CHEMISTRY

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200902037

Quinoidal Oligothiophenes: Towards Biradical Ground-State Species

Rocio Ponce Ortiz,™ " Juan Casado,"”! Sandra Rodriguez Gonzailez,™
Victor Hernandez,'” Juan T. Lépez Navarrete,*'*! Pedro M. Viruela,” Enrique Orti,*"
Kazuo Takimiya,'' and Tetsuo Otsubo'®!

Quinoidal Oligothiophenes

R*=0.9978

01 02 -03 -04 -05
Potential (V)

-0.6

NC — CN NC / \ CN
I < 4 LI
NC $" /n cN NC §" /n¢tN

Singlet Sy

ransmittance

:

Increasing temperature

470

:"“‘.,‘-‘;':‘\ WWILEY R
*{L ) InterScience

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 470-484



Abstract: A family of quinoidal oligo-
thiophenes, from the dimer to the
hexamer, with fused Dbis(butoxyme-
thyl)cyclopentane groups has been ex-
tensively investigated by means of elec-
tronic and vibrational spectroscopy,
electrochemical measurements, and
density functional calculations. The
latter predict that the electronic
ground state always corresponds to a
singlet state and that, for the longest

gomer length. The shortest oligomers
display closed-shell quinoidal struc-
tures. Calculations also predict the ex-
istence of very low energy excited trip-
let states that can be populated at
room temperature. Aromatization of
the conjugated carbon backbone is the
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tional calculations - electronic struc-
ture - oligothiophenes - vibrational

FULL PAPER

driving force that determines the in-
creasing biradical character of the
ground state and the appearance of
low-lying  triplet states. UV/Vis,
Raman, IR, and electrochemical ex-
periments support the aromatic biradi-
cal structures predicted for the ground
state of the longest oligomers and
reveal that population of the low-lying
triplet state accounts for the magnetic
activity displayed by these compounds.

oligomers, this state has biradical char-

. R K R spectroscopy
acter that increases with increasing oli-

Introduction

In the last few years, quinoidal oligothiophenes have re-
ceived great attention in the field of organic electronics due
to their good behavior as semiconductors in organic field-
effect transistors (OFETs).! Their small band gaps and am-
photeric redox behavior®? lead to stabilization of both elec-
tron (n-type semiconductor) and hole carriers (p-type semi-
conductor), which meets the key requirement of ambipolar
response for complementary circuits. Furthermore, their re-
markable processability, conferred by easy [-functionaliza-
tion, allows their layer deposition by inexpensive solution-

[a] Dr. R. Ponce Ortiz, Dr. J. Casado, S. Rodriguez Gonzélez,
Prof. V. Hernandez, Prof. J. T. Lépez Navarrete
Departamento de Quimica Fisica
Universidad de Mélaga
Campus de Teatinos s/n
Mailaga 29071 (Spain)

Fax: (+34)952132000
E-mail: teodomiro@uma.es

Prof. P. M. Viruela, Prof. E. Orti
Instituto de Ciencia Molecular
Universidad de Valencia
Valencia 46071 (Spain)

Fax: (+34) 963543274

E-mail: enrique.orti@uv.es

Dr. K. Takimiya, Prof. T. Otsubo
Department of Applied Chemistry, Hiroshima University
Higashi-Hiroshima 739-8527 (Japan)

[d] Dr. R. Ponce Ortiz
Current address: Department of Chemistry
Northwestern University
2145 Sheridan Road, Evanston, IL, 60208 (USA)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200902037. It contains total en-
ergies calculated for Qn compounds as closed-shell singlets, open-
shell singlets, triplets, and closed-shell dianions (Table S1), optimized
bond lengths for Q2-Q4 in the S, and T, states (Figures S1 and S2),
optimized bond lengths for neutral, dianionic, and dicationic species
of Q4 and Q6 (Figure S3), RB3LYP/6-31G** simulations of the IR
spectra of Q2-Q6 (Figure S4), UB3LYP(BS)/6-31G** simulations of
the Raman spectra of Q4-Q6 (Figure S5).

[b

—

[c

-

b0

Chem. Eur. J. 2010, 16, 470-484

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

based techniques such as spin coating and roll-to-roll print-
ing.l’

Recently, Takahashi et al. synthesized a new family of qui-
noidal oligothiophenes (Qn) with chain lengths ranging
from two to six thiophene rings in which each thiophene
unit is fused with a bis(butoxymethyl)cyclopentane group
(see Scheme 1)."! The substituted fused ring is especially

BuO OBu
NC. o CN
S
NC TN

Qn (n=2-6)

Scheme 1. Chemical structure of the family of thienoquinoid compounds

Q2-Qe6.

helpful for solubilization,” facilitating the synthesis of these
extended thienoquinoid compounds and improving their
processability. Previously reported thienoquinoid oligomers
end-capped with dicyanomethylene groups were no longer
than tetramers.*”) The longest members of the Qn series,
Q5 and Q6, display ESR activity in solution and were pro-
posed to be in equilibrium with a magnetically active biradi-
cal species.! Low magnetic activity has also been reported
for shorter oligomers in the solid state.’! In a recent work,
Raman spectroscopy and quantum chemical calculations
have evidenced the biradicaloid character of long quinoidal
oligothiophenes.””! The fact that these oligomers are magnet-
ically active opens the possibility of envisaging long quinoi-
dal oligothiophenes as candidates for organic spintronics,'”!
where a combination of electron/hole transport and magnet-
ic response is required.

Herein, to carefully define the nature of the ground state
of quinoidal systems, we investigate the electronic and mo-
lecular structures of quinoidal oligothiophenes Q2 to Q6. In
general, the electronic ground state of compounds with
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Scheme 2. Kekulé and biradical resonance structures proposed for the singlet ground state of long quinoidal

oligothiophenes in equilibrium with the triplet species.

large HOMO-LUMO gaps is well-described by a single
closed-shell electron configuration. In contrast, in large qui-
noidal systems with small HOMO-LUMO gaps, it is essen-
tial to consider that electrons can be easily promoted from
the HOMO to the LUMO and, as a consequence, the
ground state may have biradical character.""! Under this as-
sumption, the singlet ground state S, of the systems under
study must be represented by resonance of the closed-shell
quinoid Kekulé structure and the pseudo-aromatic biradical
form displayed in Scheme 2. The relative weight of these
two forms would determine the biradical contribution to the
electronic ground state. Furthermore, to explain the appear-
ance of magnetic signals in the EPR experiments on the lon-
gest systems,*! we consider a thermal equilibrium between
S, and a low-lying triplet state (T,) energetically populated
at room temperature through rapid S,—T, intersystem
crossing (see Scheme 2).

The aim of this work is twofold. First, the nature of the
electronic ground state is determined by using electronic
and vibrational spectroscopy, electrochemistry, and quantum
chemical calculations. Second, the population of the lowest-
energy triplet state is investigated by using thermally depen-
dent Raman spectroscopy with the aid of theoretical calcula-
tions. The main goal is to understand the molecular and
electronic structures of these novel quinoidal systems and
improve knowledge of their magnetic nature. The in-depth
understanding of their structural and electronic properties is
a requirement for the design of new improved organic mole-
cules suitable for spintronics.

