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Abstract: Quinoidal oligothiophenes have received considerable attention as interesting platforms
with remarkable amphoteric redox behavior associated with their diradical character increasing
with the conjugation lengths. In this work, we considered a family of quinoidal oligothiophenes
bearing cyano-ester terminal groups and characterized them by UV-Vis-NIR absorption and Raman
spectroscopy measurements at different excitation wavelengths. The experimental investigation is
complemented by quantum-chemical studies to assess the quality of computed density functional
theory (DFT) ground state structures and their influence on predicted Raman intensities. In addition,
resonance conditions with the optically active HOMO—LUMO transition as well as with the more
elusive state dominated by the doubly excited HOMO,HOMO—LUMO,LUMO configuration, are
determined with DFT-MRCI calculations and their contributions to Raman activity enhancement are
discussed in terms of computed vibrational Huang—-Rhys (HR) factors.

Keywords: conjugated diradicals; organic semiconductors; DFT; DFT-MRCI; Raman spectroscopy;
resonance Raman enhancement; UV-Vis spectroscopy; excited electronic states; Huang—Rhys factors

1. Introduction

Recently, there has been an increased interest in designing stable conjugated dirad-
icaloids with a singlet ground state and variable diradical character. These species have
several potential technological applications ranging from spintronics to optoelectronics
owing to their distinctive electrooptical properties [1-5]. Quinoidal oligothiophenes display
increasing diradical character with the extension of the conjugated core and have been ex-
tensively investigated experimentally, owing to their relevant figures of merit and potential
applications in the field of organic optoelectronics as electron-conducting or ambipolar
materials. In this regard, the family of tetracyanoquinodimethane (TCNQ) quinoidal olig-
othiophenes has offered an interesting new platform with remarkable amphoteric redox
behavior [6-15].

Among experimental investigations, vibrational spectroscopy and especially Raman
spectroscopy characterization stands out for the wealth of information gathered, comple-
mented by the results of computational studies [6,16-23]. Raman spectroscopy has been the
technique of choice in the studies of the molecular and electronic structures of -conjugated
molecules. Particularly, in the case of quinoidal oligomers, Raman spectroscopy proved
to be very useful, not only as an identification technique of their existence, but also as a
source of information to get insight on their structures.
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The most-intense Raman band in oligothiophenes and quinoidal oligothiophenes is
due to a collective mode (the effective conjugation coordinate (ECC) involving the out-of-
phase stretching between adjacent C-C and C=C bonds along the conjugation core [24-26]).
Notably, this mode corresponds also to the out-of-phase C-C/C=C vibration responsible
for the Franck-Condon activity in the electronic spectra of oligoenes [27,28] and oligoth-
iophenes [29]. The Raman active modes dominated by the ECC coordinate are sensitive
to geometry change. In fact, it has been shown that the evolution of the most intense Ra-
man band when increasing the length of the quinoidal oligothiophenes, drastically differs
from that recorded for a series of aromatic oligothiophenes: it downshifts from dimer to
tetramer [17] with tetramer behaving as an inflection point after which the active frequency
upshifts as a result of the aromatization of the ground electronic state.

The ground state structural information of conjugated diradicals derived by Raman
investigations is generally well supported by quantum-chemical studies of equilibrium
structures and computed Raman activities, especially for small to moderate diradical char-
acter [17-20,22,30]. The correct prediction of Raman intensities for conjugated diradicals
is not, however, a trivial problem. Owing to the small HOMO-LUMO gap, the electronic
structure of open shell singlet diradicals is significantly influenced by the role of static elec-
tron correlation and multi-reference computational methods should be employed [22,31].
However, due to the computational cost, a widely adopted practice to describe the singlet
ground state of these species is based on the use of spin-unrestricted density functional
theory (UDFT) [32]. In practice, when an instability of the restricted DFT (RDFT) closed-
shell (CS) solution is found, a lower energy open-shell UDFT solution, characterized by
broken symmetry (BS) frontier molecular orbitals, can be determined. Using UDFT, the
corresponding BS optimized geometry can also be determined, providing generally a
more realistic description of the diradical molecule, compared to the CS structure. The
quality of computed Raman activities is, however, tightly connected with the quality of
computed equilibrium structures and the predicted BS geometries not always provide
satisfactory results since large diradical characters demand for multireference highly cor-
related wavefunctions. Thus, single-reference methods such as UDFT may lead to an
unbalanced prediction of the open-shell structure, a result that may be influenced also by
the functional chosen.

