nyl derivative 48 (Chart 5). Again, the optical gaps
seem to disagree with the electrochemical data, but
the assignment of these low intensity bands (1600—
2500 M~! em™) for the HOMO—LUMO transition is
questionable. No SHG properties have been reported
for these diads, although third-harmonic generation
studies showed a moderate second-order hyperpolar-
izability y of 1.5 x 10733 esu.

Diad 50, bearing a weak-electron-acceptor anthra-
quinone fragment, was synthesized as an intermedi-
ate for TTF—TTFAQ diads.®® An extremely weak (log
€ = 0.72) intramolecular CT band at 530 nm (2.34
eV) was observed for this compound, but its electro-
chemical and NLO properties have not been ad-
dressed.

The donor moiety, TTFAQ, has been used in D—m-A
diads, first in 51 and 523! and later in 53 and 54.82
The upo values of the TTFAQ NLO chromophores
[(138—334) x 108 esu, Table 3] are comparable to
and even somewhat higher than those of TTF—n-A
diads with the same z-linker and acceptor groups.
Furthermore, relatively high thermal stability re-
vealed by TTFAQ compounds (e.g., 54) makes them
more attractive for practical applications.

Nevertheless, no high-performing NLO materials
based on TTF have, so far, been created despite all
the syntheses shown above. The hyperpolarizabilities
are not high [4Bo ~ (100—600) x 107*® esu] as
compared to those of the best organic molecular NL.LO
chromphores (an order of magnitude higher values
have been obtained with dialkylamino and 1,3-
dithiol-2-ylidene donor moieties®?), and the stability
of the TTF moiety toward photodegradation is not
particularly good.

2.3.3. TTF-Metal Complexes

A very low HOMO—-LUMO gap can be achieved in
transition metal complexes of TTF ligands. This field
has attracted significant research efforts in the past
decade, especially after the first demonstration of
metallic conductivity (down to 0.6 K, o,x = 400 S/cm)
in a single-component molecular metal, the neutral
nickel-TTF complex 55 (Chart 6).3¢ Since this topic
is reviewed in detail in this thematic issue of Chemi-
cal Reviews by A. Kobayashi et al., we will give only
a brief overview of the field in connection with the
low HOMO—-LUMO gap aspect.

Metal—dithiolene complexes with promising con-
ductive properties (including superconductors) and
low HOMO—-LUMO gaps have been known for a long
time.% The first use of 3,4-dithioTTF as an extended
dithiolene ligand to bind transition metals was
reported in 1979 by Engler et al.®% This type of
complexes can exist in the neutral form and several
anionic forms. Many of these with alkyl, alkylthio,
and alkoxy®” substituents on the TTF ligands and
different metals, such as nickel, copper, zinc, cobalt,
palladium, platinum, mercury, gold, and cadmium,
are known.%9 Also, the TTF complex family has
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been expanded to include the metalocene moiety
(titanium complex 56°¢), non-sulfur binding ligands
(pyridine derivative 57%), tris(TTF') hexacoordinated
vanadium complex 58, mono(TTF)-bypyridyl com-
plexes 59,°” and multi-metal-bridged compounds 60.%3

Recently, on the basis of the study of electronic
absorption spectra in the IR region, neutral 55a-Pd,
55b-Ni, 55c¢-Ni, and 55g-Ni complexes and the
metallic nickel -TTF complexes 55b-Ni and 55¢-Ni
were claimed to be the lowest HOMO—-LUMO gap
molecular compounds (Chart 6).2 The maxima of

Chart 6. Structures of TTF—Metal Complexes

peseP'orsed

M= Au 55a, R=H
Co 55b, R = Me
Cu 55¢, R-R = (CHy);
Hg 55d, R = SMe
Ni 55e, R = SEt
Pd 55f, R = SBu

559, R-R =S(CH)3S
L)
é/i;f I:/\; e g

RS__s s._S RS s
IHI v j13_:s %
Rs” S STs R S
3
58 © 59 Mm=Au Pt
N N S I
IHI/\/\IH
60a, M = Cd @
60b, M = Zn

the electronic absorption of dialkyl-TTF complexes
55b-Ni and 55¢-Ni (0.27 eV) are shifted bathochro-
mically, as the HOMO energy is compromised by
placing electron-withdrawing alkylthio substituents
on the TTF ligands (compound 55g-Ni, 0.58 eV),
although the authors explained this by a change in
the crystal band structure. Admitting that the maxi-
mum of the electronic transition is not a direct
measure of the HOMO—LUMO gap, particularly in
the solid state, the authors performed band structure
calculations. The observed IR spectra maxima were
reproduced assuming a HOMO—-LUMO gap of 0.14
+ 0.06 eV for nickel complexes and 0.12 + 0.08 eV
for the palladium complexes.’® However, it is difficult
to assess the accuracy of the extended-Huckel calcu-
lations, especially considering the large error (+0.08
eV for the 0.12 eV result). In fact, in a majority of
related materials (such as charge-transfer com-
plexes), the energy of the electronic transition in the
solid state was significantly lower than that in
solution. Unfortunately, the low solubility of the
complexes does not allow solution spectral studies,
nor could reliable electrochemical data be obtained.
Some indication of the low HOMO-LUMO gap

/
=Z
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Table 4. Electrochemical and Optical Absorption Data for TTF—Metal Complexes

compd RE//solvent E,V E;, V E;, V EyV E, (neutral), eV hvuier, eV ref

(55e-Hg)>~ ??//DCM —0.04 —0.07 0.76(2e) 1.09 0.83 88
(55g-Ni)— SCE//MeCN —0.45 —0.15 1.20 0.30 0.58ss 99
(55g-Cu)*~ SCE//MeCN —0.73(2e?) —0.08 1.15 0.65 99
56 Fc/Fe//MeCN —1.28(2e) 0.26 0.48 1.54 1.61 94
57 Ag/AgCl//DCM —0.70 0.63 0.95 1.33 95
60a SCE//?7? -0.17 0.78 0.89 0.95 93

possessed by the neutral complexes can also be seen E=0 vacuum level (atom or mefad has lost 1 electron)

in the solution electrochemical properties of the

anionic complexes, which are oxidized in situ to form o A

the neutral species. The anionic Me/N[55g-Ni] un- o4V LUMO(D) b

dergoes three redox waves, and the difference be- O\

tween the redox peak potentials (0.3 V) can be AUMO(A) Eez

tentatively assumed to correspond to the HOMO— / \

LUMO gap of the neutral complex (Table 4).9° The Er

electrochemical gap of the majority of complexes is
higher (Table 4). A similar behavior, but with a larger
electrochemical gap, was demonstrated by the copper
complex (MeN)2[55g-Cu] (0.65 V)* and the mercury
complex (MeyN)z[55e-Hg] (0.81 V).8 The irrevers-
ibility (chemical and electrochemical) of the oxidation
of most of these complexes and the adsorption
phenomena (due to poor solubility of the neutral
species) seriously affected the applicability of the
redox potentials to substantiate the HOMO—-LUMO
gap in these materials. On the other hand, when the
complex (in)stability does not affect the electrochem-
istry, as demonstrated for bis-titanium neutral TTF
complex 56, a very good match between the electro-
chemical and optical gap (1.54 and 1.61 eV, respec-
tively, Table 4) could be observed.®*

It should be noted that these complexes cannot be
simplified to a donor—acceptor model with TTF—
dithiolene ligands acting as a donor and the formally
tetracationic metal center acting as an acceptor. In
accord with a strong ESR signal observed in neutral
complexes,®¥6 Hartree—Fock calculations predict the
triplet state of the complex to be more stable than
the singlet state, although it is slightly less stable
by DFT.1% The g-value (2.005—2.009) of the latter
suggests exclusive localization of the unpaired elec-
tron on the TTF moieties. Therefore, an extremely
low HOMO—-LUMO gap is achieved in these open-
shell systems due to singly occupied orbitals. The
very low gap of the ion radical species is not rare,
although the charge-compensation in the TTF—metal
complexes has allowed the realization of this concept
in a single-component metallic system (i.e., without
external counterion “dopant”).

2.4. Nonconjugated TTF —A Systems

The challenge of covalently linking an electron
acceptor to a TTF unit in a nonconjugated D—o-A
diad was first set up by Aviram and Ratner in their
famous theoretical proposal of unimolecular rectifica-
tion in 1974.1%1 They proposed that a single molecule,
such as TTF—o-TCNQ (Figure 6), placed between two
equal electrodes, can preferentially pass current in
the acceptor — donor direction.!%? Although most of
the following experimental studies have used diads
with only moderate electron-donor and electron-
acceptor components, the original calculations as-
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e
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Figure 6. Chemical structure of the Aviram-Ratner mo-
lecular rectifier TTF—0-TCNQ and the proposed mecha-
nism of current rectification. (Reproduced with permission
from ref 102. Copyright 2004 American Chemical Society.)

sumed a HOMO—-LUMO gap (more precisely, IP —
EA) of 0.3 €V.1°1 On the other hand, recent high-level
DFT calculations failed to reproduce the rectification
behavior in diads containing amino and nitro groups
as donor and acceptor moieties, respectively, and the
authors argued that much lower HOMO—-LUMO gap
molecules are needed to generate rectification.!??® As
will be shown below, the reliable synthesis of such
molecules has become possible only recently and their
implementations in different areas of organic elec-
tronics remain to be explored.

2.4.1. TTF-0-A Compounds with Weak Acceptor Moieties

The first well-characterized TTF—o0-A compounds
were compounds 6la—c, prepared by Robert et
al.66a104 in the search of single-component molecular
conductors, but the very weak electron affinity of the
A part of the molecules could not give rise to unusual
properties in such diads. No charge-transfer interac-

Me s S S\/R = NJ"NIe

)vl\):(]i MeS__ g s._S_ A 1
RS7TS ST we IHI
Mes” S ST s

61a,R= C6F5
61b, R = CGH4-pN02
61¢, R = CH,CgH4-pNO, 62
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Table 5. Cyclic Voltammetry and Optical Absorption Data for TTF—o-A Diads

compd RE//solvent E°1x, V E°, V E°ea, V E°3ed, V.  Eg eV huier, eV ref
63 SCE//MeCN 0.52 0.77 —-0.39 —0.83 091 1.99 106
64 SCE//MeCN 0.53 0.78 -0.39 -0.84 0.92 106
65 SCE//MeCN 0.53 0.78 -0.38 -0.85 0.91 1.78 106
66a SCE//MeCN 0.58 0.82 -0.36 -0.85 0.94 1.84 106
66b SCE//MeCN 0.54 0.78 —-0.37 —0.85 091 1.98 106
66¢ SCE//MeCN 0.51 0.76 —0.40 —0.86 0.91 1.91 106
67 SCE//MeCN 0.45 0.76 -0.36 —-0.84 0.81 1.94 106
68 Ag/AgCl//MeCN 0.64 0.94 1.92 107
69 Ag/AgCl//MeCN—-DCM (10:1) 0.79 1.01 2.30 108
70 1.58 108
72 Ag/AgCl//DCM 0.54 0.89 2.10 114
73 Ag/AgCl//DCM 0.51 0.86 114
74a  Ag/AgCl/DCM 0.51 0.85 114
74b  Ag/AgCl/DCM 0.51 0.84 114
75 Ag/AgCl//DCM 0.50 0.81 —-0.94 -1.35 1.44 115
76 Ag/AgCl//DCM 0.53 0.82 —0.93 —1.34 1.46 115
77 Ag/AgCl//CHCl3 0.48 0.86 -0.67 -0.85 1.15 116
78 Ag/AgCl//CHCl3 0.47 0.83 -0.67 -0.85 1.14 116
79a  Ag/AgCl/DMF 0.51 0.83 —-0.74 —1.08 1.25 117
80a  Ag/AgCl/DMF 0.67 0.85 118
80b  Ag/AgCl/DMF 0.69 0.87 118
80c Ag/AgCl//DMF 0.62(p.a.) 0.73 118
81 Ag/Agt//DCM 0.23 0.57 —0.98 —1.36 1.21 121
81b Fe/Fet//DCM 0.04 0.405 —1.385 —1.65 1.43 122
8lc Ag/AgCl//DCM 0.63 1.10 -1.3 1.93 124
81d  Ag/AgCl/DCM 0.58 0.96 -1.3 1.88 124
82a SCE//MeCN 0.44 0.79 —0.36(2e) 0.80 130
82b SCE//MeCN 0.36 0.71 —0.36(2e) 0.72 130
83 SCE//MeCN 0.38 0.376 —0.24(2e) 0.62 130
84 SCE//MeCN 0.37 0.75 —0.28(2e) 0.65 130
85 Ag/AgCl//MeCN 0.53(2e) 0.90(2e) —0.80(2e) 1.23 2.84 129
86a SCE/DCM 0.495/0.20 (2e) —0.39/—-0.25 (2e) ~0.8 131
86b SCE/DCM 0.585/0.27 (2e) —0.37/—0.255 (2e) ~0.9 131
86¢ SCE/DCM 0.625/0.25 (2e) —0.425/—0.24 (2e) ~1.0 131
87a SCE/DCM 0.595 0.86 -0.394 0.99 132b
87b SCE/DCM 0.596 0.872 —0.424 1.02 132b
88a  Ag/AgCl//MeCN—-DCM (2:1) 0.55 0.825 —0.525 —-1.20 1.08 1.81 133
89 2.92 134
90a SCE/DCM 0.50 0.84 —-0.59 1.09 135
90b SCE/DCM 0.51 0.85 —-0.60 1.11 135
9la SCE/DCM 0.70 1.27 —-0.55 1.25 135
91b SCE/DCM 0.69 1.23 —-0.56 1.25 135
92 Fce/Fet//MeCN —-0.09 0.37 -0.26 -0.77 0.17 0.75 137

tion (even in the solid state) was found, and the
electron-acceptor properties of the molecules were not
demonstrated. However, the increase of the oxidation
potential in 61 was attributed to interaction of
electron-deficient aryl groups with the TTF radical
cation. A positively charged pyridinium group was
used as an electron-acceptor unit in diad 62 (used in
preparation of Langmuir—Blodgett films).1% Again,
no evidence of intramolecular donor—acceptor inter-
action or electrochemical amphotericity was pre-
sented. An isolated charged pyridinium group would
be a very strong acceptor, but in reality its LUMO is
highly stabilized by interaction with the counterion,
which is very sensitive to the medium.

A significantly stronger acceptor moiety, which can
give stable reduced states, is represented by the
widely used viologen (4,4'-bipyridinium) unit. The
first TTF-viologen donor—acceptor compounds
63—67 were reported jointly by Cava, Becher, and
co-workers in 1997 (Chart 7).1% A reasonably strong
electron affinity of the bipyridinium moiety (E1yeq ~
—0.4 V vs SCE) generated a distinct amphoteric
multiredox electrochemical behavior in these mol-
ecules (Table 5), with an electrochemical gap between
the first oxidation and the first reduction lower than
1 eV. The 7n—n charge-transfer interaction between

the TTF and bipyridinium moieties manifested itself
in a charge-transfer absorption band at 1.9—2 €V,
although there is a significant discrepancy between
the hvier and the electrochemical gap. One explana-
tion for this discrepancy could be the change of
solvation factors associated with reduction of the
charged acceptor moiety (in contrast to the neutral
molecules, for which the similarity between optical,
electrochemical, and DFT-calculated HOMO—-LUMO
gaps is often empirically established). Also, the 7—x
donor—acceptor interaction disturbs the energy lev-
els, causing the HOMO—-LUMO gap of the complex
(reflected by hvicr) to be higher than that in the
uncomplexed state. Studies in a series of cyclophanes
66 demonstrated an increase in the electrochemical
gap and the intensity of the ICT bands when the
donor and acceptor parts were brought together by
a shorter bridge. The related TTF—bisviologen cy-
clophane 687 and TTF—(2,2'-bipyridinium) cyclo-
phane 69'%® demonstrated similar charge-transfer
properties, although electrochemical amphotericity
was not reported in these cases.

A further increase of the electron-acceptor (and
charge-transfer complexing) ability is achieved with
the bis-viologen cyclophane moiety in compounds
70a,b (Chart 7). An interesting peculiarity of
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Chart 7. TTF—Viologen and Related Compounds
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compound 70b is very slow intramolecular complex-
ation, which is observed as a developing ICT band
at 785 nm over a few hours, as the TTF moiety is
“sucked” inside the acceptor cyclophane cavity. Simi-
lar types of TTF D—A systems have been claimed,
engendering skepticism and controversy, to be mo-
lecular switches in the solid state.!'® Some more
examples of TTF—(viologen cyclophane) molecules,
including the noncovalent rotaxane and catenane
systems, can be found in a review by Becher et al.!l!

A similar donor—acceptor molecule 71 (Chart 8)
consisting of the bis-TTF cyclophane donor “cavity”
and covalently linked by the flexible bridge pyro-
mellitic diimide (PI) was reported by the same
group.? Although no electrochemical data have been
reported, the known reduction potential of N,N-
dialkylpyromellitic diimide (—0.95 V, —1.53 V vs
SCE!13) suggests 71 could be a moderate to weak
acceptor. Few other TTF—PI cyclophanes (72, 73) and
linear analogues (74) have been reported, but the
donor—acceptor interaction in these was rather weak
and no amphotericity of redox properties was re-
ported.!'* Extending the m-system in the acceptor
going to naphthalene diimide and perylene diimide
units reduces the LUMO energy, as demonstrated by
enhanced electrochemical amphoterism in com-
pounds 75, 7615 and 77, 78116 (Table 5).

Phthalocyanine as an acceptor moiety for
TTF—o0-A conjugates was first used by Bryce et al.
Compounds 79a!'” and 79b!!® (Chart 9) contained
eight TTF units on the periphery of the phthalocya-
nine macrocycle, which resulted in amphoteric redox
behavior: two oxidation waves of TTF and two re-

+ - +
70a, n=
70b,n=2
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duction waves of phthalocyanine were observed, and
an E; value of 1.25 eV could be deduced from the
redox potentials. Some other TTF—phthalocyanine
diads with liquid-crystalline properties were syn-
thesized.!’ Somewhat stronger electron-acceptor abil-
ity is expected from the phthalocyanine moiety in
compounds 80, which include zinc and copper com-
plexes 80b and 80c.'2° Unfortunately, only the oxida-
tion of these D—A conjugates has been studied. Later,
silicon phthalocyanines, containing two TTF units
connected through the silicon atom (e.g., 81a), were
studied as candidates for fluorescent switching de-
vices.!?! The electrochemistry of 81a was very similar
to that of other TTF—phthalocyanine conjugates, and
no redox switching of the fluorescence could be
achieved. The phthalocyanine excited states were
quenched by both neutral TTF (acting as donor) and
TTF radical cation (acting as acceptor). However,
redox switching of the fluorescence was recently
reported by Becher et al. in the TTF—porphyrin diad
81b.122 Whereas the porphyrin fluorescence is ef-
fectively quenched (98%) in the neutral state of 81b,
its oxidation with FeCls effectively restored the
emission; that is, the TTF radical cation does not
quench the excited state of the porphyrin (Figure 7).
A similar electrochemical fluorescent switch was also
demonstrated for bis-anthracene—TTF triads.'?? Com-
pound 81b revealed a clear four-stage amphoteric
redox behavior with a HOMO—-LUMO gap of ~1.4
eV. The apparent difference in fluorescence behavior
of 8la and 81b cannot be explained by different
energy levels of porphyrin versus phthalocyanine,
since the electron-transfer quenching from the excited-



4906 Chemical Reviews, 2004, Vol. 104, No. 11

Chart 8. TTF—PI Diads and Triads
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state porphyrin onto TTF radical cation (transfer
from the LUMO of the excited acceptor onto the
HOMO of TTF*") for 81b should be more efficient
(compare the reduction potentials of 81 and 81b,
Table 5, considering that Fc/Fet = Ag/Agt + 0.2 V).
On the basis of the fact that no intramolecular CT
transition has been observed in 81b in the ground
state, one can speculate about the symmetry-forbid-
den nature of such a transition, precluding the
quenching in the radical cation state.

