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Antiaromatic Bisindeno-[n]thienoacenes With Small
Singlet Biradical Characters: Syntheses, Structures
and Chain Length Dependent Physical Properties

Xueliang Shi," Paula M. Burrezo,” Sangsu Lee,” Wenhua Zhang,” Bin Zheng,*
Gaole Dai,” Jingjing Chang,” Juan T. Lopez Navarrete,” Kuo-Wei Huang,**
Dongho Kim,** Juan Casado,*’ and Chunyan Chi**

Recent studies demonstrated that aromaticity and biradical character played important roles on
determining the ground-state structures and physical properties of quinoidal polycyclic
hydrocarbons and oligothiophenes, a kind of molecular materials showing promising
applications for organic electronics, photonics and spintronics. In this work, we designed and
synthesized a new type of hybrid system, the so-called bisindeno-[n]thienoacenes (n = 1-4), by
annulation of quinoidal fused a-oligothiophenes with two indene units. The obtained molecules
can be regarded as antiaromatic systems containing 4n m electrons with small singlet biradical
characters (o). Their ground-state geometry and electronic structures were studied by X-ray
crystallographic analysis, NMR, ESR and Raman spectroscopy, assisted by density functional
theory calculations. With extension of the chain length, the molecules showed a gradual
increase of the singlet biradical character accompanying with decreased antiaromaticity, finally
leading to a highly reactive bisindeno[4]thienoacene (S4-TIPS) which has a singlet biradical
ground state (o = 0.202). Their optical and electronic properties in the neutral and charged
states were systematically investigated by one-photon absorption, two-photon absorption,
transient absorption spectroscopy, cyclic voltammetry and spectroelectrochemistry, which
could be correlated to the chain length dependent antiaromaticity and biradical character. Our
detailed studies revealed a clear structure-aromaticity-biradical character-physical properties-
reactivity relationship, which is of importance for tailored material design in the future.

Quinoidal m-conjugated structures are fundamentally important
for organic optical, electronic and magnetic materials as they are
closely related to the doped state of semiconducting polymers.'
Recent studies demonstrated that quinoidal polycyclic hydrocarbons
(PHs)” and oligothiophenes® could show obvious singlet biradical
character and unique optical, electronic and magnetic activity, which
lead to versatile applications for organic electronics,® non-linear
optics,” organic spintronics,® organic photovoltaics’ and energy
storage devices.® The fundamental subunits of the quinoidal PHs are
pro-aromatic p-quinodimethane (»-QDM, 1), 2,6-
naphthoquinodimethane (2), 2,6-anthraquinodimethane (3), and their
isomers, which are embedded into an aromatic framework (Fig. 1).
By using different fusion motifs, various quinoidal PHs have been
designed and synthesized, and typical examples are bisphenalenyls
(e.g. 4) reported by Kubo ez al.,” indenofluorenes (e.g. 5) reported by
Haley and Tobe et al.,'"® zethrenes (e.g. 6)'' and extended p-QDMs'?
reported by Wu et al. (Fig. 1). Some of this type of hydrocarbons
showed significant biradical character in the ground state due to
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recovery of the aromaticity of the pro-aromatic quinodimethanes in
the biradical resonance form. As a consequence, their physical
properties are distinctly different from the traditional closed-shell
PHs. Similarly, quinoidal oligothiophenes (7)° have been intensively
studied due to the unique magnetic activity for higher order
oligomers' and their promising applications for ambipolar and n-
channel organic field effect transistors (OFETs)."* In addition, fused
a-oligothiophenes and thiophene-fused acenes, the so-called
thienoacenes, have been demonstrated to be excellent organic
semiconductors for OFETs by Takimiya et al.." Their quinoidal
counterparts, the [n]thienoacenequinodimethanes (8) thus are of
interest. However, synthesis of such type of molecules are
challenging due to the lack of efficient synthetic method and their
poor solubility.'® Incorporation of these subunits into a polycyclic
hydrocarbon framework is supposed to lead to new hybrid systems
with unique physical properties but it becomes even more
challenging. To the best of our knowledge, no such kind of research
work has been reported. In this context, we are particularly interested
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in the bisindeno-[#]thienoacenes 9-12 (n = 1-4), in which a quinoidal
thienoacene unit is annulated with two indene rings (Fig. 1).
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Fig. 1. Fundamental quinodimethanes and representative quinoidal
hydrocarbons and bisindeno-[n]thienoacenes.

