
FULL PAPER    

 

 

 

 

 

Analysis of a Compound Class with Triplet States Stabilized by 
Potentially Baird-Aromatic [10]Annulenyl Dicationic Rings 

Kjell Jorner[a], Ferran Feixas[b], Rabia Ayub[a], Roland Lindh[c], Miquel Solà*[b] and Henrik Ottosson*[a] 

Abstract: The low-lying triplet state of a recently published compound 

(TMTQ, Angew. Chem. Int. Ed. 2015, 20, 5888), was analyzed 

quantum chemically in light of suggestions that it is influenced by 

Baird-aromaticity. Two mesomeric structures describe this state; a 

zwitterionic Baird-aromatic structure with a triplet biradical 8-electron 

methano[10]annulene (M10A) dicationic ring, and a Hückel-aromatic 

with a neutral closed-shell 10-electron ring. According to charge and 

spin density distributions, the Hückel-aromatic structure dominates 

the triplet state (the Baird-aromatic contributes at most 12%), and 

separation of the FLU aromaticity index into  and  electron 

contributions emphasizes this finding. The small singlet-triplet energy 

gap is due to Hückel-aromaticity of the M10A ring, clarified by 

comparison to the smaller analogues of TMTQ. Yet, TMTQ and its 

analogues are Hückel-Baird hybrids allowing for tuning between 

closed-shell 4n+2 Hückel-aromaticity and open-shell 4n Baird-

aromaticity. 

Introduction 

Aromaticity in the first * excited triplet (T1) state has recently 

received gradually increased attention. 1 - 3  Yet, the theoretical 

foundation was established in 1972 by Baird when he showed 

through perturbation molecular orbital theory that the -electron 

counts for aromaticity and antiaromaticity of annulenes in their T1 

states are opposite to those given by Hückel’s rule for the closed-

shell singlet (ground) state (S0).4,5 Baird’s rule, as it is now called,1 

has been confirmed by a range of different computational studies 

and it has also been suggested that it can be extended to 

electronic states of arbitrary spin.6,7 Indeed, Baird’s rule has been 

shown through computations to apply also to the first singlet 

excited state of cyclobutadiene, benzene and cyclooctatetraene,8 

and it could be a general back-of-an-envelope tool for the design 

of new optically and photochemically active molecules and 

functionalized materials. 5,9 Yet, its scope and limitations need to 

be resolved. 

Recently, Tovar, Casado, and co-workers presented a 

compound (TMTQ, Figure 1) which exhibits a singlet-triplet 

energy gap (EST) of only 4.9 kcal/mol (singlet more stable than 

triplet),10 a fact that tentatively was attributed to stabilization of the 

T1 state through Baird-aromaticity of the central 1,6-

methano[10]annulene (M10A) fragment. In order for TMTQ to 

enjoy such T1 state aromatic stabilization the mesomeric structure 

TMTQ-c with an 8-electron 1,6-methano[10]annulenyl dication 

moiety (M10A2+) must carry substantial weight. However, TMTQ 

in its T1 state (3TMTQ) can also be influenced by structure TMTQ-

b with a closed-shell 10-electron Hückel-aromatic ring and two 

terminal dicyanomethyl radicals. According to the DFT 

computations by Tovar, Casado and co-workers, the M10A 

fragment in 3TMTQ displayed only small CC bond length 

alternation, clearly supporting aromatic character.10 This 

interpretation was also confirmed by Raman spectroscopic data 

which revealed a more aromatic M10A core in T1. Yet, the type of 

aromaticity, open-shell triplet Baird-aromaticity or closed-shell 

singlet Hückel-aromaticity, needs to be resolved.  

Herein we address the electronic properties of TMTQ in its 

first triplet state, and also explore if this compound class can be 

further tailored with the aim to identify compounds that are more 

strongly Baird-aromatic in their T1 states. As pointed out by Tovar, 

Casado and co-workers, these compounds could become 

important in -conjugated spin-bearing materials,10 and a correct 

understanding of their electronic structures should be of high 

importance. Our analysis is based on qualitative chemical 

bonding principles as well as on quantum chemical calculations. 

 

Figure 1. Covalent, diradical, and polar mesomeric structures of importance for 

compounds TMTQ and MQ. 

