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Can Heteroatoms and Heteroareno Annelations Make Pentalenes 

Suitable as Singlet Fission Chromophores?

Emil Säbb, Péter J. Mayer and Henrik Ottosson*

Department of Chemistry – Ångström, Uppsala University, Box 523, 

Uppsala 751 20, Sweden 

Abstract: Pentalene derivatives were earlier hypothesised to have potential as singlet fission 

(SF) chromophores, but their function is hampered by both the symmetry-forbidden transition 

to the first singlet excited state (S1) and the thermal instability due to antiaromatic character in 

their ground state (S0). A possible benefit is a Baird-aromatic character in the lowest ππ* excited 

states which may provide for higher photochemical stability than present SF chromophores. In 

this computational work, we explored different heteroatomic replacements on the pentalene 

skeleton as well as heteroareno fusions with the aim to identify derivatives with (i) allowed 

transitions to S1, (ii) reduced antiaromatic character in S0, (iii) highly Baird-aromatic pentalene 

cores in T1 and S1, and (iv) the SF energy criteria (2 ≤ E(S1)/E(T1) and E(S1) < E(T2)) fulfilled. 

The results show that the symmetry-forbidden nature of the transition to S1 can be lifted, whilst 

maintaining excited state Baird-aromatic character providing for photostability. However, there 

are other drawbacks that impede usage of pentalenes as SF chromophores: (i) the E(S1)/E(T1) 

ratios when adiabatic S1 states are considered are in nearly all cases well below 2 as the 

pentalene cores exhibit large relaxation energies in this state (thus, both adiabatic E(S1) and 

E(T1) must be used for Baird-aromatic SF chromophore candidates), and (ii) competing decay 

pathways exist due to accessible S1/S0 conical intersections. Hence, the design of pentalene 

derivatives that are suitable as SF chromophores will be challenging. Still, our findings may 

pave the way to other related species for which all drawbacks can be avoided.  

Page 1 of 39 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 2
:0

3:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP04492H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04492h


2

Introduction

Pentalene and its derivatives are an interesting class of organic molecules for many reasons, 

one being the excited-state aromatic character of the 8π-electron pentalene core.1-8 However, a 

drawback for their use in optical devices is the symmetry-forbidden transition from the ground 

state (S0) to the first excited singlet state (S1), as this prevents the direct excitation into the state 

that normally influences the subsequent photophysics and photochemistry.9 It may especially 

hamper the potential usage of pentalenes as singlet fission (SF) chromophores, i.e., light-

absorbing molecules which after excitation are able to undergo a spin-allowed process in which 

a chromophore molecule in S1 and another chromophore molecule in the S0 state form two free 

triplet state (T1) chromophores through a spin-allowed fission process.10 This charge carrier 

multiplication process can benefit future solar energy harvesting applications by allowing 

photovoltaic cells to overcome the theoretical Shockley-Queisser limit of 33% for single-

junction solar cells.11 We earlier postulated that pentalenes could be useful as SF 

chromophores,12 but this needs to be evaluated further. In this context, gradually more efforts 

are put on synthesis and subsequent experimental studies of various heteroarenopentalenes 

3,13,14 and heteropentalenes.15-20 Research has also been carried out on the impact of annelations 

on the photophysics of heteroarenopentalenes.18 

We used quantum chemical computations to explore a series of mono(heteroareno)-

pentalenes (Figure 1), analogous to monobenzopentalene (MBP), as well as carbon-to-

heteroatom replacements on the pentalene core to address the problem of the symmetry-

forbidden lowest transition of pentalenes related to their potential usage in SF photovoltaics. A 

focus was placed on increased oscillator strengths for the transition to S1, i.e., f(S0-S1). The 

structural modifications are first performed with replacement of the benzene-ring of MBP by a 

single heteroarene ring having one heteroatom (Class A, Figure 1) so as to evaluate if the 

replacement pattern impacts the f(S0-S1) and the S1 and T1 state energies (E(S1) and E(T1)), 
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followed by replacements of the benzene ring by heteroarenes with two heteroatoms (Class B, 

Figure 1). This was expanded by heteroatomic replacements on the pentalene core (Class C, 

Figure 1). Towards the end we combined the best-performing modifications in Classes A – C 

into a few bis(heteroareno)pentalenes (Class D, vide infra). Throughout our investigation, we 

compare the computed f(S0-S1) values to those of a set of well-established SF chromophores 

(tetracene, pentacene and 1,3-diphenyl-isobenzofurane). 

In addition to analysis of the change in f(S0-S1), we evaluated the T1 state Baird-aromatic 

character of the pentalene derivatives in their 8π-electron cores as approximates of the aromatic 

character in their lowest * states (both T1 and S1). Such aromatic character can increase their 

photochemical stability,12,21-25 even though it may instead lead to lowered kinetic stability of 

the excited states as a result of smaller energy gaps between S1 and S0 (vide infra). To estimate 

their thermal stabilities we compared their computed antiaromatic character in S0 to those of 

two pentalene derivatives which are known to be persistent at ambient temperature; 1,3,5-

tri(tert-butyl)pentalene and dibenzo[a,e]pentalene.26,27  The stability of the first is achieved by 

the three bulky groups, and thus, its pentalene core is still strongly antiaromatic in S0. The 

second pentalene, on the other hand, has an attentuated antiaromatic character,28 and may be 

viewed as two interconnected styrene molecules. 
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Figure 1: Pentalene, mono-, di-, and triazapentalenes, tetra(tert-butyl)pentalene, 

monobenzopentalene (MBP), and the investigated heteroatom substituted arenopentalenes 

grouped into three classes: mono(heteroareno)pentalenes with one heteroatom (Class A), 

mono(heteroareno)pentalenes with two heteroatoms (Class B), and benzoheteropentalenes 

(Class C).  
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A number of SF chromophores are known, e.g., acenes, isobenzofurans, and diphenyl-

hexatrienes,29 as well as one dibenzopentalene derivative, 1,8-bis(styryl)dibenzopentalene.30 In 

this last compound, the spin density of the T1 state is, however, mostly centred on the 1,8-

diphenyloctatetraene and not on the pentalene moiety.12 In S0, these molecules often have 

formally aromatic moieties, but they either have an attenuated aromaticity or have no aromatic 

character in this state. At the same time, it is known that aromatic character in the lowest ππ* 

excited state may provide a means for designing new SF chromophores.12 Aromaticity in ππ* 

excited states often follows different electron counting rules compared to the π-electron 

counting rules for the S0 state, i.e., Hückel’s rule. This means that 4nπ-electron species can be 

aromatic in their lowest ππ* states, while those with 4n+2 π-electrons are antiaromatic, a rule 

known as Baird’s rule.31-36 

Indeed, molecules with antiaromatic S0 states generally have aromatic lowest excited 