The related TTF—porphyrin compounds with four
fused TTF moieties (81c and 81d) were synthesized,
although their purification was a challenging task.1?*
The electrochemical amphotericity was also estab-
lished for these compounds, but the electrochemical
gap was higher than that in phthalocyanine deriva-
tives by ~0.5 eV (Table 5).

24.2. TTF—o-TCNQ Systems

As demonstrated in Table 5, the electrochemical
gap of all TTF—o0-A conjugates considered so far

Bendikov et al.

(compounds 61—81) is =0.9 eV. The electron-donor
ability of TTF is already close to the air-stability
level, so a stronger acceptor unit (e.g., TCNQ%)
should be used to achieve a lower HOMO—-LUMO
gap. After the first postulation of TTF—0-TCNQ as
an important synthetic target, many researchers
have attempted the synthesis of such diads. However,
it was soon realized that covalent linkage of such
strong electron-donor and electron-acceptor units is
very difficult.’?® The formation of insoluble charge-
transfer complexes, electron-transfer processes, and
subsequent side reactions of the radical ion species
compete with covalent linking reactions. The first
documented attempt to covalently link TTF and
TCNQ appeared just two years after the Aviram and
Ratner proposal. Hertler at Dupont laboratories has
reported copolymerization of bifunctional TTF and
TCNQ moieties, but no characterization of the black
insoluble product (except elemental analysis) was
presented (Scheme 6a).12” Later, Panetta et al. used
the same coupling method (as well as acid chloride—
alcohol esterification) to obtain a TTF—TCNQ diad,
but each reaction gave mixtures of, at least, two
products whose structures were not thoroughly es-
tablished (Scheme 6b).!28 Although a peak corre-
sponding to the molecular ion can be observed in the
mass spectrum, the elemental analysis was not
sufficiently within accepted limits and the ambiguous
electrochemical behavior (absence of characteristic
TCNQ reduction waves) makes the postulated TTF—
0-TCNQ structure doubtful. No further studies of this
reaction or product characterization have been re-
ported.

The problem of charge-transfer complexation pre-
ceding the covalent coupling can be eliminated by
employing the dibenzoTCNQ moiety (tetracyanoan-
thraquinodimethane, TCNAQ). Steric interactions in
the TCNAQ result in “puckering” of the molecule,
reducing the tendency to form a charge-transfer
complex. Indeed, TTF-TCNAQ diads 82a!?® and
82—-8413% and triad 85'2° can be readily synthesized
by direct coupling of TTF acid chloride or fluoride
with TCNAQ-containing hydroxy-functionality under
nucleophilic catalysis. Very weak donor—acceptor
interaction has been found in these diads in solution.
A low-intensity ICT band is observed at 450 nm,
although the bond length analysis of the crystal
structure of 82b shows no evidence of charge trans-
fer. However, the distortion of the 7-electron system
in TCNAQ also dramatically reduces its electron-
acceptor ability.’?® The electrochemical gap in the
first TTF—TCNAQ diad 82a (0.80 eV) was lately
tuned by introducing electron-donating/withdrawing
substituents (compounds 82b, 83, and 84) to 0.62 eV,
but it became obvious that ultimate amphotericity,
similar to what was expected from a TTF—TCNQ
diad, cannot be achieved in these systems.!3° Never-
theless, these compounds were the first well-charac-
terized molecules containing both TTF and TCNQ
structural fragments.

An interesting recent extension of this approach
was demonstrated by Martin et al., who coupled
anthraceno-TTF and anthraceno-TCNQ (TCNAQ)
moieties in triad 86 (Chart 10).13! Both donor and
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Chart 9. TTF—Phthalocyanine and TTF—Porphyrine Compounds
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Chart 10. TTF—-TCNAQ Diads and Triads
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acceptor units in this molecule are quasi-reversible
two-electron redox centers, where electron transfer
is controlled by slow structural rearrangements.
Lowering the temperature increases the separation
between the anodic and cathodic peaks. Conse-
quently, scanning the potential at —78 °C from the
positive potential region (TTF?*—TCNAQ) into nega-
tive potentials results in partial merging of the
reduction of TTFAQ?" and TCNAQ, where the tran-
sient existence of the TTFAQ?™—TCNAQ?" can be
assumed (Figure 8).

To overcome a problem of covalently linking a
strong electron donor and electron acceptor, TTF—
benzoquinone compounds were designed as interme-
diates for the ultimate conversion into TTF—-TCNQ
molecules. After the first report by Watson et al.
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Figure 7. (a) Deconvoluted cyclic voltammogram of 81b.

(b) Restoration of the porphyrin fluorescence in 81b upon

oxidation of the TTF moiety. (Reproduced with permission

from ref 122. Copyright 2003 Royal Society of Chemistry.)
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Scheme 6. First Attempts at Covalently Linking the TTF and TCNQ Moieties in a Polymer!?? (a) and a

Diad!28 (b) Structure
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(compound 27),2” many other conjugated (28—33) and
nonconjugated (87,132 88,133 89,134 90, and 911%%)
TTF-BQ compounds were synthesized. Being a
moderate electron acceptor, BQ can be coupled with
TTF in a relatively straightforward way, and the
resulting conjugates possess a HOMO—-LUMO gap
of ~1 eV (Tables 2 and 5). Moderate semiconductivity
was reported for some of these (e.g., 89: o, = 2 x
107® S/em). To deliver a highly electrochemically
amphoteric compound, the electron affinity of the
acceptor group should be increased. However, all
attempts to convert the BQ functionality to a TCNQ
or dicyanoquinodiimine (DCNQI) moiety by treating
with malononitrile or bis(trimethylsilyl)carbodiimide
failed due to incompatibility of the TTF unit with the
strongly acidic conditions (TiCls) of these reactions
(Chart 11).67.136

Nevertheless, as was recently demonstrated, the
TTF—-0-TCNQ diad can be synthesized by direct
coupling of carefully chosen synthons. When the
highly reactive TCNQ-containing acid chloride and
TTF-containing lithium alcoholate were chosen, while
performing the reaction at very low temperature
(=100 °C), the byproduct charge-transfer complex-

- 78°C

1000 -500 -1000

E (mV) °
Figure 8. Cyclic voltammogram of TTFAQ—-TCNAQ 86
at different temperatures. (Reproduced with permission
from ref 131. Copyright 2001 Elsevier Science Ltd.)

ation/electron-transfer processes can be suppressed,
affording the target diad 92 in analytically pure form
(elemental analysis, NMR, HPLC) in an acceptable
yield of 27% (after chromatographic purification,
Scheme 7).137 Remarkably, despite exceptionally high
electrochemical amphotericity, the diad 92 appeared
to be a rather stable compound. Two reversible
reductions of the TCNQ moiety and two reversible
oxidations of TTF are very characteristic, and the
difference between the first oxidation and the first
reduction suggests the HOMO—-LUMO gap of only
0.17 eV, which is the lowest reported value for closed-
shell organic compounds (Figure 9). A low HOMO—
LUMO gap allows thermal excitation electron trans-
fer from the TTF onto the TCNQ fragment. Indeed,
the solution ESR spectrum clearly shows two signals
corresponding to TTF radical cation (g = 2.0080) and
TCNQ radical anion (g = 2.0045), the intensities of
which increase at elevated temperatures (Figure 10).
Owing to its flexible o-bridge, the molecule may exist
in an “extended” conformation, with little interaction
between the TTF and TCNQ moieties, and a “head-
to-tail folded” conformation, with 7—s interaction
between two moieties. The donor—acceptor interac-
tion in the latter results in the appearance of a strong
ICT band at Avicr(max) = 0.75 eV (1630 nm) and
increases the HOMO—-LUMO gap in the “folded”
versus “extended” conformations, which is confirmed
by DFT calculations at the BSLYP/6-311G(2d) level.'3”
Due to the presence of two hydrophobic chains on
TTF, 92 forms high-quality LB films, where the mole-
cule adapts an “extended” conformation, with the
TCNQ fragment laying flat on the surface and the
TTF sticking out. This structure prevents donor—ac-
ceptor inter- or intramolecular interactions and ren-
ders the films bulk insulators, but the possible molec-
ular rectification in these requires further studies.

2.4.3. TTF—Nitrofluorene Systems

A few years before the synthesis of the TTF—o-
TCNQ diad 92, an alternative approach to low
HOMO-LUMO gap TTF—A diads was demonstrated.
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While the conversion of TTF—benzoquinone diads in
the TTF—TCNQ derivatives failed due to highly
acidic reaction conditions, it is known that condensa-
tion of polynitrofluoren-9-ones with malononitrile
takes place under milder conditions!3® and the result-
ing dicyanomethylene derivatives have similar elec-
tron affinity to that of TCNQ. TTF—fluorene-9-one
diads 93—98(a) can be conveniently prepared (on a
gram scale) by esterification of a TTF—alcohol moiety
or amidation of TTF—amine moieties with readily
synthesized nitrofluorenone acid chloride(s).13° As
determined by cyclic voltammetry, the TTF—fluo-
renone diads are already amphoteric compounds,
displaying five reversible redox waves (two oxidations
due to TTF and three reductions due to fluorenone),
with a HOMO—-LUMO gap as low as 0.5—0.6 eV
(Figure 11, Table 6). The electron affinity of the
fluorenone moiety can be essentially enhanced by
simple treatment with malononitrile in DMF solution
at room temperature (Scheme 8). The reduction
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V vs. Fc/Fc'
Figure 9. Cyclic voltammetry of 92 in MeCN at 100 m
V/s. 5 stands for compound 92. (Reproduced with permis-
sion from ref 137. Copyright 2003 WILEY—VCH Verlag
GmbH.)
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waves of the resulting 9-dicyanomethylene deriva-
tives 94—98(b) are shifted into positive potentials by
~300 mV (for Ei.q), which shrinks the HOMO-—
LUMO gap to ~0.3 eV. Similar to TTF—o-TCNQ diad
92, compounds 93—95 can also adopt an “extended”
and “head-to-tail” self-complexed conformation, whose
HOMO-LUMO gaps can be ascertained by electro-
chemistry and optical spectroscopy, respectively. On
the other hand, the short o-bridge in the diads 96
precludes formation of the “head-to-tail” conforma-
tion, and the ICT band, seen at hvicr ~ 1 eV for 94b
and 95b (Table 6), is not observed in dilute solutions
of 96 (although the intermolecular CT band appears
in concentrated solutions and in the solid state).13%"
The stability of the redox states of 92, 94b, and 95b,
each with different characteristic absorption, makes
these compounds attractive multichannel electro-
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Figure 10. (a) X-band ESR signal of 92 in dicloromethane
solution. The dashed line is a simulation assuming two
signals with g-values of 2.0045 and 2.080, in 1:1 ratio.
(b) Temperature dependence of the EPR signal of 92 in
CH,Cl;, solution (circles and triangles represent two inde-
pendent experiments). (Reproduced with permission from
ref 137. Copyright 2003 WILEY—-VCH Verlag GmbH.)
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Figure 11. Cyclic voltammograms of TTF—fluorene diads
95a and 95b. (Reproduced with permission from ref 139b.
Copyright 2002 WILEY—VCH Verlag GmbH.)

chromic materials: the change between up to five
different colors in the visible and near-IR regions can
be achieved by applying different voltages (from —1.5
to +1.0 V) to a single-component system (Figure 12).
Remarkably, a red (dianion), green (radical cation),

Bendikov et al.

or blue (radical anion) color can be generated by
switching the redox state of 92.137

Analogous TTFAQ—fluorene diads 97 and triads
98 were synthesized later.%° The oxidation potential
of TTFAQ is very similar to that of TTF; therefore,
the electrochemical gap of 97 is similar to that of the
corresponding compounds 93—96 (Table 6). The small
gap between the oxidation and reduction and the
quasi-reversibility of the TTFAQ oxidation result in
a remarkable consequence. As mentioned earlier, the
oxidation TTFAQ — TTFAQ?" and its reverse (reduc-
tion) are a kinetically controlled process due to asso-
ciated structural changes. Sweeping the potential
from ~ —0.1 V vs F¢/Fc' (corresponding to neutral
97b) into the negative direction results in subsequent
formation of radical anion, radical dianion, and radi-
cal trianion species (located on the fluorenone moi-
ety), and the reverse (reoxidation) processes occur on
the back sweep (Figure 13). When the potential ex-
ceeds ~ +0.1V, the TTFAQ fragment oxidizes to di-
cation 97b?*. Repeating the scanning in the negative

Table 6. Cyclic Voltammetry and Optical Absorption Data for TTF—o¢-Fluorene Compounds

compd RE//solvent E°x, V E°, V E°red, V E°eq, V E°3e4, V E,, eV hvicr, eV ref
93 Fe/Fet//DCM —0.07 0.40 —0.66 -1.01 0.59 1.19 139
94a Fc/Fct//DCM -0.13 0.37 —0.68 -1.04 —1.86 0.55 1.25 139
94b Fc/Fet//DCM —0.09 0.35 -0.39 —0.90 —-1.57 0.30 1.01 139
95a Fc/Fet//DCM -0.17 0.31 —0.69 —1.06 -1.84 0.52 1.27 139
95b Fc/Fct//DCM —0.10 0.32 —0.38 —0.90 —1.56 0.28 0.98 139
96a Fc/Fet//DCM -0.11 0.40 —0.72 —1.00 -1.81 0.61 139
96b Fc/Fet//DCM -0.10 0.41 -0.39 —0.93 -1.62 0.29 139
97a Fc/Fet//DCM —0.07/-0.30(2e) —0.65 -1.02 —1.85 ~0.7 60
97b Fc/Fet//DCM —0.07/—0.33%(e) —0.352 —0.94 —-1.53 ~0.4 60
98a Fc/Fet//DCM —0.11/-0.43 -1.05 —-1.24 ~1.1 60
98b Fe/Fet//DCM —0.11/-0.43 —0.61 -1.15 -1.77 ~0.7 60
@ This peak could be determined only approximately, due to overlap with another redox peak.

Scheme 8. TTF—Fluorenone Donor—Acceptor Diads®
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Figure 12. Solution spectroelectrochemistry of diads 94b
(top; solid, dotted, and dashed lines correspond to 94b°,
94b ", and 94b*~, respectively) and 92 (bottom; potentials
vs Ag wire; “5” stands for compounds 92). (Reproduced with
permission from refs 139a and 137, respectively. Copyright
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Figure 13. Cyclic voltammogram of 97b in DCM at —15
°C. (Reproduced with permission from ref 60. Copyright
2003 American Chemical Society.)

direction is very different: at a relatively fast scan
rate and/or lowered temperature, the reduction peak
(due to formation of fluorene radical anion) precedes
the rereduction of TTFAQ dication to the neu-
tral species. Consequently, an unusual kinetically
stable (fraction of a second to seconds, depending on
the temperature) charge-separated state of 97b
D?"—0-A"" is formed.®® This is a very rare example

Chemical Reviews, 2004, Vol. 104, No. 11 4911

of preferential electron transfer to a thermodynami-
cally less favorable but kinetically more accessible
site.’0 The conclusion is in agreement with an in-
situ spectroelectrochemical experiment, where the
characteristic UV—vis absorbances of both TTFAQ
dication and fluorene radical anion coexist at a
certain potential.

2.5. Fullerene as an Acceptor for
Donor —Acceptor Diads

2.5.1. Electronic Properties of Fullerene

In the field of #-functional redox active molecular
materials, a place of distinction definitely belongs to
buckminsterfullerene (100, Cgp), discovered in 1985
by Kroto, Smalley, and co-workers.!4!

100 (Cgp)

Very soon after the discovery of this fascinating
molecular structure, fullerene and its charge-transfer
salts were demonstrated to be promising electronic
materials. Metallic conductivity and superconductiv-
ity were found in several fullerene anionic com-
plexes.!*2 Special photophysical properties of buck-
minsterfullerene, including high absorption through-
out the visible spectral region and the ability of rapid
photoinduced charge separation, put the fullerene
and its derivatives among the most important organic
materials for photovoltaics applications and, particu-
larly, plastic solar cells.143:144

The special electronic properties of buckminster-
fullerene are directly connected with its low HOMO—
LUMO gap, which is the result of its extended conju-
gated m-electronic structure based on an unusual
hybridization resulting from an unconventional py-
ramidalization.!*® The long-wavelength absorption of
Ceo is expressed by a complex band with the most
intense peak at Ay.x = 540 nm, followed by lower
intensity, presumably vibronic, bands with Anax =
568, 591, 598, and 621 nm (Figure 14).146 In accord
with the low optical HOMO—-LUMO gap (2.34 eV
based on the most intense peak), both oxidation and
reduction were observed for Cgo, and the difference
between E°ox (1.27 V vs Fe/Fe™) and E°1yeq (—1.06 V
vs Fce/Fe™) agrees well with the optical gap.'*” Gener-
ally, fullerene is a unique molecule with regard to
the richness of its redox chemistry. Although two to
three reversible reductions (and no oxidation) were
described in early reports,'4® at lower temperatures
and in mixed solvents, Cgy shows six reversible single-
electron reduction waves (Figure 15).14° Using a low-
nucleophilicity electrolyte (BusNAsFg), three (par-
tially) reversible single-electron oxidation waves have
been recently observed, although reduced states are
more stable than oxidized states.!*” In interaction
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Figure 14. UV-—vis spectra of fullerene 100 in hexane
solution. (Reproduced with permission from ref 146. Copy-
right 1990 American Chemical Society.)
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Figure 15. Cyclic voltammogram (top) and differential
pulse voltammogram (bottom) of fullerene 100 in MeCN/
toluene. (Reproduced with permission from ref 149. Copy-
right 1992 American Chemical Society.)

with other compounds, fullerene acts as a moderate
strength electron acceptor. It forms weak charge-trans-
fer complexes with many typical electron donors,
including TTF derivatives.!®® With stronger electron
donors, such as alkali metals, radical anion salts are
formed; several of these become superconducting in
the range 1-40 K.'*2 On the basis of gas-phase
measurements, the IP and EA values 7.6 and 2.7 eV,
respectively, were found for Cgo.!®

2.5.2. Fullerene—TTF Conjugates

Bearing unique electrochemical and photophysical
properties, fullerene was expected to and was found
to be the most desirable moiety for construction of
covalent donor—acceptor diads. The synthesis of the
desired molecules became possible in the mid-1990s
with the development of several synthetic approaches
toward covalent functionalization of fullerene.!®!
Many different donor moieties have been, so far,
connected to Cgo, and an electrochemical gap as low
as 1 eV has been achieved for a fullerene—ferrocene
diad.