Qualitative theory 

At their highest possible symmetries, annulenyl (di)cations with 4n 

-electrons are non-disjoint biradicals for which triplet ground 

states are expected from theory,11 and they are also expected to 

be aromatic in their first triplet states according to Baird’s rule. The 

most notable member of this compound class is the 

cyclopentadienyl cation, prepared by Saunders, Breslow, 

Wasserman and co-workers in 1973 and found by EPR 

spectroscopy to have a triplet ground state. 12  According to 

MRMP2 calculations, EST = -11.9 kcal/mol at the D5h geometry,13 

and in experiments, the triplet biradical was found to be below the 
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most stable Jahn-Teller distorted singlet state structure by 4.4 

kcal/mol, 14  in agreement with CCSDT calculations. 15  The 

aromaticity of the triplet cyclopentadienyl cation has also been 

confirmed by calculations of numerous aromaticity indices. 16 

Indeed, a triplet biradical 4n -electron cycle which is Baird-

aromatic can be viewed as composed of a closed-shell Hückel-

aromatic cycle with 4n - 2 -electrons plus two non-bonding same-

spin -electrons (Figure 2a).17 Alternatively, if the - and -spin -

electrons are regarded separately it can be viewed as composed 

of one Hückel-aromatic cycle with 2n + 1 -electrons and one 

Hückel-aromatic cycle with 2m + 1 -electrons where n = m + 1 

(Figure 2b).7,18  This last way to view Baird-aromatic cycles is 

useful when pinpointing the difference between Baird-aromatic 

and Hückel-aromatic cycles by computational means because the 

last type of cycles will have two equivalent - and -electron 

rings with equal values of various aromaticity indices while the first 

type of cycles will not. 

 

Figure 2. (a) Description of the cyclopentadienyl cation as a 2-electron Hückel 

aromatic tricationic ring plus two non-bonding same-spin  electrons. (b, c) 

Analysis of the cyclopentadienyl cation and M10A2+, showing them to be both 

- and -electron aromatic in their T1 states according to Hückel’s rule for 

separate spins. 

The benzene dication C6H6
2+ at D6h symmetry is also a non-

disjoint biradical for which experiments have indicated a triplet 

ground state,19 although CCSD(T) calculations place the singlet 

2.2 kcal/mol below the triplet.20 For the C10H10
2+ dication at D10h 

symmetry, which is a fourth-order saddle point on the T1 potential 

energy surface according to our calculations (see Supporting 

Information), full -CI calculations within the Pariser-Parr-Pople 

model give EST = -2.9 kcal/mol. 21  However, lowering of the 

symmetry to, e.g., C2v symmetry as in the M10A fragment, will 

stabilize the singlet state. In line with this reasoning, we now 

calculate EST = -5.1 kcal/mol for the C10H10
2+ dication at D10h 

symmetry with CASPT2, 22  - 25  while for the 1,6-

methano[10]annulenyl dication (M10A2+) we find EST = 4.3 

kcal/mol at the triplet Baird-aromatic C2v geometry (see 

Supporting Information).  

As noted above, 3TMTQ can be described as a zwitterion 

(3TMTQ-c) with a M10A2+ triplet Baird-aromatic 8-electron ring 

(5 + 3).10 Such a M10A2+ ring should display the 

characteristics of an aromatic 5-electron ring as well as the 

characteristics of an aromatic 3-electron ring (Figure 2c). Yet, it 

could also be described as a species (3TMTQ-b) with a neutral 

closed-shell Hückel-aromatic M10A ring with ten -electrons (5 

+ 5) which will have two equivalent 5-electron rings (one 5- 

and one 5-electron ring) with identical aromatic characteristics. 

As noted above, the separate consideration of aromatic - and -

electron cycles will allow for the differentiation between a TMTQ 

molecule influenced primarily by 3TMTQ-b and one influenced 

primarily by 3TMTQ-c. Yet, it should be remarked that 3TMTQ and 

similar compounds in their triplet states have unique abilities to be 

simultaneously influenced by Hückel- and Baird-aromaticity, i.e., 

it is a Hückel-Baird hybrid if both 3TMTQ-b and 3TMTQ-c 

contribute considerably to the electronic structure of the T1 state. 

