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Abstract: Pro-aromatic molecules are molecules that in a higher-energy diradicaloid state are
significantly influenced by resonance structures in which conjugated rings take on Hiickel-
aromatic character. It has been argued in recent studies that there are also pro-aromatic
molecules that adopt central units with 4nr-electron Baird-aromatic character in their lowest
triplet diradical states (T1), although detailed analysis suggests that these compounds are better
labelled as T Hiickel-Baird hybrid molecules, where Hiickel-aromaticity is the dominant form.
Herein, we consider a series of symmetrically substituted conjugated rings with potential Baird
aromaticity in the lowest-lying excited triplet and singlet states. Our results allow us to establish
general guidelines for the rational design of molecules with excited state Hiickel/Baird
aromaticity in pro-aromatic quinoidal compounds. In particular, we found two main strategies
to promote a high Baird aromatic character of the central ring, namely, by using either (7)
anionic and small conjugated rings with electron donating groups as substituents and small
exocyclic groups with electron withdrawing substituents, or (i) electron deficient conjugated

rings with exocyclic electron-donor substitution.



Introduction

Molecules when excited from their ground state (So) to their lowest electronically excited states
often change their electronic structure considerably, which impacts on a range of important
molecular properties. For example, the reactivity of a molecule in its excited state often differs
markedly from that in its Sy state.! Also, the charge distribution within a molecule is normally
altered upon excitation, and consequently, its interaction with the surrounding medium. Excited
states can be obtained as electronic transitions with large hole/electron spatial overlap, or
alternatively, induce substantial displacements of the excited electrons. The latter implies
charge transfer (CT) character as exemplified by metal-to-ligand charge transfer (MLCT)*?
states in transition metal coordination complexes and by twisted-intramolecular charge transfer
(TICT)* states observed in many flexible m-conjugated organic chromophores. The electronic
structure changes upon excitation are influenced by a number of factors; those that are intrinsic
to the molecule and those that are extrinsic. The bonding and antibonding features of the orbitals
populated in the excited state is one of the most obvious intrinsic factors, whereas the polarity
of the surrounding solvent or medium (e.g., the active site within a protein) constitutes a typical
example of possible extrinsic factors. An important intrinsic factor is the ability of a molecule
to switch its electronic structure from a pro-aromatic structure to an aromatic one upon

excitation.>”’

Now, aromaticity and antiaromaticity are concepts that come in various forms.
Baird’s rule®!* for the lowest mr* triplet state (T) states that 4nm-electron conjugated
monocycles are aromatic while (4n+2)m-electron cycles are antiaromatic, and according to
recent computational as well as experimental studies, it often seems to also apply to the lowest
singlet excited state (S1).!>2* Yet, also Hiickel-aromaticity can impact on features in the excited
states, and it was recently shown that properly substituted fulvenes have S, states of CT

character with a cyclopentadienyl anionic ring, i.e., a Hiickel aromatic ring.?* Interestingly, one



may even have excited states which are influenced simultaneously by Baird- and Hiickel-
aromaticity, as has been revealed for a 2,7-dimethylenemethano[10]annulene exo-substituted
with two 5-dicyanomethyl-thiophene moieties at the peripheries (TMTQ). Tovar, Casado, and
co-workers explored TMTQ in its T; state and reasoned that this compound is Baird-aromatic,>
although it was later shown to be a triplet state Hiickel-Baird hybrid aromatic molecule with
88% Hiickel-aromatic and 12% Baird-aromatic character (vide infra).?® Experimental findings,
combined with some computational data, on the lowest singlet excited state of the same

molecule have also recently been published.?’

Research on excited state Baird-aromaticity has intensified in the last decade.?®-32

Yet, comprehensive and critical analyses combined with solid computational assessments are
required for the proper interpretation of experimental data as there is presently no spectroscopic
technique that can be used as the sole method to evaluate excited state aromaticity in a similar
manner as '"H NMR spectroscopy can be used to assess aromaticity in the Sy state. The
correctness of the interpretations is crucial as only then can the Baird-aromaticity concept be
developed into a tool that is useful to the design of molecules with targeted optoelectronic
properties for potential use in, e.g., organic electronics.’® Now, can the Baird-aromatic character
in (symmetrically) substituted conjugated quinoidal rings, the class of molecules to which
TMTQ belongs to, be increased either (i) by going from the T, to the S; state, (if) by using
different central pro-aromatic units, (iii) by considering longer or shorter side groups, and/or

(iv) by altering their structures in some other way?

Pentafulvenes®* are not considered as pro-aromatic, yet they display some shift in
electron density into the five-membered ring (5-MR) in the So state and out from that ring in
their T; and S; states as they adhere to Hiickel’s 4n+2 rule in Sp and Baird’s 4n rule in T;.%
Thus, they adapt to the different electron counting rules for aromaticity in different states, and

accordingly, act as “aromatic chameleons”.?® However, the CT character in the excited states is



rather small, except for fulvenes with strong acceptor substituents at the exocyclic carbon and
donor substituents at the endocyclic positions. In such compounds one can, according to
computations, drive the triplet state to be the ground state (a Ty state) with a Baird-aromatic
cyclopentadienyl cationic ring.*® Yet, despite the rather modest CT character of most fulvenes

in their lowest excited states, they still display significant solvatochromism. !