Similar to the quinoidal oligothiophenes, significant contribution
of the biradical resonance form to their ground-state structures can
be expected due to the recovery of the aromaticity of the fused
thiophene rings. Looking into the structures from another angle, this
type of molecules can be regarded as dibenzannulated antiaromatic
systems containing 4n 7 electrons (highlighted in bold form in Fig.
1) if two = electrons are counted for each sulfur atom. It is well
known that antiaromatic systems, regarding their aromatic
analogues, have a pair of electrons in defect (i.e., 4n versus 4n+2)
that transforms the ground electronic state from an in-phase
stabilizing combination of Kekulé structures for the aromatics into
an out-of-phase combination which originates the antiaromatic
unstability. In order to mitigate such unstabilization, the highest
energy bounded 4n electron pair might lead to the formation of a
biradical if these two electrons are uncorrelated (in large size
systems). Such interesting structural features imply their unique
physical properties related to their biradical character and
antiaromaticity, as well as their interdependence or interconversion
as a function of the chain length. Therefore, our particular interests
of this work include: (1) their efficient synthesis; (2) their geometry
and electronic structures in the ground state; (3) their chain length
dependent optical, electronic and magnetic properties. In addition,
the properties of their charged forms are also of interest because of
the change of aromaticity upon gain or loss of one or two =
electrons. Such fundamental studies will help us to better understand
the role of aromaticity and biradical character on the physical
properties of quinoidal systems and allow us to do tailored design in
the future.
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The parent compounds 9-12 are predicted to be unstable due
to the contribution of the biradical resonance form to the ground-
state structures and they are also insoluble. Therefore, their
derivatives in which the most reactive sites are kinetically blocked
by triisopropylsilylethynyl (TIPSE) group (S1-TIPS, S2-TIPS, S3-
TIPS, S4-TIPS) or aryl groups (S2-Mes, S2-Ph) (Fig. 1) were
designed and synthesized. Their ground-state geometry and
electronic structures were investigated by X-ray crystallographic
analysis, NMR, ESR and Raman spectroscopy, assisted by density
functional theory (DFT) calculations. Their physical properties were
systematically studied by different experimental techniques,
including one-photon absorption (OPA), transient absorption (TA),
two-photon absorption (TPA), Raman spectroscopy, cyclic
voltammetry, and spectroelectrochemistry. The properties were
rationally correlated to the chain length dependent antiaromaticity
and biradical character in this unique quinoidal and antiaromatic
system.

Results and discussion

Synthesis

The synthetic methodology used to synthesize substituted
acenes,'’ indenofluorenes'® and zethrenes'' was utilized to
obtain our target compounds. That is, the corresponding
diketones were prepared first, followed by nucleophilic addition
with lithiated TIPSE or aryl groups, and then by reduction of
the intermediate diols with SnCl,. The major challenge was the
synthesis of the bisindeno-thienoacene diketones, which were
achieved by different strategies.

The synthesis of S1-TIPS commenced with Knoevenagel type
condensation reaction between diethyl thiodiglycolate (13) and
benzil (14) under strong basic conditions according to a published
procedure  with minor modification, giving the 3,4-
diphenylthiophene-2,5-dicarboxylic acid (15) in 60% yield (Scheme
1)."® The diacid 15 was then treated with an excess of thionyl
chloride to afford the 3,4-diphenylthiophene-2,5-dicarbonyl chloride,
and subsequent double Friedel-Crafts acylation with AICl; gave the
desired diketone 16 in 85% yield. Compound S1-TIPS was then
obtained as a dark green solid in an overall 70% yield by addition of
lithiated TIPSE to the diketone 16 followed by reductive
dehydroxylation with SnCl,.

g O ©
EtoY\S/YOEt O a
(0] o + O 60% 7\
13 O 14 HOOC~ g~ ~COOH
15

MO ORIy
85% ' \ 70% S1-TIPS
o} S o}
16
Scheme 1. Synthetic route of S1-TIPS: (a) i) CH;ONa, EtOH, r.t. for 4 h and
then 60 °C for 12 h; ii) NaOH, EtOH, reflux, 12 h; iii) 10% HCI (aq.); (b) i)
SOCl,, CH,Cly, reflux; ii) AICl;, CH,Cl, 0 °C —r.t., 12 h; (c) i) TIPSC=CLi,
THF, r.t., 12h; ii) SnCl,, toluene, r.t., 12 h.

This journal is © The Royal Society of Chemistry 2012
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The synthesis of compounds S2-TIPS, S2-Mes and S2-Ph are
outlined in Scheme 2. Three different substituents (TIPSE, mesityl
and 4-fert-butylphenyl) are introduced to investigate the effect of the
substituent on the physical properties. The starting compound is
2,3,5,6-tetrabromothieno[3,2-b]thiophene 17, which was prepared
according to reported procedure.'® Based on our previous work, the
key intermediate 18 was obtained in 70% yield by selective
introduction of two ester groups to the a-positions of 17.%° Suzuki
coupling reaction between 18 and phenylboronic acid gave 19 in
94% yield. Hydrolysis of 19 produced the diacid 20 which was
treated with SOCl, and then AICIl; to give the desired diketone 21 in
an overall 80% yield. Subsequent addition of lithiated regents and
reduction of the intermediate diols by SnCl, gave S2-TIPS, S2-Mes
and S2-Ph in 70%, 50%, and 40% yield, respectively.