Still, for the labeling as a Baird-aromatic compound in its triplet 

state the mesomeric structure 3TMTQ-c must dominate the 

electronic structure. If instead 3TMTQ-b dominates, it is better 

labelled as a Hückel-aromatic compound influenced by Baird-

aromaticity. 

The change from a Hückel-aromatic to a Baird-aromatic 

species requires a change in electron count by two. 

Pentafulvenes are able to accomplish such a similar change 

because they are aromatic chameleons that can be influenced by 

a mesomeric structure with a Hückel-aromatic cyclopentadienyl 

anionic ring in the S0 state and a Baird-aromatic cyclopentadienyl 

cationic ring in the T1 state.9,26-28 With proper substitution at the 

exocyclic and/or endocyclic positions the aromatic character can 

be enhanced in either the S0 or the T1 state, influencing the 

singlet-triplet energy gaps of substituted fulvenes.26,28 Now the 

question is if two exocyclic dicyanomethylene moieties are 

capable to withdraw two electrons from the central M10A unit? In 

the second part of our study we investigated species with more 

strongly electron withdrawing aryl groups attached to the M10A 

unit. To what extent will these increase the influence of 

mesomeric structures such as 3TMTQ-c?  

Results and Discussion 

The purpose of the study reported herein was first to assess to 

what extent TMTQ is influenced by Baird-aromaticity in its T1 state, 

and subsequently investigate one potential direction for how to 

increase this character. A series of different computational 

techniques were used in the assessment of the triplet state Baird-

aromatic character. In the study by Tovar, Casado and co-workers, 

it was also proposed that TMTQ in the S0 state (1TMTQ) is 

influenced by Möbius aromaticity. In the Supporting Information 

we provide an analysis of this proposal and show this not to be 

the case.  
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Assessment of Baird-aromatic character from charge and 

spin densities 

 We now probed if 3TMTQ has a large influence of Baird-

aromaticity and we first examined the charge and spin density 

distributions as these provide a first indication on the importance 

of mesomeric structure 3TMTQ-c as compared to 3TMTQ-a and 
3TMTQ-b. Two conditions were applied in this analysis; (i) the 

triplet state should be described as an intramolecular charge-

transfer state with a central M10A2+ ring, and (ii) sufficient spin 

density should be located on the M10A2+ fragment to justify it 

being described as a triplet biradical annulene. We consider that 

both conditions must be met simultaneously in order for 3TMTQ 

to be Baird aromatic. 

To examine TMTQ against the first condition, we calculated 

atomic charges with B3LYP/6-311+G(d,p). 29,30 We also tested for 

the effect of DFT functional and basis set with OLYP31 and M06-

2X32, as well as the B3LYP/6-31G(d,p) level33 employed by Tovar, 

Casado, and co-workers10 (see Supporting Information). As the 

results are similar, we report here only those from B3LYP/6-

311+G(d,p). We summed the charges over the fragments of 
3TMTQ (Table 1 and Tables SX). As atomic charges vary between 

methods, we calculated them with three different schemes: 

Natural Population Analysis (NPA),34 Quantum Theory of Atoms-

In-Molecules (QTAIM),35 and CHELPG.36 In addition, the Mulliken 

scheme 37  employed by Tovar and co-workers is included for 

comparison, although Mulliken charges are heavily basis set 

dependent38 (also seen in Table SX). For the sake of brevity, we 

focus on the QTAIM results, which are very similar to those of 

CHELPG. While the NPA charges are in general smaller, the 

trends reported below are reproduced also for these. For the 

M10A unit, we give the percentage of the maximum +2 charge 

that would be present if 3TMTQ-c was totally dominant in 

parenthesis after the value of the charge.  

The charge on the M10A fragment in 3TMTQ is +0.240 (12%) 

with QTAIM, which is even lower than the +0.286 (14%) in S0. The 

corresponding negative QTAIM charge on the dicyanomethylene 

moieties in T1 is -0.509, while the thiophene units carry +0.269. In 

S0, the negative charge on the dicyanomethylene moieties is -

0.577, while the thiophene units carry +0.291. Therefore, the 

calculations indicate that TMTQ is actually less polarized in T1 

than in S0 and that 3TMTQ-c should have less weight. 