Numerous pro-aromatic molecules can be designed which on paper can be
labelled as Hiickel-Baird hybrids in their lowest triplet states (Figure 1). Here, an interesting
aspect is the difference in the number of CC n-bonds between the Hiickel-aromatic and the
Baird-aromatic resonance structures in the triplet state. For pentafulvene, which is not a Hiickel-
Baird hybrid, the difference is one, while for the neutral pro-aromatic molecules, i.e., para-
xylylene and 2,7-dimethylenemethano[10]annulenes, the difference is two. In contrast, for the
three charged pro-aromatic molecules in their triplet states, the difference is one, indicating that
less number of w-bonds formally need to be broken. Hence, an influence of the Baird-aromatic
structure in the ionic compounds should imply a smaller energy penalty. Additionally, as the
charge separation is larger in the Baird-aromatic resonance structures for the neutral molecules
(-1, +2, -1) than for the charged ones (either -1, +1, -1 or +1, -1, +1), we postulate that it could
be more facile to develop stronger Baird-aromatic character in the T; and S; states of the latter

ones.
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Figure 1. A few of the non-aromatic, Hiickel-aromatic, and Baird-aromatic resonance
structures of the parent fulvenes and dimethyleneannulenes in their lowest-lying singlet and
triplet states. t-Bonds and electron pairs involved in the Hiickel-aromatic cycles are displayed

in red and Baird-aromatic ones in blue.



Recently, the excited state Baird-aromaticity of TMTQ was once again
explored,?’ this time in its low-lying (singlet) excited state where it was argued to display
photoinduced two-electron CT from the central M10A ring (10 m-electrons) to the two 5-
dicyanomethyl-thiophene (DT) peripheric units (Figure 2). The allegedly strong CT character
of the excited singlet was experimentally determined by means of the frequency displacement
of nitrile stretching vibrational mode and by the dependence of excited state dynamics with
solvent polarity. Yet, both phenomena do not univocally imply the CT nature of the transition,
and several computational analyses of substituted conjugated rings reveal the lack of strong CT
character of low-lying excitations. Moreover, the charge on the M10A3” fragment in the T} state
of TMTQ was found to be 0.237 e, indicating that the contribution of the Baird aromatic

TMTQ-c resonance structure (Figure 2) is ca. 12%.%¢

Figure 2. Covalent, diradical, and ionic resonance structures of importance for 10R-T (TMTQ)

involved in the description of Sy, S1, and T; states.

The present work explores to what extent a range of different Hiickel-Baird hybrid

compounds (Figure 3) have the ability to adopt Baird aromatic character in the lowest singlet



and triplet excited states. The study intends to solve several important questions. Are there pro-
aromatic Hiickel-Baird hybrid compounds for which the Baird-aromatic description dominates
in the T state? How similar are the Si and T} states in character? What is the importance of CT
in the Baird-aromatic character of S; and T1? How can we induce, increase and rationalize the
Baird-aromatic character of the Ty and S; states through different central rings and exocyclic
substituents? Ultimately, by answering these questions, we aim to develop general guidelines
for the design of hybrid Hiickel-Baird pro-aromatic species with strong Baird-aromatic

character in their lowest excited states.
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Figure 3. The compounds investigated in this study.
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Results and Discussions

1. Excited state aromaticity in conjugated rings

This section is organized in two parts. We first discuss the Hiickel-Baird aromatic character in
the T and S; states of molecules with conjugated rings symmetrically substituted with two
dicyanomethylene units labelled as #nR (Figure 3). In the second part, we explore species in

which one thiophene unit has been added in each of the two side-arms (rR-T compounds).

The lowest singlet and triplet states of nR with n =5, 6, 9, and 10 (n being the
number of C atoms in the central ring), i.e., compounds 5R, 6R, 9R, and 10R, are obtained as
the single electron occupancy of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). Both frontier m-orbitals are well delocalized over the
entire molecule (Figure 4). Vertical excitation energies from the singlet ground state (So) to T
in SR and 6R are within the 1.1-1.2 eV range (TDA-B3LYP), and about 0.2 eV higher in 9R
and 10R (Table S18). Vertical energies to S; of nR are approximately twice the corresponding
triplet energies, except in 6R for which the transition energy to the first excited singlet is
sensibly higher. Relaxation on the T; and S; potential energy surfaces (PES) stabilizes the
lowest triplet by about 0.2-0.3 eV and considerably more in the first excited singlet. The relative
energies of Ty and S; states computed with other functionals (CAM-B3LYP, ®B97X-D and

MO06-2X) yield very similar results (see Tables S1 and S2).



Figure 4. Frontier molecular orbitals HOMO (left) and LUMO (right) for the nR (n =5, 6, 9,

and 10) series. Plots of HOMO-1 and LUMO+1 are given in the Supporting Information.