wsr—»aooc Q \ COOEt—D/>
o

Br 17 Br 18

s c s
etooc—’ [ )—COOEt Hooc— [ )—coon
s 96% s
S * O
0

e  S2-TIPS, 70%
— S2-Mes, 50%
S2-Ph, 40%
Scheme 2. Synthetic route of S2-TIPS, S2-Mes and S2-Ph: (a) i) n-BuLi,
THF, -78 °C, 1h; ii) NC-COOEt, -78 °C — r.t., overnight; (b) PhB(OH),,
Pd(PPh;)4, Na,CO;, toluene/H,O, reflux, 12 h; (¢) NaOH, MeOH/THF (1:1),
reflux, overnight; (d) i) SOCl,, CH,Cl,, reflux, overnight; ii) AICl;, CH,Cl,, 0
°C —r.t., overnight; (e) i) TIPSC=CLi, or Mes-MgBr or 4-tert-butylphenylLi,
0 °C —r.t., overnight; ii) SnCl,, toluene, r.t., overnight.
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Scheme 3. Synthetic route of S3-TIPS: (a) i) n-BuLi, THF, -78 °C, 1 h; ii)
PhCHO, -78 °C — r.t., overnight; (b) PCC, CH,Cl,, r.t., overnight; (c) i) HS-
CH2COOEt, KOH, EtOH, r.t. for 2 h then 55 °C overnight; ii) KOH, EtOH,
reflux, overnight; iii) 10% HCI (aq.); (d) i) SOCl,, CH,Cl,, reflux; ii) AlICl;,
CH,Cly, 0 °C —r.t., 12 h; (e) i) TIPSC=CLi, THF, r.t., 12h; ii) SnCl,, toluene,
r.t., 12 h.

The synthesis of S3-TIPS was based on the key intermediate
diketone 24,”' which was synthesized by a modified procedure in
two steps from tetrabromothiophene (22) in an overall 80% yield

This journal is © The Royal Society of Chemistry 2012
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(Scheme 3). Nucleophilic substitution and condensation reaction
between 24 and ethyl mercaptoacetate followed by the hydrolysis of
ester groups in the presence of potassium hydroxide afforded diacid
25 in 95% yield. Subsequent reactions following a similar protocol
to that shown in Scheme 1 and Scheme 2 gave the target S3-TIPS in
an overall 53% yield.

(I-Pr);Si

Scheme 4. Synthetic route of S4-TIPS: (a) i) n-BuLi, THF, -78 °C, 1 h; ii)
PhCHO, -78 °C — r.t., overnight; (b) PCC, CH,Cl,, r.t., overnight; (c) i) HS-
CH,COOEt, KOH, EtOH, r.t. for 2 h then 55 °C overnight; ii) KOH, EtOH,
reflux, overnight; iii) 10% HCI (aq.); (d) i) SOCL, CH,CL, reflux; ii) AICl;,
CHyCl,, 0 °C — r.t., 12 h; (e) TIPSC=CLi, THF, r.t., 12h; f) SnCl,, toluene,
r.t., 30 min.

The synthesis of S4-TIPS utilized a similar strategy (Scheme 4).
2,3,5,6-Tetrabromothieno[3,2-b]thiophene (17) was treated with two
equivalent n-butyllithium in THF solution at -78 °C followed by
addition of benzaldehyde to give the diol 27, which was then
oxidized by pyridinium chlorochromate (PCC) to give the diketone
28 in 60% yield for two steps. The reaction of 28 with ethyl
mercaptoacetate and potassium hydroxide in an ethanolic solution
followed by addition of excess potassium hydroxide afforded the
diacid 29 in one pot in 92% yield. Subsequent Friedel-Crafts
acylation reaction afforded the diketone 30 in 72% yield.
Nucleophilic addition of the diketone with lithiated TIPSE gave the
diol 31 in 29% yield after column chromatography purification.
Similar reduction of the diol 31 by SnCl, in different solvents
(chloroform, toluene, THF etc.) under inert atmosphere gave the
target compound S4-TIPS, which however is extremely reactive.
The reaction was also conducted in deuterated solvents such as
CDCIL,CDCI, under Ar and monitored by NMR spectrometry (Fig.
S1 in ESIf). The reaction completed in 30 minutes with the
formation of the desired S4-TIPS, which was confirmed by
MALDI-TOF mass spectrometry (MS), but at the same time, side

Chemical Science, 2012, 00, 1-3 | 3
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Fig. 2. One-photon absorption spectra (solid lines and left vertical axes) in CHCl; and two-photon absorption (TPA) spectra in toluene (blue symbols and right
vertical axes) of S1-TIPS, S2-TIPS, S2-Mes, S2-Ph, S3-TIPS and S4-TIPS. TPA spectra are plotted at A./2. The TPA spectrum of S4-TIPS was not

recorded due to its high reactivity. Insert are the photos of the solutions.
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Fig. 3. (A) Calculated (B3LYP/6-31G**) frontier molecular orbital profiles and energy diagrams of S1-TIPS, S2-TIPS, S2-Mes, S2-Ph and S3-TIPS. (B)

The calculated (UCAM-B3LYP/6-31G*) singly occupied molecule orbital profiles and spin density distribution of the singlet biradical of S4-TIPS.
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Table 1 Summary of photophysical and electrochemical data

Chemical Science

Compd. Dabs e (10 M Eip™ Ep™ HOMO LUMO E,;C E™ 7 6 1ax (GM)
(nm) em™) V) V) (eV) (eV) (eV) (eV) (ps) (Aex)

S1-TIPS 417 3.61 0.70 -1.62 -5.41 -3.69 1.72 1.51 1.9 (7)) 340
444 4.62 -1.52 11 () (1400 nm)
684 0.76 -1.21

S2-TIPS 450 275 0.62 -1.42 -5.35 3.75 1.60 1.58 1.1 () 420
480 2.50 -1.08 10 () (1200 nm)
606 3.10