Results and Discussion
Optimized geometries and relative energies of the singlet

and triplet states: Table 1 reports the energy differences be-
tween the spin-unrestricted (open-shell, OS) and spin-re-

Table 1. Relative energies [kcalmol '] for the S, and T, states of com-
pounds Q2-Q6 (B3LYP/6-31G**).

AE(OS—CS)l AE(T, =S
gas phase CHCl, (82l gas phase CHCl,
Q2 0.00 0.00 16.97 17.95
Q3 0.00 0.00 9.88 11.15
Q4 —-0.41 -0.13 0.51 5.07 6.17
Q5 —2.03 —0.55 0.86 2.60 3.31
Q6 —4.10 —1.87 1.00 1.35 2.61

[a] Open-shell (OS) UB3LYP(BS) singlet energy minus closed-shell (CS)
RB3LYP singlet energy. [b] UB3LYP triplet energy minus singlet energy
(OS singlet for Q4, Q5 and Q6). [c] Spin contamination ((S? values
before annihilation) is given for the OS solution of S,.
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stricted (closed-shell, CS) solu-

NG /\ CN* tions of the singlet ground

NC " /n N state S, of Qn compounds esti-
) mated by DFT B3LYP/6-
Triplet T4

31G** calculations in the gas
phase and in chloroform solu-
tion. Energy differences be-
tween the singlet (most stable
in solution) and the first triplet state T, are also included.

Theoretical results indicate that, in the gas phase, the
ground-state electronic structure of the shortest oligomers
Q2 and Q3 is well described by the closed-shell solution,
since almost no difference is found between the OS and CS
solutions. On increasing the chain length, the fact that the
OS solution becomes more stable than the CS one
(—0.41 kcalmol ™' for Q4, —2.03kcalmol™! for Q5, and
—4.10 kcalmol™ for Q6) indicates increasing biradical char-
acter of the singlet ground state for long quinoidal systems.
The same trend is found in chloroform solution (PCM
model), although the energy differences between the two
theoretical solutions are smaller in the presence of the sol-
vent.

A second consequence derived from the narrowing of the
HOMO-LUMO gap (Q2:2.16, Q3: 1.67, Q4: 1.33, Q5: 1.06,
Q6: 0.83 eV for S, at the RB3LYP level) as the length of the
oligomer increases is stabilization of the lowest-lying triplet
state which is in thermal equilibrium with the singlet ground
state. In the gas phase, the energy difference between T,
and S, is estimated to be only 2.60 and 1.35 kcalmol ™" for
Q5 and Q6, respectively. Slightly higher values (3.31 and
2.61 kcalmol ') are obtained in chloroform.

Figure 1 shows the optimized bond lengths calculated for
the S, (RB3LYP and UB3LYP(BS) solutions) and T,
(UB3LYP) states of Q5 and Q6. The degree of quinoidiza-
tion/aromatization of the conjugated backbone can be easily
quantified from the C—C single/double bond length alterna-
tion (BLA).'” The BLA parameter is calculated for each
thiophene ring as the difference between the length of the
Cy—Cy bond and the average of the C,—Cz and C,—Cy
bonds. A quinoidal ring is thus characterized by a negative
BLA value, while an aromatic ring shows a positive BLA
value. The BLA parameter thus illustrates how the quinoid/
aromatic character of the molecule varies with the length of
the oligomer and with the electronic state (Table 2).

Table 2 shows that the BLA parameter drastically changes
on increasing the size of the oligomer and depends on the
nature of the electronic state. RB3LYP optimizations of S,
yield well-defined quinoidal geometries for Q2 to Q6 with
short C,—C, and Cz—C; bonds and long C,—Cy bonds (see
Figure 1 and Figures S1 and S2 in the Supporting Informa-
tion). Open-shell optimizations of S, converge to the
RB3LYP geometries for Q2 and Q3 and lead to less quinoi-
dal structures for Q4 to Q6, which are better described by
the OS solutions. The effect is more pronounced as the oli-
gomer lengthens owing to the larger weight of the biradical
form displayed in Scheme 2 in describing S,. Aromatization
of the conjugated backbone decreases on going from the
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Figure 1. B3LYP/6-31G** optimized bond lengths [A] for Q5 (C,,) and Q6 (Cy,). Values on the left side of the
molecule refer to the closed-shell RB3LYP geometry of the singlet ground state S,. Values in the right side of
the molecule refer to the open-shell UB3LYP(BS) geometry of the singlet ground state S, (in italics) and to
the open-shell UB3LYP geometry of the triplet state T, (in parentheses). The bis(butoxymethyl)cyclopentane
rings preserve the same geometry for both states and have been omitted for simplicity.

Table 2. BLA values [A] estimated from the optimized geometries of S,
(CS and OS solutions) and T; for compounds Q2 to Q6. For S, the
values corresponding to the most stable solution are listed in bold.

Internal ring CN

External ring
S

NC External ring

Central rings

Compound S, (CS) S, (0OS) T,

Q2 —0.070 —0.070 +0.011

3 central ring —0.062 —0.062 +0.020
external ring —0.060 —0.060 —0.005

o internal ring —0.053 —0.032 +0.021
external ring —0.053 —0.041 —0.014
central ring —0.044 —0.005 +0.021

Q5 internal ring —0.046 —0.012 +0.011
external ring —0.048 —0.030 —0.018
central ring —0.035 +0.008 +0.020

Q6 internal ring —0.038 —0.005 +0.006
external ring —0.043 —0.026 —0.020

inner to the outer thiophene rings and contributes to stabili-
zation of a biradical singlet as the ground state in these sys-
tems.

In the T, state, the geometries of compounds Q2 to Q6 all
show further aromatization that is also confined to the
middle of the oligomer. For Q6, the geometry of the T,
state strongly resembles the OS geometry of the S, state
(maximum differences of 0.010 A, see Figure 1) owing to
the pronounced biradical character of the S, state for this
oligomer. The aromatization process enlarges to a greater
extent the inter-ring bonds of the central part of the mole-
cule, and the planarity of the backbone can be lost in these
open-shell structures.

Figure 2 shows the atomic spin densities calculated for the
S, (OS solution) and T, states of Q6 as a representative ex-
ample. The spin-density distributions are similar for both
states and indicate that the two unpaired electrons mainly
reside in the outer parts of the oligomer with antiparallel

Chem. Eur. J. 2010, 16, 470-484
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spins for S, and parallel spins
for T,. For S,, the terminal di-
cyanomethylene groups accu-
mulate net spin densities of
+0.38, and the spin density of
the thiophene groups decreases
on going from the outer (+
0.28), to the intermediate (+
0.14), and to the central or in-
nermost rings (£0.04). For T,
the unpaired spins are fully lo-
calized on the main backbone,
and positive spin densities of
0.42, 0.32, 0.16, and 0.10 are
calculated for the C(CN),
groups and the three types of
thiophene rings, respectively.
The maximum spin density is

1.386

CN

Figure 2. Spin densities calculated at the UB3LYP/6-31G** level for
open-shell S, and T, states of Q6. White and black surfaces represent
positive and negative spin densities, respectively. Bis(butoxymethyl)cyclo-
pentane moieties are omitted because they make only small contribu-
tions.

over the central carbon atom of the C(CN), groups both for
S, (0.28) and T, (0.31). These data are in agreement with ar-
omatization of the central part of the Q6 skeleton for both
Sy and T, biradical states and support the chemical struc-
tures depicted in Scheme 2 for both states.