Optimized molecular geometries in the ground and excited (T and S1) electronic
states of SR and 6R feature planar conjugated rings. On the other hand, the 9-MR in the ground
and excited singlet states of 9R is rather contorted, but planarizes considerably in the T; state.
Although the structure of M10A in 10R is strongly restricted by the methano-bridge, the
conjugated ring flattens mildly in the lowest excited states. Moreover, minimal energy
structures of T1 and S for the four nR molecules exhibit a systematic bond length equalization
with respect to the bond alternation pattern in the ground state (Figure 5a), which points out an
increase of the aromatic character of the central rings when going from the ground to the lowest
excited triplet and singlet states. Bond length changes in SR and 9R when going from Sy to Si
are somewhat larger than those derived from the transition of So to Ti, suggesting larger
electronic structure rearrangements in the central ring in the excited singlet state. The observed
bond length equalization is in line with the changes in the bond electron delocalization indices
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(DIs)*#3? (Figure 5b) and are supported by the different methods we have employed to quantify
the aromaticity. In particular, for the case of SR, the HOMA#*#! increases from -0.223 in So to
0.4351in Sy and 0.630 in T; (Table S99), FLU*? decreases from 0.0397 in Sy to 0.0124 in T; and
0.0122 in S; (Tables S86-S88), NICS(1)..** changes from 6.97 ppm in S to -8.56 ppm in T
(Table S101), and GIMIC plots in Figure 6 (see Figures S35-S40 for the rest of the systems)
show a more intense diatropic ring current for the T state than for So. In fact, the mean bond
current strength**4’ is diatropic for T (1.53 nA T-!) and paratropic for So (-3.48 nA T-!). Other
electronic aromaticity measures (Iring and MCI)*4° provide similar trends (Tables S90-S98).
Interestingly, for all analyzed states, all indices suggest a slightly higher aromaticity of the
central ring in compounds 6R and 10R than in SR and 9R. Besides, structural relaxation on the
excited triplet and singlet PESs induces an elongation of the two exocyclic CC bonds with a

concomitant decrease of the corresponding DIs.
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Figure 5. Molecular distribution of: (a) carbon-carbon bond lengths (in A) and (b)
delocalization indices (in a.u.) of compound 5R. Bond labels are given in the inset. Bond length
alternation (BLA, A)/bond order alternation (BOA,e) of So, Ti, and S; states of 5R are
0.094/0.382, 0.016/0.081, and 0.032/0.131, respectively. Bond lengths and DIs for the rest of

the studied molecules are given in the Supporting Information.
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T

Figure 6. Representation of the current-density vector field for the So and T; states of system
5R. Top view of the currents in the perpendicular plane with respect to the magnetic field vector
By located at 0 and 1 A (left and right, respectively) above the molecular plane. White-yellow
regions correspond to larger current values (0.1 nA-T-!), while dark red to black correspond to

vanishing current densities (< 10° nA-T™).

Therefore, structural analysis and (global) aromaticity indices manifest a
transition from non-aromatic to aromatic character in the central ring of nR compounds upon
excitation to the lowest singlet and triplet states. In the following, we aim to uncover the details
regarding the nature of the electronic structure in the excited state manifold, concretely their

Hiickel, Baird or Hiickel-Baird hybrid character as shown in Figure 1.

Next, we analyze the o and  components of the electron DIs corresponding to the
C—C bonds of the central ring in the T, state of SR, 6R, 9R, and 10R. The results in Tables

S54-S85 show that the difference between the o and 3 components of these DIs is never larger
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than 0.13 e. This difference is particularly small for compounds 6R and 10R, indicating an
almost identical contribution of the o and B electrons to the covalent bond order of the C—C
bonds of the conjugated ring. Electronic indices (IND) can be separated into a and B spin
components (IND, and INDg) and one can obtain [AIND|/IND values with AIND = IND,-INDg
for the T, state (for S; the a and B components are equivalent). These |AIND|/IND values can
be used to quantify the Baird contribution in the T; state.?® A low value of |AIND|/IND in the
central ring suggests that the central n-MR is predominantly Hiickel aromatic with the same
number of a and B n-electrons, whereas a large value points towards a Baird aromatic ring unit

with two more a than § n-electrons.

In the following, and through the rest of this report, we focus on the results
obtained with the FLU index. Values obtained with other electronic indices (Ling, MCI, and
AVnin’®) can be found in the Supporting Information. [AFLU|/FLU values for the nR series in
their T states are 2.331 (*°5R), 1.159 (*6R), 1.862 (*9R), and 0.911 (*10R), and these values
should be compared to the ]AFLU|/FLU results of the fully Baird aromatic reference species:
3CsHs" (4.383), 3CsHe>" (4.693), 3CoHo" (4.387), and 3C11Hio?>" M10A2* (1.999) (Table S105).
The relatively low |[AFLU|/FLU values denote strong Hiickel character (with some Baird
contribution) of the central ring in the triplet state of 6R and 10R. For 5R and 9R, the Baird
character is higher and close to 50%. The lower involvement of the Baird form in the neutral
6R and 10R when compared to the anionic SR and 9R compounds is in line with the hypothesis
based on the difference in the number of m-bonds between the quinoid and Baird-aromatic

zwitterionic resonance structures in the charged vs. neutral compounds (Figure 1).