S2-Mes 423 2.53 0.63 -1.39 -5.16 -3.64 1.62 1.71 1.2 (7)) 440
450 238 -1.22 12 (1) (1200 nm)
546 2.15

S2-Ph 442 241 0.43 -1.52 -5.13 -3.82 1.52 1.58 1.1(7) 440
470 1.98 0.84 -122 11 () (1200 nm)
610 3.16

S3-TIPS 514 3.45 0.40 -1.28 -5.30 -3.68 1.31 1.37 0.6 (1) 520
554 4.65 0.98 -1.02 7 (1) (1400 nm)
687 233

S4-TIPS 561 3.36" - - - - - 1.27 - -
610 4.63°
729 4.41°

Aabs: absorption maxima. &: molar extinction coefficient for the corresponding absorption maximum, “ the € values of S4-TIPS are extracted from

the absorption spectrum after reaction for 34 min (Fig. S2 in ESIY), they should include minor errors and be smaller than the real values as S4-

TIPS decomposes gradually during the experiments. £, and E 1l

are half-wave potentials of the oxidative and reductive waves, respectively,

with potentials vs Fc/Fc* couple. HOMO = — (4.8 + E,,°™") and LUMO = — (4.8 + E.,"®"), where E,,°™" and E,.."""" are the onset potentials of the

opt.

first oxidative and reductive waves, respectively. EgEC: electrochemical band gap. E,°": optical band gap estimated from the absorption onset. :

singlet excited lifetime obtained from TA. 0@ maximum TPA cross section. Le: excitation wavelength in TPA measurements.

products formed. The reaction in dry toluene was also followed
by UV-vis-NIR absorption spectroscopic measurements and
similarly, the formation of the S4-TIPS was accompanied by
simultaneous decomposition of the product (Fig. S2 in ESIY).
Attempted separation of S4-TIPS by column chromatography
or recrystallization all failed due to its high reactivity to
oxygen, protonated reagents and silica gel, and complicated
mixture mainly containing O,-addition products were detected
by MALDI-TOF MS (Fig. S3 in ESIt). Attempts to replace the
TIPSE group by other bulky or electron-deficient aryl groups
also failed to give stable compounds. The high reactivity of S4-
TIPS is believed to be associated to its large biradical character
(vide infra). Nevertheless, the sufficient lifetime (¢,, ~ 3h in N»)
allows us to probe its basic optical properties.

Electronic Absorption Spectropscopy

The steady-state OPA spectra of all the bisindeno-
[n]theinoacenes are shown in Fig. 2 and the data are collected
in Table 1. The frontier molecular orbital profiles, energy
diagrams and the absorption spectra were also calculated by
time-dependent (TD) DFT (B3LYP/6-31G*) (Fig. 3 and Fig.
S4-S8 in ESIf). Two major bands were observed for all
compounds. For S1-TIPS, the first intense band at 444 nm can

This journal is © The Royal Society of Chemistry 2012

be assigned to the HOMO-1—-LUMO transition (f'= 0.7393,
442.8 nm by TD DFT). The second weaker band at 684 nm is
correlated to the HOMO—LUMO transition (f'= 0.1511, 729.7
nm by TD DFT). Interestingly, such an electronic absorption
spectrum is very similar to that of indeno[2,1-c]fluorene (32)
derivative (Fig. 4).' This is not surprising if we consider that
the core of S1-TIPS is actually an isoelectronic structure of 32,
a dibenzannulated as-indacene. Similarly, compound S3-TIPS
showed one intense band at 554 nm (HOMO-2—LUMO, f =
1.051, 530.7 nm by TD DFT) and one weaker band at 687 nm
(HOMO—LUMO, = 0.6399, 720.3 nm by TD DFT). The core
of S3-TIPS can be regarded as an isoelectronic structure of the
extended dibenzannulated as-indacene 34 (Fig. 4). The optical
energy gap (E,”™ = 1.37 eV) of S3-TIPS determined from the
lowest energy absorption onset is smaller than S1-TIPS (E,* =
1.51 eV) due to extended m-conjugation. Compounds S2-TIPS,
S2-Mes and S2-Ph exhibited a different band structure from
S1-TIPS/S3-TIPS, with one intense band at 450/423/442 nm
(HOMO-2—LUMO) and one intense band at 606/546/610 nm
(HOMO—LUMO), respectively. The band structure is
somehow similar to the absorption spectrum of its isoelectronic
structure  fluoreno[4,3-c]fluorene (33), an  extended
dibenzannulated s-indacene (Fig. 4).'% The relatively larger
optical band gap of S2-TIPS (£, =1.58 eV) compared to S1-