A recent combined experimental and computational study [30] further clarifies the
above concept. In that work [30], it was shown that long rylenes, models for graphene
nanoribbons, disclose their polyacetylenic character through the presence of Raman activity
typical of polyenes. The observed Raman signatures were interpreted as due to an ECC
vibration localized on the long edges of the extended rylene oligomers, developing as a
result of their increased diradical character. In such case, the computed BS to CS geometry
change, overlapping with the ECC coordinate, was correctly but not quantitatively captured
by the UDFT calculations. Because small geometry deviations imply remarkable differences
in computed vibrational frequencies and Raman activities [22], the quantitative prediction
of the latter, for the longer members of the rylene family, required an educated molecu-
lar structure, obtained by displacing the geometry along the predicted BS-CS geometry
change [30]. The above example shows that an assessment of the quality of RDFT/UDFT
computed geometries is required for extended core conjugated diradicaloids, to ultimately
predict the evolution of Raman spectra for increasing diradical characters. Furthermore,
ad hoc adjustments of predicted geometries might be required and must be interpreted as
required to compensate for the missing static electron correlation at DFT level.

An additional source of information, intrinsic in measured Raman spectra, is provided
by the enhancement effects appearing when the laser light is in resonance or pre-resonance
with one or more specific electronic transitions [33-35]. In this context, it is worth noting
that at least two excited states of singlet multiplicity may contribute to the absorption spec-
tra of conjugated diradicaloids: one dominated by the HOMO—LUMO single excitation
and one dominated by the HOMO,HOMO—LUMO,LUMO double excitation [22,31,36-39],
hereafter labelled the DE state. Thus, because most conjugated diradical molecules are char-
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acterized by a low-lying double-exciton (DE) state, Raman intensities may be modulated
not only by resonance with the optically active HOMO—LUMO transition, but also by the
proximity of the less active DE state.

Prompted by the above two challenging issues, namely, the reliable prediction of
Raman intensities for varying diradical characters and the assessment of resonance en-
hancement effects, in this work, we considered a family of quinoidal oligothiophenes
bearing cyano (-CN) and ester (-COOCgHj7) substituents as terminal groups (Figure 1) [40].

The three oligomers, labeled EsQ2, EsQ3 and EsQ4 because of the ester (Es) sub-
stituents and quinoidal (Q) structure, were characterized by UV-Vis-NIR absorption and
Raman spectroscopy measurements at different excitation wavelengths. The experimen-
tal results are analyzed with the support of quantum-chemical investigations, aiming at
assessing the quality of computed RDFT/UDFT ground state structures and their influ-
ence on predicted Raman intensities. In addition, resonance conditions with the bright
HOMO—LUMO transition as well as the more elusive DE state, are determined and their
contributions to Raman activity enhancement is discussed.

CgH{;,00C

COOC;H;

EsQ4

Figure 1. Chemical structure of cyano-ester quinoidal oligothiophenes.

2. Materials and Methods
2.1. Experimental Details

UV-vis-NIR spectra were recorded in dichloromethane in a 1 cm path-length quartz
cell on an 845x UV-visible Agilent spectrophotometer (Malaga, Spain).

FT'—Raman spectra were measured using an FT—Raman accessory kit (FRA/106—S) of
a Bruker Equinox 55 FT—IR interferometer (Malaga, Spain). A continuous-wave Nd—YAG
laser working at 1064 nm was employed for excitation, at a laser power in the sample not
exceeding 20 mW. A germanium detector operating at liquid nitrogen temperature was
used. Raman scattering radiation was collected in a back-scattering configuration with a
standard spectral resolution of 4 cm~!. 3000 scans were averaged for each spectrum.