Bendikov et al.

The first TTF—fullerene diads were prepared al-
most simultaneously by Prato et al. (compound
101a'%?) and Martin et al. (compounds 101a—d'%?) by
[3 + 2] cycloaddition of an azomethine ylide inter-
mediate (formed between N-alkylated -alanine and
a TTF-containing aldehyde) to the fullerene [6,6]
double bond. Later, some more TTF—fullerene diads
(101e and 102,'%* 103a,b') were synthesized fol-
lowing the same approach. These compounds were,
indeed, unique in the richness of their electrochemi-
cal behavior. The cyclic voltammetry clearly showed
two reversible oxidation waves due to TTF and up
to five reversible (or quasi-reversible) reduction
waves due to fullerene, giving rise to eight possible
redox states (2+; e1+; 0; e1—; 2—; e3—; 4—; e5—).152
Moderately strong acceptor properties of the fullerene
lead to an electrochemical HOMO—-LUMO gap in
these compounds in the range ~1—1.2 ¢V (Table 7).
This gap is quite independent of the linker between
TTF and Cgo, suggesting little interaction between
them (cf. 103a and 103b). Replacement of electron-
withdrawing alkylthio substituents on the TTF
nucleus with hydrogen atoms reduces the HOMO—
LUMO gap by ~0.1 eV. On the other hand, with a
few exceptions (e.g., fluorinated Cgo, see below), any
substituents in the fullerene moiety would decrease
the electron-acceptor properties of the latter. In fact,
its reduction potential had already decreased by
50—100 mV by saturation of a double bond, which
prevents the achievement of a HOMO—-LUMO gap
< 1 eV in such (nonfluorinated) diads. Therefore, only
weak charge transfer occurs in TTF—fullerene diads
in the ground state. However, photoexcitation of the
fullerene moiety [1a,s = 699 nm (1.77 eV), Aemis = 719
nm (1.75 eV)] results in thermodynamically favorable
electron transfer from TTF onto fullerene, which is
observed as quenching of the fullerene fluorescence
and the appearance of the characteristic absorption
features of TTF* and Cgp*.15* As expected, the rate
of electron transfer decreases rapidly with elongation
of the linker between the donor and the acceptor (cf.
ket = 9.1 x 10° s~ for 102, 1.6 x 10° s~! for 101c,
and 7.7 x 108 s7! for 101e).15*

A diverse family of TTF—fullerene compounds has
been synthesized in the last 5—6 years. The triazoli-
nofullerene—TTF diad 104, published by Guldi et al.
by reaction of TTF—alkyl azide with Cgp, has some-
what improved electron-acceptor properties (cf. 101
and 104, Table 7)!%6 and would have one of the lowest
HOMO-LUMO gaps in the series, if electron-donat-
ing alkyl groups were to replace the reported alkyl-
thio substituents in TTF.

The syntheses of compounds 105a,b are based on
a principally different approach, which includes
reaction of Cg?~ with 1,3-dibromo-2-propanone, fol-
lowed by reduction and esterification with a TTF-
containing acid.'®” In contrast to the cases of com-
pounds 103a,b, elongation of the linker between
donor and acceptor (from 1 to 10 methylene groups)
resulted in a small but observable diminution of the
HOMO-LUMO gap (from 1.25 to 1.21 eV, Table 7).

The Diels—Alder cyclization of fullerene with 4,5-
dimethylideneTTF (generated in situ) gave rise to the
largest series of TTF—fullerene compounds (106).
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Table 7. Electrochemical Data for TTF—Fullerene Compounds

compd RE//solvent Eix, V Esx, V' E1ed, V' Egreq, V. Eszpeq, V E yredsred), V E, eV  ref
Cso Fe/Fet//DCM 1.27 1.71¢ -1.06 —1.46 —-1.89 147
Cso Ag/Agt//DCM —0.84 —1.28 183
CeoFss Ag/Ag™//DCM 0.51 0.01lir 183
CroFss  Ag/Ag™//DCM 0.76 0.32 —-0.15 183
101a Fc/Fct//toln—MeCN (3:1) (—45°C) —0.12 +0.24 —-1.03 —1.43 -1.99 —2.41(-3.09) 091 152
101a SCE//toln—MeCN (4:1) 0.41 0.76 —0.67 —-1.04 —1.53 —2.05 1.08 153
101b SCE//toln—MeCN (4:1) 0.50 0.78 -0.71 —-1.05 —1.56 —-2.10 1.21 153
101c SCE//toln—MeCN (4:1) 0.43 0.76 —0.67 —1.08 —1.58 —-2.19 1.10 153
101d SCE//toln—MeCN (4:1) 0.54 0.78 -0.71 -1.19 —-1.61 —2.20 1.25 153
101e SCE//toln—MeCN (4:1) 0.48 0.83 —0.66 —-1.04 —1.58 —-2.19 1.14 154
102 SCE//toln—MeCN (4:1) 0.51 0.87 -0.65 —-1.08 —-1.65 —-2.12 1.16 154
103a SCE/DCM 0.50 0.86 -0.72 -1.11 1.22 155
103b SCE//DCM 0.51 0.85 -0.70 —-1.08 1.21 155
104 SCE//toln—MeCN (4:1) 0.57 0.70 —0.57 —-0.97 —1.52 —-2.00 1.14 156
105a Fe/Fet//toln—MeCN(3:1) 0.19 0.41 —-1.06 —1.47 1.25 157
105b Fe/Fet//toln—MeCN(3:1) 0.16 0.38 —1.05 —1.47 1.21 157
106a Fe/Fet//DCM —0.04 0.46 —1.08 —1.47 —-1.98 —2.49 1.04 159
Fe/Fet//ODCB —0.08 0.43 —-1.17 —1.53 —2.05 1.09 159
106b Fe/Fet//DCM —-0.10 0.41 —1.08 —1.45 —1.96 —2.52 0.98 159
Fe/Fet//ODCB —-0.15 0.41 —-1.18 —-1.55 —2.06 1.03 159
106¢ Ag/AgCl//ODCB 0.64 1.08 -0.72 -1.11 —-1.61 1.36 161
106¢ SCE//ODCB 0.60 1.04 -0.76 -1.15 —-1.65 —-1.92 1.36 160a
106d Fe/Fet//DCM 0.21 0.69 —-1.04 —1.43 —-1.96 —2.57 1.25 159
Fe/Fet//ODCB 0.13 0.65 —-1.21 —-1.63 —-1.99 1.34 159
106d Fe/Fet//DCM 0.18 0.65 —1.08 —1.46 —-1.97 1.26 158
106e Ag/AgCl//ODCB 0.65 1.09 -0.72 -1.09 —-1.59 1.37 161
106f Ag/AgCl//ODCB 0.64 1.14 -0.72 —1.08 —-1.60 1.36 161
106g Ag/AgCl//ODCB 0.65 1.15 -0.72 -1.17 1.37 161
106h  Ag/AgCl/ODCB 0.66 1.16 -0.71 -1.10 —-1.60 1.37 161
106h  Ag/AgCl/ODCB 0.549 1.034 —-0.623 —0.993 —1.493 1.17 162
106i Ag/AgCl//ODCB 0.67 1.04 -0.71 -1.09 -1.61 1.38 161
106j Ag/AgCl//ODCB 0.68 1.05 -0.71 —-1.08 —-1.60 1.39 161
106k  Ag/AgCl/ODCB 0.547 0.928 —0.628 —0.999 —1.495 1.18 162
1061 Ag/AgCl//ODCB 0.503 0.845 —0.631 —0.997 —1.523 1.13 162
107 SCE//ODCB 0.57 0.88 -0.70 —-1.07 —-1.60 1.27 163
108 Ag-wire//DCM 0.76 1.30 -0.10 —0.48 —-0.85 0.86 164
109 SCE//toln—MeCN (4:1) 0.49 0.73 —0.62 —-1.25 —-1.65 —-1.96 1.11 166
110 SCE/DCM 0.51 0.92 -0.75 -1.15 —-1.67 1.11 167
111 SCE/DCM 0.51 0.92 -0.75 -1.15 —-1.67 1.26 168
112a Ag/AgCl//ODCB 0.62 1.02 -0.75 -1.12 —1.84 1.37 161
112b Ag/AgCl//ODCB 0.70 1.16 —0.82 —-1.20 —1.83 1.52 161
112¢ Ag/AgCl//ODCB 0.65 1.09 -0.85 —-1.22 —-1.85 1.50 161
112d  Ag/AgCl/ODCB 0.69 1.07 —0.83 —1.22 —-1.85 1.52 161
112e Ag/AgCl//ODCB 0.68 1.03 -0.85 —-1.24 -1.61 1.53 161
112f Fe/Fet//DCM 0.17 0.64 —-1.16 —1.52 —-1.95 —2.41 1.33 159
Fce/Fet//ODCB 0.13 0.58 -1.27 —1.64 —-2.02 1.40 159
113a Ag/AgCl//ODCB 0.63 1.05 -0.77 —-1.06 1.40 161
113b Ag/AgCl//ODCB 0.69 1.14 -0.98 -1.35 1.67 161
113c Ag/AgCl//ODCB 0.72 1.10 —-0.98 —-1.35 1.70 161
113d  Ag/AgCl/ODCB 0.72 1.11 -0.96 -1.34 1.68 161
113e Ag/AgCl//ODCB 0.73 1.08 —-0.95 —1.38 —-1.67 1.68 161
114 Ag/AgCl//ODCB 0.61 0.84 -1.16 1.77 161
115 Ag/AgCl//ODCB 0.56 1.09 -0.61 —-1.00 —1.45 —2.08 1.17 161
116a Ag/AgCl//ODCB 0.58 1.11 —-0.78 —-1.34 —-1.65 1.36 161
116b Ag/AgCl//ODCB 0.62 1.04 —0.88 -1.13 —-1.65 1.50 161
116c¢ Ag/AgCl//ODCB 0.61 1.10 -0.81 -1.19 1.42 161
117 SCE//ODCB 0.54 0.88 —0.67 —1.03 —1.58 1.21 163
118 SCE//ODCB 0.51 0.83 -0.70 —-1.05 —1.58 1.21 163
119a SCE//toln—MeCN (4:1) 0.46(2e) —0.66 —-1.01 —-1.67 —-1.96 1.12 170
119b SCE//toln—MeCN (4:1) 0.60(2e) —-0.67 -1.10 —-1.67 —2.20 1.27 170
119¢ SCE//toln—MeCN (4:1) 0.50(2e) —-0.64 —-0.99 —-1.67 -1.95 1.14 170
119d SCE//toln—MeCN (4:1) 0.50(2e) -0.65 —-1.05 —-1.62 —-1.90 1.15 171
119e SCE//toln—MeCN (4:1) 0.71(2e) -0.70 —-1.10 -1.70 —2.06 1.41 171
119f SCE//toln—MeCN (4:1) 0.61(2e) —0.66 —-1.07 —-1.64 —-1.93 1.27 171
120 SCE//ODCB—MeCN (4:1) 0.39(2e) —-0.69 —-1.07 -1.61 —-2.01 1.08 172
121a SCE//toln—MeCN (4:1) 0.55(2e) 0.75 -0.63 —-1.07 —-1.64 —-2.14 1.18 166
121b SCE//toln—MeCN (4:1) 0.70(3e) —0.66 —-1.06 —-1.64 1.33 166
122 SCE//toln—MeCN (4:1) 0.75(2e) -0.72 -1.17 —-1.75 —-2.30 1.47 173
123a SCE//toln—MeCN (4:1) 0.48(2e) —0.68 -1.12 —-1.62 —2.00 1.16 174
123b SCE//toln—MeCN (4:1) 0.59(2e) —-0.65 —-1.07 -1.59 —-1.95 1.14 174
124a SCE//toln—MeCN (4:1) 0.45(2e) -0.67 —-0.99 —-1.59 -1.95 1.12 174

124b  SCE//toln—MeCN (4:1) 0.55(2e) —0.64 —0.98 —-161 —1.95 1.19 174
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Table 7 (Continued)

Bendikov et al.

compd RE//solvent Ei0x, V Eoox, V Eired, V Eseq, V Esq, V Eyredsrea), V E,, eV ref
125a not known 0.48(2e) —-0.57 —-0.98 —-1.55 1.05 175
125b not known 0.61(2e) —0.59 —-1.01 —1.53 1.20 175
127a SCE//toln—MeCN (4:1) 0.52(2e) —0.68 —1.08 —1.66 —2.20 1.20 176
127b SCE//toln—MeCN (4:1) 0.60(2e) —0.65 —-1.00 —-1.72 —2.33 1.25 176
127¢ SCE//toln—MeCN (4:1) 0.60(2e) —0.66 —1.02 —1.64 1.26 176
128a SCE//toln—MeCN (4:1) 0.50(2e) —0.63 —-0.99 —1.58 1.13 177
128b SCE//toln—MeCN (4:1) 0.66(2e) —0.65 —-1.03 —-1.55 1.31 177
128¢ SCE//toln—MeCN (4:1) 0.67(2e) —0.63 —-1.02 —1.52 1.40 177
129b SCE//toln—MeCN (4:1) 0.55(2e) —0.78 —-1.23 —1.80 1.33 177
130a SCE//toln—MeCN (4:1) 0.45(2e) —0.62 —0.98 —-1.50 1.07 177
130b SCE//toln—MeCN (4:1) 0.67(2e) —-0.64 -1.04 —-1.54 1.31 177
130c SCE//toln—MeCN (4:1) 0.63(2e) —0.67 —-1.00 —-1.53 1.30 177
131b SCE//toln—MeCN (4:1) 0.60(2e) —0.67 —-1.02 —-1.52 1.27 177
132a SCE//ODCB—MeCN (4:1) 0.41(4e) —-0.70 —1.08 —-1.61 —-2.01 1.11 172
132b SCE//ODCB—MeCN (4:1) 0.43(4e) —0.59 -1.07 -1.61 -1.99 1.02 172
134a SCE//PhCN 0.48(2e) 1.02 —0.56 —-0.97 -1.17 1.04 179
134b SCE//PhCN 0.50(2e) 0.82 —-0.56 —1.00 1.06 179
135 Mel0Fc//C2H4Cly 0.53(2e) —0.005 0.54 187

@ A third oxidation wave at 2.14 V was observed at —55 °C.

Chart 12. TTF—Fullerene Diads

106a, R=H

106d, R = CO,Me
106h, R-R = -SCH,CH,S-
106i, R = S(CH,CH,0)sMe
106, R = S(CH,CH,0),Me

106a,n =1
105b, n =10

Introduced in 1997 by Rovira et al. for the synthesis
of compound 106d,'8 the reaction has been used
recently for preparation of diads 106a,b,d,'?° 106¢,¢°
106e—j,'%! and 106h k,1 (Chart 12).162 The substitu-
tion effect in diads 106 is quite predictable: the only
known electron-donating substituent (in TTF nucleus),
the methyl group (106b, E, = 1.03 eV), decreased
the oxidation potential of the donor, shrinking the
HOMO-LUMO gap, whereas the alkylthio (106¢c, E,

106e, R = n-C5H11S
106b, R = Me 106f, R =n-CgH 7S
106¢, R = SMe 1069, R = n-C4,H,5S

106k, R-R = -S(CH,CH,0),CH,CHzS- 407
1061, R-R= -S(CHzCH20)4CH2CH28-

103a,n=3
103b, n =10

= 1.36 eV) and carbomethoxy (106d, E, = 1.34 eV)
substituents have an opposite effect. Worth mention-
ing is the discrepancy between the redox potentials
for alkylthio-substituted diads 106. The electrochemi-
cal gap (which is independent of the reference
electrode) was reported to be 1.17 and 1.37 V (Table
7) for the same compound 106h, studied under the
same conditions (0.05 M BusNPFs in ODCB). Both
research groups were quite solid in their experimen-
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tal approaches, and the only apparent difference was
using Pt!1 or glassy carbon (GC)'%2 working elec-
trodes. This suggests that specific interaction of the
carbon surface of the electrode with fullerenes or
absorption phenomena can have an effect on the
electrochemistry. With the GC electrode the fullerene
reduction waves showed significantly higher currents
than the TTF oxidation waves,'®?> whereas equal
currents were observed with a Pt electrode!®! (Figure
16). Generally, very different structures of the donor

2 4 0 1'

E (V vs Ag/AgCl)
Figure 16. Cyclic voltammogram of TTF—Cgy diad 106j,
recorded in ODCB. (Reproduced with permission from ref
161. Copyright 2002 Royal Society of Chemistry.)

(TTF) and acceptor (Cgp) fragments and the associ-
ated difference in solvation effects result in high
sensitivity of the electrochemical gap to the media.
Thus, changing DCM to ODCB can increase the E,
by 50 mV (cf. compounds 106a,b, Table 7).

A different, more strained cyclopropane “anchor”
has been used to hook the TTF to the fullerene in
diad 107.163 As expected, the latter showed a HOMO—
LUMO gap of 1.27 €V, and the authors mention that
only photoexcitation would allow the donor and
acceptor fragments to interact efficiently. Somewhat
surprising is the HOMO—-LUMO gap of 0.86 eV,
reported for compound 108, particularly because bis-
substitution in the fullerene moiety is expected to
decrease its reduction potential and, thus, to enlarge
the gap.’%* Comparing the reported first reduction
potential of 108 of —0.1 V to those of other metha-
nofullerenes (Table 7) and keeping in mind that no
vigorous purification (e.g., chromatographic) was
reported for 108, and no proof of purity (e.g., elemen-
tal analysis) was presented, it is most logical to
attribute this first observed reduction to impurities,
very likely Cgo, due to de-cyclopropanation.i%® In this
case, the difference between the next reduction
wave (—0.48 V) and the first oxidation wave (0.76 V)
would give a more reasonable HOMO—-LUMO gap
of 1.24 V.