To further quantify the importance of the different resonance structures in the
description of the T and S; states of nR (n =5, 6, 9, and 10), and, consequently, to assess the

Hiickel-Baird aromatic character of the conjugated central ring, we examine the charge and spin
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distributions using different schemes (Mulliken, Hirschfeld, NPA, CHELPG, and QTAIM, see
Tables S20-S51). We focus here on the QTAIM results, but trends are similar for the rest of the
methods. The results differ significantly for anionic (SR and 9R) as compared to neutral (6R
and 10R) molecules. For systems SR and 9R, both T; and S; states show a similar Baird
aromatic character with charges in the 0.01-0.12 e range, indicating that the Baird character in
these states is about 51% to 56%. Similarly, the central ring spin densities of 1.006 e (SR) and
0.956 e (9R) suggest that the Baird contribution to the T state is around 50%, in agreement
with |[AFLU|/FLU results. The atomic charges at the 6-MR obtained for the triplet state of 6R
suggests an 18% Baird character. The T; charge at central ring of 10R is higher (0.499 e, 25%
Baird), in good agreement with an increase of spin density of 10R (0.684 e) with respect to 6R
(0.351 e). Spin density plots show that the presence of spin density in the central ring of 6R and
10R is small (Figure S32), and we must conclude that there is not enough spin density located
in the central rings to consider them fully Baird aromatic. The positive charge at the conjugated
rings of 6R and 10R in the lowest excited singlet state exhibits a systematic small increase with

respect to the triplet state, with 21% (6R) and 29% (10R) Baird character.

Excitation induced aromaticity gain can be described in terms of the excited state
electronic structure changes with respect to the ground state. Hiickel and Baird aromaticity in
the central ring could be achieved theoretically by adding to or withdrawing electrons from the
ground state configuration, suggesting electron attachment and detachment processes, or by
neutral excitations with CT character in which the pro-aromatic ring exchanges one (or more)
electrons with other parts of the system. Here we tackle the latter by evaluating the CT character
of low-lying states for the studied molecules. Quantification of electron density gain or loss in
the central conjugated ring of molecules nR (n = 5, 6, 9, and 10) indicates a very small
displacement of electrons upon transition to T and S; states (Table 1), in agreement with a

HOMO-to-LUMO transition with the two frontier orbitals delocalized over the entire molecule
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(Figure 3). The computed charge differences between ground and excited state minima are
within a rather small range, with electron density variations in the central ring smaller than 0.1
e in SR, 6R, and 10R, and about 0.12-0.13 e increase of electrons in the 9-MR of 9R. In most
cases, there is an increase in the negative charge of the central ring when going from So to T
and S;. Charge variations upon So—S; transition at the Franck-Condon geometry, that is

without taking into consideration structural relaxation on the excited state PES, are even smaller

(Tables S20-S51).

Table 1. QTAIM charges (units are e) of the central ring unit for the ground (So) and the lowest
excited triplet and singlet states at the excited state (T1 and Si) geometries of LR (n =5, 6, 9,

and 10) molecules computed at the B3LYP/6-311+G(d,p) level. Aq corresponds to the

difference between the ring charges at the ground and excited state minima: Aq(T1) = q(T1) —

q(So), Aq(S1) = q(S1) — q(So).

state SR 6R 9R 10R
So 0.066 0.445 0.134 0.551
T 0.027 0.359 0.013 0.499
Si 0.120 0.420 0.006 0.589

Aq(Ty) -0.039 -0.086 -0.121 -0.052
Aq(S1)  0.054 -0.025 -0.128 0.038

To further understand the CT character (or lack thereof) of the Ti and S; states in
relation to their potential Hiickel and/or Baird aromaticity in the central conjugated ring, we
evaluate the relative energy of the two potential electronic conformers (Hiickel and Baird) of
the nR (n =15, 6, 9, and 10) series within the spin singlet and triplet manifolds. To that aim, we

perform electronic structure calculations of the explicit Hiickel and Baird configurations with
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two unpaired electrons, i.e., potentially associated to T and S; states, by imposing the required
charge (and spin) restrictions on the central ring and exocyclic groups, as indicated in Figure 7
for the triplet state, by means of constrained DFT calculations.®! Singlet and triplet Hiickel
configurations are more stable than the Baird forms in all four #R systems. Moreover, the
relative stabilization of the Hiickel structure (Figure S41) is much larger in the two neutral
molecules (6R and 10R, with the Hiickel configuration 11.3 and 9.0 eV more stable,
respectively) than in the ionic systems (SR and 9R, with the Hiickel form favored by 2.5 and
4.4 eV, respectively), in good agreement with the previous analyses based on the charge, spin

density, electron delocalization, and aromaticity indices in the central ring.

Huckel Baird
A
Huckel B1a|1rd
NC_ 1 C {cN in T1 NC CN
Huckel Baird
NG | {CN inT1 NC CN
@ CN gr NCCN
Huckel Baird
! 1 CN
Do QT 5
10R NC

Figure 7. Hiickel (left) and Baird (right) triplet state configurations of nR (n =5, 6, 9, and 10)

molecules.

Furthermore, we might approximate the T1 wave function as a mixing of Hiickel

(TwH) and Baird (Tg) triplet structures:
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W(T) = cudp(Ty) + cp(Ts) (1)
where cy and cg amplitudes weight the Hiickel and Baird contributions, respectively. The
approximation in equation 1 allows us to describe the energy of T as the lowest eigenvalue of
a 2x2 model Hamiltonian written in the (Tu, Tg) basis:

€
1= a) @

where en and e are the energies of the Hiickel and Baird triplets, respectively, and y is the
Tu/Tg electronic coupling. Diagonalization of the Hamiltonian for the T state in equation 2 can
be used to obtain cy and cg amplitudes, and quantify the Baird (and Hiickel) character of Ti.
The participations of the Baird structure in the lowest triplet calculated from Ti, Tu, and Ts
energies are shown in Figure 8c. The obtained results follow the same trend as the ones obtained
from the analysis derived from QTAIM charges and spins (Figures 8a and 8b), although with
smaller Baird amplitudes. Such energy-based analysis can also be performed for the lowest
excited singlet, although in this case the Hiickel/Baird deconvolution is more involved than for
the triplet state, since in some cases the pristine closed-shell non-aromatic configuration (left
structure in Figure 1) might also contribute to the S| wave function.