ππ* states, and therefore, they usually have lower energy between S0 and S1 than nonaromatic 

isomers.12,32,37,38 This relationship between ground- and excited-state (anti)aromatic character 

and excitation energy means that tuning the degree of (anti)aromaticity allows for energy 

tunings of the S1 and T1 states relative to the S0 state,12,39 provided the S1 and T1 states are 

described by the same electron configuration (except for its multiplicity). For substituted 

fulvenes (especially protonated dicyanofulvenes), it is even possible to tune the relative 

energies of the lowest singlet and triplet states gradually until the Baird-aromatic triplet state 

becomes the electronic ground state dominated by a resonance structure with cyclopentadienyl 

cationic ring (Figure 2).40 Noteworthy, both the parent cyclopentadienyl cation and the 

pentachloro substituted derivative, representing the extreme point of triplet state Baird-aromatic 

fulvenes, are known from EPR spectroscopy experiments to have triplet ground states.41,42 In 

theory, it should thus be possible to achieve compounds that fulfil the first SF criterion as 2E(T1) 

< E(S1)) in the region to the right in Figure 2. 
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E
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2E(T1) < E(S1)

EDG EDG

EWG46

EWG EWG
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4

Figure 2: A schematic drawing showing how the S1 and T1 energies of substituted fulvenes 

vary as a function of Hückel-aromatic/antiaromatic character in the S0 state and Baird-

antiaromatic/aromatic character in the T1 and S1 states. EDG = electron-donating group and 

EWG = electron-withdrawing group. 

As noted above, the influence of excited state aromatic character can lead to higher 

photochemical stability against detrimental side reactions.32,38 Additionally, we recently found 

in computations that compounds with strongly Baird-aromatic T1 states have very low spin-

orbit couplings (SOC) between their T1 and S0 states.43 This may lead to long-lived triplet states, 

which could be beneficial for the diffusion of the triplet exciton in a thin film of the SF 

chromophore.10,44 

One of the compound classes that were earlier suggested as potential SF chromophores 

was MBP derivatives.12 In another recent work it was shown that the synthetically available 

family of MBPs can overcome the shortcoming of a low-lying T2 state of the pentalene core.45 

However, even though substituted MBPs on paper may have the possibility to exhibit SF, no 

proof of this has been shown, and the lack of SF was hypothesized to originate from the dark 

character of the S1 state. Excitations to higher singlet states yielded only weak anti-Kasha 

emission and no emission from S1.45 It was also noticed that the substituents along MBP’s 

perimeter had little to no effect on the f(S0-S1).45 
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The symmetry-forbidden character of the transition from S0 to S1 of parent pentalene, 

described by a singly excited HOMO→LUMO configuration, is analogous to those of other 

planar Hückel-antiaromatic 4nπ-electron all-carbon molecules where the direct excitation to S1 

has a symmetry-forbidden ππ* character.9 Thus, and as earlier argued,19,46 alleviation of S0 

antiaromaticity, which attenuates the thermal instability, may simultaneously alleviate the 

symmetry-forbidden character for this transition. Indeed, carbon-to-heteroatom replacements 

have previously been used to increase the f(S0-S1) in other 4nπ-electron species whilst also 

achieving detectable emission from the S1 state.37-39 Combined, these features may render 

pentalene derivatives interesting as SF chromophores. 

Still, there is a caveat with pentalenes as SF chromophores, not addressed earlier in 

studies on their potential SF applications, as the parent pentalene has a readily available conical 

intersection (CI) leading from the S1 to the S0 state.47 This feature provides an excited pentalene 

with a fast relaxation pathway to S0, and if it remains in the benzannelated derivatives (see 

Section S6 in Supporting Information), this will severely hamper the use of such pentalenes as 

SF chromophores. This could, in part, explain why MBP has a non-emissive S1 state.45 Yet, 

even in the absence of a CI, the small energy gap between the S1 and S0 states at the optimised 

S1 state geometries of benzannelated pentalenes may promote radiationless hopping from the 

S1 to the S0 surface. Such jumps are probable in all-carbon 4nπ-electron species known to 

exhibit fast radiationless decay.48 Even though the computation of the activation barrier to the 

CI geometry for all of the compounds is outside the scope of this study, the energy gap between 

S1 and S0 states was evaluated with CASSCF computations for a few selected compounds. 

Taken together, we use computations to scrutinize the potential of pentalene derivatives 

as SF chromophore candidates from a number of perspectives. The ambition is to facilitate the 

search for such compounds based on pentalene, or alternatively, based on compounds that in 

some ways are related to pentalenes. A wider objective is to identify caveats of compounds that 

Page 7 of 39 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
26

 2
:0

3:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5CP04492H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp04492h


8

are (strongly) Baird-aromatic in their T1 and S1 states when explored as tentative SF 

chromophore candidates. 

Results and Discussion

After a brief description of the computational tools used in the study, we present results on f(S0-

S1) which reveal to what extent these values can be increased to reach values that are 

representative of current SF chromophores, followed by a discussion of the E(S1)/E(T1) ratios 

used to predict if a pentalene derivative can be suitable as a SF chromophore. Yet, we further 

explore features on the S1 surface that can jeopardize the usage of pentalenes for singlet fission; 

more explicitly, if there are conical intersections near the minimum on the S1 PES. At the end, 

we merge the knowledge gained to bis(heteroareno)pentalenes where we seek to maximise f(S0-

S1) and the E(S1)/E(T1) ratio toward what is relevant for SF, whilst maintaining a (moderately) 

Baird-aromatic character in T1. Noteworthy, the second SF criterion (E(S1) < E(T2)) is satisfied 

for all our investigated pentalene derivatives, with the vertical T2 state typically ~1 eV above 

the vertical S1 state (see Table S1). Thus, this criterion is not discussed further herein. It should 

also be noted that the T1 and S1 states are of * character in essentially all compounds, the 

exception being DIAZA5 with a n* state as the lowest excited state. 

Computational tools: The M06-2X functional was chosen based on earlier 

computational work that showed good agreement for calculated energy orderings of S1, T1 and 

S0 states of pentalenes when compared to CASPT2 results.12 To optimize the S1 state geometries 

of the heteroarenopentalenes, which failed to converge under linear TD-DFT geometry 

optimisations, we used spin-flip-TD-DFT (SF-TD-DFT). This is a computational method to 

interpret multiconfigurational wavefunctions in terms of the single-reference formalism.49 

However, this method is susceptible to spin contamination (i.e., impure spin states) if the states 

involved have a large contribution from double excitations to configurations with doubly-
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occupied virtual orbitals, leading to unreliable results.49 To assess the quality of these optimized 

geometries, a subset of the molecules was also investigated through geometry optimisation at 

the multireference CASSCF level, with energies and orbital occupancies at the CASPT2 level, 

which includes second order perturbation theory corrections. For further details and references, 

see the Computational Methodology section. 