Optical spectra and TDDFT calculations: Figure 3 shows
the electronic absorption spectra recorded for Q2-Q6 in
THF solution. The longest-wavelength absorption band
corresponds to a very intense feature that redshifts and in-
creases in intensity on augmenting the length of the oligo-
mer, except for Q6, for which the molar extinction coeffi-
cient is lower than for Q5. Table 3 lists the vertical excita-
tion energies and oscillator strengths f calculated for the
most intense electronic transitions by using the TDDFT ap-
proach. Closed-shell RB3LYP calculations correctly predict
the existence of a low-energy intense band associated with
the HOMO —LUMO excitation that increases in intensity
with increasing oligomer size. The energies calculated for
this excitation redshift from 2.45eV (f=1.24) for Q2 to
1.24 eV (f=3.34) for Q6 and are in good agreement with
the experimental values obtained from A4,,, (see Table 3).
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Figure 3. Electronic absorption spectra of quinoidal systems Q2-Q6 re-
corded in THF solution.

No other electronic transition with significant intensity (f>
0.1) is calculated below 3.10 eV (above 400 nm).

The intense absorption observed experimentally is there-
fore assigned to the HOMO—LUMO excitation. The
HOMO and the LUMO are of & nature, as expected, and
spread over the whole m-conju-
gated backbone. As illustrated
in Figure 4 for Q4, the topolo- T\ s
gies of these orbitals are re- S
versed with respect to those
observed for aromatic oligo-
thiophenes due to the quinoid
structure of the backbone. This
reversal is accompanied by
drastic narrowing of the
HOMO-LUMO gap, which
explains the redshift of the ab-
sorption band of quinoidal sys-
tems with respect to their ho-
mologues with aromatic struc-
tures. The absorption maxima
of Q5 and Q6 actually appear
in the NIR region at 913 and
1012 nm, respectively.

3.03eV

HOMO

The topologies of the frontier molecular orbitals also
reveal that m—n* HOMO—-LUMO excitation does not
imply any significant intramolecular charge transfer, since
the two dicyanomethylene groups equally participate in
both frontier orbitals. The absence of intramolecular charge
transfer is experimentally supported by the presence of vi-
bronic components for the aforementioned band (see
Figure 3). Vibronic structure is usually observed for the n—
n* Sy—$, band in aromatic oligothiophenes,! but does not
appear in oligothiophenic systems where the corresponding
excitations involve charge transfer.!"

The TDDFT RB3LYP calculations considering a CS de-
scription of S, predict that the oscillator strength of the S;—
S, transition regularly increases with increasing oligomer
length (see Table 3) and does not reproduce the decrease in
intensity experimentally observed on passing from QS5 to
Q6. Furthermore, CS calculations do not account for the
group of less intense bands that Q5 and Q6 exhibit in the
visible region (450-750 nm, see Figure 3). This disagreement
suggests that the CS solution is not sufficient to explain the
electronic spectra of the longest quinoidal oligothiophenes.

@ 900 < of

Figure 4. Electron-density contours [0.03 ebohr ] calculated for the frontier molecular orbitals of aromatic
quaterthiophene (T4) and quinoidal quaterthiophene (Q4) at the RB3LYP/6-31G** level. The bis(butoxyme-
thyl)cyclopentane rings in Q4 make no contribution and have been omitted for simplicity.

Table 3. Observed and calculated transition energies (A [nm] AE [eV]) and oscillator strengths f for the most intense electronic absorption bands.

Exptll®! Singlet-Singlet (CS)™ Singlet-Singlet (OS)!! Triplet-Triplet!¥
Amax AE yl AE f 2 AE F 2 AE f
Q2 548 226 507 2.45 1.24
Q3 657 1.89 621 2.00 1.79
Q4 788 1.57 739 1.68 2.35 818 1.52 0.88 942 132 0.21
326 3.80 0.14 745 1.66 0.79 605 2.05 1.68
576 2.15 0.59
Q5 913 1.36 863 1.44 2.89 942 1.32 1.46 1025 121 0.29
368 3.37 0.13 607 2.04 1.17 665 1.86 1.94
471 2.63 0.27
Q6 1012 1.22 1001 1.24 3.34 1057 1.17 139 1095 1.13 0.39
503 2.47 0.18 641 1.93 1.56 720 1.72 2.03
405 3.06 0.19 543 228 0.16 527 2.35 0.56

[a] Experimental data from ref. [4], measured in THF. [b] Time-dependent RB3LYP/6-31G** calculations. [c] Time-dependent UB3LYP(BS)/6-31G**

calculations. [d] Time-dependent UB3LYP/6-31G** calculations.
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To account for these discrepancies, the excited states of
Q4, Q5, and Q6 were recalculated at the UB3LYP(BS)/6-
31G** level, which takes into account the biradical charac-
ter of S, (Table 3). UB3LYP(BS) calculations predict an in-
tense electronic transition in the near-infrared for Q4
(818 nm, f=0.88), Q5 (942 nm, f=1.46), and Q6 (1057 nm,
f=1.39), in very good agreement with experimental A,
values, and reproduce the intensity lowering observed from
QS5 to Q6. In addition, they reveal the appearance of new
electronic absorptions in the 500-800 nm range, as recorded
in the experimental spectra (Figure 3). These results support
the biradical character of S, predicted for the longest oligo-
mers and especially for Q5 and Q6.

For these oligomers, the energy difference between S, and
T, is very small (<2.60 kcalmol™") and the T, state should
be partially populated at room temperature. Therefore, trip-
let—triplet absorptions from T; would also contribute to the
electronic spectra. Time-dependent UB3LYP calculations of
the T,—T, transitions predict intense T,;—T, transitions for
Q5 (665 nm, f=1.94) and Q6 (720 nm, f=2.03) in the visi-
ble, and less intense transitions in the near-infrared (Q5:
1025 nm, f=0.29; Q6: 1095 nm, f=0.56) and around 500 nm
(see Table 3). These results suggest that the spectra depicted
in Figure 3 for Q5 and Q6 also comprise the optical absorp-
tions of the molecules populating the T, state, in thermal
equilibrium with S,, which contribute both to the bands in
the visible and to those in the near-infrared.