From these results, we conclude that nR (n =5, 6, 9, and 10) compounds present
central conjugated rings with mixed Hiickel/Baird aromatic nature in the T; and S; states, in
which the Baird aromatic character increases for anionic and small rings. The Baird aromatic

character is slightly larger for S; than for T; states.

In the following, we consider a new set of compounds derived from the nR series,
in which we keep the central ring and change the exocyclic groups. Compounds nR-T with n =
5, 6,9, and 10 contain the same central conjugated ring as in #R, but the nR-T molecules
accommodate a thiophene ring in each of the two exocyclic moieties. The motivation for this

substitution is twofold: (i) to explore the impact of increasing the conjugation length of the
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exocyclic fragments, and (i) to examine the recent experimental characterization of the 10R-T

compound (TMTQ) in its singlet excited state.’

Compounds nR-T present different structural conformers related to the relative
orientation of the two thiophene rings. In all cases, the relative stability between cis and trans
disposition of the thiophenes is rather small. In the following, all values will refer to the trans-
nR-T systems. Results for the cis-nR-T species do not differ significantly and can be found in

the Supporting Information.

The presence of the additional thiophenes increases the conjugation with respect
to the nR counterparts, with more delocalized HOMOs and LUMOs (Figure S5). As a result,
the vertical and adiabatic energies to the lowest excited triplet and singlet states of nR-T are
systematically lower (Table S18). The larger conjugation of the two molecular arms stabilizes
the two unpaired electrons in the T; through radical delocalization, as shown by the spatial
representation of the spin density (Figure S32). On the other hand, the total electron density on
the central ring of nR-T increases with respect to the corresponding counterparts without the
thiophene rings (nR compounds), while the spin density on the central ring decreases. As a
consequence, there is a substantial decrease of the Baird aromatic character in the T; and S;
states of nR-T when compared to the neutral and anionic #R molecules (Figures 8a and 8b).
These results are consistent with the systematic decrease of |AFLU|/FLU values (Table S88)
and the decrease of the Baird contribution derived from the energy difference between Hiickel

and Baird configurations (Figure 8c).
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Figure 8. Baird contribution (in %) to the T state based on (a) QTAIM charges, (b) spins, and
(c) relative energies of the constrained Hiickel and Baird forms in #R and nR-T series with n

=5,6,9, and 10.

The CT character of the So—T; and So—S: transition in #R-T systems is not
larger than in nR (Tables S20-S38). These results seem to be in contradiction with recent
experimental measurements, in particular for molecule 10R-T (TMTQ), for which
photophysical properties were associated to a low-lying (singlet) excited state with two-electron
CT character from the central 10-MR to the two exocyclic moieties.?’” This point will be

discussed in detail in the next section.

2. Connection to experimental characterization

As discussed in the previous section, computational characterization of the nature
of the lowest excited singlet state of nR and nR-T compounds (and of 10R-T in particular)
indicates that the charge distribution in S barely changes with respect to So. All charge analysis
schemes employed in the present study indicate no charge displacement upon excitation (Table

1 and S20-S51), in agreement with a HOMO-to-LUMO transition with the two frontier orbitals
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delocalized over the entire molecule (Figures 3 and S5). Although these results seem to be in
contradiction with the experimental data, in the following we argue that they are perfectly
compatible. Conversely, we state that the previous interpretation®’ of the excited state character

and aromaticity in 10R-T needs to be revised.
2.1 Shift of the CN stretching band

Infrared (IR) spectroscopy measurements on the relative position of the nitrile
stretching band in conjugated systems with terminal dicyanomethylene have been used as
experimental fingerprint of the CT character of electronic transitions in multiple occasions,
since the increase of negative charge on the C(CN); unit produces a redshift of the CN stretching
band.’?>¢ On the other hand, DFT calculations by Jorner and collaborators*® have suggested
that the displacement of the nitrile vibration frequency towards lower wavenumbers might also
be caused by radical delocalization. The radical delocalization driven frequency shift has been
speculated in a series of quinoidal oligothiophenes carrying a dicyanomethylene group at both
terminal positions,®’ in which there is a redshift of the IR absorption frequency with the size of

the number of thiophene rings.

To clarify the potential source of the vibrational shift in dicyanomethylenes, we
perform benchmarking frequency calculations on one-carbon and three-carbon model systems
which are either of neutral saturated, anionic and radical character (Figure 9). To compare the
effect of charge vs. radical delocalization on nitrile frequencies, we quantify the displacement

of nitrile vibrations for the anionic and radical forms with respect to the neutral molecules.
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Figure 9. Dicyanomethane (m0), dicyanomethyl anion (m1) and dicyanomethyl radical (m2)
(top), and 1,1-dicyanopropene (e0, bottom), 1,1-dicyanoallyl anion (el), and 1,1-dicyanoallyl

radical (e2).