Chemical Science, 2012, 00, 1-3 | 5
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TIPS is interesting and could be related to the different fusion
mode (as-indacene vs. s-indacene). Variation of the substituents
has obvious effect on the absorption wavelength, but not on the
band shape. In particular, the absorption maxima of S2-Mes
shift significantly to higher energy side in comparison to S2-
TIPS and S2-Ph. This can be attributed to the larger dihedral
angle between the mesityl and bisindeno- thienothiophene core,
which leads to diminished n-conjugation. This claim is
evidenced by the X-ray crystallographic structures of S2-Mes
(dihedral angle: 71.4°) and S2-Ph (dihedral angle: 36.2°) (vide
infra). DFT calculations also showed that the HOMO and
LUMO are less delocalized along the mesityl than 4-fert-phenyl
unit (Fig. 3). The in situ generated S4-TIPS showed a similar
band structure to S2-TIPS, which is reasonable considering that
its isoelectronic structure 35 is an analogue of 33 (Fig. 4). The
spectrum is however largely red-shifted. No fluorescence was
observed for all compounds, indicating an ultrafast relaxation
process the
antiaromaticity of these molecules. each

of the excited state which 1is related to

Looking into
electronic transition in more details (Fig. 3), the first absorption
band at higher energy in these compounds can be correlated to
the excitations within molecular orbitals mainly involving the
external benzene rings and that are grouped in pairs of vibronic
components of the same excitation (HOMO-1/HOMO-
2—>LUMO). The longer wavelength absorption band can be
assigned to the transition mainly involving innermost
antiaromatic indacene-thienoacene unit (HOMO—LUMO). It is
worthy to highlight the longest wavelengths for the lowest
energy lying absorptions of the smaller compounds (S1-TIPS
and S2-TIPS) which is a spectroscopic
antiaromatic compounds.?” This small gap also promotes very

signature of
fast deactivation channels (e.g. vibrational relaxation) for the

singlet excited state such as observed by the disappearance of
fluorescence.

=

as-indacene

W,

s-indacene

Fig. 4. Structures of as-/s- indacene and isoelectronic polycyclic
hydrocarbons of 9-12.

TA and TPA Measurements

Femtosecond TA measurements were utilized to explore the
excited-state dynamics of S1-TIPS, S2-TIPS, S2-Mes, S2-Ph and
S3-TIPS (Fig. 5 and Fig. S9 in ESI}). The TA spectrum of S1-TIPS

6 | Chemical Science, 2012, 00, 1-3

displayed an intense excited-state absorption (ESA) band in a broad
range of 450-750 nm. It did not show any perceptible ground-state
bleach (GSB) signal due to the strong ESA contribution. The decay
profiles probed at 505 nm were fitted by a double exponential
function with the time constants of 1.9 and 11 ps (Table 1). Such a
short singlet excited-state lifetime is in good agreement with its non-
fluorescence nature.”® The TA spectrum of S2-TIPS exhibited two
distinct ESA bands at 490-540 nm/690-850 nm and two GSB bands
that well match their steady-state absorption spectra. S2-Mes and
S2-Ph displayed similar TA spectrum to that of S2-TIPS (Fig. S9 in
ESIf). The singlet excited-state lifetimes of S2-TIPS, S2-Mes and
S2-Ph were measured to be 10, 12 and 11 ps, respectively (Table 1),
which are similar to that of S1I-TIPS. The TA spectrum of S3-TIPS
showed an intensive ESA band in the 570-650 nm along with two
strong GSB signals in the 470-575 and 650-850 nm. Short singlet
excited-state lifetime was also observed for S3-TIPS (~ 7 ps, Table
1). The short excited-state lifetimes observed for all compounds
indicate an ultrafast relaxation process, which is a common

phenomenon for most antiaromatic systems and singlet
biradicaloids.”* ' *
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Fig. 5. Femtosecond transient absorption spectra of S1-TIPS, S2-TIPS and

S3-TIPS measured in toluene with photoexcitation at 650, 650 and 700 nm,
respectively.

This journal is © The Royal Society of Chemistry 2012
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TPA measurements were also conducted for S1-TIPS, S2-TIPS,
S2-Mes, S2-Ph and S3-TIPS in toluene by Z-scan technique in the
NIR region from 1200 to 1500 nm where one-photon absorption
contribution is negligible (Fig. 2 and Fig. S10 in ESI}).> Owing to
the extension of m-conjugation, the maximum TPA cross section
values (0% nax) Were increased from 340 GM (Aex: 1400 nm) for S1-
TIPS to 420 GM (Ae: 1200 nm) for S2-TIPS and to 520 GM (Aex:
1400 nm) for S3-TIPS. The 6@, values of S2-Mes and S2-Ph are
similar to that of S2-TIPS (Table 1). Previous studies on singlet
biradicaloids showed that chromophores with a small or moderate
singlet biradical character usually exhibited strong third-order NLO
response with large TPA cross sections.” > ' 12 On the other hand,
chromophores with an antiaromatic character usually display smaller
TPA cross sections compared with the corresponding aromatic
counterparts.”’” The observed moderate TPA cross sections can be

structure
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explained by the unique property of our systems, that is, they can be
regarded as antiaromatic systems which possess a small biradical
character at the same time.

Ground-State Geometry and Electronic Structures

Single crystals suitable for X-ray crystallographic analysis were
obtained for all final products except for S4-TIPS (due to its high
reactivity) by slow diffusion of acetonitrile into CHCl; solution.?®
The Oak Ridge Thermal Ellipsoid Plot (ORTEP) drawings and 3D
packing structures are shown in Fig. 6. The n-frameworks
(bisindeno[#]thienoacene) of all the molecules are almost planar. S1-
TIPS show a lamellar packing structure and in each layer, the
molecules form a head-to-tail closely stacked polymer chain via n-nt
interactions between the bisindenothiophene cores (n-m distance:
3.41 A). For S2-TIPS, two molecules form an anti-parallel packed

side-view

(e)

Fig. 6. X-ray crystallographic structures and packing structures of (a) S1-TIPS, (b) S2-TIPS, (c) S2-Mes, (d) S2-Ph and (e) S3-TIPS. Hydrogen atoms are

omitted for clearance.