Photophysical properties: Figure 5 displays the absorption
and emission spectra of Q2 and Q3 recorded in 2-methylte-
trahydrofuran at low temperatures starting from 25°C. Fluo-

=170 °C Q2 Q3

170 U’{:‘/‘/ H .

1100 °C )
50 DC/_/ s .
|

— T T T T T T
500 550 600 650 700 750 800 850 900
wavelength / nm

00°C

-50°C \
25°C \

400 450 500 550 600 650 700 750 800
wavelength / nm

Absorbance ——
Emission ---------

Absorbance

Emission

Figure 5. Low-temperature absorption and emission spectra of Q2 and
Q3 in 2-methyltetrahydrofuran. Absorption spectra are normalized to
that at room temperature. Fluorescence spectra are shown as-recorded.

rescence spectra could not be obtained for the longest oligo-
mers because of the 900 nm upper wavelength detection
limit of the fluorimeter; Q4, Q5, and Q6 absorb in the
region around 900 nm and fluorescence should appear, if
takes place, at lower energies.

Chem. Eur. J. 2010, 16, 470-484
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On cooling, a 12 nm redshift is measured for the absorp-
tion band at 547 nm of Q2, while the component at 516 nm
remains almost unaltered. More important modifications are
detected in the absorption spectrum of Q3, since the lowest-
energy peak of the three-component band at 687 nm red-
shifts by 20 nm on cooling and becomes the strongest one at
—170°C. The absorption registered at 655 nm at room tem-
perature also redshifts to 663 nm at —170°C. Interestingly,
much smaller changes are observed in the emission spectra
(1-3 nm shift on cooling). The notable facts are that fluores-
cent emission appears only at low temperatures and that Q2
is more fluorescent than Q3. Though fluorescent quantum
yields were not measured at low temperatures, the absolute
intensity and the resolution of the fluorescence spectrum of
Q2 are larger than those observed for Q3.

As discussed above, Q2 and Q3 have a quinoid structure
in the S, state. The double-bond character of the inter-ring
bonds restricts internal rotation around the C,—C, bonds
and the oligomers are essentially planar. Q2 and Q3 become
more aromatic and therefore more flexible on passing to the
first singlet excited state S,. This state results from the
HOMO—LUMO excitation (see Figure 4), which has a
completely different effect on the molecular geometry de-
pending on the nature (aromatic or quinoid) of the system.
Figure 6 compares the optimized geometries of S, and S,

T3

1.423 1.402

Figure 6. B3LYP/6-31G** optimized bond lengths [A] for Q3 and T3 in
the S, (left side of the molecule) and S, (right side of the molecule, in
italics) states (C,, symmetry). The bis(butoxymethyl)cyclopentane rings
of Q3 preserve the same geometry for both states and have been omitted
for simplicity.

calculated for Q3 and a-terthiophene (T3). For Q3, the pop-
ulation of the LUMO determines the aromatization of the
molecular structure, and the inter-ring bonds lengthen from
1.381 A in S, to 1.419 A in S,. For T3, excitation to S, im-
plies quinoidization of the molecule, and the C,—C, bonds
shorten from 1.447 A in S, to 1.393 A in S,. Q2 and Q3 are
predicted to be planar in the S; state. However, the length-
ening of the C,—C, bonds allows for twisted conformations
at a low energy cost (for instance, a twist of 30° around the
central C,—C, bond of Q2 has an energy cost of only
0.94 kcalmol '), and some conformational disorder can be
expected at room temperature in the S, state.
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The fluorescence properties exhibited by Q2 and Q3 can
be related to their molecular structure. Lowering of the tem-
perature restricts rotational vibrations (i.e., distortions from
planarity) in S; and makes radiative S;—S, vibronic coupling
more effective. The same impediment to conformational
flexibility on cooling inhibits intersystem crossing, which is
one of the most effective radiationless pathways in oligo-
thiophenes, and enhances the fluorescence activity. At the
same time, internal conversion
by vibrational relaxation is

ground state, which very much resembles the emission spec-
trum of T3 (S; is of quinoidal character for T3, see
Figure 6), and the vibronic structure of both spectra has a
similar three-peak pattern.

Electrochemical data: Table 4 summarizes the redox poten-
tials previously reported for Q2-Q6 by some of us, togeth-
er with the monoelectronic energies calculated for the

Table 4. Electrochemical data, HOMO/LUMO energies, and HOMO-LUMO energy gap (Ey_) for Q1-Q6.

also intrinsically diminished,

since the active vibrational Compound E?/g [V]¥ EY, V¥ Enomo [eV]™ Epumo [eV]" Eyy [eV]"
modes are blocked. All these Q! —0.09, —0.65 - —6.97 —4.07 2.90
fact lain the fact that 2 —0.21, —0.46 - —5.88 -3.72 2.16
actors explamn the fact that o3 0281 118 52 355 1.67
fluorescent emission appears Q4 —0.211 0.80, 1.454 —4.78 (—4.86) —3.45 (—3.40) 1.33 (1.46)
at low temperatures. In line Q5 —0.16! 0.55, 1.05 —4.46 (—4.65) —3.40 (—3.28) 1.06 (1.37)
with  this, the narrower Q6 —0.121 0.38,0.78 —4.21 (—4.48) —3.38 (—3.19) 0.83 (1.29)

HOMO-LUMO energy gap
found for Q3 (1.67eV com-
pared with 2.16 eV for Q2) fa-
cilitates internal conversion
and justifies the weaker fluo-
rescence recorded for Q3. As for the intersystem crossing,
this would lead to energy transfer to the triplet excited-state
manifold and to population of the T, state by T,—T, inter-
nal conversion. The T, state plays a very important role in
the quinoidal Qr series. Phosphorescence measurements
were carried out for Q2 and Q3 in time-delay mode to
detect the phosphorescent emission from T, and no signal
was recorded up to 900 nm. As discussed above, calculations
predict S;-T, energy gaps smaller than 1.0 eV (see Table 1)
that place this transition well into the NIR region out of our
experimental spectral window.

Figure 7 compares the absorption and emission properties
of quinoidal Q3 and its aromatic counterpart T3. This allows
us to evidence the opposite pattern inherent in all the elec-
tronic properties of these two families of compounds. The
absorption spectrum of T3, defined by the properties of the
heteroaromatic S state, is similar to the profile of the emis-
sion spectrum of Q3, since the S, state in this case has heter-
oaromatic character. This similarity is even clearer for the
absorption spectrum of Q3 resulting from the quinoidal S,

T3

emission

Q3

apsorption

T3 Q3

absorption emission

intensity (a.u.)

300 400 500 600 700 800 900
wavelength / nm

Figure 7. Comparison of the absorption and emission spectra of Q3 and
T3.
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[a] Half-wave redox potentials from ref. [4] measured in benzonitrile solution (reference electrode: Ag/AgCl).
[b] RB3LYP/6-31G** monoelectronic energies (open-shell UB3LYP(BS)/6-31G** values are given in paren-
theses for Q4-Q6). [c] Bielectronic process. [d] Irreversible.

HOMO and the LUMO. The data obtained for Q1, the first
member of the series with only one thiophene ring, are in-
cluded for the sake of comparison. In a first approach,
Koopman’s theorem enables us to relate the HOMO and
LUMO energies with the electrochemical potentials of the
first oxidation and reduction processes, respectively.!'”!