However, these computational results are not consistent with 

the interpretation of experimental IR spectroscopic data given by 

Tovar, Casado and co-workers, who observed that the ῦ(CN) 

wavenumber of TMTQ decreases by ~4 cm-1 upon heating.10 

Based on an established relationship between negative charge 

on the dicyanomethylene unit and ῦ(CN) in TCNQ salts39 (see 

also a more recent study40), it was suggested that this decrease 

corresponds to a greater shift of electron density towards the CN 

groups in the T1 state, which is partially populated upon heating. 

Indeed, we obtain a calculated shift to lower wavenumbers of ca 

30 cm-1 for ῦ(CN) in TMTQ going from S0 to T1. However, it is 

not resolved if this shift is caused by radical delocalization into the 

dicyanomethylene groups (TMTQ-b dominant) or by charge 

delocalization to these moieties (TMTQ-c dominant). Calculations 

on model compounds in the Supporting Information suggest that 

both effects shift the ῦ(CN) to lower wavenumbers. Therefore, 

one should also consider the alternative explanation that the shift 

which is observed is caused by influence of the diradical 

resonance structure 3TMTQ-b. I.e., the interpretation of the IR 

spectroscopic data by Tovar, Casado and co-workers is not fully 

unambiguous. 

These charge calculations therefore clarify that the weight of 

the dicationic resonance structure TMTQ-c in T1 is less than in S0, 

and at most 12%. With regard to the Mulliken charges they vary 

extensively with basis set and with method, with a difference of 

0.899 e between the B3LYP/6-31G(d,p) and M06-2X/6-

311+G(d,p) charges for the M10A unit in the S0 state (Table SX). 

 

Table 1. Charges and spin densities at the B3LYP/6-311+G(d,p) level for the M10A 

moiety of 1TMTQ, 3TMTQ, 1MQ, 3MQ, and 3TMQ. Values in parenthesis correspond 

to percentages of a charge of +2 and spin of 2. 

 Charges Spin densities 

 NPA CHELPG QTAIM Mulliken NPA QTAIM Mulliken 

1TMTQ 
0.162 

(8%) 

0.370 

(19%) 

0.286 

(14%) 

0.909 

(45%) 
- - - 

3TMTQ 
0.090 

(4%) 

0.250 

(13%) 

0.240 

(12%) 

0.687 

(34%) 

0.236 

(12%) 

0.257 

(13%) 

0.195 

(10%) 

1MQ 
0.494 

(25%) 

0.657 

(33%) 

0.551 

(28%) 
- - - - 

3MQ 
0.374 

(19%) 

0.480 

(24%) 

0.502 

(25%) 
- 

0.653 

(33%) 

0.684 

(34%) 

0.614 

(31%) 

3TMQ 
0.251 

(13%) 

0.378 

(19%) 

0.370 

(18%) 
- 

0.476 

(24%) 

0.498 

(25%) 

0.442 

(22%) 

 

Our second requirement for labeling 3TMTQ as Baird-aromatic is 

that sufficient spin density is localized on the M10A fragment. The 

plotted spin density (Figure 3a) indicates that only a minor part of 

the spin density is located on the M10A moiety, far from the 

appearance of the fully Baird-aromatic 3M10A2+ (Figure 3c). We 

carried out quantitative analysis based on the Mulliken, NPA, and 

QTAIM spin densities (Table 1), but as the results are very similar 

we discuss here only those from QTAIM. For 3TMTQ, only 13% is 

located on the M10A fragment, which is consistent with the charge 

value of 12%. In summary, the amount of Baird aromaticity, 

assessed based on the charge and spin density conditions, is 

limited by the charge and is thus at most 12%. 

To assess the reliability of the DFT calculations, multi-

reference RASPT2(28in28)/(4in4)/2 calculations41 with the ANO-

RCC-VTZP basis set24 were carried out to probe if there is any 

effect of multi-configurational character for TMTQ either in S0 or 

T1 (for computational details, see the Supporting Information). For 
1TMTQ, the closed-shell configuration is dominant with a weight 

of 0.65 while the second-most important has merely 0.04. Also for 
3TMTQ one configuration dominates with 0.74 with the next one 

having 0.02. 
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Figure 3. Spin densities at 0.0004 isosurface value for (a) 3TMTQ, (b) 3MQ, and 

(c) 3M10A2+. Results with B3LYP/6-311+G(d,p). 