In the second part of the study, we applied various computational descriptors that assess 

the extent of aromatic or antiaromatic character (abbr. (anti)aromatic) of a cyclic molecule or a 

segment of a polycyclic molecule.50 The pentalene derivatives were analysed with descriptors 

that represent the electronic, magnetic and geometric aspects of (anti)aromaticity (the energetic 

was not considered). For the electronic aspect, we used the multicenter index (MCI)51 and the 

fluctuation index (FLU) 52-54 which give information on the extent of electron delocalization 

throughout a cycle. More specifically, FLU explores the fluctuation in the π-electron sharing 

between neighbouring atoms in a cycle, while MCI investigates the electron sharing between 

all atomic pairs in a cycle. The magnetic aspect was analysed via both the anisotropy of the 

induced current density (AICD, or more often ACID)55,56 as well as the nucleus independent 

chemical shift (NICS)57-62 as a probe of magnetically induced ring currents. Thirdly, the 

harmonic oscillator model of aromaticity (HOMA)63,64 was applied as geometric descriptor to 

evaluate to what extent bond length equalization reveal aromaticity. 

Now, what values do the descriptors adopt when representing, respectively, aromaticity 

and antiaromaticity? With MCI, the values that represent aromaticity are as high as possible 

approaching the value of a known aromatic reference compound of the same ring size, while 

FLU values of aromatic cycles approach zero. Yet, neither of these electronic indices can 

distinguish between antiaromatic and nonaromatic cycles, which in contrast is possible with 

magnetic descriptors. Aromatic cycles exhibit diatropic ring currents (shown as clockwise in 

our ACID plots), i.e., induced ring currents that counteract the applied magnetic field, while 
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10

antiaromatic cycles show paratropic (counter-clockwise) ring currents that instead enhance the 

magnetic field. NICS values are the negative of the shielding at a chosen point in space, and 

indicate aromatic character if clearly negative (< -5 ppm), antiaromatic character if positive (> 

5 ppm), while values close to zero suggest nonaromatic character. Yet, the NICS descriptor has 

pitfalls because negative (positive) NICS values do not necessarily result from diatropic 

(paratropic) ring currents in a particular ring.65 Instead, they can result from a ring current of 

opposite tropicity in an adjacent ring in a polycyclic molecule or from local circulations in the 

current density, e.g., at heteroatoms. Finally, HOMA values in the range 0.5 – 1.0 indicate 

aromaticity, while those below represent nonaromatic or antiaromatic character. For proper 

(anti)aromaticity assessments, it is crucial to know the limitations of the various descriptors.

Oscillator strengths: The f(S0-S1) values of Class A pentalenes are the largest in PYR3, 

THIO2, FUR2, and PYRO1 (Table 1, entries 13, 16, 19, 21, respectively), with values up to a 

factor ten larger than in MBP (Table 1, entry 10). Yet, when compared to the correspondingly 

computed oscillator strengths of tetracene, pentacene and 1,3-diphenylisobenzofuran as 

established SF chromophores (f(S0-S1) = 0.0620, 0,0394 and 0.5007, respectively), we see that 

the values of the best Class A pentalenes are only modest. 

A general trend was observed for pentalenes annelated with 5-membered ring (5-MR) 

heteroaromatics: the smallest f(S0-S1), as seen in Table 1 entries 15-23, were computed for 

structures with the heteroatom in the position labelled position 3 in Figure 1, intermediate 

values were observed with the heteroatom in position 1 while the highest f(S1-S0) are found 

with heteroatoms in position 2 (except for PYRO2). As the antiaromatic character in S0 is 

almost the same for molecules with a heteroatom in position 1 or 3 (vide infra), leading to 

similar annellation patterns,28 our finding indicates that factors beyond (anti)aromaticity impact 

the allowedness of the transition. One may argue that the difference in permanent dipole 
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moment between the two types of structures influences, but a lack of correlation between f(S0-

S1) and dipole moment disputes that argument (Figure S49). 

Table 1: Calculated f(S0-S1) and energies of the S1 and T1 states for all molecules in Figure 1. 
Entry Molecule f(S0-S1) E(T1a) (eV) E(S1v) (eV) E(S1v)/E(T1a)

1 Pentalene 0 0.63 1.92 3.06
2 2-Azapentalene 0.0013 0.62 2.16 3.50
3 3-Azapentalene 0.0010 0.87 2.10 2.42
4 2,3-Diazapentalene 0.0014 0.86 2.40 2.79
5 2,4-Diazapentalene Triplet ground state
6 2,7-Diazapentalene 0.0060 0.76 2.44 3.20
7 2,8-Diazapentalene Triplet ground state
8 2,3,4-Triazapentalene 0.0015 0.79 2.58 3.24
9 2,3,6,7-tetra(t-Bu)pentalene 0 0.55 1.83 3.33
10 Monobenzopentalene (MBP) 0.0008 1.06 2.32 2.18
11 PYR1 0.0011 1.05 2.37 2.26
12 PYR2 0.0013 1.11 2.40 2.16
13 PYR3 0.0041 1.01 2.37 2.35
14 PYR4 0.0004 1.07 2.35 2.19
15 THIO1 0.0018 0.75 1.92 2.55
16 THIO2 0.0026 1.16 2.52 2.18
17 THIO3 0.0005 0.75 1.89 2.50
18 FUR1 0.0058 0.63 1.81 2.88
19 FUR2 0.0078 1.19 2.70 2.26
20 FUR3 0.0007 0.65 1.75 2.68
21 PYRO1 0.0052 0.68 1.79 2.64
22 PYRO2 0.0034 1.09 2.43 2.22
23 PYRO3 0.0002 0.72 1.74 2.41
24 THIAZOLE1 0.0029 1.18 2.51 2.13
25 THIAZOLE2 0.0018 1.12 2.51 2.23
26 OXAZOLE1 0.0074 1.26 2.76 2.19
27 OXAZOLE2 0.0069 1.15 2.67 2.32
28 PYRAZOLE1 0.0043 1.12 2.43 2.17
29 PYRAZOLE2 0.0025 1.18 2.43 2.29
30 AZA1 0.0029 0.93 2.30 2.47
31 AZA2 0.0018 1.15 2.52 2.18
32 AZA3 0.0014 1.12 2.50 2.23
33 AZA4 0.0027 0.90 2.34 2.60
34 DIAZA1 0.0024 1.22 2.68 2.20
35 DIAZA2 0.0057 1.00 2.47 2.48
36 DIAZA3 0.0006 0.86 2.35 2.73
37 DIAZA4 0.0011 1.12 2.53 2.26
38 DIAZA5 0.0011 1.06 2.37 2.24
39 DIAZA6 0.0052 1.01 2.49 2.46
40 BORAZA1 0.0076 1.50 2.78 1.86
41 BORAZA2 0.0263 1.64 2.92 1.78
42 BORAZA3 Triplet ground state
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43 BORAZA4 0.0099 0.53 1.52 2.85
44 BORAZA5 0.0048 1.91 2.84 1.49
45 BORAZA6 0.0033 1.12 2.30 2.05
46 BORAZA7 0.0034 2.48 3.35 1.35
47 BORAZA8 0.0036 0.78 1.89 2.42
48 BORAZA9 0.0024 0.87 1.93 2.22
49 BORAZA10 0.0073 1.82 2.77 1.52