Raman spectra with the excitation lasers at 532, 633 and 785 nm were collected by
using the 1 x 1 camera of a Bruker Senterra Raman microscope by averaging spectra during
60 min, with a resolution of 3-5 cm~!. A CCD camera operating at —50 °C was used for
Raman detection.
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2.2. Computational Details

Calculations were carried out on models of the real molecules, with methyl groups
replacing the long alkyl chains of the ester groups (Figure 1). This is expected to reduce
the number of Raman active vibrational frequencies but because the most active vibrations
involve the conjugated skeleton, such simplification leaves untouched by the molecular
moiety and the m—electronic structure responsible for Raman enhancement. Because the
terminal ester groups are flexible, two conformers (Confl and Conf2, Figure S1) characterized
by the different orientations of the ester groups with respect to the nearby thiophene ring
were initially considered.

A library of different geometries for each oligomer was generated by determining op-
timized structures with Density Functional Theory (DFT) and Hartree-Fock (HF) theory, in
conjunction with the 6-31G* basis set. Two functionals—CAM-B3LYP and B3LYP—were
selected, owing to their different bond-length alternation predictions in conjugated hydro-
carbons. DFT and HF geometry optimizations were carried out in the restricted formulation
and, when a wavefunction instability was found, the unrestricted approach was also em-
ployed to determine the BS optimized geometry. The nature of the stationary points was
assessed by computing vibrational frequencies.

Overall, up to six geometries for each molecule were determined: three from the
CS approach and three from the BS approach, hereafter identified by the CS-/BS- prefix
followed by the level of theory (Figures S2-54). The optimized geometries forming the
set for each oligomer are indicated in Table S1 along with the energy difference between
the two conformers. The remarkably larger stabilization of Conf 2 can be traced back
to the stronger through space electrostatic interaction between sulfur and the carbonyl
oxygen [41]. Hereafter, we will therefore consider only Conf 2.

To explore the dependence of computed vibrational frequencies and Raman intensities
on structural parameters, the Raman spectrum was simulated for each optimized geometry,
at B3BLYP/6-31G* level and vibrational frequencies were scaled by 0.97, since a very close
match with experimental vibrational frequencies and intensities was previously demon-
strated at this level of theory. We adopted a similar approach in previous works [22,30]
and we showed that for frequencies above 1000 cm ! the Raman activities are reliably
described even if the geometry used is not a minimum for the level of theory employed.
All the above calculations were carried out with the Gaussian 16 package [42].

The electronic absorption spectra of cyano-ester quinoidal oligothiophenes were inves-
tigated by time dependent (TD) DFT calculations and, to determine the energy location of
the DE state, DFT-MRCI calculations were also carried out taking as reference the CS-B3LYP
geometries for EsQ2 and EsQ3 and the BS-UB3LYP for EsQ4. The DFT-MRCI method em-
ploys DFT orbitals (BHLYP functional) for constructing configuration state functions (CSFs)
and dresses the MRCI matrix elements by appropriate portions of Coulomb and exchange-
like integrals and allows to describe excited electronic states dominated by doubly excited
configurations. The spin-invariant parametrization was used [43].

Each computed geometry was characterized by its diradical character, evaluated using
two descriptors: yg and N*OP. The y, index was calculated at the PUHF/6-31G * level of
theory, following Yamaguchi’s approach in the spin-projection scheme as [44]:

2T,
PUHF 0
yoo ol =1- 2 1
1+ T;
with Ty calculated as:
Ty = NHONO ; NLUNO @)

where nono and npyno are the occupation number of the highest occupied (HONO) and
lowest unoccupied (LUNO) natural orbitals, respectively.
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The NFOP value is based on finite-temperature DFT (FI-DFT) and describes also
eventual multiradical character. It is obtained by integrating the fractional orbital density
function (o7OP) over all space. p"OP is evaluated as follow:

N
pFOP(r) =1 (61 =02 fi)lgi ()] ®)

i

where ;7 and J, are two constants and are set such that only fractional occupied orbitals
are considered; ¢; are molecular spin orbitals and f; are the fractional orbital occupations
(0 < f; £1) determined by the Fermi-Dirac distribution:

1
fi - olei—er) /KT, 1 (4)

NFOP was calculated with the ORCA 4.0.1.2 package [45] with the default setting
(TPSS/def2- TZVP level with T,; = 5000 K).