Table 2. Average shift of the CN vibration (in cm™) for the anionic (m1 and el) and radical
(m2 and e2) forms with respect to the neutral species (m0 and e0) for the model compounds in

Figure 9 computed at the CCSD and B3LYP levels with the 6-311+G(d) basis set.?

species CCSD B3LYP
ml -143  -166
m2 -149  -179
el -104  -111
e2 -57 -75

2 Unscaled B3LYP frequencies

Both charged and radical systems induce a redshift on the computed CN stretching
(Table 2). Moreover, the shift decreases with the conjugation of the system. Dicyanoethyl has
the possibility to delocalize the negative charge (el) and the unpaired electron (e2), reducing
the charge and radical density on the C atom with two cyano substituents, respectively. As a
result, the absolute shift of CN frequency is smaller than in diacyanomethane. Although the
negative charge density induces stronger shifts than the unpaired electron density, we might
extrapolate that for larger conjugated systems both effects will be less intense than in the model
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systems due to lower charge/radical densities (larger delocalization), and their differences will
diminish. Therefore, we conclude that the excited state redshift in v(CN) cannot be
unequivocally associated to a CT-induced increase of the electron density on the dicyanomethyl

anion.

Interestingly, B3LYP displacements agree with CCSD results. Hence, we have
calculated ground and excited state B3LYP frequencies for the entire family of studied systems.
Our calculations predict a redshift of the excited v(CN) with respect to the ground state
frequency in all nR and nR-T compounds, which must be attributed to the radical delocalization
effect (and not to a CT character of Si, Table S53). Moreover, the displacement towards lower
frequencies is larger in nR (24 cm! in average) than for the nR-T series (11 cm™ in average),
which can be related to the larger delocalization of the unpaired electrons in S; provided by the
thiophene rings (radical delocalization effect). Concretely, the So to Si redshift in compound
10R-T (TMTQ) is computed at 16 cm™! (experimentally measured at 45 cm™).2” The obtained
V(CN) redshifts for the triplet state follow the same trends as in S, although the shifts are

slightly larger than in S; (Table S53).
2.2 Photophysical dependence on the solvent polarity

The excited state dependence with the solvent polarity can be rationalized in terms
of the different (permanent) dipole moment in the ground and excited states, and by different
stabilization of the S state with changes in the solvent polarity. In the following, we discuss
the dependency of the S; state properties on the solvent’s dielectric constant. Here we focus on
10R-T molecule since the dependence of its photophysical behavior with the polarity of the
solvent has been experimentally described. Results for other compounds can be found in the

Supporting Information.
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The dipole moments of 10R-T in So and S; are perpendicularly oriented with
respect to the M10A moiety (Figure 10) and increase with the solvent polarity (Table 3).
Importantly, despite the lack of CT character of S; state in 10R-T, there is a sizeable increase
of the magnitude of the molecular dipole moment upon So—S1 transition, which might explain
the dependence of excited state dynamics with the solvent polarity experimentally observed.?’

Results obtained with different energy functionals are all in quantitative agreement with B3LYP

(Tables S1 and S2).

Figure 10. Permanent dipole moments (blue arrows) for the ground (left) and first excited

singlet (right) states of 10R-T computed at the B3LYP/6-311+G(d,p) level.

Moreover, calculations of the S; excitation in solution with two solvents with very
different dielectric constants, i.e., toluene (¢ = 2.38) and nitromethane (¢ = 35.87), indicate an
increase in the difference between So and S; dipole moments (Ap) and a decrease of the
excitation energies with the solvent polarity (Table 3). All in all, these results reaffirm the
dependence of the excited state decay with the polarity of the solvent without the need for strong

CT character in the electronic transition.
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Table 3. Permanent dipole moments (in Debye) for the ground and first excited singlet states
and their difference (Ap), and S; adiabatic energy (AE(S1) in eV) of 10R-T computed at the
B3LYP/6-311+G(d,p) level in toluene and nitromethane. Orientation of the dipole moments for

the two states are shown in Figure 10.

solvent K1(So) u(S1) Ap AE(S1)
toluene 4.526 7.026 2.500 1.42
nitromethane 5.664 8.521 2.857 1.19

3. Searching for systems with high Baird-aromatic character
3.1 Cyclopentadienylidene and cyclopropenylidene substitution

In this section, we explore the potential increase of Baird-aromaticity by means of
cyclopentadienylidene and cyclopropenylidene substitution at the five- and six-membered
conjugated rings (SR-5a-¢, 6R-5a-c, and 6R-3a-c in Figure 3). Such substitution provides for

terminal (exocyclic) units which themselves can be Hiickel-aromatic.

The T, state of compounds SR-5a and 6R-5a, both having cyclopentadienylidene
rings, can display push-pull captodative aromaticity.’® For this state, QTAIM charges (-0.225
vs. 0.102), spin densities (0.839 vs. 0.325), and [AFLU|/FLU values (2.192 vs. 0.642) in the
central rings and the relative Hiickel/Baird triplet stability (Figure S41) indicate a much large
Baird aromatic character in SR-5a than in 6R-5a. The same situation was found when
comparing SR and 6R. The Baird aromatic character in the 5-MR of 5R in the T; state is larger
than that in SR-5a. The same trend is observed for the S; state, that is, slightly weaker Baird
character of SR-5a when compared to SR, although the central rings in the S| state exhibit