The origin of the non-zero oscillator strength is found in the spatial dissymmetry and 

displacement of the orbitals involved in the HOMO→LUMO transition. As seen in Figure 3, 

the orbitals change from a transition between symmetrical HOMO and LUMO in pentalene 

(f(S0-S1) = 0) to an intermediate case in PYRO1, having an extended HOMO but a pentalene-

centered LUMO (Figure 3B), and to a significantly distorted HOMO and an increased distortion 

also of LUMO in FUR2 (Figure 3C). The same general features hold true when comparing to 

MBP (Figure 3D), with more similarities between PYRO1 and MBP. This change in the spatial 

distribution of the two MOs makes the S0 - S1 transition more accessible. However, if the spatial 

displacement is too extensive, it will lead to a transition with large charge-transfer character, 

and accordingly, a small S1 - T1 energy splitting similar as in azulene where HOMO is localised 

on the 5-MR and LUMO on the 7-MR.66 Yet, the spatial separation between HOMO and LUMO 

can also involve localisation of the two orbitals on different sets of atoms within the same cyclic 

path, and this occurs in pentalene at its relaxed D2h symmetric geometries in the S1 and T1 

states.16 
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13

Figure 3: The calculated HOMO and LUMO’s of (A) pentalene, (B) PYRO1, (C) FUR2, (D) 

MBP, (E) DIAZA2 and (F) BORAZA2.The FMOs are visualized at a 0.04 isosurface value.

Based on the shift in electron density in the pentalene derivatives upon HOMO→LUMO 

excitations, one may anticipate the permanent dipole moments to change. Indeed, the dipole 

moment in the T1 states of many of the pentalenes increase when compared to those in S0; in a 

few by up to 0.9 D, but mostly by less than 0.5 D (Figure S50). As the S1 states are described 

by the same electron configuration (except for multiplicity), this suggests that solvent polarity 

can have an effect on the transitions and potentially also lead to some solvatochromism. 

By going to Classes B and C, we explore the effect of further carbon-to-heteroatom 

replacements via (i) pyrazolo-, isoxazolo-, and isothiazolo-annelated pentalenes (Class B), and 

(ii) carbon-to-heteroatom replacements in the pentalene core of a monobenzopentalene (Class 

C). The annelation pattern chosen for the Class B pentalenes was the pattern among the Class 

A pentalenes that lead to the highest increase in f(S0-S1) compared to the value of MBP. 

However, the results indicate that f(S0-S1) is comparable to their annelated analogues in Class 

A (Table 1, entries 16, 19, 22 and 24-29). This type of replacement pattern was therefore not 

further investigated. Our focus instead turned to heteroatom replacements in the pentalene core, 
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i.e., Class C compounds (Figure 1). Such pentalenes have received recent attention,13 and in 

those studies it was observed that substituents at the pentalene can have large effects on the 

energies of the lowest excited states. Nevertheless, the substituent effects on f(S0-S1) were 

minimal.18,38,45 

The two parent monoazapentalenes, 2- and 3-azapentalene, have nonzero but still 

minute f(S0-S1), although they may work as templates for further modifications on the pentalene 

core (Table 1, entries 2-3). For the diaza- and triazapentalenes, it was found that 2,7-

diazapentalene gave a uniquely high f(S0-S1) value (Table 1, entries 4-7), while most others 

gave lower values. Noteworthy, two diazapentalenes were computed to have triplet ground 

states (T0) (Table 1, entries 5, 7), which makes them impossible as SF chromophores.

Among Class C compounds, the replacement of just one C atom with one N in the 

pentalene core (AZA1 – AZA4) (Table 1, entries 30-33) had a small effect on the calculated 

f(S0-S1) when compared to MBP (at most a factor 3 increase). This was also the case when two 

C atoms were replaced symmetrically with two N atoms (DIAZA3, Table 1, entry 36), in line 

with experimental observations.19 However, larger f(S0-S1) values resulted when the two N 

atoms were placed unsymmetrically. Especially DIAZA2 and DIAZA6 exhibit large f(S0-S1) 

with an 8-fold increase for DIAZA2 when compared to MBP (Table 1, entries 35, 39), 

explained by the distortion of the HOMO of DIAZA2 (Figure 3E). Thus, certain annelated 

diazapentalenes exhibit notable increases in their f(S0-S1) values, also when compared to the 

corresponding parent diazapentalenes (Table 1, entries 4-7). The increase in the f(S0-S1) is, 

however, insufficient to reach the values of pentacene, tetracene and 1,3-diphenyl-

isobenzofurane which are 8 - 100 times higher than that of DIAZA2. 

For the C2-to-BN replacements in the pentalene core of MBP, giving the boraza-

derivatives in Class C, we did not consider replacements that lead to mesoionic isomers, i.e., 

species that must be described with zwitterionic resonance structures.67 For boraza-analogoes 
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of cyclooctatetraene, it was shown earlier that mesoionic character destabilizes the S0 state 

extensively,68 and thus, one can argue that a mesoionic borazapentalene will be less thermally 

stable than pentalene. Due to the destabilization of S0, such a borazapentalene would also have 

a small E(T1), whereby it is unlikely to have an electronically extractable T1 state in conjunction 

with silicon solar cells.  

The single C2-to-BN replacement to regular monobenzoborazapentalenes had the 

largest effect on f(S0-S1) when the B and N atoms were on the opposite side of the pentalene 

core relative to the benzene ring, as in BORAZA2 and BORAZA4 (Table 1, entries 41, 43). 