These results show unambiguously that TMTQ in both S0 and T1 

is well described by a single electronic configuration, and hence, 

there is good reason to believe that the DFT results are accurate. 

The RASSCF charges and spin densities are also consistent with 

those from DFT. For 3TMTQ the QTAIM charge on the M10A 

moiety is +0.238 (12%) with RASSCF, as compared to +0.240 

(12%) with B3LYP, while the RASSCF Mulliken spin density is 

0.141 (7%) as compared to 0.195 (10%) with B3LYP. For 1TMTQ 

the QTAIM charge on the M10A moiety is +0.295 (15%) with 

RASSCF, as compared to +0.286 (14%) with B3LYP. The results 

are also further confirmed with the LPNO-CEPA/142 and LPNO-

CCSD43 coupled cluster-type methods as calculated with ORCA44 

(see Supporting Information). 

Assessment of Baird-aromatic character from aromaticity 

indices 

We went on to study the aromaticity in the M10A fragment of 
3TMTQ using aromaticity indices to determine (i) its extent of 

aromaticity, and (ii) whether it is primarily influenced by Hückel- 

or Baird-aromaticity. The results were compared to 1,6-

methano[10]annulene in S0 (1M10A, 10 -electrons, Hückel-

aromatic) and M10A2+ in T1 (3M10A2+, 8 -electrons, Baird-

aromatic). Results are given for B3LYP/6-311+G(d,p). According 

to HOMA,45 3TMTQ is clearly aromatic (0.836) but it is unclear if it 

is more similar to 1M10A (0.887) or to 3M10A2+ (0.761). The 

ACID46 plot (Figure 4) and the NICS scan47 (Figure 5) further 

confirm that 3TMTQ is aromatic, although comparison with 1M10A 

(Figures S21-22) and 3M10A2+ (Figures S23-24) does not readily 

reveal whether it is Hückel- or Baird-aromatic. We further 

calculated the electronic aromaticity index FLU (see Table S6).48 

A FLU value of 0.005 again indicates that 3TMTQ is aromatic (low 

FLU values are found for aromatic species), a value which is 

similar to 0.004 for 1M10A and 0.006 for 3M10A2+. In contrast, a 

FLU value of 0.025 for 1TMTQ indicates non-aromaticity, which is 

further confirmed by the ACID plot (Figure S8), NICS scan (Figure 

S7), and HOMA value (0.279). The calculated multicenter indices 

(MCI)49 for the M10A moiety of 0.001 for 1TMTQ and of 0.006 for 
3TMTQ, as compared to 0.009 for 1M10A and 0.011 for 3M10A2+, 

are also in line with TMTQ being non-aromatic in S0 and aromatic 

in T1, respectively. 

 

Figure 4. ACID plot of the M10A moiety of 3TMTQ. Isosurface value at 0.050 

a.u. Clockwise current indicates aromaticity. Results with CSGT-B3LYP/6-

311+G(d,p). 

 

Figure 5. NICS scan for the M10A moiety of 3TMTQ. A deep minimum for the 

out-of-plane component indicates aromaticity. Results with GIAO-B3LYP/6-

311+G(d,p). 

Yet, the question is whether 3TMTQ is Hückel- or Baird-aromatic? 

To answer this question we dissected the FLU values into 

separate contributions from the  and  electrons. Based on what 

is described above, we expect to find identical or very similar 

values of FLU and FLU in Hückel-aromatic species and 

significant differences (FLU = FLU – FLU 0) in Baird-

aromatic systems (see Figure 3c). This strategy has previously 

been used for multicenter delocalization indices and NICS values 
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to analyze aromaticity in open-shell annulenes.1818 To make 

consistent comparisons between species with different absolute 

aromaticity, it is possible to use the FLU/FLU ratio. Our results 

(Table 3) reveal that for 3M10A2+, which is Baird-aromatic, the 

FLU/FLU value was as large as -2.000. On the contrary, 

FLU/FLU is only -0.223 for the M10A ring of 3TMTQ, which 

clearly supports the Hückel-aromatic character of this ring. 