slightly higher Baird aromatic character, e.g., less electron density in the ring. This result, SR-
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5a < SR of Baird character, is in contradiction with a two-electron transfer from the central
ring, which would lead to two external Hiickel aromatic cyclopentadienyl anionic rings and one
Baird aromatic cyclopentadienyl cationic ring in the middle. In fact, the T; state in SR-5a is
obtained as the delocalization of the two unpaired electrons over the three 5-MRs (Figure 11),
resulting in partial Baird-aromaticity. Substituting SR-5a with methyl groups to impose steric
congestion at the planar structure (SR-5b), forcing the three rings out of the same plane, results
in a minor reduction of the negative charge and spin density in the central ring. On the other
hand, a more significant increase of ~0.26 e is observed in the spin density of the central ring
of SR-5¢, thanks to the electron-donating groups (EDG) attached to the central 5-MR and the
electron-withdrawing groups (EWG) at the exocyclic 5-MRs. Interestingly, constrained
Hiickel/Baird calculations of 5R-5a produce very similar results to those obtained for SR, while
the singlet and triplet Baird configurations become slightly more stable than the Hiickel forms

in SR-5b and 5R-5c¢.

The same substitution series produces rather different results in the 6-MR
counterparts (6R-5a-c). The three conjugated rings are coplanar in 6R-5a with minor spin
density on the central 6-MR (Figure 11). Steric hindrance in 6R-5b breaks the molecular
planarity with orthogonal disposition of the central and side rings in the triplet state, with the
two unpaired electrons localized on the two external cyclopentadienylidene units. Hence, the
central ring has a very strong Hiickel aromatic character. Substitution with EWG and EDG
groups in 6R-5¢ does not change the nature of the triplet state and the central ring remains a
local Hiickel singlet. It is worth noting that, despite the low Baird character of their central
rings, 6R-5b and 6R-5¢ are the only studied compounds that have the triplet state below the
Kohn-Sham singlet and degenerated with respect to the broken symmetry open-shell singlet

solution (Table S18).
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35R-5a

36R-5b

Figure 11. Spin density for the T; state of SR-5a-¢ (top) and 6R-6a-c¢ (bottom) compounds
computed at the B3LYP/6-311+G(d,p) level. The isodensity shown corresponds to a value of
0.005 e—/bohr?. The positive and negative spin density surfaces are represented in blue and red,

respectively.

Results on 6R-5a-c clearly show that the symmetric functionalization of the
benzene ring with cyclopentadienylidene is not able to generate significant Baird aromaticity
in the central ring. Hence, in order to induce Baird character to the central 6-MR, we consider
next the cyclopropenylidene substitution (6R-3a-c). For the three compounds, we observe a
sizeable triplet state spin density of about 0.5 e on the central ring, which would suggest an
increase of the Baird aromatic character (ca. 25%) in 6R-3a-¢ with respect to 6R-5a-c. The
order of Baird aromaticity in the central ring is 6R-3b > 6R-3¢ > 6R-3a. Similar percentage
(and order) of Baird aromaticity is given by the |AFLU|/FLU values found in the range 1.124 to
1.678 when compared to the value of the reference triplet Baird ring CsHe>* (4.693, Table
S105). The relative stability of Hiickel/Baird configurations indicate a strong preference for the
Hiickel form in 6R-3a, whereas in 6R-3b-c¢ the gap between the two configurations is much

smaller (Figure S41). A close examination of the spin density distribution in the triplet state of
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cyclopropenylidene substituted 6-MR reveals that the two unpaired electrons mainly localize
on the external atoms with delocalization towards the 6-MR moiety (Figure S32). This picture
becomes clear in 6R-3¢, for which the excess of a spin density is perpendicular to the m-system
of the central ring, and should be associated with spin delocalization from the external rings

rather than a Baird aromatic character of the central ring.

3.2 Four-membered heterocycles

In this case we explore a completely different strategy in the quest for excited state
Baird aromaticity, that is the use of 4-membered heterocycles with cyclopentadienylidene
moieties (compounds 4RN-5 and 4RO-5). Results based on charges, spin densities, and
|AFLUJ/FLU values of the T, state do not allow us to conclude which one has the largest Baird
aromatic character. Whereas |AFLU|/FLU in the central ring is 1.845 in 4RO-5 and 0.870 in
4RN-5, spin densities indicate that contribution of Baird aromaticity is similar in both systems
(21-23%), and electronic charges give more Baird character to 4RN-5 with 0.045 e (S1) and
0.025 e (T) than to 4RO-5 with -0.203 e (S1) and -0.231 e (T1). Moreover, Hiickel and Baird
constrained energies indicate strong preference for the Hiickel configuration in the singlet and
triplet states of 4RN-5 and 4RO-5. Hence, these results make us conclude that, although the
central ring in 4RN-5 and 4RO-5 is more Baird aromatic than the 6-MR of 6R-5a, the Baird

character is mild at most, and definitely smaller than in the 5-MR of SR-5a.

3.3 Protonated systems

As shown above, the Baird aromatic character of the central ring in the T; and S;
states increases for species having anionic and small central rings as well as small exocyclic
groups that do not allow for a large electronic delocalization. We now investigate whether the
Baird character can be enhanced by protonation. Concretely, we explore the protonation of two

cyano groups in 5R (5R-2H*), 6R (6R-2H"), and 10 (10-2H™), and four cyano groups in 5R-
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4H*. We must stress that the protonated compounds investigated here do not necessarily
correspond to the most stable molecular species, and have solely been introduced to establish
general guidelines in the quest for systems with higher Baird aromaticity. For instance, one can
expect that the first protonation of SR will take place at the negatively charged 5-MR rather
than at the cyano groups. Thus, these systems reveal to what extremes one need to go to in order

to reach high Baird aromatic character in molecules of Hiickel/Baird hybrid type.