Among these compounds, BORAZA2 had the largest oscillator strength (0.0263), being 33 

times higher than that of MBP and approaching that of pentacene (0.0394). However, as is clear 

from the HOMO and LUMO of BORAZA2 (Figure 3F), the monobenzoborazapentalenes have 

frontier orbitals which are dissimilar from those of parent pentalene and MBP. Thus, to call 

them pentalene derivatives is, in our view, misleading in a strict electronic structural sense.

E(S1)/E(T1) ratios: The next to be explored for the molecules in Classes A – C is to 

what extent the first of the two SF energy criteria is satisfied, i.e., 2 ≤ E(S1)/E(T1). An initial 

estimation of the SF capabilities of the various compounds was based on the adiabatic T1 

(E(T1a)) and vertical S1 energies (E(S1v)) following the approach by Zeng, Anath and Hoffmann 

(ZAH).69 However, this approach is susceptible to overestimation of the E(S1)/E(T1) ratios, and 

we now observed that it is unsuitable for molecules which are Baird-aromatic in S1. According 

to the ZAH approach, all structures in Classes A – C, except for a few of the BORAZA 

compounds , maintain the SF criterion 2 < E(S1v)/E(T1a) (Table 1, entries 10-33). Yet, when the 

S1 state is relaxed, the molecules often undergo extensive geometry changes as they relax from 

the vertically excited S0 structure. The S0 structure has a bond length alternate pentalene moiety 

(formally Hückel-antiaromatic in S0) and a weakly Hückel-aromatic benzene ring (Figure 4). 

In the excited state this relaxes to a structure which is excited state aromatic in S1 having a more 
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C-C bond length equalised perimeter and a short transannular C-C bond in the pentalene moiety 

(cf., two allylic fragments with an ethylene fragment in between). This is principally the same 

effect that led to the large Stokes shift of 1.50 eV (12 300 cm-1) observed experimentally by 

Wan and Shukla for dibenzooxepins,38 another benzannelated 8π-electron cycle. The relaxation 

energy in S1 for pentalene derivatives varies with computational method, and is found to be in 

the range 0.6 – 0.9 eV with CASPT2 and ~1.0 eV with SF-TD-DFT (Table S6).

6-Hückel
aromatic

In S0

8-Baird
aromatic

12-Baird
aromatic

In first *
(T1 and S1)

Figure 4: Illustration of how MBP can be influenced by 6π-electron Hückel-aromatic character 

in S0 and 8π- and 12π-electron Baird-aromatic character in T1 and S1.

Noteworthy, the SF-TD-DFT geometry optimisations to the adiabatic S1 states lead to 

states that, for some of the molecules, are mixtures of all states considered (S0, S1, and T1) with 

near-degenerate energy levels and high spin-contamination. Although difficult to interpret, 

these results indicate that the S1 state tends toward a state mixing with S0 (cf., conical 

intersection, vide infra), which experimentally would lead to a fast radiation-less decay to S0. 

Such a process will severely hamper the use of pentalene derivatives as SF chromophores as 

their non-radiative decay likely outcompetes any SF process, similar as has been concluded for 

other SF chromophore candidates.70

The SF-TD-DFT results further show that the adiabatic energies E(S1a) for the 

molecules explored lead to E(S1a)/E(T1a) ratios in the range 0.9 - 1.6 for non-BORAZA 

compounds, and 1.20 - 1.90 for BORAZA compounds (Table S2). For most of the compounds 
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this is much lower than the corresponding ratios of known SF chromophores (e.g., for tetracene 

it is 1.86 based on experimental energies 10 and 1.79 based on computed E(S1a) and E(T1a)). 

Notably, some of the compounds with the highest E(S1v)/E(T1a) ratios according to the ZAH 

approach have the lowest E(S1a)/E(T1a) ratios, and some even have inverted S1-T1 gaps, 

whereby E(S1)/E(T1) < 1 (Figure S48). The latter is, in itself, not surprising given that the parent 

pentalene is a known inverted singlet-triplet gap molecule for which the relaxation from the 

vertically excited C2h symmetric S0 geometry to the optimal D2h symmetric geometries of the 

S1 and T1 states flips the energy order between the two excited states.16 As MBP follows the 

same changes in the orbital configuration as pentalene when going from S0 to T1, it is obvious 

that our computed E(S1v)/E(T1a) ratios of benzannelated pentalenes are exaggerated as one must 

take into consideration large relaxation energies in S1. Accordingly, these compounds cannot 

function as SF chromophores. Likely, the more the excited state aromaticity a pentalene 

derivative resembles that of the parent pentalene, the more similar its excited state PES features 

are. One can postulate that the feature of large relaxation energies in S1 will occur in many 

compounds that are strongly Baird-aromatic in T1 and S1 and Hückel-antiaromatic in S0. Hence, 

adiabatic S1 energies should be used for proper estimation of the first SF energy criterion of 

such compounds. 

As noted above, a few of the monobenzoborazapentalenes (BORAZA4, BORAZA6, 

BORAZA8 and BORAZA9) satisfied the ZAH energy requirement (Table 1, entries 43, 45, 

47, 48). Yet again, when the ratios are based on the adiabatic S1 energies, most of these 

compounds do not fulfilled the first SF energy criterion of 2 ≤ E(S1)/E(T1) (Table S2). There 

are two exceptions, BORAZA4 and BORAZA8, with ratios even slightly above that of 

tetracene, and these may function as templates for design heteropentalene based SF 

chromophores. A drawback is that both these compounds have low T1 state energies limiting 

practical applications.  
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At this point, one may ask if steric bulk can impact on the E(S1)/E(T1) ratios of pentalene 

derivative. Four bulky t-Bu substituents freeze the bond-length alternate pentalene structure 

(Figure 1) and hinders the pentalene core from adopting an approximate D2h symmetry in the 

S1 and T1 states. This compound maintains the SF energy criterion according to the ZAH 

scheme, but when the E(S1)/E(T1) ratio is based on the adiabatic energies we found a ratio of 

1.31, far from sufficient (Table S2). Moreover, the f(S0-S1) is zero for this compound.