All compounds except Q1 and Q2 display reversible am-
photeric redox behavior due to the combination of electron-
donor and electron-acceptor groups in the conjugated skele-
ton. Q2 exhibits two reversible one-electron reduction
waves at —0.21 and —0.46 V that are much closer than those
recorded for Q1 (—0.09 and —0.65 V). From Q3 onwards,
the two waves combine in a bielectronic process that shifts
to less negative potentials with increasing oligomer size. Q3
to Q6 show reversible first oxidation waves that evolve to
lower anodic potentials as the chain length increases. For
Q4-Q6, a second oxidation wave is also observed.

Calculations predict that both the HOMO and LUMO in-
crease in energy with increasing oligomer length. This trend
is found in both the CS and the OS solutions of S, that is, in
a first approach, the biradical character of the ground state
is not a key factor that determines the electrochemical re-
sponse of quinoidal molecules. However, the OS solution
predicts larger HOMO-LUMO energy gaps for Q4-Q6, as
expected from the aromatization of their structures.

The increase in the LUMO energy explains the shift to
higher cathodic potentials observed for the first reduction
wave on passing from Q1 to Q2, but does not justify the
shift to lower cathodic potentials recorded from Q3 to Q6.
The reason for this apparent discrepancy is that Koopman’s
theorem is a one-electron approach and does not apply to
the reduction processes of Q3-Q6, which involve two elec-
trons. Qualitatively, one might expect that the addition of
new thiophene units, thereby electron-enriching the central
oligothienyl spine, to progressively mitigate the electron-ac-
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ceptor character of the terminal dicyanomethylene groups
and therefore reduce the electron affinity of the whole m-
conjugated system. This is what the energy of the LUMO of
Qn compounds suggests and what is actually measured for a
family of aromatic oligothiophenes end-capped in the a-po-
sitions with nitrile groups (TnCN2), for which the first re-
duction potential shifts to more negative values as the oligo-
mer lengthens (T2CN2: —1.88, T3CN2: —1.94, T4CN2:
—2.01 V). The opposite trend found for Q3-Q6 is due to
Coulombic interactions and to the quinoid structure of these
compounds. On the one hand, the two electrons introduced
to form the dianion are mainly incorporated into the dicya-
nomethylene groups, and the decreasing Coulombic repul-
sion with increasing oligomer length thus facilitates the re-
duction process. On the other hand, reduction causes aroma-
tization of the quinoid structure (see Figure S3 in the Sup-
porting Information), an energetically favorable process
whose effect increases with increasing number of thiophene
rings and stabilizes the reduced species.® These two factors
determine that dianions instead of singly charged anions are
directly formed on reduction of Q3-Q6.

The oxidation potentials measured for Q3-Q6 decrease
with increasing oligomer length, in agreement with the ten-
dency found for the HOMO energy and Koopman’s ap-
proach. In this case, the processes are monoelectronic and
no charge repulsions must be taken into account. Despite
the stronger electron-withdrawing character of the C(CN),
groups, the potentials recorded for Q3 (1.18), Q4 (0.80), and
Q5 (0.55V) are similar to those reported for aromatic
T3CN2 (1.06), T4CN2 (0.78), and TSCN2 (0.66 V).l This
effect must be ascribed to partial aromatization of the qui-
noid backbone on oxidation (see Figure S3 in the Support-
ing Information).”) The quinoid structure of compounds
Q2-Q6 therefore has a remarkable effect on the redox po-
tentials, more pronounced than that expected by only intro-
ducing electron-acceptor groups stronger than the CN
group,’! since the anodic potentials are greatly shifted to
more positive values without significant alteration of the
cathodic potentials.

To further investigate the influence of the nature of the
electronic ground state on the redox properties, we made
use of Coulomb’s law to analyze the electrostatic repulsion
energy between two charges, which is directly proportional
to the product of the charges and inversely proportional to
the distance between them. Assuming that the extra elec-
trons introduced on reduction will separate as much as pos-
sible in the molecule to avoid interelectronic repulsions, the
first factor is a constant for Qn dianions and the second can
be taken as the length of the long molecular axis. Under
these assumptions, the reduction potentials of Qn com-
pounds are inversely proportional to the molecular length
(Vocr™h). Figure 8a shows the evolution of the cathodic re-
sponse with chain length.

The reduction potentials of Q1-Q6 are correlated in Fig-
ure 8b with the adiabatic electron affinities (EA), estimated
as the energy difference between the minimum-energy opti-
mized structures calculated for the neutral molecule and for
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Figure 8. a) Evolution of the reduction potentials of Qn compounds with
reciprocal molecular length 1/r [A~"]. b) Adiabatic electron affinities esti-
mated as E,.ua—Egianion Versus reduction potentials of Qn. Reduction
processes are bielectronic for Q3-Q6 and the value of the second reduc-
tion potential was used for Q1 and Q2.

the dianionic species (Q1: 1.34, Q2: 1.94, Q3: 2.42, Q4: 2.78,
Q5:3.02, Q6: 3.19eV). A linear correlation (regression co-
efficient R*=0.9874) exists between the EA values and the
reduction potentials. Nonetheless, a better fit is obtained by
separating the Qn family into two groups: Q1-Q3 (R*=
0.9978) and Q4-Q6 (R*=0.9984). Figure 8a and b then sug-
gest a different behavior for the longest systems, for which
the biradical character of the singlet ground state grows
with increasing chain length.

Infrared spectroscopy: Figure 9 shows FTIR spectra of Q2—
Q6 recorded as KBr pellets, and Figure 10 displays the theo-
retical IR spectra calculated at the RB3LYP level for Q2
and Q3 and at the open-shell UB3LYP(BS) level for Q4,
Q5, and Q6.

The IR spectra of the shortest oligomers, Q2 and Q3, are
quite similar owing to the quinoidal structure of the ground
state. Both show three bands with noticeable intensity. The
band registered around 1110 cm™" arises from a vibration lo-
cated on the lateral bis(butoxymethyl)cyclopentane groups
(e.g., see the calculated eigenvectors for Q3 in Figure 11).
The most intense band appearing at 1511 (Q2) and
1471 cm™ (Q3) is due to a collective asymmetrical C—C vi-
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Figure 9. FTIR spectra of Qn recorded as KBr pellets.
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Figure 10. Theoretical IR spectra calculated at the B3LYP/6-31G** (Q2
and Q3) and UB3LYP(BS)/6-31G** (Q4, Q5, and Q6) levels.
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Figure 11. B3LYP/6-31G** IR-active vibrational eigenvectors calculated
for Q3. Experimental and theoretical (in parentheses) wavenumbers are
given in reciprocal centimeters.

bration that spreads along the entire conjugated skeleton
with a large contribution from stretching of the terminal di-
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cyanovinylene double bonds. Finally, the band registered
around 2210 cm™" corresponds to the stretching vibration of
the C=N bonds.

In the case of the longest oligomers, it is necessary to take
into account the theoretical spectra calculated with the
open-shell UB3LYP(BS) approach to account for the exis-
tence and relative intensities of the experimental bands (the
CS solution predicts spectral profiles simpler than those reg-
istered experimentally; see Figure S4 in the Supporting In-
formation). Nonetheless, minor discrepancies exist between
experimental and theoretical spectra that are more pro-
nounced for Q4. Since Q4 represents the frontier between
the CS and OS solutions of S, this could explain the inac-
curacy of the theoretical prediction. For instance, the group
of three experimental bands around 1440-1410 cm™" is pre-
dicted as one quite intense band (1391 cm™) by the OS solu-
tion (see Figures 9 and 10).

