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1. Theoretical Calculations and Experimental Details

All theoretical calculations were carried out using the Gaussian 03 program package.'"’
Calculations to investigate the molecular and electronic structures of quinoidal
oligothiophenes Qn (n = 1-6) were mainly performed within the density functional theory
(DFT) approach using the Becke’s three-parameter B3LYP exchange-correlation functional'
and the 6-31G** basis set.”! The chemical structure of Qn was simplified by substituting the
pendant butoxymethyl groups by metoxymethyl groups. This structural change is not
expected to affect the electronic 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 within C,, (odd oligomers) and C,, (even
oligomers) symmetry restrictions. Release of the symmetry constraints did not change the

geometries and the molecules remain 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. This approach yields well-defined quinoidal geometries for QI to
Q6 with short Cy-Cq and Cp-Cp: bonds and long Cqy-Cp bonds (see Figures S2 to S4). The
stability of the RB3LYP/6-31G** wave function was checked and it was found to become
unstable (RHF to UHF instability)¥ for Q4, Q5 and Q6. Qn compounds were then
reoptimized as open-shell (OS) singlets 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 function, a 1:1 mixture of the singlet and triplet states, with a spin-
squared expectation value <S> = 1,1°) and has been shown to provide reliable geometries and
energies for singlet-state biradicals./ Davidson and Clark recently concluded that BS-UDFT
is the most consistent choice for studying large systems with biradical character where high-

level ab initio calculations are not feasible.®! UB3LYP(BS) calculations converge to the
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R3B3LYP solutions for Q1, Q2 and Q3, showing that the ground state of these oligomers is

well-described as a closed-shell singlet. For Q4, Q5 and Q6, the UB3LYP(BS) solution is
lower in energy than the RB3LYP solution and the ground state of these oligomers is best
described as an open-shell singlet with a partial biradical character that grows up with the
oligomer length. To support the DFT results, CASSCF calculations using an active space
limited to two electrons in the two frontier molecular orbitals HOMO and LUMO were
performed. CASSCF(2,2)/6-31G calculations were carried out on the UB3LYP(BS)/6-31G**
optimized geometries for Q4, Q5 and Q6. Qn compounds were finally optimized as triplets at

the UB3LYP/6-31G** level (see Figures S2, S3 and S4).

Vertical electronic excitations energies were computed using the time-dependent DFT
(TD-DFT) approach./”? This approach provides excitation energies in good agreement with the
experiment for the low-lying valence excited states of most closed-shell compounds,™ and
has been successfully applied for singlet biradical compounds.””) S — S, excitation energies
were calculated at both the RB3LYP/6-31G** and the UB3LYP(BS)/6-31G** levels using
the geometries optimized for Sy at the respective theory levels. T — T, excitation energies

were obtained at the UB3LYP/6-31G** level using the optimized geometry of T;.

Figure S1 shows the atomic orbital composition calculated for the frontier molecular
orbitals of aromatic T3 and quinoid Q3 at the RB3LYP/6-31G** level. Table S1 lists the total
energies calculated for Q1 to Q6 as closed-shell singlets (RB3LYP/6-31G**), open-shell
singlets (UB3LYP(BS)/6-31G**) and triplets (UB3LYP/6-31G**). Figures S2, S3 and S4
collect the values of selected bond lengths optimized for Q3, Q4, Q5 and Q6 in the singlet
ground state Sy and in the triplet state T;. Table S2 summarizes the C=C/C—C bond length
alternation (BLA) values calculated for Q2 to Q6. The BLA parameter is calculated for each

thiophene ring as the difference between the length of the Cg-Cp- bond and the average of the
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Cq-Cp and Cq-Cp: 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. Figure S5 shows the atomic spin densities calculated for the T, state of

Q6 at the UB3LYP/6-31G** level

FT-Raman scattering spectra were collected on a Bruker FRA106/S apparatus and a
Nd:YAG laser source (Aexe = 1064 nm), in a back-scattering configuration. The operating
power for the exciting laser radiation was kept to 100 mW in all the experiments. Samples
were analyzed as pure solids averaging 1000 scans with 2 cm™ of spectral resolution.
Resonance Raman spectra (Aexc = 514 nm) were recorded by using a Microscope Invia Reflex

Raman RENISHAW.

A variable temperature cell (Specac P/N 21526) with interchangeable pairs of quartz
windows was used to record the FT-Raman spectra at different temperatures. This is
equipped with a Cu- constantan thermocouple for temperature-monitoring purposes, and any
temperature from —170 to +150 °C can be achieved. Spectra were recorded after waiting for

thermal equilibrium at the sample, which required 20 min for every increment of 10 °C.
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Table S1: Total energies (in a.u.) calculated at the B3LYP/6-31G** level for the singlet
ground state Sy (closed-shell (CS) and open-shell (OS)) and for the triplet state T, of
compounds Q1 to Q6.