Presence of S1/S0 conical intersections: Rapid non-radiative decay to the S0 state via 

conical intersections (CIs) is a process that can compete with singlet fission, and both 

intramolecular and intermolecular factors (e.g., hydrogen-bonding) can open such decay 

channels.70 Indeed, and as noted above, a clear drawback of pentalene derivatives is the 

potential presence of CIs between the S1 and S0 states.47 

To explore the presence of CIs, additional investigations of the optimal S1 geometries 

that are affected by spin contamination in SF-TD-DFT were performed via CASSCF 

optimisations, with energies evaluated with CASPT2 (CASPT2/ANO-RCC-

VTZP//CASSCF(12,12)/ANO-RCC-VTZP) (see Methodology section for references). The 

results from these computations show a higher energy of the adiabatic S1 state than when based 

on the SF-TD-DFT optimised states, with the weights of the S1 and S0 configurations showing 

a flip in energy ordering relative to each other. More explicitly, the electron configuration that 

corresponds to the S0 state is in some compounds higher in energy than the one of the S1 state 

at the S1 optimised geometry. This indicates a S1-S0 CI along the path that leads from the S0 

geometry to that of the S1 state. Yet, this feature varies from molecule to molecule. MBP has 

the most apparent such feature, with the electron configuration for S1 being lower in energy 

than the configuration for S0 by 0.5 eV. In contrast, AZA4 and PYR3 have calculated CASPT2 

excited states in close agreement with the states optimized with SF-TD-DFT (Table S3). 

Notably, the latter are also the compounds with no spin-contaminated states at the optimised S1 
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geometry according to the SF-TD-DFT calculations, and they exhibit no reversal in the energy 

ordering of the S0 and S1 states (S1 is about 0.4 - 0.5 eV higher than S0). This indicates that 

AZA4 and PYR3 are able to avoid the CI, which suggests that it should be possible to design 

(hetero)pentalenes that do not decay from the S1 state via a CI to the S state. Of the two 

borazapentalenes with suitable E(S1a)/E(T1a) ratios for SF, only BORAZA8 which has pure 

spin states, suggesting that its optimal S1 geometry is located away from a CI between S1 and 

S0. 

As observed above, four bulky substituents placed at 2-, 3-, 6-, and 7-positions can force 

the molecule in S1 to keep a bond length alternate structure with long C-C bonds between the 

C atoms with the bulky substituents as in S0. However, the CI region is still available as it is 

primarily reached by shortening of the transannular C-C bond,47 a bond which is unaffected by 

the bulky substituents. Indeed, as shown in measurements on 1,3,5-tri(tert-butyl)pentalene, 

there are no signs of emission from the first excited state.5 Emission is only visible from higher 

excited states. Clearly, a number of different aspects must be considered when designing 

chromophores for SF usage based on pentalene cores, whilst avoiding the CI relaxation 

pathway.70 

Antiaromaticity in S0 and aromaticity in T1: Next, we assessed  which molecules have 

reduced antiaromatic character in S0, leading to increased thermal stability, and which 

molecules have Baird-aromatic character in T1, leading to increased photostability. This 

analysis is based on various computed (anti)aromaticity indicators as described above in the 

subsection on Computational tools. In brief, the analysis is based on the geometric HOMA,63,64 

the magnetic NICS57-62 and ACID,55,56 and the electronic FLU 52-54  and MCI 51 (anti)aromaticity 

descriptors. 

To facilitate the comparison of (anti)aromatic characters of differently large 

heteroareno- and bis(heteroareno)pentalenes, the geometric and electronic indices (HOMA, 
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MCI and FLU) were evaluated at the 8π-electron ring of the pentalene moiety. For the magnetic 

descriptors, this may lead to differences in the assessment of the (anti)aromatic character as the 

magnetically induced diatropic (aromatic) ring currents in the T1 states primarily involve the 

perimeters of the molecules (Figures S1-S7 and Figures S13-19). Still, there is no unambiguous 

way to determine the T1 state Baird-aromaticity in the tricyclic Class A compounds having both 

8π- and 12π-electron cycles, and the tetracyclic Class D compounds (vide infra) which in 

addition have 16π-electron cycles. Any comparison of the (anti)aromatic characters of 

differently sized polycyclic molecules will necessarily be somewhat ambiguous. 

With this uncertainty in the background, we compared the values of the descriptors 

against the correspondingly computed values of dibenzo[a,e]pentalene which is persistent at 

ambient temperature,27 thereby estimating the thermal stabilities of our pentalenes in their S0 

states. Yet, also steric bulk can stabilize the pentalene core as 1,3,5-tri(tert-butyl)pentalene is 

persistent.26 As the FLU values of monoheteroarenopentalenes in Classes A – C are larger than 

those of dibenzo[a,e]pentalene (Figure S46), while MCI, and HOMA values in the pentalene 

unit are lower, our conclusion from this comparison is that they likely will need some steric 

protection to prevent dimerizations and other reactions in S0.

The four pyridine derivatives PYR1 - PYR4 gave the most similar characteristics to 

MBP, with slightly alleviated S0 Hückel-antiaromaticity in the pentalene core compared to 

parent pentalene while the Baird-aromaticity in T1 is somewhat attenuated (Figures 5A, S1, 

S13-14, and S38-39). As seen in Figure S47, MBP and PYR1 - PYR4 in S0 have lower MCI 

and HOMA values than the parent pentalene, while the FLU values are higher. In the T1 state, 

the differences are the opposite. Yet, the S0 antiaromatic and T1 aromatic characters of the 

species with fused 5-MR heteroaromatics (FUR1 - PYRO3) depend heavily on the annelation 

pattern (Figures 5A, S2-3, S15-17, and S38-39). Clearly, annelation via the formal C-C single 

bond alleviates the S0 antiaromatic character more extensively than annelation via the formal 
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double bond of the heteroaromatic cycle (Figure 5A), which is in line with previous results.28 

Thus, when evaluated through comparison with the S0 antiaromatic character of the pentalene 

unit of dibenzo[a,e]pentalene, FUR1 - PYRO3 should be persistent at ambient temperature 

(Figure S46). However, moving to the T1 state, annelation at one of the formal C-C single bonds 

of pentalene resulted in less Baird-aromatic character in the pentalene unit than annelation at 

one of the double bonds according to all descriptors. 

Interestingly, we see a substantial correlation (R2 = 0.957) between the E(T1) and the 

(anti)aromaticity difference between the S0 and T1 states of compounds in Class A as 

determined by MCI for the pentalene moiety (Figure 5B). There are also significant correlations 

when the S0 – T1 (anti)aromaticity differences are determined by either the electronic FLU (R2 

= 0.845) or the geometric HOMA (R2 = 0.863) indices (Figure 5C-D). These findings expand 

on our previous observations that within classes of related monocyclic π-conjugated molecules, 

the energies of the lowest ππ* states can be tuned by gains in excited state aromaticity.12 

However, such correlations are absent when sets of different classes of polycyclic 4nπ-electron 

compounds are compared.43 
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Figure 5: (A) MCI values of the pentalene unit in S0 (orange squares) and T1 (blue circles) for 

the compounds in Class A and Class C in Figure 1. (B) Changes in MCI in the pentalene moiety 

in the molecules of Class A when going from S0 to T1a versus the E(T1). A larger ΔMCI(T1 - 

S0) indicates a larger gain in aromaticity upon excitation. (C) Changes in HOMA in the 

pentalene moiety in the molecules of Class A when going from S0 to T1a versus the E(T1). A 

larger ΔHOMA(T1 - S0) indicates a larger gain in aromaticity upon excitation. (D) Changes in 

FLU in the pentalene moiety in the molecules of Class A when going from S0 to T1a versus the 

E(T1). A gradually more negative ΔFLU(T1 - S0) value indicates a gradually larger gain in 

aromaticity.