Theoretical eigenvectors indicate that the band registered
around 1110 cm™ is due, as for the shortest members of the
family, to a vibration localized on the lateral bis(butoxyme-
thyl)cyclopentane groups, and its position does not change
with the quinoid or aromatic structure of the oligomer. In
contrast, the bands around 1350-1500 cm™" spread all over
the conjugated backbone and their position and structure
change with the oligomer. The v(CN) band is recorded at
2199 cm™ for Q4 and Q5 and at 2196 cm™" for Q6. The po-
sition of this band is highly sensitive to the electron density
borne by the CN bonds, and its shift to lower frequencies
for the tetracyano-p-quinodimethane (TCNQ) molecule on
complexation with electron donors has been related in the
past to the degree of charge transfer in organic conductive
salts.' The CN stretch is measured at 2225 cm™! for neutral
TCNQ, 2197cm™ for TCNQ-, and 2164cm™ for
TCNQ*."! By using these data as reference, it is possible
to infer the amount of ground state polarization to the
C(CN), groups from the frequencies measured for the
v(CN) vibrations. Table 5 collects the values of the v(CN)
frequencies for compounds Q2-Q6 and compares the net
charges deduced for the terminal C(CN), groups from the
experimental frequencies with the theoretically-calculated
Mulliken charges.

Table 5 shows that although calculations slightly overesti-
mate the v(CN) frequencies, experimental and theoretical

Table 5. Experimental and theoretical (B3LYP/6-31G**) stretching vi-
brations of the CN group. EC: experimental net charge per C(CN),
group calculated from the dispersion of v(CN). TC: theoretical Mulliken
net charge per C(CN), group. Optimized bond lengths for the CN triple
bond.

Compound V(CN)expu V(CN) eor EC TC d(C=EN)
[em™] [em '] [e] ] [A]"
Q2 2213 2238 -0.214 —0.293 1.165
Q3 2207 2233 —-0.321 —0.333 1.166
Q4 2199 2224 —0.464 —0.348 1.167
Q5 2199 2220 —0.464 —0.354 1.167
Q6 2196 2218 —-0.517 —0.361 1.168

[a] RB3LYP values are given for Q2 and Q3 and UB3LYP(BS) values
for Q4-Q6.
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v(CN) data follow the same trend with similar dispersion
values (17 and 20 cm™', respectively). As expected, the
v(CN) vibration appears at lower frequencies as the oligo-
mer gets longer due to the increasing ease of polarizing the
n-electron cloud towards the electron-withdrawing dicyano-
methylene groups. The net charge per dicyanomethylene
group indeed increases with increasing chain length, which
correlates with softening of the CN triple bonds and sug-
gests greater ground-state polarization in the molecular
system. These results indicate that by inserting thiophene
rings it is possible to modulate the electron-density drift or
polarization towards the electron-withdrawing groups from
the central spine.

Let us now continue with the analysis of the relative in-
tensity and position of the most intense IR bands on length-
ening of the molecule. The band recorded at 1511 cm™! in
Q2 downshifts to lower frequencies and undergoes band
splitting with increasing oligomer size. For instance, it ap-
pears as a less intense, two-peak structure at 1405 and
1380 cm ™! for Q5. In a similar way, the small band observed
at 1552 cm™! for Q2 seems to downshift (1477 cm™' for Q5)
and to increase in intensity with chain length. These changes
are assigned to the appearance of two different structural
domains in the long quinoidal systems provoked by stabili-
zation of the biradical form (see BLA values in Table 2).
For Q4, the band at 1501 cm™! due to the aromatic domain
is less intense that those corresponding to quinoidal-type vi-
brations (1410-1440 cm™"), that is, the quinoidal structure
represents a very important part of the molecule. On the
contrary, the aromatic bands of Q5 (1477 cm™) and Q6
(1455 cm™) gain in intensity at the expense of the quinoidal
bands, in support of the greater aromatization predicted by
OS calculations for Q5 and Q6 (see Figure 1 and Table 2).
On the other hand, the band registered around 1110 cm™" in-
creases in relative intensity with increasing oligomer length.
This trend is well reproduced by theoretical calculations as-
suming CS solutions for Q2 and Q3 and OS solutions for
Q4-Q6 (see Figure 10).

Infrared spectroscopy is therefore a sensitive technique to
determine the electronic nature of the ground state of qui-
noid systems. The FTIR data support the quinoidal struc-
tures predicted theoretically for Q2 and Q3 and the more
aromatic, open-shell biradical structures obtained for Q4-
Q6. However, IR spectroscopy does not provide any evi-
dence for thermally accessible triplet states that account for
the magnetic activity of the longest members of the Qn
family.[

Raman spectroscopy: To explain the magnetic signal record-
ed by EPR experiments, Raman spectroscopy and, in partic-
ular, resonance Raman spectroscopy can be especially
useful due to their high sensitivity, which allows determina-
tion of species with sample concentrations as low as 107*m.
In resonance Raman spectroscopy, the energy of the incom-
ing laser is adjusted such that the scattered light fits with an
electronic transition of the molecule.’ Thereby, rather than
exciting the molecule to a virtual energy state (Raman spec-
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troscopy), in resonance Raman spectroscopy the molecule is
excited to the energetic vicinity of one of its excited elec-
tronic states. As a consequence, the vibrational modes that
reproduce the geometrical changes involved in the electron-
ic transition exhibit greatly increased Raman scattering in-
tensity. This aspect of resonance Raman spectroscopy is es-
pecially useful for tackling our problem, since the triplet
state is populated only in small relative amounts.

In this section we first analyze the FT Raman spectra of
Qn compounds, and then we combine electronic and Raman
spectra to register Raman spectra in resonance by choosing
the excitation wavelength. These experiments are very help-
ful for obtaining further information on the electronic struc-
ture of the ground and excited states of the Qn heteroqui-
noid systems.

Figure 12b displays the FT Raman spectra of Qn record-
ed at low temperatures (—150°C) to avoid contribution
from triplet biradicals by thermal population of the T, state.

a) b)

N o]
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Raman Intensity

Q3
1466 /
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Figure 12. a) FT Raman spectra of a family of aromatic a,o’-dimethyloli-
gothiophenes (DMTr). b) FT Raman spectra of Qn recorded at —150°C.
Arrows indicate band evolution with increasing length of the oligomer.

In the first stage, these spectra were used to find experimen-
tal Raman evidence for a contribution of the singlet biradi-
cal to the electronic structure of S, as suggested by theoreti-
cal calculations and by electronic and vibrational IR spec-
troscopy.