This journal is © The Royal Society of Chemistry 2012
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S4-TIPS

Fig. 7. Selected bond lengths for S1-TIPS, S2-TIPS, S2-Mes, S2-Ph and S3-TIPS from their crystallographic structures, and calculated bond lengths for

the singlet biradical of S4-TIPS.

dimer via m-m interactions (distance: 3.382 A) and [S:--S]
interactions (distance: 3.677 A), which further stacks into a
columnar structure. No n-stacking was observed for S2-Mes due
to the bulky mesityl substituent. S2-Ph also showed a n-stacked
columnar structure but with relatively large n-n distance (3.48 A).
No close m-stacking was observed for S3-TIPS. The observed
close packing in S1-TIPS, S2-TIPS and S2-Ph indicated that they
could serve as potential semiconductors in OFETs. Actually, our
preliminary field effect transistor tests on the spin-coated thin
films of S2-TIPS showed an average field effect hole mobility of
0.016 ecm®*V's! in N, and 0.01 em®V''s” in air (Fig. S11 and
Table S6 in ESIf). Detailed device studies based on the spin-
coated/vapor-deposited thin films and single crystals will be
conducted in the future.

Bond length analysis was performed to better analyse the
ground-state geometry (Fig. 7). In all cases, large bond length
alternation was observed for the central biscyclopenta-
thienoacene core, indicating a typical quinoidal structure with
antiaromatic character. The outmost two benzene rings however
showed less bond length alternation, indicating their large
aromatic character.

DFT calculations (both UB3LYP/6-31G* and UCAM-
B3LYP/6-31G*)* were conducted to understand the ground-state
electronic structures. It was found that all the S1-S3 series
molecules indeed favor a closed-shell ground state. However, for
S4-TIPS, the energy of its singlet biradical state is 4.0 and 3.6
kcal/mol lower than the triplet biradical and closed-shell state,
respectively, thus suggesting a singlet biradical ground state. The
calculated SOMO-a and SOMO-§ profiles showed a disjoint
character, with the spins evenly distributed along the whole n-
conjugated framework (Fig. 3B). The singlet biradical character y,
values were calculated as 0.03 for S3-TIPS and 0.202 (<S**2>=
0.8808) for S4-TIPS, while ignorable for S1-TIPS and S2-TIPS.
Therefore, the singlet biradical character increases with the
extension of chain length. The high reactivity of the S4-TIPS thus
can be rationalized by its significant biradical character. The
calculated geometry of the singlet biradical of S4-TIPS also
showed large bond length alternation (Fig. 7), indicating that the
quinoidal resonance form contributes most to the ground state.

8 | Chemical Science, 2012, 00, 1-3

Table 2. Calculated (UCAM-B3LYP/6-31G*) NICS(1)zz values for the
rings A1-C of S1-TIPS, S2-TIPS, S2-Mes, S2-Ph, S3-TIPS and S4-
TIPS. The rings are labeled in Fig. 7.

Compound Al A2 B C
S1-TIPS 7.55 NA 15.93 -19.29
S2-TIPS 4.08 NA 10.11 -21.48
S2-Mes 3.46 NA 8.94 -22.06

S2-Ph 3.59 NA 9.58 -21.15
S3-TIPS -2.10 0.16 10.07 -20.92
S4-TIPS -6.63 -2.62 11.76 -19.90

Nucleus independent chemical shift (NICS) calculations were
conducted to understand the trend of aromaticity of each ring (Fig.
7 and Table 2).*° From S1-TIPS to S4-TIPS, the NICS(1)zz
values for the central thiophene ring (ring Al) become more
negative, indicating an increase of aromaticity with the extension
of the chain length, which is in accordance with the increased
biradical character. The cyclopenta-subunit (ring B) showed large
positive NICS(1)zz values, indicating a typical antiaromatic
character of central 4n w electron system, which is annulated and
stabilized by two aromatic benzene rings (ring C) possessing large
negative NICS(1)zz values. For S3-TIPS and S4-TIPS, the
innermost thiophene ring (ring Al) is more aromatic than the
neighbouring thiophene rings (ring A2).

In consistence with the change of the aromaticity and singlet
biradical character with the extension of chain length, the 'H
NMR resonance peak for the proton a (see label in Fig. 1) showed
graduate shift to the low-field from 7.13 ppm for S1-TIPS to 7.17
ppm for S2-TIPS and to 7.25 ppm for S3-TIPS (Fig. S12 in
ESIt). Compound S4-TIPS exhibited broadened NMR spectrum
at room temperature (Fig. S1 in ESIT) which could be ascribed to
the existence of small amount of thermally excited triplet
diradicals. ESR measurements on the in situ generated S4-TIPS
in toluene showed a single-line ESR spectrum (g, = 2.003) and the

intensity decreases when temperature is lowered (Fig. S13 in
This journal is © The Royal Society of Chemistry 2012
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ESIf). This is a typical phenomenon for most systems with a
singlet biradical ground state.”'? With the decrease of the
temperature, the singlet-triplet equilibrium shifts to the lower
energy singlet state, thus leading to a decrease of the magnetic
susceptibility. Unfortunately, due to the difficulty to obtain pure
sample, the exact singlet-triplet energy gap could not be
determined by variable temperature ESR. S4-TIPS represents the
largest size compound in which the destabilizing bounded
electron pair (the highest energy pair of the 4n electrons) might
get uncorrelated and, such as described for antiaromatic systems,
would permit the formation of a highly unstable biradical species
as confirmed by the data recorded for it.