Compound So (CS)? So (0S)° T,
Q1 ~1423.763608 ~1423.763608 ~1423.720186
Q2 ~2399.992326 ~2399.992326 ~2399.965276
Q3 ~3376.214637 ~3376.214637 ~3376.198896
Q4 —4352.435261 ~4352.435916 ~4352.427836
Q5 ~5328.655450 ~5328.658685 ~5328.654543
Q6 —6304.874835 —6304.881370 —6304.879222

®RB3LYP/6-31G** energies. "UB3LYP(BS)/6-31G** energies. “UB3LYP/6-31G** energies.
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Figure S1. Electron density contours (0.03 e bohr™) calculated for the frontier molecular
orbitals of aromatic terthiophene (T3) and quinoidal terthiophene (Q3) at the RB3LYP/6-
31G** level. The bis(butoxymethyl)cyclopentane rings in Q3 show no contribution and have

been omitted for simplicity.
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Figure S2. B3LYP/6-31G** optimized bond lengths (in A) for Q3 (C,, symmetry). Values in
black refer to the closed-shell RB3LYP geometry of the singlet ground state Sy. Values in red
refer to the open-shell UB3LYP geometry of the triplet state T,. Schematic structures are
drawn for Sy and T, by considering bond distances below 1.390 A as double bonds and those
above 1.410 A as single bonds. The bis(butoxymethyl)cyclopentane rings preserve the same
geometry for both states (differences smaller than 0.002 A) and have been omitted for

simplicity.
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Figure S3. B3LYP/6-31G** optimized bond lengths (in A) for Q4 (Cy,). Values in black
refer to the closed-shell RB3LYP geometry of the singlet ground state Sy. Values in blue refer
to the open-shell UB3LYP(BS) geometry of the singlet ground state state Sy. Values in red
refer to the open-shell UB3LYP geometry of the triplet state T,. The
bis(butoxymethyl)cyclopentane rings preserve the same geometry for both states and have
been omitted for simplicity.
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Figure S4. B3LYP/6-31G** optimized bond lengths (in A) for Q5 (C,,) and Q6 (Cyp). Values
in black refer to the closed-shell RB3LYP geometry of the singlet ground state Sy. Values in
blue refer to the open-shell UB3LYP(BS) geometry of the singlet ground state state S,.
Values in red refer to the open-shell UB3LYP geometry of the triplet state T,. The
bis(butoxymethyl)cyclopentane rings preserve the same geometry for both states and have
been omitted for simplicity.

Table S2: C=C/C—C bond length alternation (BLA) values (in A) calculated at the B3LYP/6-
31G** level for the singlet ground state Sy (closed-shell (CS) and open-shell (OS)) and for the
triplet state T of compounds Q2 to Q6.

Compound® So (CS)° So (OS)° T,
Q2 —0.070 +0.011
Q3 ring 1 —0.062 +0.020

ring 2 —0.060 ~0.005
Q4 ring 1 —0.053 ~0.032 +0.021
ring 2 —0.053 —0.041 —0.014
Q5 ring 1 —0.044 ~0.005 +0.021
ring 2 —0.046 —0.012 +0.011
ring 3 —0.048 —0.030 —0.018
Q6 ring 1 —0.035 +0.008 +0.020
ring 2 ~0.038 ~0.005 +0.006
ring 3 —0.043 —0.026 —0.020

Thiophene rings are numbered starting from the center of the oligomer. "RB3LYP/6-31G**.
‘UB3LYP(BS)/6-31G**, the optimization converges to the RB3LYP/6-31G** geometry for
Q2 and Q3. “UB3LYP/6-31G**.
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Figure S5. Spin density calculated at the UB3LYP/6-31G** level for the triplet state T; of

Q6. Light and dark surfaces represent positive and negative spin densities, respectively.

Bis(butoxymethyl)-cyclopentane moieties are omitted because they show no contribution.
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Figure S6. UV-Vis-NIR absorption spectrum of Q6. The wavelength ranges used for laser
excitation in Resonance Raman spectra are marked in blue and red. Theoretical TDDFT
electronic transitions predicted for Q6 in the most stable Sy state (blue) and in the T; state
(red) are indicated as vertical bars. For simplicity, excitations calculated with oscillator

strengths lower than 0.4 have been omitted.
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