As shown in Figure 12, the evolution of the spectra of Qn
compounds with increasing the length of the oligomer dras-
tically differs from that recorded for a series of aromatic oli-
gothiophenes end-capped in a-positions with methyl groups
(DMTn).2" For DMT#n compounds, the most intense band,
which arises from a collective vibration of the C-C/C=C
skeleton and appears around 1500-1450 cm™', downshifts as
the oligomer lengthens due to the more extended m-conjuga-
tion.”! In our heteroquinoid systems, this behavior is ob-
served from the dimer to the tetramer, for which new bands
are observed. The tetramer behaves as an inflection point
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between Q2/Q3 and Q5/Q6. The experimental spectra of Q2
and Q3 are in good agreement with the theoretical (CS)
simulations (see Figure 13), with some discrepancies in in-
tensity in the case of Q3. The FT Raman spectra therefore
support the quinoid structure predicted theoretically for the
shortest members of the Qn family.

1460 1407

N
7

Q3 theoretical
Q2 theoretical

Raman Intensity
t 1516

Q3 pxperimental

% \ . 1252
J Q2 experimental
1600 1400 1200 1000 1600 1400 1200 1000

Wavenumber (cm™")

Figure 13. Experimental and theoretical (CS solution of S;) Raman spec-
tra of Q2 (left) and Q3 (right).

Theoretical B3LYP calculations however fail in simulating
the experimental Raman spectra of the longest systems (see
Figure S5 in the Supporting Information). Previous studies
on Raman spectra of oligothiophenes in different oxidation
states indicate that the shift of the most intense band to-
wards higher frequencies demonstrates aromatization of the
structure.” The appearance of active Raman bands in the
aromatic frequency region for the longest Qn members
(1488, 1462, and 1440-1420 cm™ for Q4, QS5, and Q6, re-
spectively) thus supports that aromatization of the S, state
arises from the contribution of the singlet biradical form.
These bands follow the same trend recorded for DMTn
compounds, which indicates enlargement of the aromatic
defect for long quinoidal systems, in good agreement with
the BLA values reported in Table 2. This supports the relia-
bility of the theoretical model used to calculate the electron-
ic and molecular structures of Qn, although B3LYP calcula-
tions do not account properly for the Raman intensities of
open-shell systems.

We now discuss thermal population of the T, triplet state
in Q6, as an example of a long quinoidal oligothiophene.
Figure 14 displays the electronic absorption spectra of Q6
together with the most intense singlet-singlet (from S,) and
triplet-triplet (from T,) electronic transitions taken from
TD-DFT calculations in Table 3. Figure 14 indicates that the
laser wavelength can be carefully chosen to selectively regis-
ter the resonance Raman spectrum of Q6 molecules in the
singlet biradical S, state and of those populating the triplet
T, state. In particular, the use of a visible 514 nm laser, that
is closer to the T,—T; electronic transition at 527 nm of the
triplet state, leads to the spectrum shown in Figure 15a. The
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Figure 14. UV/Vis/NIR absorption spectrum of Q6 and TDDFT electron-
ic transitions calculated for Q6 as an open-shell singlet (black bar) and as
a triplet (solid line with circles). For simplicity, excitations with oscillator
strengths lower than 0.4 have been omitted.
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Figure 15. a) Resonance Raman spectrum (4., =514 nm) recorded for Q6
and FT Raman spectrum (4.,,=1064 nm) of DMT3. b) FT Raman spec-
tra (A= 1064 nm) recorded for Q6 and the radical cation of DMTG6.

spectral profile shows remarkable differences to that record-
ed with a 1064 nm NIR laser, which resonates with the S)—
S, electronic transition (Figure 15b). Great similarity is
found between the 514 nm spectrum and that recorded for
the aromatic a,o’-dimethylterthiophene (DMT3).?) The
most intense band appears around 1488 cm™' in both spec-
tra, although in the Q6 spectrum is still possible to differen-
tiate bands belonging to a less aromatic structure
(1388 cm™) or to the contribution of the singlet biradical
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species, which exhibits a low-intensity absorption at 543 nm
(f=0.16). The similarity of the spectra of Q6 and DMT3
provides an empirical estimate of the aromatic defect creat-
ed by population of the triplet T, state of Q6, and indicates
that three of the six thiophene rings of the triplet biradical
have an aromatic structure. This estimation is in accord with
theoretical UB3LYP/6-31G** calculations (Table2 and
Figure 16), which predict that the four central thiophene
rings of the triplet state have a pseudo-aromatic structure.

A 514 nm

Raman Intensity

-j\ 1064 nm

2200 2000 1800 1600 1400 1200 1000

Wavenumber (cm-!)

Figure 16. Raman spectrum of Q3 recorded with different laser excita-
tions (514 and 1064 nm).

The 1064 nm spectrum of Q6 shown in Figure 15b is cor-
related with the corresponding spectrum of the radical
cation of a,a’-dimethylsexithiophene (DMT6),”! which, as
theoretical calculations predict, displays a quinoidal-type ge-
ometry for the central two rings, a partially aromatic struc-
ture for the outermost two rings, and an intermediate situa-
tion in the remaining thiophene residues (Scheme 3). This
predicted geometry explains the similarity found between
the two spectra, as the singlet biradical of Q6 presents the
same geometry but alternating positions of the aromatic/qui-
noid rings.

To further demonstrate population of the triplet state for
the longest oligomers, the Raman spectrum of Q3, for which
no thermal population of T, is expected, was registered with
excitation wavelengths of 514 and 1064 nm. Figure 16 shows
that the spectral profile of Q3 remains mostly unaffected on
changing the laser excitation, in agreement with theoretical
calculations, which predict that the T, state lies 9.88 kcal
mol ' above the S, state.

Raman spectra have thus demonstrated the existence of a
populated triplet state for the longest oligomers. The next
step is to analyze the thermal equilibrium between the S,
and T, states. The population of the T, state can be deter-
mined by making use of a Boltzmann distribution and the
calculated energy differences AE(T,—S,) given in Table 1.
At 25°C, the populations estimated for T, are 23.5% for
Q6, 3.6% for QS5, and 0.057% for Q4, and no significant
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Scheme 3. Theoretical structures calculated for the singlet S, (OS solu-
tion) and triplet T, states of Q6 (lateral groups have been omitted for
simplicity), and for the radical cation of DMT6. Bond lengths shorter
than 1.385 A and longer than 1.400 A are considered to be double and
single bonds, respectively. Dashed lines indicate intermediate situations.

population is obtained for Q2 and Q3. These results suggest
that different behavior of the Raman spectra with tempera-
ture should be observed for Q4 and Q6. At room tempera-
ture, the T, state is highly populated for Q6 while it remains
mostly unpopulated for Q4. A rise in temperature from 25
to 120°C provokes an increase of the estimated population,
which reaches 0.45% in the case of Q4 (this percentage
could be detected by resonance Raman spectroscopy) and
34.8% for Q6. To support these theoretical data, Figure 17
displays the evolution of the Raman profile of Q4 and Q6
with temperature.