The (unprotonated) SR compound exhibits one unpaired electron in the central
ring of the T state, with a local spin density of 1.006 e. Protonation of two (SR-2H*) and four
(5R-4H") cyano groups increases the spin density at the 5-MR to 1.365 ¢ and 1.567 e,
respectively. Hence, we move from ca. 50% of Baird aromatic character in 5R to 68% in SR-
2H" and to 78% in SR-4H", in agreement with a ring charge rather close to the ideal Baird value
(~0.7 e) for a cationic ring. The strong excited state Baird character in SR-2H* and SR-4H" is
supported by the (triplet and singlet) lower energy obtained for the Baird configurations with
respect to the Hiickel counterparts (es < en). Application of the approximation in equations 1
and 2 reveals Baird aromatic characters of 69% (triplet) and 66% (singlet) in 5R-2H", and of
86% (triplet) and 82% (singlet) in 5R-4H", in very good agreement with the quantification
derived from charge and spin analysis of Ti. Double protonation in 6R and 10R also results in

a significant increase of about 5-15% in the Baird aromatic character of the central ring.
3.4 Seven-membered electron-deficient central rings

Next, instead of trying to pull electrons out of a non-aromatic m-conjugated ring
like in many of the systems explored so far, we envisage the possibility of reaching excited state
Baird aromaticity by injecting electrons into a conjugated ring.>® To that aim, we design two
compounds with a cationic 7-MR with exocyclic carbons substituted with EDG, i.e., 7Ra and

7Rb.
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The 7-MR ring in S; and T, states of 7Ra and 7Rb is effectively neutral,
suggesting equal mixing of Hiickel and Baird character. The T spin density is notably located
on the central ring (Figure 12), accounting for ~1.5 e delocalized on the 7-MR for both
molecules. Evaluation of the relative stability of Hiickel and Baird configurations confirm the
strong Baird character with contributions estimated to be 57% (triplet and singlet) in 7Ra and
68% (triplet) and 67% (singlet) in 7Rb. Therefore, the combination of an electron deficient
conjugated ring with electron-donor exocyclic substitution seems a good strategy towards Baird

aromaticity.

37Ra 37Rb
Figure 12. Spin density for the T state of 7Ra (left) and 7Rb (right) compounds computed at

the B3LYP/6-311+G(d,p) level. The isodensity contour shown corresponds to a value of 0.005
e—/bohr®. The positive and negative spin density surfaces are represented in blue and red,

respectively.

4. General picture and conclusions

The results from this study stress that characterization of Baird aromaticity needs to be carried
out with care and that the labelling of a conjugated ring as Baird aromatic requires a detailed
analysis of the excited state electronic structure. Probably a safe procedure is the one presented
here, in which several parameters and computational tools are combined, namely ring charge,
ring spin density, DIs, aromaticity indices with separated o and 3 contributions, and the newly

introduced energy-based analysis of the Hiickel and Baird configurations.
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The Baird aromaticity of the studied systems can be related to the (local) charge
and spin in the central ring. While ring charge and spin might be good indicators of the Baird
character of electronic states, they do not univocally correspond to a specific type of
aromaticity. In other words, it is not possible (in general) to establish a one-to-one map between
charge (or spin) with the amount of Baird aromaticity. Therefore, here we take a conservative
approach for the quantification of the Baird character of T and S; states by considering the
lowest Baird percentage derived from charge and spin analyses (Figure 13). Quantification of
Baird aromaticity in the excited singlet state has been obtained from S ring charges corrected
by the charge/spin differences in T; (equations S8-S11). The use of relative energies between
constrained calculations of Hiickel and Baird configurations for the systems investigated is, in

general, in good agreement with the quantification of Baird character from charge/spin
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states in all studied systems.

29



Generation of excited state Baird aromaticity in symmetrically substituted
conjugated rings appears rather difficult. High Baird aromatic character (> 50%) in these
systems is achieved in molecules with anionic and small central rings with EDG as substituents
and small exocyclic groups substituted with EWG. Alternatively, the combination of an electron
deficient conjugated ring with electron-donor exocyclic substitution also seems a good strategy
towards Baird aromaticity, as shown for compounds 7Ra and 7Rb. Interestingly, Baird
aromaticity in the excited singlet state is typically larger than in the triplet state (mostly ca. 5-
10% larger and never more than 20%, see Fig. 13), especially for those cases with appreciable

Baird character (> 10%).

Overall, our analysis indicates that the symmetric substitution of conjugated rings
favors the presence of low-energy excited states with weak (or modest at most) CT character,
i.e., with small changes in the number of m-electrons in the central conjugated ring. The
coplanarity between the central ring and the two side groups symmetrically arranged facilitates
the hole and electron delocalization of the transition, resulting in no charge separation. In
general, low-lying excitations of symmetrically substituted conjugated rings hold very weak
CT character. In light of the present results, previously assigned excited state Baird aromaticity
in symmetrically substituted rings, in particular for compound 10R-T, based on the allegedly
strong CT character of the electronic transition needs to be revised. Based on extensive
computational results, we have presented an alternative interpretation of the experimental
measurements, i.e., the shift in the CN IR stretching band and dependence of excited state decay
on the solvent polarity, which does not require charge separation upon excitation and seems, in

our opinion, much more feasible.
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