To model resonance Raman spectra, we considered the ground state equilibrium
structure used to model off-resonance Raman intensities and we additionally computed
the equilibrium structure of the optically allowed excited state (Figure S5). The geometry
change was projected onto ground state vibrational normal coordinates to evaluate dimen-
sionless displacement parameters as outlined in the following. The geometry of the DE
state cannot be obtained by TDDFT calculations owing to its multi-exciton nature [22,31].
However, we have previously shown that the BS-CS geometry change overlaps with the
ECC coordinate and with both the ground to optically active state geometry change and
the ground to DE geometry change [22,30,31]. Thus, we can safely assume that Raman
enhanced modes associated with resonance with the DE state are expected to be similar
to those active in the optically allowed state. Under the assumption of resonance with
the 0-0 band of the Sp—5,, transition, the activity of each totally symmetric vibration in
resonance Raman spectra is proportional [33] to the Huang—Rhys (HR) factor Sy [46,47] for
each vibrational mode k with frequency vi. Each S; was obtained as

1
Sk = B 5
k= 5Bk ©)
where By is the dimensionless displacement parameter defined assuming the harmonic
approximation, as
27TV 1 .

By =1/—— [X; — Xi) Mz Qy () (6)
where X; ; is the 3N dimensional vector of the equilibrium Cartesian coordinates of the
i, j electronic state (here 7 is the excited electronic state and j is the ground state), M is
the 3N x 3N diagonal matrix of atomic masses and Q(j) is the 3N dimensional vector
describing the k normal coordinate of the j (ground) state in terms of mass weighted
Cartesian coordinates.

3. Results and Discussion
3.1. The Library of Ground State Geometries and Their Associated Diradical Character

In this section, we discuss the distinctive features of the ground state structures
optimized at different levels of theory. The diradical character of each generated geometry
is determined by evaluating the associated y5"HF (Table 1) and N¥OP (Table S2) values.

As can be seen, for a given oligomer, both 1y and NFOP increase from CS-HF to BS-
UHF with intermediate values for CS- and BS-DFT geometries. The only exception is EsQ4,
the highest 1y value of which is found for the BS-UCAM-B3LYP geometry. Notably, B3LYP
and CAM-B3LYP functionals return different iy or NFOP values, indicating a functional de-
pendent diradical character description of predicted ground state structures. An increased
diradical character is expected when moving from CS to BS geometries, but the amount
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of HF exchange also plays a role, with smaller y5UY*F values computed for CS-HF and
CS-CAM-B3LYP geometries as compared to CS-B3LYP and the opposite for BS geometries.

Table 1. yg UHF calculated at different optimized geometries of EsQ2, EsQ3 and EsQ4.

ygUHF
CSs- CS- BS- BS-
Geometry = CS-HF -\ n\ i paryp B3y UB3LYP uUcAm-BsLyp Do-UHF
Molecule |
EsQ2 0.14 0.21 0.27 / / 0.39
EsQ3 0.22 0.31 0.41 / 0.50 0.56
EsQ4 0.28 0.42 0.54 0.64 0.73 0.69

As expected, for a fixed level of theory, e.g., CS-B3LYP, the predicted diradical descrip-
tors (both yp and N FOD) jncrease with the conjugation length (i.e., from EsQ2 to EsQ4).
Given the similar trend of the two diradical indexes, we will refer only to y5UF values in
the remaining discussion.

Since the diradical character of quinoidal oligothiophenes is associated with a recovery
of aromaticity, the varying yJUHF values computed for the same oligomer at different levels
of theory, ultimately reflect a different CC bond length alternation along the conjugated
chain, as can be clearly seen in Figure 2 for EsQ4 and Figures S6 and S7 for shorter
oligomers. All CS geometries show a more marked CC bond length alternation compared
to the corresponding BS geometries, highlighting a more quinoidal structure for the former.
A smaller amount of HF exchange implies a reduced bond-length alternation for CS-
structures but also a reduced CS-BS geometry change. Thus, larger CS-BS bond-length
alternation changes are predicted at CAM-B3LYP level and this leads, for EsQ4, to the
largest recovery of aromaticity predicted by the BS-UCAM-B3LYP geometry (see also
Figures S2-54).