Different types of TTF—fullerene triads and higher
ratio conjugates have been synthesized. Compound
109 contains another redox center (ferrocene), but the
photophysical studies show that (photoinduced) elec-
tron transfer occurs solely from the TTF moiety.!68

Two similar triads with fullerene/TTF ratio 1:2
(compound 110'67) and 2:1 (compound 111%8) have

Chemical Reviews, 2004, Vol. 104, No. 11 4915

been synthesized by Martin et al. (Chart 13). Com-
paring the electrochemical data for triads (12a—e!6!
and 12f1%9), tetrads 118,6! and quintads 114! to
those for the corresponding diads 106 (Table 7), it is
clear that multiple substitution of the fullerene core
decreases its reduction potential and enlarges the
HOMO-LUMO gap. The same conclusion can be
reached comparing the triad 115 to 116a—c.'%!
Another interesting series of TTF—fullerenes are 107,
117, and 118, which are electronically identical but
have different numbers of fullerene units attached
to the TTF core.!83 Although no particular application
of these molecules has been demonstrated, they could
be important for construction of multiterminal elec-
tronic devices.!02.169

2.5.3. Fullerene—TTFAQ Conjugates

A two-electron donor TTFAQ has also been intro-
duced into fullerene diads, mainly by Martin et al.
Compounds 119a—c, synthesized in 1997, were the
first molecules of this type and had the TTFAQ and
fullerene moiety connected via a pyrrolidine bridge.'™
Later, similar diads 119d—f£,"! having an additional
vinylene linker in the bridge, diad 120,'"? with a
phenylene—carboxymethyl bridge, and triad 121,166
with ferrocene as a second donor moiety, were
synthesized by the same group. The electrochemical
gap of ~1.1—1.4 eV (Table 7) is certainly too high for
non-photoexcited electron transfer, and one would
expect no unpaired spin on these molecules. At the
same time, Faraday balance measurements on
119a—c in the solid state clearly show a magnetic
moment of ~(2—5) x 1072 emu mol™!, and the
temperature dependence of the magnetic susceptibil-
ity is purely paramagnetic. The authors, however, do
not give an explanation for the observed phenom-
enon, and it is not clear if it can be explained by a
possible impurity influence. Also, the conductivity of
119a, 0., = 107 S ecm™!, though small, is relatively
high for a single-component system but not as high
as those observed by Kobayashi®* (vide supra).

TTFAQ—fullerene Diels—Alder adduct 122 was
synthesized in 25% yield by treating Cgo with di-
methylene—TTFAQ transient diene (generated from
the corresponding bis(bromomethyl) derivative). A
more rigid cyclohexane bridge fixes the relative
position of TTFAQ and fullerene moieties, precluding
through-space donor—acceptor interactions.'”

Compounds 123 and 124 were synthesized by
reaction of fullerene with a diazo derivative of
TTFAQ (generated in situ from TTFAQ—carbalde-
hyde N-tosylhydrazone).!” The initially obtained
[5,6] fulleroids 123 can be easily transformed into
thermodynamically more stable [6,6] methano-
fullerenes 124. Despite the different connection types
between TTFAQ and fullerene in these diads, the
electrochemical properties, fluorescence, and electron-
transfer parameters are almost the same. Triazole-
bridged compounds 125a,b can be easily synthesized
by reaction of fullerene with TTFAQ—methyl azide.!”
Upon heating, the resulting diad underwent recy-
clization into a [5,6] azafulleroid diad 126 (with a
trace amount of [6,6] isomer).

A reversible covalent linkage of the fullerene and
TTFAQ moieties has been realized in diads 127a—¢.1"6
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Chart 13. TTF—Fullerene Triads and Multiads

n=2 n=3 114,R=n-C5H11S

112a, R = MeS 113a, R = MeS

112b,R = n-C5H11S 113b,R = n-C5H11S

112¢, R-R = -SCH,CH,S-  113¢, R-R = -SCH,CH,S-
112d. R = S(CH,CH,0)sMe 113d. R = S(CH,CH,0);Me
112e, R = S(CH,CH,0);Me 113e, R = S(CH,CH,0),Me
112f, R = CO,Me

The reaction between Cgy (100) and TTFAQ 25 in
toluene at 60 °C results in Diels—Alder cycloaddition
to afford the diad 127, which can be reverted into
starting materials by simply increasing the temper-
ature to 80 °C. As the fluorescence of TTFAQ 25 is
strongly quenched in the diad 127, due to intramo-
lecular electron transfer, the authors propose this
diad as a temperature-activated molecular switch.

A series of fullerene—TTFAQ diads and triads
128—131 was recently synthesized in 8—32% yield
via reaction of C60 with TTFAQ-containing malonic
ester in the presence of 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) and CBr4 (Chart 14).177

The Cg—TTFAQ—TTFAQ triad 13272 and
Ceo—porphyrin—TTF triads 13378 and 134'" were
prepared to control short- and long-range electron-
transfer processes (Chart 15). The initial photoexci-
tation of the porphyrin group in 133a leads to
effective (92%) and fast (0.2 ns) charge separation
into a (Cgp)*” —porphyrin—(TTF)** state with lifetime

Bendikov et al.

116a, R' = R? = CO,Et
116b, R' = R% = CO,(CH,CH,0);Me
116¢, R' = Ph, R? = (CH,);CO,Me

660 ns. The energy of this charge-separated state (~1
eV) agrees well with the electrochemical gap. Very
long-lived charge-separated states can be photoin-
duced in triads 132. Studying the decay of the ab-
sorbance of Cgo*~ and TTFAQ*" (1000 nm and 660—
680 nm, respectively), lifetimes of 105—708 ns (de-
pending on the solvent) were demonstrated for the
Coo" —TTFAQ"—TTFAQ state, and further charge
separation produces the species Cg' —TTFAQ—
TTFAQ"" with lifetimes as long as 12—111 us.1"

2.5.4. Fluorinated Fullerenes as Ultimate Acceptors for
Donor—Acceptor Diads

As we mentioned before, the functionalization of
fullerene in most cases reduces its electron affinity
due to disruption of the conjugated system. However,
introducing strong electron-withdrawing groups may
compensate the loss of conjugation. Thus, the reduc-
tion potentials of [1,2]dicyanofullerene!®® and dicyano-
[6,6]lmethanofullerene'®® were reported to be 0.1—0.15
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Chart 14. TTFAQ—Fullerene Compounds

124a,R=H
124b, R = SMe

130a,R=H
128b, R = SMe
128¢, R-R = SCH,CH,S

129b, R = SMe
129¢, R-R = SCH,CH,S

V more positive than that of parent fullerene 100
(although reversible reductions for these were ob-
served only at low temperatures). The other excep-
tions to this rule are the halogenated fullerenes, of
which only fluorinated species are stable,'® while the
brominated and chlorinated derivatives decompose
readily in solution, especially in the presence of
electron-donor molecules.'82 The electron affinity of
the fluorofullerenes is increased by ~0.05 eV per each
fluorine atom added (the increment decreases at high
functionalization levels).!8! Highly fluorinated fuller-
enes were reported as exceptionally strong electron
acceptors (stronger than TCNQ), although this be-
havior can hardly be attributed simply to the induc-
tive electron-withdrawing effect of fluorine atoms
(separated from the 7-system by an sp? carbon). The
electrochemical studies of CgoFys,'8 CgoFus,'8* and
CroF'541% revealed extremely high reduction potentials
of 0.51 V (vs Ag/Ag™; ~0.3 V vs SCE), —0.43 V (vs
9,10-diphenylanthracene; 0.79 V vs SCE®?), and 0.76
V (vs Ag/Ag™; ~0.5 V vs SCE), respectively. Studying
the rate of electron-transfer reactions, the reduction
potential of another fluorinated fullerene, CgoF'1s, was
deduced to be 0.04 V (vs SCE).186

Thus, attaching TTF units to fluorinated fullerenes
could afford otherwise unavailable donor—acceptor

130b, R = SMe
130c, R-R = SCH,CH,S

Chemical Reviews, 2004, Vol. 104, No. 11 4917

121a,R=H
121b, R = SMe

127b, R = SMe
127¢, R-R = SCH,CH,S

compounds with a very low HOMO—-LUMO gap. The
first example of such a system, compound 135, with
a m-extended TTF unit (TTFAQ), was recently syn-
thesized.1®7

Et020+C02Et
R 135

The cyclic voltammetry of 135 (Figure 17) demon-
strates high electrochemical amphotericity with an
E, as low as ~0.5 eV (Table 7). The fullerene
reduction is seen as a perfectly reversible single-
electron wave. The oxidation of TTFAQ is quasi-
reversible with a very large separation between the
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Chart 15. TTF(TTFAQ)—Fullerene Triads with
Long-Range Electron Transfer

134a, M = 2H
134b, M = Zn

133a, M = 2H
133b, M =Zn

anodic and cathodic peaks. On the basis of the
oxidation current, which was approximately three
times higher than that of the fullerene reduction
wave, the authors suggested a three-electron process,
although it contradicts the well-established two-
electron nature of TTFAQ oxidation. Having three
TTFAQ moieties, 135 is expected to lose six electrons
upon oxidation, although grossly inaccurate oxida-
tion/reduction current ratios have been observed for
other TTF—fullerene diads. This could be (at least
partially) due to absorption phenomena (the unusu-
ally sharp cathodic peak of the TTFAQ/TTFAQ>"
wave is supportive of this assumption). On the other
hand, no data confirming the structure of 135 with
three TTFAQ substituents were presented in the
paper.'8” The time-resolved fluorescence studies sug-
gest the fluorescence quenching through formation
of a charge-separated state [(TTFAQ'")—o-(fuller-
ene’”)], whose low energy (as suggested by elec-
trochemistry) results in a rather long lifetime of
870 ns.

3. Acenes: Promising Organic Electronic
Materials
3.1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are cur-
rently among the most widely studied organic zz-func-

Bendikov et al.

0.04 —

0.02 —

-0.02 —

R R L I R R

1.2 0.8 0.4 0 -0.4 0.8
EJV vs Decamethylfenocene
Figure 17. Cyclic voltammogram of the TTFAQ—Cg, diad
135 (solid line) and of a related Cgo derivative without a
TTFAQ fragment (R = CqHs;, broken line). (Reproduced
with permission from ref 187. Copyright 2003 Royal Society
of Chemistry.)

tional materials.!8%18% Particular attention has been
paid to linear PAHs composed of laterally fused
benzene rings and called linear acenes or simply
acenes, due to their importance as organic semicon-
ducting materials (Chart 16). Tetracene and penta-
cene are among the most promising molecular con-
ductors based on acenes and semiconductors for
organic field-effect transistors (OFETs). The oli-
goacene units are a basic building unit of graphite!®®
as well as carbon nanotubes,®! and studying their
electronic properties is important for understanding
the structure and properties of the latter materials.
To the best of our knowledge, the chemistry and
applications of acenes have never been reviewed
previously.1¥219 Recent reviews, however, exist on
organic thin-film field-effect transistors (TFTs) which
include discussions of pentacene applications.!?419
Due to significant numbers of publications on acenes,
especially in the past decade, no attempt was made
to cover all published data, neither on acenes them-
selves nor on their applications as electronic materi-
als, but rather the focus was set on controlling the
HOMO-LUMO gap.

Benzene, the smallest member of the acene family,
was discovered in 182596 and gives rise to a family
of aromatic compounds that is one of the major fields
of chemistry in general.'%” Oligoacenes are aromatic
molecules; 7719 however, the degree of aromaticity
has been a subject of recent debate.2 The lower
homologues, from benzene to anthracene, can be
extracted from coal, while higher homologues, such
as pentacene or hexacene, can be obtained only by
multistep synthesis. Benzene is the most stable
aromatic hydrocarbon known; however, larger mem-
bers of the acene family starting from heptacene
appear to be so reactive that they can only be probed
by theory. The synthetic accessibility of oligoacenes
is limited to hexacene (136.6), and a thorough
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Chart 16. Structures of Oligoacenes

n-1
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O COr0 COrC

benzene, 136.1 naphtalene, 136.2 antracene, 136.3

tetracene, 136.4

pentacene, 136.5

hexacene, 136.6

heptacene, 136.7

octacene, 136.8

nonacene, 136.9

Scheme 9. Synthesis of Pentacene?!2

W“‘

understanding of electronic properties hovers at
pentacene (136.5).2°! Some reports suggesting the
synthesis of higher homologues, especially heptacene,
have been published, but its synthesis remains
controversial (see section 3.2). The carcinogenic prop-
erties of PAHs in general and acenes in particular
have been in the news for some time but are not the
purview of this review.202

In 2000—2002 attention to acenes was at an all-
time high due to several claims of superconductivity
in anthracene, tetracene, and pentacene (T, = 4, 2.7,
and 2 K, respectively),? extremely high mobility in
pentacene for both holes (up to 1200 cm? V-1 s 1) and
electrons (up to 320 cm? V-1 s71),204 and tetracene-
based organic solid-state injection lasers??® and
due to observation of a fractional quantum hall
effect for tetracene and pentacene with hole and
electron mobilities exceeding 10* cm?/V-s at 2 K.206
However, these claims were later retracted?” as a
result of an independent investigation conducted at
the behest of Bell Laboratories, Lucent Technolo-
gies.208.209

3.2. Synthesis of Oligoacenes

The syntheses of a large number of polycyclic
aromatic hydrocarbons were summarized previ-
ously,88189 and pentacene syntheses were briefly
described.?1?

Although many excellent syntheses have been
developed for angular condensed aromatic hydrocar-
bons,?!! no good general method has been worked out
for the linear condensed ring system. This is due to
the fact that most common ring closures tend to
proceed in the angular position. Pentacene (136.5)
was first synthesized by Clar and John?!? starting
from m-xylophenone (Scheme 9). A vigorous Friedel—
Crafts reaction yielded 40% of 4,6-dibenzoyl-1,3-
dimethylbenzene (137). Heating with copper con-
verted 137 into dihydropentacene (138) in an unstated

decacene, 136.10

136.5

nitrobenzene/
phenanthraqumone

or Cu/A (350- 400°C)

yield. Dehydrogenation of 138 to 136.5 was ac-
complished by boiling the dihydro derivative in
nitrobenzene with phenanthraquinone or by passing
over copper at 350—400 °C.212

In more modern times, pentacene was easily pre-
pared by reduction of pentacenequinone (139) by an
aluminum—cyclohexanol mixture (Scheme 10).2!3 Be-

Scheme 10. Reduction of Pentacenequinone
OH

o

AI/HgCIz

139

136.5

fore the above short synthesis, it had been shown that
pentacene could be synthesized from 1,2-dimethyl-
enecyclohexane by a three-step procedure in an
overall yield of 30%.214

3.2.1. Acenes Longer than Pentacene

Marschalk and Clar were largely responsible for
spearheading many of the larger polyacenes known
today. The synthesis of hexacene was reported inde-
pendently by both Marschalk?'® and Clar in 1939,216
and since then, alternative methods?!721® for its
preparation have been developed. Both synthetic
pathways took advantage of a key metal catalyzed
dehydrogenation step (Scheme 11). Marschalk?!?
heated dihydrohexacene 140 in trichlorobenzene,
while Clar?'¢ sublimed hexacene directly from the

Scheme 11. Dehydrogenation of
Dihydrohexacene?!5:216

!!llllPdICorCuiil!!l

136.6
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precursor using copper powder. The electronic spectra
of hexacene were recorded by Angliker et al. with
greater detail 20!

Hexacene was also synthesized from octahydro-1,4-
anthraquinone (prepared from 1,2-dimethylenecyclo-
hexane and benzoquinone) and 2,3-dimethylenedeca-
lin in four steps in an overall yield of 15% (Scheme
12).217 Clar?'® was able to synthesize hexacene in an

Scheme 12. Synthesis of Hexacene?!?
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unreported yield by taking advantage of the fact that
partially hydrogenated aromatic derivatives will give
some of the linear product. A laborious four-step
synthesis starting from 4-(2-carboxybenzoyl)phthalic
anhydride and tetralin produced only a small amount
of hexacene.

Heptacene is the next member in the polyacene
family. Today, as it stands, the validity of heptacene
remains highly controversial. It was described by
Clar as a dark greenish-black solid that decomposed
at about 400 °C.?20 There are two published claims
of successful preparation of heptacene. Clar,?21-222 in
1942, claimed to have synthesized heptacene (136.7)
in an unreported yield using a method similar?'® to
the synthesis of hexacene. Clar’s evidences for hep-
tacene were substantiated by UV—vis spectroscopy
(Amax = 736, 657, 594, and 503 nm) and elemental
analysis. Enlightened by Clar’s approach, Marschalk
attempted to repeat the work.??2 He noted that
treating a pure sample of dihydroheptacene under
the same conditions described by Clar failed to give
heptacene as reported. Other approaches with dihy-
droheptacene derivatives were also attempted, but
none has led to successful preparation of the hydro-
carbon. However, when the entire synthesis was re-
peated using the exact method described by Clar, a
“green solid” was observed. Marschalk concluded that
in Clar’s experiment the described “heptacene” mate-
rial was not derived from dihydroheptacene but
rather from some impurity that was carried over from

Scheme 13. Synthesis of Heptacene?!”

Bendikov et al.

previous reactions. Bailey and Liao?'” in 1955 claimed
to have synthesized heptacene (136.7) in three steps
from 2,3-dimethylenedecalin in an overall yield of
14% (Scheme 13).217 The latter report noted the
similarity in color with Clar’s heptacene and provided
an elemental analysis. Two years after Bailey and
Liao reported the second and only other “successful”
synthesis of heptacene, Clar dismissed his claim.???
Clar was unable to isolate pure heptacene as de-
scribed. Moreover, he stated that the material ob-
tained after dehydrogenation was rapidly decompos-
ing even in the solid state. It is now commonly agreed
that heptacene cannot be isolated in the pure
state 223224

On the basis of theories (see below) ranging from
very simple to very high-level, longer acenes are
expected to exhibit a smaller HOMO—-LUMO gap,
which should make them potentially more interesting
materials for molecular electronics. However, it is
well documented that preparation of such extended
benzenoid molecules is plagued by facile photo-
oxidation, insolubility, and, most detrimental, dimer-
ization and polymerization.??® Thus far, the longest
reliably described isolated system with only moderate
stability is hexacene (136.6).188226

[n]Cyclacenes (141, Chart 17) represent the basic
cylindrical carbon units of “zigzag” (n,0) nanotubes.??’

Chart 17. Structure of Cyclacene 141

qqﬁﬁpp

141

In line with the general high interest in carbon
nanotubes, several theoretical studies were published
on cyclacenes in the recent past.242228 However,
despite several experimental attempts,???230 no mem-
ber of the cyclacene series has been synthesized, very
likely due to their expected difficult synthesis and
high reactivity.