With a carbon-to-heteroatom replacement at the pentalene unit itself (Class C), the 

effect on S0 antiaromaticity and T1 aromaticity depends on the type of atoms inserted. The aza-
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substitutions in the parent (di- or tri-)azapentalenes and the benzannelated AZA1 – AZA4 and 

DIAZA1 – DIAZA6 generally lead to similar T1 Baird-aromaticity of the 8π-electron 

(di)azapentalene unit when considering the MCI values as, respectively, pentalene and MBP. 

However, it is found in the NICS values and ACID plots that not all the DIAZA derivatives are 

globally excited state aromatic because DIAZA2, DIAZA4 and DIAZA6 show signs of 

diatropic (aromatic) ring currents only on the ring furthest away from the benzene moiety 

(Figures S5 and S20-21). 

Also, the C2-to-BN replacement in the pentalene moiety will, according to NICS scans, 

in most cases destroy the global diatropic (aromatic) ring currents in the T1 state (Figure S7) 

when compared to MBP. The two exceptions are BORAZA1 and BORAZA8 which keep 

global diatropic ring currents, and this is positive as BORAZA8 also has a similar E(S1a)/E(T1a) 

as tetracene (1.84 vs. 1.79, Table S2). With regard to the electronic and geometric 

(anti)aromaticity descriptors, the MCI and HOMA values for all Class C BORAZA compounds 

in their T1 states are negligible (Figure 5A, and S38, respectively), matching nonaromatic 

character. Furthermore, when the B and N atoms are in different rings (BORAZA5 - 

BORAZA10), the pentalene unit can often be separated into formal borole and pyrrole rings 

based on NICS scans (Figure S7). This indicates that the C2-to-BN replacement, despite leading 

to substantial f(S0-S1) values (Table 1), often is a too large change considering our goal to design 

excited-state aromatic SF chromophores with accessible optical transitions. Moreover, as 

borole rings have substantial antiaromatic character in S0,8 these species are possibly not stable 

thermally. On the positive side, given their relatively high excitation energy and lack of globally 

(anti)aromatic character, it is likely that these compounds will not have an accessible S1/S0 CI, 

and accordingly, not exhibit ultrafast relaxation to S0. However, a severe drawback is that the 

adiabatic energies for the S1 state lead to ratios that are much lower (most commonly 

E(S1a)/E(T1a) ~ 1.4, with the exceptions of BORAZA6 and BORAZA9 having E(S1a)/E(T1a) ~ 
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1.6, and BORAZA4 and BORAZA8, reaching E(S1a)/E(T1a) ~ 1.9 Table S2) than those from 

the ZAH approach. Thus, it is apparent that one must compute both adiabatic S1 and T1 energies 

for proper assessment of the E(S1)/E(T1) ratios of SF chromophore candidates that potentially 

are Baird-aromatic in their lowest excited states.  

Dependence of f(S0-S1) on pentalene S0 antiaromaticity: In the Introduction, we 

brought up a potential connection between lowered S0 antiaromatic character in pentalene 

derivatives and an increase in f(S0–S1). However, as seen in Figure 6, there is in general no 

correlation between the antiaromatic character in S0 and f(S0-S1), neither when using an 

electronic (anti)aromaticity indicator (Figure 6A) nor when using a magnetic one (Figure 6B). 

Although there are nonaromatic pentalene derivatives with high f(S0-S1), there are also those 

with highly antiaromatic character in S0 with high f(S0-S1), as well as nonaromatic ones with 

low f(S0-S1). This reveals that factors beyond extent of antiaromatic character in S0 influence 

the f(S0–S1) value. Hence, the hypothesis that antiaromaticity alleviation in S0 leads to increased 

oscillator strength is oversimplified.
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Figure 6: (A) The oscillator strengths for the S0-S1 transition (f(S0-S1)) versus the MCI values 

of the pentalene unit in the pentalene derivatives of Classes A and C in their S0 states. (B) The 

oscillator strengths f(S0-S1) versus the maximal NICS value for the heteroarenoannelated 

pentalenes of Classes A and C in their S0 states.

Merging of findings for SF chromophore design: The best-performing C-to-

heteroatoms and heteroarene annelations in Classes A – C with regard to (i) high oscillator 

strength, (ii) markedly aromatic character in T1 and S1, and (iii) reduced antiaromatic character 

in S0 were combined and tested. This leads to Class D pentalenes composed of 

mono(heteroareno)borazapentalenes (Figure 7A and 7B) and bis(heteroareno)pentalenes 

(Figure 7C and 7D). To be beneficial, the pentalene derivatives should, in addition to features 

(i) – (iii), also have both SF energy criteria satisfied and low probabilities for nonradiative decay 

from S1 to S0 via conical intersections. The latter was estimated via SF-TD-DFT computations 

by noticing how spin-contaminated the T1, S1 and S0 states are at the S1 geometry; we argue 
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that those with spin-contaminated states have easy access to CIs. For the Class D species, we 

discuss in order; the f(S0-S1) values, the E(S1)/E(T1) ratios, and their S0 antiaromatic and T1 

aromatic characters. 

Figure 7: Pentalene derivatives with annelations that lead to increased oscillator strength f(S0-

S1). (A) Borazapentalenes based on BORAZA1 derivative, fused with 5-MR heteroarenes, (B) 

Borazapentalenes based on BORAZA8 derivative, fused with 5-MR heteroarenes, (C) 

bis(heteroareno)pentalenes (nomenclature as in shown in the figure), with pyridine as the other 

heteroareno compound, and (D) bis(heteroareno)pentalenes. The X in the first part of the 

compound name signifies O (labelled FUR) or NH (labelled PYRO), while Y signifies S 
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(labelled THIO) or NH (labelled PYRO) as the corresponding annelations in the second part 

of the compound label. (E) MCI value of the pentalene unit for the compounds in panel A. (F) 

MCI value of the pentalene unit for the compounds in panel B.  (G) MCI value of the pentalene 

unit for the compounds in panel C. (H) MCI value of the pentalene unit for the compounds in 

panel D.