1.5

Bond length / A

CS-HF |
) CS-CAM-B3LYP —e—
s AT ¥ CS-B3LYP —e—
BS-UB3LYP —e—
T BS-UCAM-B3LYP
BS-UHF —e—

8 10 12 14 16 18 20 22 24
n. bond

1.25

Figure 2. EsQ4 CC bond lengths calculated at CS-HF (cyan), CS-CAM-B3LYP (red), CS-B3LYP
(green), BS-UB3LYP (blue), BS-UCAM-B3LYP (orange) and BS-UHF (purple) geometries. Bottom left:
definition of bond numbers.

The tight correlation between CC bond-lengths belonging to the central conjugated
core and diradical character is highlighted in Figure 3a for EsQ2 and Figure S8 for EsQ3
and EsQ4. The very good linear relationship suggests that these bonds are diagnos-
tic of the diradical character, in contrast to other bond lengths such as C=0O and C=N
(Figures 3b and S9).
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Figure 3. Correlation between yg UHF and C-C bond lengths (a) and C=N/C=0 bond lengths (b) of
EsQ2 calculated at different geometries: CS-HF, CS-CAM-B3LYP, CS-B3LYP and BS-UHF. Bottom
right of (a): definition of bond number; Center right of (b): C=O bond considered in this figure.

3.2. Absorption Spectra and Low-Lying Excited Electronic States

The experimental UV-Vis-NIR absorption spectra of the three oligomers are shown in
Figure 4. These spectra, as those of the corresponding TCNQ derivatives [10,17], display
additional spectral features on the red side of the main absorption maximum, which
are suggestive of vibronic transitions to the DE state, previously identified for several
conjugated diradicals [31,38,48]. For centrosymmetric molecules the electronic transition
to the DE state is symmetry forbidden. However, it may acquire intensity according to
the Herzberg—Teller (HT) mechanism of intensity borrowing [49]. Small deviations from
centrosymmetric symmetry due to conformational flexibility may also break the selection
rule and these mechanisms explain why such weak features appear in the spectra.

Because some experimental Raman spectra were obtained for different excitation
wavelengths, we investigated computationally the low-lying excited states that may be
responsible for enhancing selected vibrational bands [35]. In contrast to TDDFT calculations
that correctly capture only the strongly optically active HOMO— LUMO transition, (frontier
molecular orbitals in Figures 510 and S11) DFT-MRCI calculations show clear evidence of a
low-lying DE state for all the oligomers investigated, computed to be the second lowest
excited state for EsQ2 and the lowest excited state for EsQ3 and EsQ4 at their ground
state geometries (Table 2), in agreement with recent analysis of the absorption spectra
of related quinoidal oligothiophene trimers [15]. The computed DFT-MRCI excitation
energies are shown as red (DE state) and green (HOMO—LUMO state) bars over the (black)
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experimental absorption spectra in Figure 4. Notably, experimentally, there is no clear
evidence of such DE state in EsQ2 since its transition overlaps with the strongly optically
active HOMO—LUMO excitation. In contrast, a clear shoulder on the low energy side
(673 nm) of EsQ3 may be assigned to a vibronically activated transition to the DE state as
well as the weak features at 851 and ca. 940 nm in the spectrum of EsQ4.

H->L
518 550 DE
EsQ2
S
«
[0
§ 64
€ | EsQ3 583 i
(2]
0
< 765
69 851
EsQ4
i G e T e N L -
200 400 600 800 1000

Wavelength / nm

Figure 4. Comparison between UV-Vis-NIR electronic absorption spectra of cyano-ester quinoidal
oligothiophenes in dichloromethane (solid black lines and black numbers) and DFT-MRCI computed
excitation energies for the bright HOMO—LUMO (green bars) and the DE (red bars) electronic states.