3.3. Theoretical Studies of Acenes

The intrinsic conductive property of graphite as
well as the discovery of conductivity in doped trans-
polyacetylene in the late 70s23! has stimulated an
ongoing investigation of the electronic properties of
polyacenes (PAs). From a theoretical standpoint, in
recent years, the electronic properties of large oli-
goacenes have been examined by a relatively large
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number of researchers. Thus, despite large strides
in sophistication of theoretical treatments over the
last 30 years, the electronic structure, stability,
aromaticity, and, most importantly, band gap (or
HOMO-LUMO gap) in oligoacenes and polyacenes
are still subjects of controversy.??? Large polyacenes
were predicted to behave as one-dimensional organic
conductors (zero band gap semiconductor akin to
graphite).?327235 It was proposed that PAs with an odd
number of benzene rings might have singlet Har-
tree—Fock instabilities.??® Quantitative MO theory
was used to describe the electronic structure of
polyacenes on the basis of the MO determination and
energies of the monomer (naphthalene).?3” High-
temperature superconductivity and ferromagnetism
of polyacenes were theoretically proposed by Kivelson
and Chapman in 1983.238

Early investigations focused on predicting which
of the three structures of polyacenes—undistorted,
cis-distorted, or trans-distorted—is energetically pref-
erable (Chart 18). Predictions of stability favoring all

Chart 18. Structures of Polyacene

CCCrTS

undistorted

PCO0C

cis-distorted

3 trans-distorted

three can be found in the literature.??® One of the
reasons for this plethora of theoretical studies is
prediction of a zero energy gap for polyacene by a
simple tight-binding Hiickel Hamiltonian.?*® Obvi-
ously, the electronic properties, band structure, and
conducting properties of polyacene depend on the
preferred structure. The question of Peierls instabil-
ity in polyacenes has been discussed in the litera-
ture.?32241-243 The character of the degeneracy at the
Fermi level of polyacenes is fundamentally different
from that of polyacetylene.?*?24! The undistorted PAs
reveal a metallic band structure which does not
undergo a Peierls distortion invoked by Yamabe and
co-workers on the basis of the tight-binding self-
consistent field molecular orbital (SCF-MO) method.?*
The extended Hiickel method predicts that the un-
distorted structure should be less stable than the
distorted one by ~6.0 kcal/mol.?*5 Kertesz et al.?46
have carried out crystal-orbital semiempirical MNDO
calculations to shed some light on the presence (or
absence) of energetically favorable Peierls distortions
in polyacenes and found the cis-distorted structure
to be more stable than the undistorted one by 1.3
kcal/mol per unit cell, which, in turn, was predicted
to be favored over the trans-distorted isomer by 0.4
kcal/mol per unit cell. Within the same Hamiltonian,
using a finite-cluster approach with fictitious periodic
boundary conditions and no extrapolation, Chan-
drasekhar and Das?*” reached similar conclusions,
but with the respective energy differences of only 0.2
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and 0.0 kcal/mol. Properties of both the undistorted
and the Peierls-distorted polyacene polymers were
studied with Padé approximants from the results of
HF/6-311G** and MP2/6-311G** calculations on the
respective finite clusters. At the Hartree—Fock level,
the cis-distorted structure has the lowest energy per
unit cell; however, at the correlated MP2 level, the
undistorted structure is slightly favored.?*® The very
small energy difference means that it is very probable
that undistorted and Peierls-distorted regions may
coexist due to local defects or local thermal excita-
tions. Interestingly, in some more recent studies
using modern levels of theory, projector quantum
Monte Carlo (PQMC)?*® and density-matrix renor-
malization group (DMRG)?32 studies corroborated the
cis-distorted structure. Ramasesha et al. suggested
that the instability in polyacenes is conditional 232243
They found strong similarities between polyacene
and polyacetylene and showed that electron correla-
tions tend to enhance the Peierls instability in
polyacene. Opposite to this view, Houk et al. con-
cluded that the fully delocalized nonalternating
nature of polyacenes differs from the bond alternation
resulting from Peierls distortion in polyenes.?*? This
is in line with previous conclusions by Kertesz
and Hoffmann.?*! In recent investigations at the
B3LYP/6-31G* level of theory, no sign of Peierls
distortion was found.242.249

The polyacenes (as well as cyclacenes) were de-
scribed by Houk et al. as consisting of two fully
delocalized nonalternating ribbons joined by rela-
tively long bonds.2*? Polyacenes were predicted to
have smaller band gaps than the corresponding
polyenes and triplet ground states for nine or more
benzene rings. The structures, energies, and other
properties of a series of oligoacenes were compared
with those of the corresponding series of annulated
oligoarenes of phenanthrene type (Chart 19). The

Chart 19. Examples of Annulated Oligoarenes of
Phenanthrene Type

a2a X% "Na% %

compounds in the latter series were consistently
found to have a lower total energy than their isomers
in the former series.?5°

Increasing the number of rings in PAs results in
successive reduction of the band gap (reflected in the
UV spectra), reduction of the ionization potential,28®
and an increase in proton??! and electron affinities,?>?
which is also reflected in decreased stability. These
progressions in PAs’ properties were usually ex-
plained by the sequential loss of benzenoid character
(aromaticity) predicted by MO treatments?®? and by
Clar’s qualitative sextet concept.!®® Since only one
ring in each acene can be assigned three double bonds
without duplication, the number of nonsextet rings
increases along the acene series.??* Another view was
presented recently by Schleyer et al.2’® Despite the
increase in reactivity as a result of benzannulation
(from benzene to heptacene), it was predicted that
the acene resonance energy per s-electron remains
nearly constant. The activation energies for Diels—
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Alder reaction of acetylene with different acene rings
were computed at the BSLYP/6-31G* level 200255 The
activation energies of the individual acene rings
correlated with the reaction energies (Figure 18).

20

AE, (kcal/mol)

E, (kcal/mol)
Figure 18. Correlation of the activation (E,) versus the
reaction (AE) energies (BSLYP/6-31G* + ZPE data) of
acetylene addition to acene rings. The red dots are based
on total NICS(0) values. The HOMO coefficients are
indicated in blue. (Reproduced with permission from ref
200. Copyright 2001 American Chemical Society.)

Nucleus independent chemical shifts (NICS)?¢ (which
were used as a measure of aromaticity) indicate that
the more reactive inner rings actually are more
aromatic than the less reactive outer rings and even
more aromatic than benzene itself. The aromaticity
increases from the end to the center rings, as shown
by NICS(total) and NICS(;r).2% At the same time, the
HOMO coefficients (Figure 18) are consistent with
the regioselectivity of Diels—Alder reactions that
prefer the middle rings (despite their greater aroma-
ticity) to an increasing extent.??? Clearly, the defini-
tion of aromaticity based on NICS is counterintuitive
because there is no correlation with experimentally
determined reactivity.

Recently, the optical gaps in nonacene (136.9) and
polyacene (136, n = «) were predicted to be very
large, 2.59 and 2.46 eV, respectively, using density-
matrix renormalization group calculations within a
PPP Hamiltonian.?5” However, the gaps are even
larger than the experimentally known optical gap in
pentacene (2.1 eV), reducing confidence in these
predictions. In another recent paper, a singlet—triplet
gap of 0.446 eV and an effective conjugation length
of 12 rings were predicted for polyacenes on the basis
of valence-bond (VB) calculations.?%®

J. Aihara analyzed the kinetic stability of oli-
goacenes using some conventional indices defined by
Hiickel molecular orbital (HMO) theory.?® He con-
cluded that higher members of the oligoacene series
are aromatic and explained their high reactivity
using conventional indexes of kinetic stability, such
as localization energy and a HOMO—LUMO energy
separation. These molecules are presumed to be
thermodynamically more stable but kinetically less
stable than nonaromatic polyolefins.

Octacene was predicted to exhibit a triplet ground
state on the basis of extrapolation from the singlet—
triplet difference of benzene through hexacene,?%° but

Bendikov et al.

the actual triplet relative energy was not calculated
or measured. It was also proposed that linear poly-
acenes would behave as two polyacetylene chains
with a triplet ground state and a vanishing band
gap.?*2 Bendikov et al.?*? found that, at the RBSLYP/
6-31G(d) level of theory, the wave function for the
relatively small oligoacene hexacene (and all longer
oligoacenes) becomes unstable. Reoptimization, using
the unrestricted broken symmetry BSLYP method
(UB3LYP), leads to a singlet state with large amounts
of diradical character.?*® Open-shell ground-state
singlet biradicals are rare but known, for example,
tetramethyleneethane (TME) biradical 2% In contrast
to the common view that acenes are closed-shell
systems or have triplet ground states, the ground
states of oligoacenes are predicted to be singlets, as
a result of their disjointed?®? biradical nature. At the
B3LYP level of theory, the singlet—triplet gap for
hexacene is 10.3 kcal/mol (triplet is above singlet) and
the closed-shell RBSLYP solution is 0.8 kcal/mol
above the open-shell singlet biradical state, while the
spin contamination for the singlet state is small ([$20
= 0.26). The singlet—triplet gap decreases from
hexacene to heptacene and octacene; however, start-
ing from octacene, it stays constant at about 5—6
kcal/mol. The relative energy of the triplet state for
decacene is 5.7 kcal/mol higher than that of the
open-shell singlet state; however, even the triplet
state is 4.7 kcal/mol lower than the nonphysically
significant RBSLYP solution. Triplet structures are
always higher in energy than open-shell singlet struc-
tures, but the singlet—triplet gaps become smaller
for pure DFT methods (BLYP, PW91, and BPW91).24°
Hence, these calculations predict that oligoacenes will
maintain a ground state singlet even above octacene,
although the triplet state is only several kilocalories
per mole above the singlet state. According to the
Su—Schrieffer—Heeger (SSH) model, the soliton’s
effective length in the z-conjugated oligoene system
is about 14 carbon atoms.?63 This is in agreement
with ref 249, predicting biradical character in oli-
goacenes; heptacene already possesses a long enough
m-system (15 carbon atoms) to produce two oligoene
solitons. Investigation of frontier molecular orbitals
gives more insight into the nature of the open-shell
ground state in oligoacenes. The two singly occupied
orbitals of decacene are shown in Figure 19.249 They
are essentially localized on the two ribbons.

Figure 19. Singly occupied orbital of decacene (UB3LYP/
6-31G(d)). (Reproduced with permission from ref 249.
Copyright 2004 American Chemical Society.)
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The frequency upshift of the Kekulé-type bs, modes
in the 1'By, electronically excited state of several
acenes and other PAHs is well documented?$4-267 and
will be explained here. For instance, the frequency
of the skeletal mode 142 in the 1B, state of benzene
(the v14 mode, 1570 cm™ 1) is 261 cm ™! higher than
that of the same mode in the ground 1'A,, state.?64265
In naphthalene,?%* the Kekulé-type mode in the 1'Bg,
state undergoes a frequency exaltation of 189 cm™!
relative to the ground state. In anthracene, one of
the Kekulé-type modes was assigned and undergoes
a shift to higher energy of 231 ¢cm™1.267

142

In 1996 Shaik, Zilberg, and Haas developed a con-
cept which explains the properties of the first cova-
lent excited state of benzene and linear acenes.?68269
Figure 20 shows a schematic description of the

T \ // Kl
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i AI

b,y coordinate

O O d

Figure 20. Avoided crossing of the Kekulé structures of
benzene. (Reproduced with permission from ref 268. Copy-
right 1996 American Chemical Society.)

intended crossing of the potential energy curves of
the two Kekulé structures (K; and K,) of benzene
along the by, coordinate, alternating these structures,
as well as of the state curves (shown in bold print)
resulting from their avoided crossing. The steeper
slope of the By, potential curve, compared to the
shallow slope of the 'A;, curve, is responsible for the
discussed excited-state frequency anomaly. This is
the physical reason for a larger force constant as well
as for the frequency exaltation of the Kekulé-type bg,
mode in the excited state relative to the ground state.
This theory was also expanded to polyacenes. In all
the acene compounds, a frequency exaltation of at
least one by, mode is expected in the lowest lying (the
covalent) 1B,, state.268:269
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3.4. Physical Properties of Acenes

The longest UV absorption of all acenes shows a
characteristic vibronic structure in both solution and
solid state. The solid-state UV spectrum of penta-
cene has a longest wavelength transition around 670
nm (1.85 eV) that is attributed to the band gap
[Figure 21 (bottom)].27%271 In solution?”? or in an
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Figure 21. (top) UV—vis absorption and photolumines-
cence spectra of tetracene 136.4, pentacene 136.5, and
hexacene 136.6. (Reproduced with permission from ref 276.
Copyright 1997 Elsevier Science Ltd.) (bottom) Absorption
spectra of 100 nm thick pentacene 136.5 films on Al;O3
and glass near the fundamental HOMO—-LUMO transition.
(Reproduced with permission from ref 271. Copyright 2002
Plenum Publishing Corporation.)

argon matrix?7327 the longest wavelength absorption
for pentacene is blue-shifted by ~80 nm compared
to the solid state [Figure 21 (top)]. Excitation energies
of oligoacenes up to heptacene were calculated using
a new method based on time-dependent density
functional theory (TDDFT).2®
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Table 8. Best Experimental Values for Ionization Potential (IP) and Electron Affinity (EA) and Best Theoretical
Values for Vertical Ionization Potential (VIP) and Adiabatic Ionization Potential (AIP) of Acenes®

VIPtheor VIP (best AIP (best VEA
compd 1P (ref 18) (OVGF)??™  theor est)?®  theor est)?®®  (OVGF)27 EA (exp)

benzene (136.1) 9.24378 + 0.00007 9.044 9.44(8) 9.22(4) —2.605 —1.12 4+ 0.03%81
naphthalene (136.2) 8.144 + 0.001 7.847 8.24(1) 8.14(1) —1.304 —0.19 4+ 0.03%%1
anthracene (136.3) 7.439 + 0.006 7.202 7.47(3) 7.41(9) —0.438 0.530 4 0.005282
tetracene (136.4) 6.97 + 0.05 6.533 6.94(8) 6.91(4) +0.158 1.04 4 0.04%%3
pentacene (136.5) 6.63 £ 0.05 6.150 6.57(3) 6.55(6) +0.585 1.35 4 0.04283
hexacene (136.6) 6.36—6.44 5.865 6.43 6.42 +0.909

@ All energies are expressed in electronvolts. ® At OVGF/cc-pVDZ/B3LYP/cc-pVDZ.

The fluorescence of acenes was studied in detail,
and internal conversion rate constants as well as
absorption and fluorescence parameters up to hex-
acene were determined [Figure 21 (top)].2"®

The proton affinities of benzene, naphthalene, an-
thracene, and tetracene were measured in 1980,277
and the values were later reevaluated by Hunter
and Lias.'® Proton affinities at all reactive positions
for benzene, naphthalene, and anthracene were
calculated at different theoretical levels up to
MP2/6-31G*//HF/6-31G*, and the results have been
compared to experimental proton affinities.!8251 The
gas-phase basicity and proton affinity of pentacene
have been determined to be 225.7 kcal/mol using
FT-ICR mass spectrometry.2’8

The best experimental values of ionization poten-
tials of acenes are summarized in Table 8.1 Compu-
tations of ionization potentials for oligoacenes were
found to be difficult. Calculations?” (Table 8) at the
OVGF/cc-pVDZ level showed significant discrepan-
cies between the calculated vertical and experimental
ionization thresholds especially for longer oligoacenes.
The authors suggested that these unusually large
discrepancies between the OVGF/cc-pVDZ and ex-
perimental ionization potentials of naphthacene (tet-
racene), pentacene, and hexacene are related to their
more strongly electron correlated nature. A focal
point analysis of the convergence of the calculated
ionization potentials has been performed in order to
extrapolate the CCSD(T) results to an asymptotically
complete (cc-pVOZ) basis set. The best estimates for
the adiabatic ionization potential of benzene, naph-
thalene, anthracene, tetracene, pentacene, and hex-
acene [9.22, 8.14,7.42,6.91, 6.56, and 6.42 eV (Table
8)%%9] match, within reason, the benchmark experi-
mental'® values. Interestingly, at this level of theory,
electron affinities for acenes are positive, starting
from tetracene (and experimentally they are positive
starting from anthracene) (Table 8). Another impor-
tant observation is a decrease of the difference
between vertical and adiabatic ionization potentials
with increasing acene length.?80

The experimental values for the electron affinities
of benzene, naphthalene, anthracene, tetracene, and
pentacene are —1.12 4 0.03,281 —0.19 + 0.03,281 0.530
+ 0.005,282 1.04 + 0.04,2%3 and 1.35 + 0.04 eV,?8
respectively. Experimental values for the EAs of
larger oligoacenes, such as hexacene, are not current-
ly known. It is clear that elongation of the oligoacene
chain results in a substantial increase in electron af-
finity. Schaefer III et al. studied the electron affinities
of benzene, naphthalene, anthracene, and tetracene

computationally using six different exchange correla-
tion density functionals.?’? The BLYP and B3LYP
functionals have low average absolute errors of only
0.18 and 0.19 eV, when compared to experimental
values, and the authors recommend these functionals
in future studies of PAH anions.

3.5. Pentacene as Organic Semiconductors

3.5.1. Crystal Structure of Pentacene

Crystal structures of oligoacenes up to pentacene
are known, and the crystal data as well as experi-
mental studies of their electronic structure, available
up to 1978, have been summarized in the mono-
graph.2®* It is well-known that, remarkably, all
acenes, from benzene?®® through pentacene,?86-288 a5
well as several oligothiophenes?®® and oligophe-
nylenes?? crystallize in the herringbone structure
(Figure 22 depicts the herringbone structure for

———
\
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e ——
\ \
Figure 22. Heringbone structure of pentacene??’ (top:
RefCode PENTACENO1 from CCDC) and benzene?8 (bot-

tom: RefCode BENZENO1 from CCDC).
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pentacene and benzene). Gavezzotti et al. analyzed
the structure of numerous PAHs?1292 and found that
all examined compounds crystallize in layered struc-
tures and that the intralayer structure depends on
the relative abundance of C—H and C—C interac-
tions. If the C—H interactions dominate (or if the
PAH contains a relatively large number of H atoms),
a herringbone structure is generally found. With an
increasing relative number of C—C interactions, the
structure becomes more graphite-like.

The effect of molecular ordering in different poly-
morphs of pentacene on its electronic properties has
been investigated in detail .2%3~2% Generally, aromatic
hydrocarbons show a great propensity to polymor-
phism. Indeed several pentacene polymorphs are
known, and complete X-ray data are available for the
three structures.?6~2% Pentacene single crystals were
grown from trichlorobenzene solutions by Campbell
et al.,?*¢ (RefCode PENTACEN from CCDC) and
by Holmes et al.?*” (RefCode PENTACENO1 from
CCDC). It was recently shown by Siegrist et al.2
that a new pentacene polymorph with enhanced
physical properties (RefCode PENTACENO02 from
CCDC) can be obtained by vapor-phase growth. An
additional two X-ray structures for polymorphs of
pentacene were reported (RefCode PENTACENO3
and PENTACENO04 from CCDC).?*° Venuti et al.2%
argued on the basis of lattice dynamics calcula-
tions that phase PENTACENO2 is coincident with
phase PENTACENO1 and confirmed that phase
PENTACEN is significantly different. Moreover, they
suggested that the method of crystal growth (from
solution or vapor) is not the determining factor for
obtaining either structure and that sample purity or
growth temperature is more critical.