Raman Spectroscopic Measurements

Raman spectroscopy has been proved to be a powerful tool to
evaluate the electronic ground state and to understand
macroscopic magnetic and optical data of m-conjugated systems.™
-3 Therefore, the Raman spectra of S1-TIPS, S2-TIPS and S3-
TIPS were recorded in powder form with different excitation
wavelengths (Fig. 8). The Raman spectrum of S1-TIPS clearly
highlights a strong bond-length alternation pattern with two
intense bands dominating the spectrum at high frequencies values
(denoting short C=C distances) at 1633 and 1525 cm™ due to the
C=C stretching modes, v (C=C), of the cyclopentene double
bonds and of the quinoidal thiophene, respectively. Quinoidal
thiophene Raman bands typically appear close to 1400 cm™, a
frequency value indicative of bond length equalization along the
quinoidal conjugated path, in strong contrast with that at 1525 cm”
" in S1-TIPS revealing an accentuation of the bond length
alternation pattern.'>¢!3

1603

[

b

1623
1562
3 1517
523 1497
1466

Raman intensity

a

1700 1600 1500 1400 13001200 11001000 1700 1600 1500 1400 1300 1200 1100 1000
Raman shift cm! Raman shift cm’’

Fig. 8. Left: 1064 nm FT-Raman spectra of a) S1-TIPS, b) S2-TIPS, and
c¢) S3-TIPS. Right: spectra of S3-TIPS taken with the excitation
wavelengths at: ¢) 1064 nm, c1) 785 nm and ¢2) 532 nm.

The Raman spectra disclosed a very large change of the
vibrational properties of the ground state as the dominating
v(C=C) bands move to lower frequencies at 1562/1497 and
1517/1466 cm™ in S2-TIPS and S3-TIPS, respectively. This
Raman behavior is consistent with a reduction of the bond length
alternation pattern but still significantly expressed for S2-TIPS
and S3-TIPS. Strong bond length alternation is a well-known
property of even-parity antiaromatic systems as the inherent
unstability provokes the ground state distortion towards a strongly
C=C/C-C bond length alternated path. Besides the high frequency
denoting a large bond length alternation, the concomitant decrease
of the Raman frequencies is in agreement with a significant

This journal is © The Royal Society of Chemistry 2012
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conjugation within the quinoidal thienoacene core. Going in
Raman resonance with the main absorption bands of S3-TIPS at
516/553 nm (with the 532 nm laser Raman excitation) and at 686
nm (with the 785 nm Raman laser excitation), we observed the
relative intensification of the 1600 cm™ bands due to the largest
involvement of the outermost benzenes in the whole antiaromatic
path.

The Raman spectra of aromatic thienoacenes are characterized
by the scarce variability of the strongest Raman bands as a
function of the number of fused thiophene rings which is a
consequence of the all-cis cross-conjugated disposition of the
successive double bonds."* This behavior contrasts with that
found in S1-TIPS — S3-TIPS series where a great dependence of
the Raman bands is detected with the number of thiophene units
which is in accordance with the persistence of the quinoidal forms
in the thiophene rings in the three compounds. On the basis of the
high v (C=C) frequency values reflecting a large C=C/C-C bond
alternation, S1-TIPS — S3-TIPS can also be formulated as thieno-
quinoidal antiaromatic molecules with small biradical characters,
which is in agreement with the above X-ray analysis and
theoretical calculations.

— S1-TIPS
—— s2-TIPS
——S3-TIPS

20 15 40 05 00 05 10 15
Electrode Potential (V) vs FctiFc

Fig. 9. Cyclic voltammograms of S1-TIPS, S2-TIPS and S3-TIPS in dry
CH,Cl, containing 0.1 M BusNPF as the supporting electrolyte, AgCl/Ag
as the reference electrode, Au as the working electrode, Pt wire as the
counter electrode, and a scan rate of 50 mV s'. The potential was
externally calibrated against the ferrocene/ferrocenium redox couple.

Electrochemical and spectroelectrochemical studies

The electrochemical properties of S1-S3 series were
investigated by cyclic voltammetry in dry CH,Cl, solution (Fig. 9,
Table 1, and Fig. S14 in ESIf). All compounds showed
amphoteric redox behavior with multiple (quasi-) reversible redox
waves. S1-TIPS exhibited three reduction waves (half-wave
potential E,,°* = -1.62, -1.52, -1.21 V vs Fc¢'/Fc) and one
oxidation wave (half-wave potential E,,* = 0.70 V vs Fc'/Fc),
indicating its high tendency to accept or loss electrons to form
stable charged species. S2-TIPS displayed two reduction waves
(Ey,"¢ =-1.42, -1.08 V) and one oxidation wave (E;,™ = 0.62 V),
while S3-TIPS showed two reduction waves (E;,°* = -1.28, -1.02
V) and two oxidation waves (£, = 0.40, 0.98 V). The HOMO
and LUMO energy levels were deduced from the onset potentials
of the first oxidation (E.""") and the first reduction wave
(Ered™), according to the following equations: HOMO = - (4.8 +

Chemical Science, 2012, 00, 1-3 | 9
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Scheme 5. Schematic presentation of the oxidation and reduction processes of Sn-TIPS (n=1, 2, 3)

E, ™" and LUMO = - (4.8 + E,*"), where the potentials are
calibrated to E(Fc'/Fc) (Table 1). It was found that with the
increase of m-conjugation from S1-TIPS to S3-TIPS, the
electrochemical energy gaps (EgEC) decrease.