Thus, DFT-MRCI calculations help clarifying when measured Raman spectra may
be affected by resonance or pre-resonance not only with the strongly optically active
HOMO—LUMO state, but also with the more elusive DE state.

Table 2. Computed DFT-MRCI excitation energies of the optically active HOMO—LUMO transition
and of the DE state and comparison with observed peaks in absorption spectra of EsQn oligomers.

Molecule | Excited Electronic State Calc (eV) Calc (nm) Exp (nm)
EsQ2 H—L 2.29 541 550
DE 2.45 506 -
EsQ3 DE 1.67 740 750 *
H—L 1.88 659 640
EsQ4 DE 1.18 1050 1050 *
H—L 1.61 770 765

* onset of the absorption spectrum.

3.3. Experimental and Simulated Raman Spectra

According to the discussion above, the comparison between computed and observed
Raman spectra must consider, on one side, the level of theory dependence of computed
Raman bands, due to the different diradical character of predicted ground state structures
and, on the other side, the effects of resonance enhancement that may be induced by the
proximity of allowed or HT induced electronic transitions [33-35]. Thus, first we compare
for each oligomer, the (off-resonance) Raman intensities computed for each member of the
set of ground state structures with the observed off-resonance Raman spectra, to identify
the most suitable level of theory for Raman activity prediction. Second, we discuss possible
resonance enhancements based on computed HR parameters.
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Of the four reported Raman spectra of EsQ2 (Figure 5), the spectrum obtained by
exciting at 532 nm is clearly in resonance with both the HOMO—LUMO and the DE
transitions of EsQ2. Therefore, we compare the 1064 nm Raman spectrum (off-resonance)
with those predicted by the set of ground state geometries (Figures 6 and 512). All display
a dominant active frequency associated with the ECC coordinate (Figure S13) which, as
expected, downshifts with the increasing diradical character of the predicted geometry. The
best agreement is obtained by the Raman spectrum predicted at the CS-B3LYP geometry,
whose computed active frequencies are in excellent agreement with the experimental result.

EsQ2

Aexe = 1064nm

1482

Aexe = 633 Nm

1224
1118

2400 2200 2000 1800 1600 1400 1200 1000
Raman shift / cm-?

Figure 5. Raman spectra of EsQ2 measured in the solid state at room temperature with different
excitation wavelengths: from top to bottom: 1064 nm; 785 nm; 633 nm; 532 nm.

Moving now to resonance effects, we note that the HR factors computed for the op-
tically active transition of EsQ2 (Table 3) suggest Raman enhancement for the vibrations
computed at 1118 cm~!, 1229 cm~! and 1495 cm !, in good agreement with the intensity
increase of the corresponding 1125 cm ™!, 1230 cm ! and 1487 cm ™! bands in the exper-
imental spectrum measured by exciting at 532 nm (Figure 5). Notably, beside the ECC
dominated mode at 1495 cm ™!, the 1229 cm ! frequency mode also bears some contribution
of out-of-phase adjacent C-C/C=C stretching in the central conjugated core (Figure S14).
Furthermore, we show below that Raman enhancement due to these modes becomes more
relevant for longer oligomers.
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Figure 6. Comparison between experimental (top, spectrum measured at 1064 nm) and computed

Raman spectra for the library of ground state geometries of EsQ2 characterized by increasing diradical

character as indicated in the top left part of each panel.

Table 3. Computed HR factors for the optically active transition of EsQ2, EsQ3 and EsQ4.

EsQ2

EsQ3

Frequency/cm~1 HR Factor 2

Frequency/cm~1 HR Factor ?

Frequency/cm~! HR Factor ®

1118
1198
1229
1296
1495
1527

0.0349
0.0263
0.0874
0.0199
0.2029
0.0367

1096
1120
1203
1225
1447
1447

0.0130
0.0196
0.0755
0.0278
0.1443
0.0595

1046
1249
1301
1316
1322
1385
1499
1516

0.0750
0.0591
0.0400
0.0162
0.1112
0.0104
0.0017
0.0029

2 Ground and excited states computed with the B3LYP functional. ® Ground and excited state computed with the

CAM-B3LYP functional.