 

Table 2. FLU, FLUα, FLUβ, ΔFLUαβ, and FLU/FLU values for 3TMTQ, 
3MQ, 3TMQ and 3M10A2+ in T1 at the B3LYP/6-311+G(d,p) level.   

 3TMTQ 3MQ 3TMQ 3M10A2+ 

FLU 0.0046 0.0068 0.0063 0.0058 

FLU 0.0041 0.0044 0.0045 0.0029 

FLU 0.0052 0.0106 0.0091 0.0145 

FLU -0.00110 -0.0062 -0.0046 -0.0116 

FLU/FLU -0.2233 -0.9113 -0.7337 -2.0005 

 

We also assessed the change in aromaticity of the thiophene 

rings when going from the S0 state to the T1 state. Both HOMA 

(from 0.438 to 0.743), FLU (from 0.018 to 0.005), and MCI (from 

0.012 to 0.020) indicate that the aromaticity increases when going 

from S0 to T1. Taken together, the results are consistent with a 

description of 1TMTQ primarily by the quinoidal resonance 

structure 1TMTQ-a with minor inclusion of 1TMTQ-c, while 3TMTQ 

is described primarily by 3TMTQ-b with slight inclusion of 3TMTQ-

c.  

Effect of charge and spin delocalization 

Hence, our results reveal that 3TMTQ has only little influence of 

Baird-aromaticity. However, compound MQ (Figure 1), which 

unfortunately could not be synthesized by Tovar, Casado and co-

workers,1010 will have a lower tendency to delocalize spin and 

charge away from the M10A fragment, and should therefore have 

a greater influence of Baird aromaticity. Results with B3LYP/6-

311+G(d,p) (Table 1) shows that the QTAIM charge of the M10A 

fragment is +0.502 (25%) for 3MQ which is more than twice than 

the +0.240 (12%) of 3TMTQ. As for spin density, 34% is on the 

M10A fragment in 3MQ as compared to 13% in 3TMTQ (Figure 3b, 

Table 1). The amount of Baird aromaticity is thus limited by the 

charge condition (as given above) and is at most 25%. These 

results are also consistent with those from 

RASSCF(20in20)/(4in4)/2, LPNO-CEPA/1 and LPNO-CCSD (see 

Supporting Information). The HOMA value of 3MQ (0.781) is 

smaller than for 3TMTQ (0.836), and closer to that of 3M10A2+ 

(0.761) than 1M10A (0.887). The ACID plot and NICS scan further 

support its aromatic character (Figures S13-14). Both MCI of 

0.004 and FLU of 0.007 for 3MQ are in agreement with previous 

descriptors. Interestingly, FLU/FLU of -0.911 for the M10A ring 

of 3MQ indicates aromatic character intermediate between that of 

a Hückel and a Baird species, clearly showing that the compound 

class can be described as Hückel-Baird hybrids in their triplet 

states. In contrast, 1MQ is non-aromatic according to HOMA 

(0.124), ACID (Figure S12), NICS scan (Figure S11), MCI (0.001), 

and FLU (0.032). In conclusion, MQ is a promising candidate for 

a more Baird aromatic compound, yet, its EST is 18.5 kcal/mol 

with B3LYP/6-311+G(d,p) as compared to 5.0 kcal/mol for TMTQ. 

 

Figure 6. Structure of TMQ. 

Cause for low EST 

So what is the cause for the low EST of TMTQ if it is not primarily 

Baird aromaticity? To answer this question we also calculated 

TMQ (Figure 6), having only one thiopheno ring. The M10A 

moiety of this compound in its T1 state has a QTAIM charge of 

+0.370 (18%), a spin density of 25% (Table 1), and the compound 

has a EST of 10.8 kcal/mol. These are all values which lie in 

between those of TMTQ and MQ. The ACID plot and NICS scan 

show that it is aromatic in T1 (Figure SY and SX), and this is also 

supported by a HOMA value of 0.786 and FLU value of 0.006. 

The FLUFLU is -0.733 for the M10A ring of 3TMQ, which also 

indicate a higher Baird-aromatic character than 3TMTQ (see 

Table 2). 