Della Valle et al. predicted several hundred distinct
minima in the potential energy surface of crystalline
pentacene, which should correspond to many poly-
morph structures, with two deepest minima corre-
sponding to the structures of two observed known
polymorphs.?% Recently, de Wijs et al. analyzed the
similarities and differences between the structures
of all acenes.?% Calculations performed by Tiago and
co-workers?® indicated that the electronic energy
gaps for the different polymorph structures are
slightly different. Intermolecular interactions are
more favorable in the vapor-phase grown structure.
Recently, solid-state packing in conjugated oligomers
including the parent and substituted pentacenes was
rationalized in terms of “pitch and roll” inclinations
(i.e., two angles determining the distortion from an
“ideal” noninclined co-facial z-stack).3!

Extended Hiickel theory calculations of the
band electronic structures of the parent and sub-
stituted pentacene derivatives were reported by
Haddon et al.?%? The results show that the parent
pentacene polymorphs are 2-dimensional in their
band electronic structure with moderate dispersions.
The bandwidths in the 14.1 A d spacing polymorph
(the vapor-phase grown)?’ are noticeably larger
(0.09—0.28 eV) than those for the 14.5 A d spacing
polymorph (0.07—0.18 eV, the solution-phase
grown),?® in agreement with the superior physical
properties found for the 14.1 A d spacing poly-
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morph.?% The dispersion in the highest lying valence
band of the 14.1 A d spacing polymorph is calculated
to be about 0.2 eV along the X direction.

Growth dynamics of pentacene thin films have
been studied utilizing the real-time imaging capabili-
ties of photoelectron emission microscopy by the low-
energy electron microscopy (LEEM) technique.3?
Organic thin-film growth of pentacene closely mimics
epitaxial growth of inorganic materials.

Recently, the structure of a monolayer-thick pen-
tacene film grown on amorphous silicon dioxide
(a-Si0g, a commonly used dielectric layer in OTFTs)
was studied by grazing-angle incidence X-ray diffrac-
tion (GI-XRD) using a synchrotron source.?** The
results confirm that the monolayer is crystalline;
however, its structure is different from that of bulk
pentacene, which has important implications for
carrier transport in pentacene-based OTFTs. The
lattice parameters for a monolayer-thick pentacene
film grown on amorphous silicon dioxide were sig-
nificantly different from those reported for bulk
pentacene but were consistent with a packing motif
resembling the (001) layers in the bulk form, that is,
with the pentacene molecules in the monolayer
adopting a near-vertical orientation (with the long
axis perpendicular to the substrate) on the a-SiOq
substrate. The energy-minimized monolayer struc-
ture using the cell parameters obtained by GI-XRD
reveals a herringbone packing of the pentacene
molecules similar to that observed in the bulk.

3.5.2. Organic Field-Effect Transistors

Organic semiconductors have been studied since
the late 1940s.2% Despite many efforts invested in
this field, until the past decade, OFETs had no
significant practical impact in optoelectronic applica-
tions. Nowadays organic semiconductor materials are
part of a rapidly growing field revolutionizing ap-
plications in photovoltaic cells,'?%3% chemical sen-
sors,?%” microelectronic actuators,?®® and TFTs.1%
Organic FETs are very similar to commonly used
silicon-based TFT transistors which contain amor-
phous silicon as the semiconductor material (charge-
carrier mobility about 0.5 ¢cm?/V:s). Currently, the
most developed organic FETs are based on pentacene.
Plastic flexible organic-based transistors have al-
ready reached the requirements for mass applications
in microelectronics®® as pixel drivers for flexible
displays and identification and product tagging pur-
poses. For discussions of organic FETSs, see refs 194,
195, 310, 311, and 312. Organic TFT devices are
usually prepared in one of two configurations: top-
contact device, with source and drain electrodes
evaporated onto the organic semiconducting layer, or
bottom-contact device, with the organic semiconduc-
tor deposited onto the prefabricated source and drain
electrodes with the gate usually on top or the side
(Figure 23).

The TFTs based on crystalline or amorphous inor-
ganic semiconductors are well-known.3'3 The basic
equation describing the drain current in FETSs is

I, = (WIL)uC[(V, — V)’ = "1,V 7]
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Figure 23. OTFT device configurations: (a) top-contact
device, with source and drain electrodes evaporated onto
the organic semiconducting layer through a mask; (b)
bottom-contact device, with the organic semiconductor
deposited onto the gate insulator and the prefabricated
source and drain electrodes. (Reproduced with permission
from ref 194. Copyright 2002 WILEY—VCH Verlag GmbH.)

where u is the field-effect carrier mobility, W is the
channel width, L is the channel length, C; is the
capacitance per unit area of the insulator layer, Vr
is the threshold voltage, V4 is the drain voltage, and
V, is the gate voltage.?'2 Thus, to achieve high drain
current, the field-effect carrier mobility should be
maximized.

Pentacene and tetracene have been used as hole
collectors (transporters) in organic photovoltaic cells,34
but of the electronic applications mentioned, oli-
goacenes have played a much more important role
as active semiconducting materials in OFETSs, mostly
due to a remarkably low reorganization energy (see
below) and an appropriate ionization potential re-
sponsible for excellent hole conductance.?'® The en-
ergy required for the structural relaxation in penta-
cene (the reorganization energy), going from the
neutral state to the cation radical and the reverse,
is small; hence, hole transport through pentacene
films is effective. The field-effect mobility in penta-
cene-based TFTs has been improving to equal that
of hydrogenated amorphous silicon (0.5 cm?V-s) and
to supersede it up to 3 cm?V-s.194195310.316 More
recently, an even higher mobility of 5 cm?/V-s?!7 was
reported for pentacene (achieved using surface modi-
fication®8). A field-effect transistor on a pentacene
single crystal has also been fabricated.31%320 The
formation of large single-crystal domains in vacuum-
deposited pentacene TFTs and the high degree of
molecular ordering that this implies are correlated
with the high mobilities obtained from these de-
vices.??! Unlike oligothiophene-based TFTs,??2 where
an impressive increase in mobility was achieved
through design of new molecules, the increased
performance of pentacene-based TFTs was achieved
mainly through the development of device fabrication
techniques, including®??® optimization of the film
deposition parameters3?3324 and improvement of mor-
phology, dielectric-semiconductor interfacial proper-
ties, and purification of materials.??® Finally, im-
provement of acene mobility by appropriate chemical
modification (substitution) is underway.326:327
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Another advantage of organic FETSs is the possibil-
ity of implementation in nanoelectronics. The opti-
mum channel thickness in pentacene-based thin-film
transistors was found to be 30 nm,??% a few times
below the limit of silicon (determined by uniformity
of doping). Indeed, 30 nm channel-length pentacene
transistors have been reported recently.32°

We note that organic molecular crystals have an
upper limit of microscopic mobilities.!®* The weak
intermolecular van der Waals interactions may be
responsible for this limit. In contrast, in inorganic
semiconductors such as Si, Ge, and GaAs, the atoms
are held together with very strong covalent bonds.
In these semiconductors, charge carriers move as
highly delocalized plane waves in wide bands and
have a very high mobility at (~103 cm?/V-s).

3.5.3. Pentacene from Soluble Precursors

The charge mobility achieved in pentacene-based
OTFTs satisfies the required value of many applica-
tions (1 cm?/V-s). However, one of the main motiva-
tions for organic electronic materials, the possibility
of solution processing, is hindered by pentacene’s
insolubility. Vacuum deposition is the most fre-
quently used for pentacene or other acenes. AFM
images of pentacene films from high mobility devices
showed a high degree of molecular ordering with
micrometer-sized and larger dendritic grains, while
poorly performing devices showed small grains and
higher molecular disorder.33 Also, the surface rough-
ness of the dielectric layer has a great impact on
mobility; increasing the dielectric roughness reduces
the free carrier mobility.33!

The inability to consistently control and reproduce
film thickness and order is a drawback associated
with the chemical vapor deposition (CVD) technique.
On the other hand, one of the greatest advantages
of molecular semiconductors is potential solution
processing, which is expected to reduce the cost of
device fabrication considerably. In this regard, sev-
eral solution processable pentacene precursors have
been synthesized.?3? After spin-coating onto sub-
strates, they give homogeneous films which can be
thermolyzed in a vacuum to produce a pentacene
layer. The first example of this approach, reported
by Miillen et al., included compound 144 as a precur-
sor.333.270 The latter was synthesized using a Diels—
Alder reaction of benzyne followed by oxidation to
compound 143 and another Diels—Alder cycloadition
(Scheme 14). However, the mobility of the resulting
FET was low, 9 x 1073 cm?/V+s.33% Later, optimization
of conditions for the conversion of the precursor into
pentacene led to an improved charge-carrier mobility
of 107! cm?/V-s.2"% Pentacene may also be obtained
from precursor 143 by hydrogenation followed by
retro-Diels—Alder reaction (Scheme 14).270

A similar approach was reported by a group at IBM
in 2002.33* A pentacene derivative 145 (Scheme 15)
with a thermally removable group was cast from
solution into the active channel. After heating pre-
cursor 145 to 130—200 °C, a pentacene film with
significantly improved field-effect mobility up to 0.89
cm?/V-s was formed.??* One year later, a modified
method to obtain a thin film of pentacene was pub-
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Scheme 14. Synthesis of Pentacene via Soluble Precursors??
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Scheme 15. Synthesis of Soluble Pentacene
Precursor 145334
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Scheme 16. Synthesis of Soluble Pentacene

Precursor 146335
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lished.33% The photosensitive precursor 146 (Scheme
16) can be polymerized via vinyl moieties by irradia-
tion, which allows its patterning. The illuminated
areas were polymerized, and nonilluminated areas
were removed by dissolution. Heating the polymeric
material released pentacene 136.5 incorporated in
the poly(N-sulfynylacrylamide) matrix. The field-
effect mobility of FETSs, obtained by this procedure,
was relatively low, up to 0.021 ecm?/V-s; however, this
procedure allows direct photopatterning of a penta-
cene precursor, which is another significant step for
low-cost fabrication.

3.5.4. Theoret/ca/ Study of Transport Properties of
Pentacene336

Understanding the charge-carrier transport in
organic semiconductor materials such as pentacene
is an important topic, not only of fundamental
academic interest but also of great technical rel-
evance in such promising fields as organic field-effect
transistors, organic light emitting diodes (OLED), or
photovoltaic cells. At the microscopic level, the charge-
transport mechanism can be described as involving
an electron transfer from a charged molecule to an
adjacent neutral molecule. The charge-carrier mobil-
ity, u, determines charge-carrier transport for a given
semiconducting solid. The charge-transport proper-
ties depend on the degree of ordering of the mol-
ecules, on the energies and intermolecular overlap
of molecular orbitals, and on chemical or structural
defects.?*® For a brief review of different experimental
methods that can measure charge-carrier mobilities,
see ref 337.

Hole- and electron-vibrational couplings to molec-
ular modes in oligoacene crystals were studied ex-
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perimentally (using high-resolution gas-phase ultra-
violet photoelectron spectroscopy, UPS) and compu-
tationally (using density functional theory).??® The
first vertical ionization potentials were measured (in
gas phase) to be 7.421 eV for anthracene, 6.939 eV
for tetracene, and 6.589 eV for pentacene (error
+0.001 eV). Due to high resolution of the method
employed for these molecules, several ionization
bands, including the first ionization, contain partially
resolved vibrational fine structure, providing an
experimental determination of reorganization ener-
gies. The relaxation energies obtained from UPS
spectra are 69.7, 58.8, and 49.6 meV for anthracene,
tetracene, and pentacene, respectively. Using these
values, the dimensionless hole-vibrational coupling
was estimated to give relaxation energies of 0.279,
0.235, and 0.198 for anthracene, tetracene, and
pentacene crystals, respectively. The hole-vibrational
coupling is inversely proportional to the number of
atoms along the z-conjugated backbone. Relaxation
energies obtained from UPS spectra are in good
agreement with DFT calculated values. Similar
calculations predict 0.404, 0.314, and 0.250 for the
dimensionless electron-vibrational parameter in an-
thracene, tetracene, and pentacene, respectively.
Thus, the hole-vibrational coupling is found to be
significantly smaller than the electron-vibrational
coupling in the case of anthracene, tetracene, and
pentacene. However, both are predicted to converge
to the same limiting value around 0.05 at the limit
of infinite conjugation length.

l H2/Pd/C

According to semiempirical INDO calculations, in
the absence of impurities and defects, electrons can
be as mobile as holes in pentacene crystalg339340
because the interchain transfer integrals are very
similar for electrons and holes (~47 meV). It was also
concluded that charge transport in pentacene has a
dominant two-dimensional character and takes place
within the layers in directions that are nearly
perpendicular to the long molecular axes. The valence
and conduction bandwidths in pentacene crystals
were estimated to be as large as 608 and 588 meV,
respectively.?3® Recently, the bandwidths for naph-
thalene, anthracene, tetracene, and pentacene were
calculated to be on the order of 0.1—0.5 eV. Further-
more, comparison of the thermal-averaged velocity —
velocity tensors with the experimental mobility data
indicates that the simple band model is applicable
for temperatures only up to about 150 K.3*! It is
interesting to point out that the theoretical estimates
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of the conduction and valence bandwidths in a single
crystal of pentacene have the same order of magni-
tude as the conduction bandwidth characteristic of
the widely studied TTF—TCNQ organic charge-
transfer complex and its derivatives.?3%34 This is
particularly notable if one considers the intermolecu-
lar distances and interorbital angles of the two
systems; in the former, they are outside van der
Waals radii, and in the latter, they are much shorter
than the sum of van der Waals radii.

Interestingly, a significant HOMO and LUMO
splitting is calculated not only along the a axis but
also along the diagonal axes (d; and ds in Figure 24),

d;

Figure 24. Lattice parameters within the ab layer of a
single crystal of pentacene. Labels 1 and 2 refer to the two
inequivalent molecules in the layer; axes d; and ds are
those that connect these inequivalent molecules. (Repro-
duced with permission from ref 194. Copyright 2001
American Chemical Society.)

although the molecular planes of adjacent molecules
along the latter form an angle of 53°. A vanishingly
small splitting is obtained from interactions between
molecules located in adjacent layers (along c),343
confirming a two-dimensional charge transport in
pentacene.

Recently, the effect of an external electric field on
the charge-transport parameters in pentacene was
investigated using semiempirical calculations.?** For
electric fields below 107 V/em the charge distribution
and geometric structure remain nearly unchanged.
Pronounced charge redistributions and geometric
distortions are observed at higher fields, which lead
to a significant modulation of the two components of
the reorganization energy.?*®> However, these two
components have opposite evolutions, so that the
global reorganization energy remains nearly unaf-
fected by the application of the field. The transfer
integrals are also calculated to remain nearly con-
stant and independent of the field strength.344

3.6. Substituted Acenes

3.6.1. Anthracene and Tetracene-Based Materials for
FETs

To date, anthracene is not active in FETSs; however,
rather high mobilities (0.18 ¢cm?/V-s) were achieved
using oligoanthracene 147.346

Bendikov et al.

4Oot

CeH13 147

Several anthradithiophenes (148—151) were syn-
thesized by H. Katz et al., and their morphology and
field-effect mobility have been studied.’?*” All four
compounds form highly ordered polycrystalline vac-
uum-evaporated films with mobilities as high as
0.15 cm?/V-s. Compound 151 has a mobility of
0.06 cm?/V-s even though 70% of its molecular volume
is occupied by hydrocarbon chains. The alkylated
anthradithiophenes combine a pentacene-like intrin-
sic mobility with greater solubility and oxidative

stability.
S
2000
R R
- -

syn and anti isomer mixture
148: R=H
149: R=C6H13
150: R=C12H25
151: R=C18H37

FETS of optically transparent free-standing single
crystals of unsubstituted tetracene 136.4 have been
fabricated.?*® These FETs exhibit effective hole chan-
nel mobility uer up to 0.15 cm?V s and on/off ratios
up to 2 x 107. Independently, field-effect transistors
on tetracene single crystals have been reported.3*
The mobility of these transistors reaches the room-
temperature value of 0.4 cm?/V s.

Recently, a mobility of 8 cm?/V-s in organic media
was achieved with another member of the acene
family, rubrene (5,6,11,12-tetraphenyltetracene,
152).390 Single crystals of rubrene were grown by
sublimation in an inert gas atmosphere. The crystals
are orthorhombic with @ = 7.184(1) A, b = 14.433(3)
A,and ¢ = 26.897(7) A. The interplanar distance
between tetracene units is about 3.7 A. The crystal
structure of rubrene shows s-stacked and herring-
bone structures.?®' Apparently, good m-overlap is
responsible for the observed high mobility. For the
synthesis of rubrene, see ref 352.

A new method of high-performance OFET fabrica-
tion on the surface of a free-standing organic single
crystal was developed.?2%353 The transistors were
constructed by laminating a monolithic elastomeric
transistor stamp against the surface of a crystal with
the organic crystal placed on top of the source and
drain electrodes. Strong field-effect modulation of the
channel conductance was observed, with on/off ratios
as high as 10%. Rubrene-based OFETs with charge-
carrier mobilities as high as 15 ¢m?V-s (charge-
carrier mobilities of 3—15 cm?/V-s were obtained for
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Figure 25. X-ray structure of rubrene, RefCode QQQCIGO01 from CCDC: (left) view along the ¢ axis; (right) view along

the b axis.

different rubrene crystals) were fabricated using this
method. The first experimental verification of ani-
sotropy of organic single crystals in field-effect ex-
periments also became possible using this new tech-
nique. The maximum hole mobility was realized
along the b axis, for which one might expect a
stronger —m overlap (Figure 25).

3.6.2. Substituted Pentacenes

Despite the substantial research in pentacene
devices, relatively few derivatives of pentacene are
known. A first obvious advantage of substituted
pentacenes should be their higher solubility, which
would simplify their purification and processing.
6,13-Diphenylpentacene (153) and tetraphenylpen-
tacene (154) were prepared in 1942 using Grignard
reagent.?®* The latter was recently prepared by an
improved route, and its crystal structure was solved
at UCLA.?% Unfortunately, the crystal structure
contains a p-xylene molecule of solvation and does
not show any z-stacking or herringbone structure.

Ph Ph Ph
Ph Ph Ph
153 154

Maulding and Roberts synthesized a series of
phenylethynyl-substituted acenes by the reaction of
the corresponding ketones (diketones and tetrake-
tone) with lithium phenylacetylide, followed by re-
duction of the corresponding quinols with stannous
chloride.?*¢ Phenylethynyl substitution results in
large shifts of emission and absorption to longer
wavelengths and increased fluorescence efficien-
cies.’®® For example, the parent tetracene 136.4
absorbs at 476 nm (and emits at 483 nm with 21%
quantum yield), while 155 absorbs at 548 nm (and
emits at 580 nm with 66% quantum yield); the parent
pentacene absorbs at 576 nm (and emits at 578 nm
with quantum yield <1%), while 156 absorbs at 655
nm (and emits at 680 nm with 34% quantum yield)
and 157 absorbs at 705 nm (and emits at 740 nm
with 8% quantum yield).