The wavelength dependence of the Raman spectra of EsQ3 and EsQ4 (Figure 7) is more
remarkable due to the red shift of the optically active transition and concomitant lowering
of the DE state which may also influence the measured spectra. For EsQ3 the spectrum
measured exciting at 1064 nm can still be considered reasonably far from resonance and is
therefore considered for comparison with the off-resonance Raman spectra predicted for
the set of ground state geometries (Figure S15).
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The most relevant change in computed Raman spectra is the downshift of the dominant
active frequency (Figure S15) associated with the ECC coordinate (Figure 513), with the
increasing diradical character of the predicted geometry. The best agreement is obtained by
the Raman spectrum predicted either at the CS-B3LYP or the BS-UCAM-B3LYP geometries,
displaying a comparable yy (0.41-0.50) and a similar trend in bond-length alternation
although a more marked equalization is documented for the BS-UCAM-B3LYP structure
(Figures S5 and S7). The computed dominant activity at 1447 cm~! or 1419 cm~! (due
to the ECC mode), for CS-B3LYP or BS-UCAM-B3LYP geometries, is in comparable good
agreement with the experimental most intense activity observed at 1425 cm~!. The slight
frequency overestimate at CS-B3LYP and slight underestimate at the BS-UCAM-B3LYP
geometry might suggest that the correct ground state geometry of EsQ3 lies midway
between the two. These predictions confirm that CS-B3LYP is still a reliable ground state
geometry for short to medium length quinoidal oligomers of EsQn (Figure 8a).
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Figure 7. Raman spectra of EsQ3 (a) and EsQ4 (b) measured in the solid state at room temperature
with different excitation wavelengths: from top to bottom: 1064 nm; 785 nm; 633 nm; 532 nm.

The HR parameters computed for the optically active transition of EsQ3 (Table 3)
suggest resonance Raman enhancement not only for the mode dominated by the ECC
coordinate at 1447 cm~!, but also for vibrations in the 1090-1230 cm ! region (Figure S16),
in nice agreement with the intensity increase observed for the Raman spectrum measured
exciting in resonance (633 nm) and just above (532 nm) the optically active HOMO—LUMO
state but also at 785 nm, which is in resonance with the DE state, implying intensity modu-
lations driven also by the presence of such lower lying and weaker transition, as it has been
previously reported for other HT induced transitions [35,50]. The out-of-phase adjacent C-
C/C=C stretching contribution of some of the low frequency (<1300 cm~!) active modes is
even more marked for EsQ3 compared to EsQ2 and their intensity enhancement, associated
to their relevant electron-phonon coupling, is rationalized by the nuclear displacements
overlapping with the direction of the ground to excited state geometry change.
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Figure 8. Comparison between computed (bottom) and observed (top) Raman spectra of EsQ3 (a)
and EsQ4 (b). The ground state geometry used to simulate the spectra is indicated in each panel,
along with the associated diradical character y.