Thus, for the series of MQ, TMQ and TMTQ we find EST 

values of 18.5, 10.8 and 5.0 kcal/mol at the B3LYP/6-311+G(d,p) 

level, and the low EST of TMTQ is primarily due to the presence 

of several pro-aromatic units rather than a Baird-aromatic 

dicationic M10A moiety. MQ has the highest Baird aromaticity, 

and at the same time the highest EST. However, Tovar, Casado 

and co-workers argue that the EST of TMTQ is remarkably low 

compared to other compounds of similar size. If this was the case, 

it would fit with a different type of stabilization, such as due to 

Baird aromaticity. Tovar, Casado and co-workers point out that 

Q3TCN, with three pro-aromatic thiophene moieties, displays a 

calculated EST of 6.9 kcal/mol, compared to 4.4 kcal/mol for 

TMTQ while we have to go to Q4TCN with four thiophene moieties 

to get to 4.1 kcal/mol.50 However, we note that a compound with 

three pro-aromatic p-quinodimethane units and a EST of 2.1 

kcal/mol, even lower than TMTQ, has been reported.51 As TMTQ 

has a EST in line with previously reported compounds of similar 

size, there is no need to invoke Baird aromaticity to account for 

this value. 

A test on the enhancement of Baird-aromatic character 

So is it possible to enhance the Baird-aromatic character of the 

central M10A unit by increasing the electron-withdrawing strength 

of the aryl substituents? To answer this question, we investigated 

TMTQ and TMQ with fluoro and cyano substituents on the 

thiopheno rings as well as the corresponding compounds where 

the thiopheno moieties are replaced by substituted p-

quinodimethane units (Figure 7). 
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Figure 7. Structures of X-TMTQ, X-PMPQ, X-TMQ, and X-PMQ. 
 

Here we focus the analysis on (i) the difference between 

thiopheno and p-quinodimethane units, and (ii) the difference 

between CN and F as the former is mainly -withdrawing while 

the latter is -withdrawing. Our results with B3LYP/6-311+G(d,p) 

and QTAIM show that the charge polarization (measured as 

percentage of the maximum +2 charge on the M10A unit) is 

increased by going from 3TMTQ (12%) to either 3CN-TMTQ (21%) 

or 3F-TMTQ (18%). However, this is accompanied by a small 

decrease in spin density from 13% to 9% and 12%, respectively, 

which overall leads to no major change in Baird aromaticity. The 

withdrawal of spin density is even larger in 3CN-PMPQ (2%) and 
3F-PMPQ (6%), showing that a switch from thiopheno to p-

quinodimethane is not a viable strategy to increase the Baird 

aromaticity of 3TMTQ. However, with only one thiopheno or p-

quinodimethane unit, spin density is retained better, with 3F-TMQ 

(25%), 3CN-TMQ (24%), 3F-PMQ (23%) and 3CN-PMQ (22%) 

being comparable to 3TMQ (25%). At the same time the charge 

polarization for 3F-TMQ (21%), 3CN-TMQ (23%), 3F-PMQ (21%), 

and 3CN-PMQ (22%) is slightly higher than in 3TMQ (18%). All 

these observations are also supported by FLU, and 

FLU/FLU measures (see Table SX) showing that high 

FLU/FLU values are obtained for 3F-TMQ (-0.662), 3CN-TMQ 

(-0.621), 3F-PMQ (-0.697), and 3CN-PMQ (-0.626), while low ones 

are obtained for 3F-TMTQ (-0.222), 3CN-TMTQ (-0.195), 3F-

PMPQ (-0.093), and 3CN-PMPQ (-0.022). Overall, the smaller 

compounds display a modest effect from the EWGs that increase 

the Baird aromatic character slightly. There is no significant 

difference between thiopheno or p-quinodimethane, or between 

fluoro or cyano substituents as EWGs in this case.  