155 R = C=C-C¢Hs 156 157

A number of soluble pentacene derivatives
(158—160) were synthesized by Anthony et al. in a
one-pot reaction from 6,13-pentacenequinone (or its
ether derivatives) and 5,14-pentacenequinone (Scheme
17).326,357,358

The isopropyl-substituted pentacenes 158f and 159
show self-assembly of the aromatic moieties into
m-stacked arrays, which probably enhance intermo-
lecular overlap, compared to the parent pentacene
(Figures 26 and 27). In contrast to unsubstituted
pentacene, compounds 158f and 159326 do not adopt
the herringbone pattern but stack in two-dimensional
columnar arrays with significant overlap of the
pentacene rings (the interplanar spacing of the
aromatic rings is 3.47 A for 158f, compared with 6.27
A for pentacene). Devices fabricated using 158f
showed a field-effect mobility of 0.4 cm?/V-s.35°

The unique arrangement of molecules 158f and 159
in the solid state led to significant resistivity anisot-
ropy in the crystal. Conductivity measured along the
b axis in 158f, perpendicular to the plane of the
pentacene rings, was the highest (4 x 107 S/cm),
followed by that measured parallel to the long axis
of the molecules (the a axis, 2 x 107° S/cm). The
conductivity across the short (¢) axis was the lowest
(8.3 x 107! S/em) due to the insulating barrier
created by the substituents.?®® The highest conduc-
tivity measured for 159 was 1.2 x 1071° S/em, which
is just a little higher than the conductivity of 158f
along its least-conductive axis. Temperature-depend-
ent conductivity studies revealed that these materials
are semiconductors, with thermal activation energies
in the range 0.3—1.5 eV.3%1 The photoresponse of the
conductivity in functionalized pentacene compounds
158¢c and 158f was also studied.352

These materials pack in three general motifs: seg-
regated stacks (such as 158f, Figure 26), slip-stacks
(such as 158¢),%5” and columnar stacks (such as 159,
Figure 27).326 Segregated stacks result in two-dimen-
sional overlap, producing the best electronic proper-
ties. The noticeable solid-state structure differences
of substituted pentacenes from that of the parent
pentacene herringbone packing are reflected in their
electronic band structures.3*2 Pentacene 158¢ adopts
a pronounced one-dimensional structure that leads
to a large bandwidth along the stacking direction;
158f also adopts a stacked structure, but because the
molecules are laterally interleaved in the brick-wall
fashion, this compound is strongly two-dimensional.

Takahashi synthesized alkyl-substituted pentacene
derivative 161 by successive homologation and de-
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Scheme 17. Synthesis of Dialkylpentacenes by Anthony et al.326:357,358
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termined its X-ray structure.?®® The pentacene de-
rivative 161 was deep-blue and soluble in organic

Figure 26. Solid-state ordering of 158f: (top) view of the
ac layer (looking down the b axis); (bottom) view of the bc
layer (looking down the a axis). (Reproduced with permis-
sion from ref 326. Copyright 2001 American Chemical
Society.)

160 &\‘,iiPr3

solvents such as THF, CHCl3, benzene, hexane, ether,
AcOEt, and acetone.

Pr Pr Pr
5SSO
Pr COOMe

Pr Pr Pr

161

The multistep synthesis of 2,3,9,10-tetramethyl-
pentacene (162)%27 was performed similarly to the
procedures described for pentacene (Scheme 18).213
Both 162 and 136.5 produce pink solutions in 1,2-
diclorobenzene (ODCB) and exhibit a pink-red fluo-
rescence. The longest wavelength band has a char-
acteristic vibronic fingerlike shape, and the maxima
were almost unchanged (by less than 2 nm) in going
from pentacene to tetramethylpentacene.

Cyclic voltammograms of both pentacene 136.5 and
162 (Figure 28) showed quasi-reversible oxidation
and reduction in hot 1,2-dichlorobenzene with
nBusNPFy electrolyte. The oxidation potentials and
reduction potentials (EV2 vs Ag wire, Fc/Fc* shows
0.47 V under these conditions) are +0.73 V, —1.66 V
for 136.5 and +0.58 V, —1.66 V for 162, respectively.
The HOMO—-LUMO gaps, determined from the EV2
of oxidation and reduction potentials, were 2.4 and
2.3 eV for 136.5 and 162, respectively. An OTFT
fabicated with compound 162 with a mobility of 0.30
ecm?/V-s renders it the first pentacene derivative with
mobility similar to that of the parent pentacene.

Oligoacenes starting from anthracene are good
dienes for Diels—Alder reactions.!88:189:380 Mych less,
however, is known about oligoacene compounds as
dienophiles.?%* Recently, an interesting reaction of a
pentacene derivative acting as a dienophile was dis-
covered (Scheme 19).365 Cycloaddition of 2,3,9,10-
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Figure 27. View of the close-packing “dimeric” stacks of
159 (top) and their arrangement in the solid state (bottom).
(Reproduced with permission from ref 326. Copyright 2001
American Chemical Society.)

tetrachloropentacene (163) with itself followed by
dechlorination lead to a novel aromatic ladder
polymer—poly(iptycene), which can be converted to
a highly conducting carbon at relatively low temper-
ature (600—900 °C).

A relatively long C2—C3 bond length in 163 (cal-
culated value 1.442 A) is weaker than in typical
aromatic compounds and hence more reactive. This
opens the possibility for a Diels—Alder reaction
between the peripheral double bond (C2—C3) of 163
(acting as dienophile) and the central ring of another
163 molecule (acting as diene), resulting in the [4 +
2] cycloaddition followed by dechlorination, producing
an iptycene structure. The calculated overall activa-
tion barrier (~50 kcal/mol) seems very reasonable for
the reaction occurring at 400 °C. Once the pentacene
has undergone cycloaddition, the terminal double
bond of the naphthalene fragment loses its dienophi-
licity, resulting in preferable formation of a linear
polymer, the first ladder-type poly(iptycene) de-
scribed. Loss of the two residual chlorine atoms above
600 °C is accompanied by gradual dehydrogenation,
resulting in a highly conducting material (pressed
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Figure 28. Cyclic voltammograms of pentacene 136.5 and
tetramethylpentacene 162 in hot (150 °C) ODCB solutions
(0.1 M BuyN PFy). The potentials are vs a Ag wire
pseudoreference electrode; Fe/Fct shows 0.47 V under these
conditions. The large E, ,/E} .. separation is due to uncom-
pensated resistance in low-polar media and was also
observed for ferrocene.

pellet o,; ~ 1073 S/em for material obtained at 730
°C and >5 S/cm for material obtained at 960 °C, two-
probe method). This conversion temperature is re-
markably lower than the normal graphitization
temperatures (2000—3000 °C) and in the range of a
graphitization of hexabenzocoronene derivatives.3%6
It is possible that the structural similarity between
PAH and graphite favors the graphitization process.
Interestingly, when the pyrolysis of a number of
PAHs is performed under very high pressure, dia-
mond-like carbons can be formed. The pyrolysis of
naphthalene, anthracene, pentacene, perylene, and
coronene at 8 GPa suggests that the temperature
(1280 °C) for diamond formation does not depend on
the nature of the starting PAH for all investigated
compounds.36”

Several other substituted pentacene structures,
such as 6,13-diethylpentacene,?® 6,13-dihydroxypen-
tacene,?%® [b]-cyclohexenepentacene,®° 1,4,8,11-tet-
ramethoxypentacene,®”! 1,11,12,13,14-pentahydroxy-
pentacene,’! 1,11,12,13,14-pentakis(hydroxymethyl)-
pentacene,?? 6,13-dichloropentacene,?”® and 5,6,7,-
12,13,14-hexachloropentacene,?* have been claimed
in the literature, but only one of these (1,4,8,11-
tetramethoxypentacene) has been fully characterized.
To the best of our knowledge, the application of any
of these materials in FETs or other electronic devices
has not been reported to date.

3.7. Benzannulated Pentacenes and Higher
Homologues

Numerous benzannulated pentacenes, hexacenes,
and heptacenes were synthesized, mostly by Clar et
al. (Chart 20), and crystal structures that revealed
completely planar structure were determined for
some of these (e.g., compound 164s3’®). As these
compounds have been thoroughly reviewed by Clar!®®

Scheme 18. Synthesis of 2,3,9,10-Substituted Pentacenes 162 and 163

o

R CHO R

OH

o]
R @ R R
—— OO e SO
R CHO R R AlHgCl, R R
o]

R= Me (162)
R =Cl (183)



4932 Chemical Reviews, 2004, Vol. 104, No. 11 Bendikov et al.

Scheme 19. Thermal Polymerization of 163365

Chart 20. Benzannulated Pentacenes, Hexacenes, and Heptacenes
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and Harvey,'® here we only mention recent develop- topologically interesting molecules that have been
ments relevant to electronic materials. studied in detail, mostly by Pascal’s group, who
Introducing phenyl substituents in the acene frag- designed, synthesized and characterized many of
ment of many of compounds 164, results in puckering these contorted molecules up to formal pentacene

the molecules, e.g., twisting. These twisted PAHs are derivative 165.37¢ Recently, an efficient synthesis of
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a novel twisted and stable, electroluminescent “twis-
tacene” 166 was reported using a novel mild bisben-
zyne precursor 167 (Scheme 20).377

Scheme 20. Synthesis of “Twistacene” 166

165a: R=H
165b: R= OAc

Despite (or perhaps due to) the significant twisting
in 166, its lowest energy electronic absorption (Anax
at 530 nm) is red-shifted compared to its parent 164s
(Amax = 506 nm in TCB).3”® The bathochromic effect
is most likely a result of a combination of the phenyl
substitution and twisting of the z-system. Overall,
the Amax of 166 falls between tetracene (475 nm) and
pentacene (582 nm), that is, at considerably longer
wavelength than anthracene, the longest non-cross-
conjugated moiety in 166. In solution, 166 is strongly
fluorescent with 15% quantum efficiency and es-
sentially zero Stokes shift. CV measurements (E°q
= —1.79, E°x= 0.72 V vs Ag/Ag™", Figure 29) suggest

0.15 1 0.79V

0.10 4
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Figure 29. Cyclic voltammetry of 166 in ODCB. (Repro-
duced with permission from ref 377. Copyright 2003
American Chemical Society.)

a HOMO-LUMO gap of 2.51 eV, in reasonable
agreement with the optical gap (2.3 e€V) and the
calculated AEHOMO*LUMO [2.6 eV, B3LYP/6-31G(d)]
Furthermore, both calculation and experimental
results placed the HOMO—-LUMO gap of 166 right
between tetracene (caled 2.8 eV, exp 2.6 e€V) and
pentacene (caled 2.2 eV, exp 2.1 eV). The combined
photoluminescence and CV results render 166 as a
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potentially interesting material for OLEDs. Indeed,
166 affords excellent white-emitting LEDs with low
turn-on voltage and high luminance.?™

3.8. Acene —Fullerene Clusters

As discussed above, in Diels—Alder reactions of
acenes, the most reactive is the central ring and the
reactivity increases with an increasing number of
rings.188189380 Ag the dienophilic character of fullerene
is well-known,?81382 the Diels—Alder reaction was
used to create a number of diads across these two
types of materials. The reaction between anthracene
and fullerene was first discovered in 1993, and
since then, it was studied in great detail (Scheme 21).

Scheme 21. Synthesis of Anthracene—Cg Adduct
169 and Its Solid-State Disproportionation

It was demonstrated that the solution-phase cycload-
dition of 9,10-dimethylanthracene to fullerene at
room temperature proceeds reversibly.?%* It has been
shown experimentally that there is an inverse a-sec-
ondary isotope effect and the f(-secondary isotope
effect is close to unity, suggesting a concerted mech-
anism.?® A variety of anthracenes have been at-
tached to Cg in solution,38 and an elegant approach
was developed for the antipodal bisadduct 168 by a
topochemically controlled thermal transformation of
the crystalline monoadduct 169 (see Scheme 21).387

Interestingly, the cycloaddition efficiency of an-
thracenes to fullerene is improved when the reaction
is performed in solid state using a high-speed vibra-
tion milling (HSVM) technique.38® The HSVM treat-
ment of Cgp with 9,10-dimethylanthracene, tetracene,
or naphtho[2,3-a]pyrene also gave the corresponding
[4 + 2] cycloadducts in 51—62% yields.388

Reversible binding of Cgy to an anthracene deriva-
tive was used to produce a fullerodendrimer 170
(Scheme 22).38% Good solubility in water, brought by
a dendritic poly(amidoamine) substituent, and a
possibility of removing the dendritic substituents
render this system useful for biomedical applications.
It can act as a fullerene reservoir releasing Cgg
intracellularly. This fullerodendrimer also represents
a new class of fullerenes and can act as photosensi-
tizer to generate singlet oxygen in water.

The first reaction of fullerene with pentacene was
reported in 1997, and its major product, monoadduct
171 (resulted from addition of fullerene across the
central 6,13-carbons of pentacene), was isolated in
59% yield after reflux in toluene.?*® A 10-fold excess
of Cgo increases the yield of monoadduct 171 to 86%
(based on pentacene consumed). In a solid-phase
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Scheme 22. Reversible Diels—Alder Reaction of
CGO and 170389

mechanochemical synthesis, a 1:1 mixture (171) and
2:1 (172) and 1:2 (173) addition products were
obtained in 19%, 11%, and 15% yields, respectively3®
(Scheme 23). When 2 mol equiv of Cgg was used, the
yield of the trans-bisfullerene adduct 172 increased
to 16%. The syn—anti stereochemistry of the bis-
addition product was not investigated in this study;
anti stereochemistry was assumed for the product
based on *C NMR data, but the authors pointed out
that the 1*C NMR data are also consistent with the
syn adduct having Cs; symmetry.

Figure 30 shows the packing of 171 in the solid
state.?®! It has a packing mode analogous to that

Figure 30. Unit cell of 171-2CS,. (Reproduced with
permission from ref 391. Copyright 2003 American Chemi-
cal Society.)

Scheme 23. Synthesis of Pentacene—Cgy Adducts
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found?®®” for the fullerene adduct with anthracene.
The bent pentacene fragment of the adduct embraces
the fullerene portion of a neighboring adduct. Within
the region of contact, the shortest nonbonded C::-C
distances are 3.17 and 3.20 A. The fold angle of the
pentacene (the angle between the least squares
planes of the two naphthalene rings in the adduct)
is 126.7°. This angle is similar to the fold angle
(123.2°) in 174 and also similar to that found in
s-dipentacene (127.4 A),%?2 the photodimer of penta-
cene.

The insertion of aryl substituents at positions 6 and
13 of pentacene results in formation of bis-adduct
only, via addition of two fullerene molecules in
positions 5,14 and 7,12 (see ref 393). cis-Bisfullerene-
[60] adducts 174 and 175 of 6,13-disubstituted pen-
tacenes were synthesized in 75—85% isolated yields
under kinetically controlled Diels—Alder conditions
(Chart 21). The cycloadditions were completely regio-

Chart 21. Fullerenopentacene Adducts 174 and
175

174, R = Ph
175, R = 4-MeOPh

selective and highly stereoselective, with only traces
of the diastereomeric ¢rans-bisfullerene[60] adducts
formed. The cis stereochemistry was established by
careful NMR experiments taking advantage of slow
rotation of the substituents at the 6,13 positions of
pentacene. When 174 and 175 were heated to reflux
in CHCI; (bp 63 °C) for an extended time period, no
detectable retro-Diels—Alder reaction results, thereby
confirming the kinetically controlled nature of the
forward reactions run in refluxing CS, (bp 46 °C).39
Molecular modeling studies suggest that favorable
Ceo -stacking interactions of two fullerenes account
for the high cis stereoselectivities observed in the
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reactions between Cg and 6,13-disubstituted penta-
cenes.3%

Recently, the structure of 174 was also confirmed
by X-ray analysis.?*! Two five-membered rings on
adjacent fullerene moieties directly face each other,
and the carbon atoms that make the closest contact
are as low as 3.065(8) A (Figure 31). The distance

Figure 31. Top: perspective view of 174 in 174-(4.5 CSs)
showing 50% thermal ellipsoids for all non-hydrogen atoms.
Selected bond distances: C1-C2, 1.605(5) A; C1-Ce,
1.534(5) A; C1-C61, 1.593(5) A. Bottom: expanded view
of the region of contact between the two fullerene moieties
with the nonbonding C---C distances. (Reproduced with
permission from ref 393. Copyright 2003 American Chemi-
cal Society.)

between the centers of the butting pentagons in two
fullerenes is 3.284 A, which is slightly shorter than
the 3.35 A van der Waals spacing between adjacent
sheets of graphite. The centroid-to-centroid distance
between adjacent fullerenes is 9.805 A. For compari-
son, the analogous centroid-to-centroid distance in
pristine Cgp crystal (in which the molecules are
orientationally disordered) is 9.94 A.3% Molecular
mechanics (MMZ2) calculations predict the structures
of 174 with a high degree of accuracy. Semiempirical
calculations were far less accurate.3®

Formally, the cycloadduct of heptacene with three
fullerene molecules has been synthesized diastereo-
selectively starting from Cg and 5,7,9,14,16,18-
hexahydro-6,8,15,17-tetraphenylheptacene 176.3%
Heating compound 177 in benzene along with an
excess of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) and Cgp affords compound 176 in 74% crude
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Scheme 24. Synthesis of cis,cis-Tris[60]fullerene
6,8,15,17-Tetraphenylheptacene Adduct 1763%

Ph Ph 5Cg

and 20% isolated yield (Scheme 24). It is not neces-
sary that the heptacene molecule is actually formed.
The reaction can proceed through sequential oxida-
tion and trapping of each “anthracene” subunit by
Cso.

As demonstrated above, new materials can be
synthesized combining the fullerene and acene chem-
istry. The complementarity of their properties can
also be used to create advanced electronic devices
combining the materials in a single device. Recently,
a CMOS (complementary metal oxide semiconductor)
logic gate circuit was fabricated with Cgp and penta-
cene thin-film FETSs, using fullerene as an n-channel
conductor and pentacene as a p-channel conductor.39”
(An n-channel FET with a thin film of Cgy was first
fabricated in 1995.398 The mobility of the Cg in the
FET has recently been improved to 0.56 cm?V-s by
performing the device fabrication and characteriza-
tion under 1071 Torr without exposure to air.3%?)

3.9. Heteroacenes

Heteroarenes are an interesting but much less
studied class of 7-functional materials. Substitution
of one of several carbon atoms in oligoacenes with a
heteroatom such as nitrogen in different valence
states may deliver many intriguing properties in
these m-electron systems, including a zwitterionic
structure and lowered HOMO—-LUMO gap.