Figures 5 and 7 show that increasing the conjugation length from EsQ2 to EsQ4 (and
therefore, the diradical character) the high frequency active mode dominated by the ECC
coordinate downshifts, as previously documented [17], since this mode is diagnostic of
the diradical character. While the Raman activity below 1300 cm~! is modest in EsQ2, its
intensity contribution increases in EsQ3, most likely due to resonance effects as shown
by computations. Interestingly, such low frequency activity becomes dominant in the
Raman spectra of EsQ4 (Figure 7b) at all exciting wavelengths. This can be justified by the
computed excitation energies discussed in Section 3.2 (Figure 4), implying that resonance
effects pervade the spectra measured with the highest two excitation wavelengths: at
1064 nm resonance with the DE state as suggested by calculations, while at 785 nm with
the optically active HOMO—LUMO state, as proved by both computed and observed
absorption spectra. Further resonance effects with specific vibronic levels of the optically
active excited state cannot be ruled out in the spectra measured at 633 nm and 532 nm, as
suggested by the intensity modulation of some bands around 1500 cm~!. A comparison of
the 633 nm Raman spectrum with those computed for the set of ground state geometries of
EsQ4 (Figure S17) reveals that the 633 nm spectrum is the less affected by resonance effects.
The computed spectra show a downshift of the most intense Raman activity with increasing
diradical character and a concomitant intensity redistribution on the higher and lower
frequency regions with respect to the dominant ECC activity. This intensity remodulation
induced by geometry changes, finds its closest agreement with the experimental data when
the BS-UCAM-B3LYP geometry is employed (Figure 8b). Notably, this geometry shows a
slight blue-shift of the most intense peak with respect to the corresponding peak calculated
at the BS-UHF geometry, which precedes in the scale of diradical character (Figure S4). This
minor blue-shift and increased diradical character can be traced back to the inverted bond-
length alternation of the BS-UCAM-B3LYP geometry (Figure 2), compared to the remaining
set of ground state geometries optimized for EsQ4 and agrees with the previously reported
inflection point after which the active Raman frequency upshifts, documented for TCNQ
quinoidal thiophene tetramers [17]. The computed off-resonance Raman activity of the
1046 cm ™! frequency mode, associated with the band observed at ca. 1100 cm~! and
characterized by out-of-phase C-C/C=C stretching contributions (Figure 9), is slightly
underestimated. Its stronger observed intensity can be reconciled when resonance effects
are taken into account, as indicated by the remarkable HR factor computed for this vibration
(Table 3), implying an additional intensity contribution via resonance with both the optically
active and the DE state. Finally, we note that HR factors suggest some enhancement also
for modes around 1500 cm !, which may explain the intensity modulation in this region as
a function of exciting wavelength.
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Figure 9. Vibrational mode of EsQ4 computed at 1046 cm !, assigned to the observed peak at ca.
1100 cm~! and displaying the largest HR factor among low frequency vibrations.

4. Conclusions

In this work, we investigated experimentally and with quantum-chemical calculations
a family of quinoidal oligothiophenes bearing cyano-ester terminal groups which are
characterized by a singlet ground state with increasing open-shell diradical character.

We explored the role of geometry predictions on computed Raman intensities by
considering a library of ground state geometries generated with different levels of the-
ory, with the aim of assessing to what extent the single reference description provided
by RDFT/UDEFT approaches may depend on the chosen functional and when the non-
negligible contribution of static electron correlation becomes critical for the prediction of
Raman activities. We showed that selected CC bond lengths along the conjugation path,
predicted by different levels of theory, linearly depend on diradical character and can be
assigned as bond lengths diagnostic of diradical character.

Concerning the functional dependence of predicted geometries and Raman activities,
the study shows that the amount of HF exchange influences the predicted geometries.
For the family of oligomers investigated here, the CS-B3LYP geometry and the associated
Raman intensities are reliable for small to medium length conjugation. For the longer EsQ4
oligomer, the BS-UCAM-B3LYP geometry is of superior quality compared to other ground
state structures, as demonstrated by the good agreement of predicted vs experimental
Raman spectrum. Notably, the predicted geometry of the EsQ4 oligomer confirms its
turning point nature, after which (i.e., for longer oligomers) the ECC dominated Raman
active frequency upshifts.

Because experimental Raman spectra were obtained for different exciting wavelengths,
we investigated the nature and excitation energy of the low-lying singlet excited states to
assess the role of resonance effects and demonstrated, with DFT-MRCI calculations, that
the DE state is only slightly above the optically active transition of EsQ2, while it is the
lowest energy excited state for EsQ3 and EsQ4.

The HR factors governing vibrational resonance enhancement were evaluated for the
three oligomers and showed, in addition to the expected enhancement of the mode domi-
nated by the ECC coordinate, an increasing contribution for vibrations with frequencies
below 1300 cm ™1, bearing contributions from C-C/C=C stretching.

Overall, the combined experimental and computational investigation reveals an increas-
ing Raman activity of low frequency vibrations associated with CC stretching modes that
are further enhanced by resonance with both the optically active and the DE state, thereby
demonstrating the additional potential of Raman spectroscopy in revealing signatures of the
elusive double exciton state that distinctively characterizes conjugated diradicals.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemistry4020025/s1. Figures S1-518 and Tables S1-S3.
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