Conclusions 

In summary, the study of Tovar, Casado, and co-workers points 

to a new and interesting class of compounds which in their T1 

states are influenced both by Hückel and Baird aromaticity in the 

same ring. Although the influence of Baird aromaticity in 3TMTQ 

is limited to ~12% at most, the influence in the related 3MQ is the 

double (maximum ~25%). Adding electron-withdrawing groups on 

the thiopheno moieties of TMTQ and TMQ and exchanging for p-

quinodimethane units as in PMQ and PMPQ lead to compounds 

with similar or even smaller Baird aromatic character. It should be 

noted that Tovar, Casado and co-workers also found a low singlet 

excitation energy for TMTQ which they tentatively attributed to 

stabilization of the S1 state due to Baird aromaticity.10 Considering 

a potentially larger charge-transfer character in S1 as compared 

to T1, this may well be the situation. Yet, this hypothesis needs a 

separate computational investigation.  

Finally, we note that Baird’s rule should be an elegant and 

general back-of-an-envelope tool for design of a range of 

functionalized molecules and materials with targeted electronic 

and optical properties,5,9 including compounds for use in -

conjugated spin-bearing materials.10 The field of excited state 

aromaticity and antiaromaticity truly represents a new vista for 

physical organic chemistry which, however, requires a close 

interaction between experiments and theory for the most efficient 

progress and development as a correct understanding of the 

electronic structure is crucial. 
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Computational methods 

All quantum-chemical calculations were done using Gaussian09, revision 

D.01,52, Molcas 8.1,23 and ORCA 3.0.3.44. The structure of TMTQ was 

optimized separately with the OLYP,31 B3LYP,29 and M06-2X32 functionals 

with the 6-311+G(d,p) basis set,30 as well as the B3LYP/6-31G(d,p) level.33 

For the rest of the molecules in the study, B3LYP/6-311+G(d,p) was used 

unless otherwise noted. Cartesian coordinates and energies of all 

compounds considered are found in the Supporting Information. 

CASSCF,53 RASSCF,54 CASPT2,22 and RASPT241 calculations employed 

the ANO-RCC basis sets24 using the B3LYP/6-311+G(d,p) geometries. 

LPNO-CEPA/142 and LPNO-CCSD43 calculations employed the cc-pPVTZ 

basis set 55  on the B3LYP/6-311+G(d,p) geometries. Details on these 

calculations are given in the Supporting Information. Some calculations 

also employed the CCSD(T) method56 and the CAM-B3LYP57functional. 

Atomic charges have been calculated using the Natural Population 

Analysis (NPA),34 Quantum Theory of Atoms-In-Molecules (QTAIM),35 and 

CHELPG36 schemes, in addition to the Mulliken charges.37 NBO 6.0, 58 

and Multiwfn 3.3.759 were used for NPA and QTAIM charge analysis, 

respectively, while Gaussian09 was used for Mulliken and CHELPG 

charges.  QTAIM analysis was done using the “medium quality grid” with 

a spacing of 0.1 Bohr. The integration of charge and spin density in the 

QTAIM basis was done using mixed grids, with exact refinement of the 
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basis boundaries (option 7, 2 in Multiwfn). Spin densities were calculated 

using the Mulliken, QTAIM and NPA schemes in an analogous way to the 

charges. 

ACID46 plots are a general method to visualize conjugation and ring 

currents. Ring current maps have previously been used to analyze triplet 

state aromaticity, although with another method. 60  Clockwise currents 

indicate aromaticity, while weak and/or chaotic currents indicate non-

aromaticity. ACID plots were generated with the AICD 2.0.0 program at the 

CSGT-B3LYP/6-311+G(d,p) level of theory46 at 0.050 a.u. isosurface. The 

NICS scan47 method can be used to assess the magnetic aspect of 

aromaticity. Deep minima for the out-of-plane component are indicative of 

aromaticity, while shallow minima are indicative of non-aromaticity. The 

NICS scans were generated with the Aroma 1.0 package47 at the GIAO-

B3LYP/6-311+G(d,p)61 level of theory. The coordinates for the bq atoms 
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Smoothly opening the closed shell 

by mixing closed-shell Hückel-
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aromaticity; this is possible in the first 

triplet states of recently published 
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aromatic hybrids (see Figure). Yet, our 

quantum chemical analysis shows that 

the triplet state aromatic hybrids that 

hitherto have been presented are 

primarily Hückel-aromatic, pointing to 

directions for future molecular design. 
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