At high temperatures, the spectrum of Q4 shows relative
enhancement of the more aromatic bands (around
1490 cm™) due to the triplet state compared to the quinoi-
dal bands (around 1300 cm™') arising from molecules in the
singlet state. On the contrary, the spectral profile of Q6 re-
mains almost unaltered with temperature, with slight
changes in relative intensities. This is due to population of
the T, state of Q6 in the whole range of temperatures (the
estimated population at —170°C is 0.41 %, already detecta-
ble by resonance Raman spectroscopy), and supports the ex-
istence of very low energy, thermally accessible, excited trip-
let states, which are responsible for the magnetic activity of
long quinoidal thienyl molecules.

Conclusions

The geometrical, vibrational, and optical properties of a
family of quinoidal oligothiophenes with two to six thio-
phene rings have been analyzed both experimentally and
theoretically. Theoretical calculations indicate that the
ground electronic state is always a singlet state. For the
shortest oligomers, Q2 and Q3, the electronic structure is
well described by the closed-shell solution of the wave func-
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Figure 17. Evolution of the Raman spectra of Q4 and Q6 with tempera-
ture, from —170°C to 120°C.

tion, while the higher stability of the open-shell solution for
the longest oligomers, Q4 to Q6, indicates a biradical char-
acter that increases with increasing oligomer length. Fur-
thermore, the existence of a low-lying triplet state very close
in energy to the singlet ground state is predicted. Electronic
and vibrational (IR and Raman) spectra completely support
the quinoidal structures computed for Q2 and Q3 and the
aromatic biradical structures predicted for Q5 and Q6, and
Q4 represents the inflexion point between closed-shell qui-
noid structures and aromatic biradicals. On the other hand,
temperature-dependent experiments demonstrate popula-
tion of a thermally accessible triplet state for Q4-Q6. Elec-
trochemical experiments also suggest different behavior
with increasing chain length, which again supports different
natures of the ground state depending on the number of
thiophene rings.

Experimental and Computational Section

UV/Vis/NIR absorption spectra were recorded at room temperature by
means of an Agilent 8453 instrument equipped with a diode array for
fast recording of all electromagnetic absorptions in the 190-1100 nm
spectral region. A variable-temperature Specac P/N 21525 cell with
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quartz windows was used to record the UV/Vis/NIR spectra at different
temperatures. This cell consists of a surrounding vacuum jacket (0.5 Torr)
and combines a refrigerant Dewar and a heating block as the sample
holder, which allow temperatures between —170°C and +150°C to be
achieved. Samples were inserted into the Dewar/cell holder assembly as
a solution in a 1x1 quartz cell and spectra were recorded after waiting
for thermal equilibrium of the sample.

Emission spectra were measured on a Spectrofluorimeter from Edin-
burgh Analytical Instruments (FLS920P) equipped with a CW 450 W
Xenon arc lamp, which generates spectra in the 200-900 nm range. A var-
iable-temperature liquid-nitrogen cryostat from Oxford Instruments (Op-
tistat DN) was connected with the spectrometer control software to per-
form low-temperature experiments. Gate phosphorescence spectra in
frozen 2-methyltetrahydrofuran at —170°C were recorded at delay times
of >0.5 ps and a gate width of 2 ms. A pulsed xenon flash lamp was used
for excitation.

FTIR absorption spectra were recorded on a Bruker Equinox 55 spec-
trometer. Compounds were ground to a powder and pressed in KBr pel-
lets. FTIR spectra, with a standard spectral resolution of 2 cm™!, were
collected as the average of 50 scans. Interference from atmospheric water
vapor was minimized by purging the instrument with dry nitrogen before

starting data collection.

FT Raman scattering spectra were collected on a Bruker FRA106/S ap-
paratus with a Nd:YAG laser source (h.=1064 nm) in a backscattering
configuration. The operating power for the exciting laser radiation was
kept to 100 mW in all the experiments. Samples were analyzed as pure
solids, and 1000 scans with 2 cm™" of spectral resolution were averaged.
Resonance Raman spectra (4., =514 nm) were recorded with a Renish-
aw InVia Reflex Raman microscope.

All theoretical calculations were carried out with the Gaussian 03 pro-
gram package.”! Calculations were performed by a DFT approach using
Becke’s three-parameter B3LYP exchange-correlation functional®! and
the 6-31G** basis set.””) The chemical structure of Qn compounds was
simplified by substituting the pendant butoxymethyl groups by methoxy-
methyl groups. This structural change is not expected to affect the elec-
tronic properties and reduces considerably the number of atoms (from
286 to 178 for Q6) and the size of the basis set (from 2754 to 1854
atomic orbitals for Q6). The geometries of Qn were fully optimized with
C,, (odd-numbered oligomers) and C,, (even-numbered oligomers) sym-
metry restrictions. Release of the symmetry constraints did not change
the geometries, and the molecules remained mainly planar, as was tested
for the trimer Q3.

Qn compounds were first calculated as closed-shell (CS) singlets at the
spin-restricted RB3LYP/6-31G** level. The stability of the RB3LYP/6-
31G** wave function was checked and it was found to become unstable
(RHF to UHF instability)?! for Q4, QS, and Q6. Qn compounds were
then reoptimized as open-shell (OS) singlets by using an spin-unrestricted
broken-symmetry (BS) UB3LYP(BS)/6-31G** function. This approach
uses the Guess =mix keyword to build up, as the initial guess wave func-
tion, a 1:1 mixture of the singlet and triplet states, with a spin-squared ex-
pectation value of <$?>=1,”) and has been shown to provide reliable
geometries and energies for singlet-state biradicals.” Qn compounds
were finally optimized as triplets at the UB3LYP/6-31G** level. Qn olig-
omers were also calculated as OS anions (UB3LYP/6-31G**) and CS dia-
nions and dications (B3LYP/6-31G**). The shortest oligomers Q2 and
Q3 were also optimized in the lowest-energy excited singlet state S; by
using the Guess=alter keyword, to have an occupation number of one
electron in both the HOMO and the LUMO, and imposing symmetry re-
strictions. Solvent effects were considered within the self-consistent reac-
tion field (SCRF) theory by recalculating the B3LYP optimized geome-
tries of Sy and T, in CHCl; and using the polarized continuum model
(PCM) to simulate the interaction with the solvent.®!)

Vertical electronic excitations energies were computed by using the time-
dependent DFT (TDDFT) approach,® which provides excitation ener-
gies in good agreement with experiment for the low-lying valence excited
states of most closed-shell compounds,*® and has been successfully ap-
plied for singlet biradical compounds.*” S,—S, excitation energies were
calculated at both the RB3LYP/6-31G** and the UB3LYP(BS)/6-31G**
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levels by using the geometries optimized for S; at the respective levels of
theory. T,—T, excitation energies were obtained at the UB3LYP/6-
31G** level by using the optimized geometry of T,.

The calculated harmonic vibrational frequencies were scaled down uni-
formly by a factor of 0.96, as recommended by Scott and Radom."*! All
theoretical vibrational data quoted in the text are thus scaled values. The
theoretical IR and Raman spectra were obtained by convoluting the
scaled frequencies with Gaussian functions (10 cm™' width at half-maxi-
mum). The height of the Gaussians was determined from the IR intensi-
ties and Raman scattering activities calculated for the IR- and Raman-
active normal modes, respectively.
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