The multistage reversible redox waves and the large separation
between the redox waves allow us to quantitatively attain the
singly and doubly charged species by electrochemistry. UV-Vis-
NIR spectroelectrochemical measurements were thus conducted
for S1I-TIPS — S3-TIPS in CH,Cl, containing 0.1 M n-BuyNPF¢
as the supporting electrolyte by applying different electrode
potentials and the absorption spectra were monitored by UV-vis-
NIR spectrometer. For all three compounds, one electron
extraction (oxidation) gave rise to the corresponding radical
cations apparently characterized by two absorption bands (Fig.
10). The common feature is that the high energy absorption
appeared in the high energy tail of the absorption band of the
neutral compound, very close to it, being only well resolved in the
case of S3-TIPS with a clear maximum at 719 nm. The second
absorptions of these radical cations scarcely change with the
molecular size, and are at 904, 921 and 928 nm for S1-TIPS, S2-
10 | Chemical Science, 2012, 00, 1-3

TIPS and S3-TIPS, respectively. According to the antiaromatic
framework, one electron extraction gives rise to a molecular
species containing one aromatic thienoacene unit, one
antiaromatic cyclopentadienyl cation, and one benzylic radical
(Scheme 5), that is, the radical cations have a pseudo-aromatic
character and are reasonably stable. Further oxidation is expected
to give one aromatic thienoacene and two antiaromatic
cyclopentadienyl cations (Scheme 5), which are thus unstable and
difficult to attain by electrochemistry.

One-electron electrochemical reduction of the three neutral
compounds gave rise to spectra characterized by two well
differentiated groups of absorptions likely corresponding to two
different excitations with vibronic structure (Fig. 11). One band
appeared at the higher energy side of the neutral species
(666/524/686 nm for S1-TIPS, S2-TIPS and S3-TIPS,
respectively) and another band was observed at the lower energy
side (1201/1188/1371 nm for S1-TIPS, S2-TIPS and S3-TIPS,
respectively). The band shape and intensity are similar to those of
many aromatic polycyclic hydrocarbons such as acenes'’ and

This journal is © The Royal Society of Chemistry 2012
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rylenes,”! indicating an aromatic character of the radical anions. In
fact, one-electron reduction should give one aromatic thienoacene
unit, one aromatic cyclopentadienyl anion, and one benzylic
radical (Scheme 5), which can explain the high stability of the
radical anions. The second follow-up reduction gave rise to
dianions with absorption spectra typical of aromatic thiophene
and fused a-oligothiophenes,'**® with absorption maximum at
279, 340 and 457 nm for S1-TIPS, S2-TIPS and S3-TIPS,
respectively (Fig. 11). This reveals that for the dianions the
structures have become fully aromatic within the thiophene rings,
which can be easily elucidated by the formation of one aromatic
thiophene/thienoacene unit and two aromatic cyclopentadienyl
anions (Scheme 5). Our system provides a nice example of the
competition between aromatic and antiaromatic cores and how
they transform from one to the other depending on the number of
added or extracted electrons.

Conclusions

In summary, a series of alkynyl or aryl substituted bisindeno-
[n]thienoacenes (n = 1-4) were successfully synthesized via
different strategies. This series of molecules can be regarded as
antiaromatic systems with small singlet biradical characters. Their
ground-state geometry and electronic structures were carefully
studied by various experimental techniques (X-ray
crystallographic analysis, NMR, ESR and Raman spectroscopy)
and DFT calculations, and all of these data interpreted in the
context of their antiaromaticity. It was found that with the
extension of chain length the molecules showed gradually
increased  singlet  biradical  character and  decreased
antiaromaticity. In particular, the longest molecule S4-TIPS
showed a singlet biradical ground state with a small-to-moderate
biradical character (v = 0.202). As a result, it displayed high
reactivity. Their optical and electronic properties were
systematically investigated by OPA, TPA, TA and cyclic
voltammetry and revealed chain length dependent behavior. The
observed short singlet excited state lifetime, moderate TPA cross
section and amphoteric redox behavior all are related to their
antiaromaticity and singlet biradical character. The transformation
from antiaromatic to pseudo-aromatic/aromatic systems was
conducted by electrochemical oxidation and reduction followed
by UV-Vis—NIR spectroscopic measurements. Again, the
aromaticity of the corresponding charged species can be used to
well interpret their absorption spectra and stability. Our work
provided the first study on a quinoidal thienoacene/polycyclic
hydrocarbon hybrid system and disclosed the close relation
between the antiaromaticity, singlet biradical character and their
unique physical properties, which sheds light on the rational
material design in the future.
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