Tetraphenylhexaazaanthracene (178) was synthe-
sized in 1998.4%0 It has 16 z-electrons and is formally
antiaromatic. Yet, it is an atmosphere-stable, highly
fluorescent compound, which can be heated to 400
°C without appreciable decomposition. Two resonance
structures, 178 and 178a, can be drawn for this
molecule, but the absence of an ESR signal and sharp
lines in NMR spectra suggest that a biradical reso-
nance structure 178a has negligible contribution and
a closed-shell zwiterionic resonance structure 178 is
dominant. The zwitterionic structure of 178 was also
confirmed by X-ray crystallography and theoretical
calculations. Thus, 178a, by converting to 178,
sacrifices the central benzene in favor of two inde-
pendent cyanine subunits with a total of 16 s-elec-
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trons. In cyclic voltammetry, 178 exhibits two (quasi)
reversible reductions, E°.eq = —1.36 V and E°speq =
—1.62V, and one irreversible oxidation, E°,; = +0.55
V (vs SCE). Only the first reduction is both chemi-
cally and electrochemically reversible.

Ph Ph Bh Bh
Ph N N Ph Ph N N Ph
178 ' 178a :

The electronically related heteroacene 5,7-diphen-
yl-56H,12H-quinoxalino(2,3-b]phenazine (179a)%! also
possesses a singlet ground state with zwitterionic
structure, which was confirmed by solvent-dependent
UV—vis and fluorescence studies.*°! A model com-
pound with hydroden substitution in the 5,7 positions
has a calculated dipole moment of 8.15 D (at BSLYP/
6-31G(d)).40? Zwitterionic azaacenes show dramatic
HOMO-LUMO gap reduction compared to all-carbon
acenes (Amax of phenyl-substituted 179a is 750—810
nm, depending on the solvent),**! which makes them
promising materials for electronic applications.

A related 5,7-bisoctadecyl derivative 179b displays
interesting high-temperature liquid crystalline prop-
erties (Scheme 25).4°3 The monolayers of 179b on a

Scheme 25. Synthesis of Tetrazapentacenes 179403
NOZ NOZ

NHR
EtN iPr),

R
NH O:N 02
L, ﬁ
NH, F CH;;CN/THF
_1.Hp PUIC a R=Ph
b: R = C4gHg;
¢: R = CD,Cy7Has

water—air interface form stripelike domains that
responded strongly to an applied magnetic field.
These stripe domains were transferred as Lang-
muir—Blodgett (LB) films onto glass substrates,
where they were structurally characterized.®* Tet-
raazapentacenes with long chain alkyl substituents,

2 HCI, Air
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179b and 179¢, present a unique system because
they are zwitterionic yet have an overall molecular
structure that promotes a range of possible packing
configurations.

Several dihydrodiazapentacenes which are iso-
structural to pentacene and dihydrodiazahexacene
have been synthesized, and their applications in thin-
film transistors have been evaluated.*?® The synthesis
of the dihydrodiazapentacenes (180, 181) and dihy-
drodiazahexacene (182) was efficiently achieved
through simple condensation reactions between a 1,2-
aromatic diamine and a 1,2-aromatic diol (Scheme
26).4%5 These materials are expected to be easily
derivatized, though these were not reported. They are
reported to be somewhat soluble and environmentally
stable, though one would expect them to be readily
oxidized. Like their acene analogues, these materials
behave as organic field-effect transistors; however,
their mobilities were relatively low, approaching 102
cm? V-1 s71 with on/off ratios about 10%.

Another heteroacene series, the isoquinolones, was
synthesized using a new synthetic method through
a zwitterionic aryne-trapping chemistry.*%® The meso-
ion 183 served as the diene source and provided the
thermally labile protective lactam group (Scheme 27).
Extrusion of one protecting unit in vacuo at 200 °C
from the bislactams 184 and 185 furnished isoquino-
linone 186 and 187.

The most interesting feature of the X-ray structure
of 187 is an extraordmarlly long N—CO bond (of
1.434 A). The UV—vis spectrum of 187 (in chloroform)
shows the longest absorption at Ap., = 588 nm. It is
quite surprising that 187 with a relatively small
m-system revealed an optical gap similar to that of
pentacene (An.y = 582 nm, 2.13 eV in chloroform).
The redox behavior of 187 is completely reversible
with E°.q and E°; potentials of —1.6 and 0.5 V
(respectively, vs Ag/Agt in ODCB), and the electro-
chemical HOMO—-LUMO gap (2.1 eV) is in excellent
agreement with the optical data.

3.10. Tetrathiotetracene and Related Materials

An interesting and important class of molecular
conducting materials was created by introducing

Scheme 26. Synthesis of Dihydrodiazapentacene 180405

‘( RZII

181a Ry=R,=H

H
N
H
182

181b Ry=Me; R,=H
181c Ry=H; R,=OH

. N
Me l/h Me co, PN

® 184:n=0

183 nooN 185:n =1

A
O —F—F— 180
180°C, neat

Scheme 27. Synthesis of Isoquinolones 186 and 1874%

o o) Ph
Me-~ 200 °C
OWO DCE/reflux N@O vacuum ©
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- = .
Me
M
© Ph

186: n = 0 (54%, 2 steps)
187: n =1 (41%, 2 steps)
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Chart 22. Structures of Chalcogenoacenes

Se—Se
Se—Se
TTT TSeT
188 189 190
Se—Se S—S—S
Se—Se S—S—S
DMTSA
191 192

chalcogen substituents on acenes (188—192). TTT
(188, Chart 22) is known as a stronger donor than
TTF and was first used in formation of conducting
charge-transfer complexes in the 1960s before the
“T'TF era”.407

The first compounds of this series, TTT (188) and
TSeT (189), were prepared by Marshalk et al 215:408-410
by different synthetic methods (Scheme 28).

The chalcogenotetracenes are air-sensitive com-
pounds, and the value of the room-temperature con-
ductivity of TTT and TSeT may be used as a criterion
of their purity (the higher conductivity corresponds
to lower purity). The purification of TTT (188) and
TSeT (189) includes multiple recrystallization fol-
lowed by gradient sublimation.%?” Both 188 and 189
are strong electron donors and can be easily oxidized
to cation radicals. The electrochemical oxidation of
188 exhibits two reversible oxidation steps at E°qox
= +0.24 V and E°yx = +0.73 V vs SCE (in DCM)#11
(cf. TTF E°1x = +0.37 V and E°s,x = +0.67 V vs SCE
in DCM).! The ionization potentials of TTT (6.27 eV)
and TSeT (6.33 eV)*2 are also lower than those for
TTF (6.7-6.9 eV'8). The electronic structures of
tetrathioacenes 188 and 189 were studied by ESCA
(electron spectroscopy for chemical analysis).*!? Elec-
tronic, infrared, and resonance Raman spectra of TTT
and TSeT appeared in several publications.*°” The
electronic absorption spectra of TTT and TSeT in
solutions are practically identical and contain bands
at 315 nm (3.94 eV), 470 nm (2.64 eV), and 700 nm
(1.77 eV). The later exhibits a characteristic acene
vibrational structure. Thus, the optical gap of TTT

Scheme 28. Synthesis of TTT and TSeT

Sor SZCIz
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and TSeT (1.77 eV) is significantly lower than that
of tetracene (2.61 eV)?*2 and even pentacene (2.1 eV).
The conductivity of TTT strongly depends on the
purification method. Matsunaga first reported an
anomalously large value, that is, 107 S/ecm in 1965.414
Obviously, the high conductivity of TTT is associated
with the partial oxidation of TTT with oxygen,*!
giving rise to the formation of TTT**. Many different
conductivity values for TTT were reported in the
literature, with the lowest being on the order of 1077
S/em.*%7 The room-temperature conductivity of TSeT
was also measured with values similar to TTT con-
ductivity (7.7 x 1077 S/em for vacuum sublimed sam-
ple, and 1.1 x 10~ S/em for sample exposed to air).*1®

Structural aspects of one-dimensional conductors
based on TTT were reviewed previously.*’® Two
structural modifications of TTT, orthorhombic and
triclinic, were prepared as single crystals, while only
the structure of the triclinic phase was completely
established.424%17 The X-ray structure of TSeT is also
known.*'8 As z-donors, TTT and TSeT form a variety
of conducting ion radical salts.

The first of these were obtained by Marshalk
et al.4%941% With inorganic anions such as CI,
Br-, NO;3~, ClO,~, HSO,~, CH3COO™, and HCOO-,
TTT and TSeT form monocation and dication
salts.213409.419.420 The dication salts are less stable and
can be easily reduced to monocation salts.*'® The
green color of TTT changes to red upon oxidation and
formation of TTT**, which exhibits absorptions around
540, 590, 950, 1100, and 1250 nm.*'* TTT*" inorganic
salts are soluble in water, and the solubility is
strongly dependent on the anion. Complexes of TTT
or TSeT with many organic and organometallic
acceptors are known (Chart 23).414.416:421

Chart 23. Acceptors Used to Prepare TTT
Complexes

R R R R R R
NC CN
(0] O R (]
NC CN
R R R (o) R R
R s 8 R NC CN
BT
R S S R NC CN

Some of these exhibit metallic properties and have
room-temperature conductivity in the range of 103

tr|chlorobenzene *
SoCly
chIorobenzene

S—S
Se—Se

Se—Se
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Scheme 29. Synthesis of Hexathiohexacenes 194A and 194b

S—S—S

S——S—S

reflux

S/cm, rendering these among the most conductive
molecular materials. As in TTF-based materials, the
partial charge transfer is normally required for high
conductivity, for example, (TTTV2*),I3~ (o &~ 103
S/cm). In contrast to TTF derivatives, where spin
density is equally delocalized between sulfur and the
central carbon atoms, the spin density in TTT cation
radical is considerably higher on the four sulfur
atoms than on the carbon atoms.*?2 CT complexes of
TTT were investigated mainly in the 1960s and
1970s.47 Some 1:1 cation radical salts based on
tetraselenaanthracene 191, in which donor molecules
are fully ionized, show metallic behavior.#?? Recently,
eight semiconducting cation radical salts of tetrathio-
tetracene (TTT) with a series of 2-alkoxytetracy-
anoallyl anions (RO-TCA-; R = Me, Et, Pr", Bu®) were
prepared by electrocrystallization.*?* For some of
these, and uncommon for TTT 1:2 salts, materials
with alternating stack structure and 2+ oxidation
state have been observed.

A smaller analogue of TTT, TTN (189), also forms
a CT salt with TCNQ.*?® The cyclic voltammogram
of TTN exhibits two reversible oxidation steps (E°1x
= +0.55 and E°3x = +0.93 V vs SCE in MeCN) at
considerably higher potentials than TTT. The four-
probe conductivity of a single crystal of TTN—-TCNQ
is 40 S/cm between room temperature and ~200 K
and is considerably higher than that of TTT-TCNQ
(1 S/cm).425

Hexathiopentacene 192 was obtained on heating
pentacene with sulfur under reflux in 1,2,4-trichlo-
robenzene.?!® Similar to TTT, it is a scarcely soluble
compound and is essentially an insulator (o,x = 1.2
x 10713 S/em). In contrast to tetrathiotetracene (TTT,
which is doped by air) and the parent pentacene
136.5 (which oxidizes readily in solution), 192 is a
completely air-stable compound with an oxidation
potential of ~1 V (vs SCE™).426 This high oxidation
potential stems from the very different electronic
structure of 192. In contrast to TTT, where singly
bonded sulfur substituents act as donors, increasing
the electron density of the tetracene core, valence
considerations in 192 require a quinoid structure to
be drawn to two sulfur substituents.?!® Moreover, our
recent calculations suggest a pronounced double-bond
character of all C—S bonds in 192 with very weak
S—S bonding.426

The synthesis of hexathiohexacene 194 from a
mixture of hydrogenated hexacenes 193 was also
reported, but the exact structure of the product (194a
or 194b isomer) was not established (Scheme 29).213

3.11. Acene lon Radical Salts

Interestingly and not unexpectedly, the electrical
resistivity of acenes can be decreased drastically by
both p- and n-doping.*?74?8 Exposure of pentacene

S—S—S
194a 194b

S—S—S

films and crystals to iodine vapor results in interca-
lation (p-doping) of iodine between the pentacene
layers. The resulting I3~ doped films exhibited an
electrical conductivity of 110 S/cm, which is 11 orders
of magnitude larger than that of the hydrocarbon.*?”
A structural model**® for intercalation stages of
iodine-doped pentacene was proposed. Doped penta-
cene behaves as a typical low-dimensional organic
metal, with electrical conductivity in the pentacene
layer plane 107 times higher than that in the per-
pendicular direction.3°

Somewhat lower but still pronounced conductivity
(0t ~ 1 S/cm) can be achieved in alkali-metal (ru-
bidium) n-doped pentacene.*?843! Minakata et al.
studied the conductivity of a pentacene with a range
of alkali metals and showed that the highest room-
temperature conductivity decreases with decrease of
the intercalant atom size (and also donor ability), in
the range Rb (2.8 S/cm) > K (0.3 S/ecm) > Na (107®
S/ecm).#?® This conclusion needs additional controls
such as correlation with structure, doping level, and
so forth. With that in mind, recent studies of Cs-
doped pentacene (which has the largest ionic radius)
revealed a conductivity of ~0.12 S/cm, close to that
of K-doped material.*3? Attempts to dope tetracene
films with Na, K, and Rb did not cause a conductivity
increase, which might be due to the low negative
reduction potential of the former, preventing electron-
transfer reaction.*? The absorption spectra of neutral
pentacene and its radical cation and anion isolated
in solid Ne, Ar, and Kr have been measured from the
ultraviolet to the near-infrared.?™

3.12. Acene-Based Light-Emitting Diodes

Acenes have also found use as electroluminescent
materials in organic light-emitting diodes (OLEDs),
due to their high fluorescence efficiency. Function-
alized anthracene has been reported to yield efficient
blue OLEDs.#*® Tetracene derivatives (mostly ru-
brene) are quite frequently used compounds for
OLEDs. Rubrene was used as a dopant*?* in the hole-
transporting layer in OLEDs due to its high photo-
luminescence (PL, 100%) quantum yield and absorp-
tion spectrum peaks at 460, 490, and 529 nm which
overlap with the emission of many hosts.*3®

Recently, a series of functionalized tetracene de-
rivatives 195a—d were prepared in search of a
suitable material as a guest dye in OLEDs. A number
of compounds of type 195 with functionalization on
the alkyne and/or the acene ring were prepared by
addition of a lithium acetylide to tetracenequinone,
followed by deoxygenation with stannous chloride.*3¢
Solution fluorescence maxima at 540—637 nm with
good quantum efficiencies were observed for these
compounds. By changing the substituents on the
tetracene backbone, the photoluminescence and elec-
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troluminescence emission can be shifted to the red,
while simultaneously improving the stability and
solubility of the emissive molecules. Compound 195b
(R = OMe) shows a relatively sharp electrolumines-
cence emission peak at 656 nm and produces a deep
red emission.

195
R=H or OMe

R = Si(i-Pr); ; --@»sw-ma ; W ; @—r}
a - . )

A substituted pentacene, 6,13-diphenylpentacene
(153), was used as a guest dye to produce red
electroluminescence.*3” 153 exhibits a narrow emis-
sion spectrum giving rise to a saturated red peak,
centered around 625 nm, and shows a strong absorp-
tion in the 500—620 nm region, which overlaps well
with the emission spectrum of the host most fre-
quently used for the OLED tris(8-hydroxyquinolina-
to)aluminum (Alg3). An absolute photoluminescence
quantum yield of 30% was achieved for a composite
film of 0.55 mol % 153 doped into Alq3. An electrolu-
minescence quantum efficiency of 1.3% at 100 A/m?
was reported.

4. Conclusions

The n-functional molecular materials, based on
derivatives of TTFs, oligo(acene)s, and fullerenes, are
still an area of fervent chemical research, and
numerous examples of complex and beautiful molec-
ular structures with tunable electronic properties
have been synthesized to date, within and across
these classes of compounds. The past decade wit-
nessed the field of organic electronics transcending
from the area of molecular metals and superconduc-
tors to organic light-emitting diodes, photovoltaics,
and field-effect transistors, where many molecular
semiconducting materials have already been com-
mercialized. The new applications, such as unimo-
lecular electronics and nanotechnology in general,
although still in their infancy, have attracted a new
generation of organic synthetic chemists to the design
of new properties in organic media.

The principles of HOMO—-LUMO gap control in
organic molecules and synthetic approaches to such
systems have been elaborated in this review. Numer-
ous examples of molecular materials with HOMO—
LUMO gaps in the range of ~2—0.2 eV were dem-
onstrated. At the same time, the fragility of many of
these molecules still stands up as a major limitation
toward their application in real-world electronic
devices. The issue of stability should become one of
the major objectives in the future search for 7-func-
tional molecular materials.
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5. Glossary

A m-electron acceptor

BQ benzoquinone

Ceo buckminsterfullerene

CCDC  Cambridge Crystallographic Data Center

(http://www.ccde.cam.ac.uk/)

CCSD  coupled cluster calculations, using single and
double substitutions from the Hartree—Fock
determinant

CT charge transfer

(0% cyclic voltammetry

D m-electron donor

DCM dichloromethane
DFT density functional theory
DMF N,N-dimethylformamide

EA electron affinity
EFISH electric field induced second harmonic
E° thermodynamic redox potential (for reversible

processes determined as the EV2 = (E,, +
E,.)/2, where p.a. and p.c. are anodic and
cathodic peaks, respectively)

E, electrochemical HOMO—LUMO gap (E; = E°10x
-E olred)

FET field-effect transistor

GC glassy carbon electrode

HOMO highest occupied molecular orbital

hvier optical gap for D—A compounds, determined as

the energy of the ICT band in electronic
absorption spectra

ICT intramolecular charge transfer
1P ionization potential
LB Langmuir—Blodgett (films, technique)

LED light-emitting diode

lowest unoccupied molecular orbital
MO molecular orbital

nucleus independent chemical shifts
NHE normal hydrogen electrode

NLO nonlinear optical

ODCB  1,2-dichlorobenzene

OFET  organic field-effect transistor
OLED  organic light-emitting diode
OTFT organic thin-film field-effect transistor
OVGF  outer valence Green’s function
PA polyacene

PAH polycyclic aromatic hydrocarbons
PI pyromellitic diimide

RE reference electrode

SHG second-harmonic generation
SCE saturated calomel electrode
TCNQ  tetracyanoquinodimethane

TCNAQ 11,11,12,12-tetracyano(9,10-anthraquinodi-
methane)

TFT thin-film field-effect transistor

THF tetrahydrofuran

toln toluene

TTF tetrathiafulvalene

TTFAQ 9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroan-
thracene (anthracene-TTF)

TTT 5,6,11,12-tetrathiotetracene

UPS ultraviolet photoelectron spectroscopy
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