The calculated f(S0-S1) values of Class D pentalenes are in some cases significantly 

larger than that of MBP, with up to a factor of 90. Thus, they reach 67% of the value of 

pentacene. The most notable increases are found when the modifications that lead to large f(S0-

S1) in Classes A and C are combined. On the other hand, the f(S0-S1) values are reduced for 

some of the mono(heteroareno)borazapentalenes when compared to the 

monobenzoborazapentalenes (e.g., BORAZA1) as seen in Figure 7A. For the BORAZA8 

derivatives, we observe increased oscillator strengths compared to the parent compound for the 

thiopheno and pyrrolo annelated one, while furano derivatives have lower f(S0-S1) values. 

Moving to the bis(heteroareno)pentalenes, they have higher computed f(S1-S0) than the 

mono(heteroareno)pentalenes of Classes A – C (Tables 1 and S3). Especially unsymmetrical 

annelations of the 1-3’ and 3-1’ type (Figures 7B and 7C) lead to increased oscillator strengths. 

However, and to no surprise, the symmetry achieved through the 3-3’ and 1-1’ annelation 

patterns leads to negligible f(S0-S1) values. Here, the negligible f(S0-S1) values of the 3-3’-

ZPYR compounds (with Z = FUR, PYRO or THIO) may seem contradictory as the 

compounds are unsymmetric because of the size difference of the two annelated rings (one 5-

MR and one 6-MR). Yet, as 3-3’ annelation leads to similar distortions of HOMO and LUMO 

they are localized at the same parts of the molecule, whilst 1-3’ annelations leads to distortive 

effects in different directions, leading to increased f(S0-S1) irrespective of ring size. 
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Regarding the 2 ≤ E(S1)/E(T1) criterion, none of the mono(heteroareno)boraza-

pentalenes based on BORAZA1 annelated in 2-position (Figure 7A) satisfy this according to 

the ZAH approach due to high energy of the S1 and T1 states (Table S3). This leads to low 

E(S1v)/E(T1a) ratios (Table S3), and indicates that these substitution patterns are worse than 

those of compounds in Classes A and C. Conversely, annelations in the 1- and 3-positions lead 

to fulfilment of the SF energy criterion according to the ZAH approach. Yet, the increase in 

f(S0-S1) for these annelation patterns is negligible when compared to their non-BORAZA 

equivalents. However, all of the heteroannelated BORAZA8 derivatives satisfy the energetic 

criteria for SF according to the ZAH approach, and those annelated at the 1- and 3-positions 

also satisfy them, as calculated with adiabatic S1 energies (Table S5). This suggests that the 

BORAZA8 derivatives are suitable candidates for future synthetic efforts, although the E(T1) 

is slightly too small for silicon-based SF. 

The bis(heteroareno)pentalenes FURPYR, FURTHIO and PYROTHIO barely 

maintain the ZAH scheme SF criterion (see Table S3), and their E(T1) are mostly low 

(approximately 0.6 - 0.8 eV). Hence, they are below what is applicable together with today’s 

crystalline silicon (c-Si) solar cells. The exceptions are the two FURPYR species with 

calculated E(T1) of 1.05 - 1.08 eV. However, when the adiabatic ratios are calculated, the SF 

criterion is far from satisfied because all bis(heteroareno)pentalenes have E(S1a)/E(T1a) ratios 

in the range 1.1 - 1.4 (Figure S51). Furthermore, these compounds show spin-contaminated S0, 

S1, and T1 states with SF-TD-DFT optimisation of S1. This entails a nearby conical intersection 

and put doubt on the validity of the calculated adiabatic S1 energies. The expectations are the 

ZPYR compounds, which show no spin-contaminated states. 

The compounds in Class D are all less S0 antiaromatic than MBP, in line with what 

applies to dibenzo[a,e]pentalene. With regard to the (anti)aromatic character of the ZBORAZA 

compounds, they are nonaromatic in both S0 and T1 based on MCI (Figure 7D), with variation 
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in the degree of aromaticity based on (anti)aromaticity index considered. Indices like NICS 

(Figure S9) and HOMA (Figure S44) show diminished excited-state aromatic character for the 

ZBORAZA compounds. Such low excited state aromatic character casts doubt on the 

suitability of the borazapentalenes as chromophores for SF applications as they may not exhibit 

sufficient photostability. In contrast, the bis(heteroareno)pentalenes in their T1 states maintain 

(diminished) Baird-aromatic characters in the pentalene cores when analysed with various 

(anti)aromaticity descriptors (Figures 7E-F, Figures S8, S10-12, and S29-37). Conversely, two 

one-bond to one-bond annelations in the form of the 2-2’ annelation (Figure S52) renders the 

molecules nonaromatic in S0, but also not Baird-aromatic in T1. Similar results are found with 

the 2-1’ and 2-3’ annelation patterns, and as such were not investigated. 

Taken together, the bis(heteroareno)pentalenes show increased f(S0-S1) values, although 

the oscillator strengths are still rather modest. Moreover, they maintain some Baird-aromatic 

character in their T1 states, but given that the adiabatic ratios are significantly below 2 (in the 

range 1.2 – 1.4), this indicates that these compounds are unsuitable as SF chromophores. 

Conclusions and Outlook

To conclude, heteroatomic analogues of mono- and dibenzopentalenes were studied in order to 

find a way to overcome the symmetry-forbidden nature of the S0 – S1 transition, which can 

benefit future applications in singlet fission photovoltaics. By introducing heteroatoms and 

thereby lowering the symmetry of the compounds, the distribution of the frontier molecular 

orbitals is changed, and accordingly, the oscillator strengths of the S0–S1 transitions were 

increased. At best, a computed oscillator strength of this transition which is two thirds that of 

pentacene, a well-established SF chromophore, is achieved. Overall, we reveal the possibility 

of carbon-to-heteroatom replacements to increase the allowedness of the transition to the first 

singlet excited state of pentalene-based chromophores. One may postulate that substituents can 
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be used to tailor this feature further. Substituents will likely also be needed to stabilize the 

mono(heteroareno)heteropentalenes, while the bis(heteroareno)heteropentalenes could be 

stable at ambient temperatures based on a comparison of their S0 antiaromatic characters with 

those of pentalene, monobenzopentalene and dibenzo[a,e]pentalene.

However, their potential in singlet fission photovoltaics applications for increased solar 

cell efficiency is diminished due to their significant geometric relaxation after excitation to the 

S1 state. Only a very small number of heteropentalenes (one class of 

heteroarenoborazapentalenes) were identified with E(S1)/E(T1) ratios that resemble that of 

tetracene when fully based on adiabatic energies. This, in conjunction with both the modest to 

moderate oscillator strengths compared to other chromophores, and the presence of accessible 

conical intersections leading from S1 to S0 and rapid non-radiative decay, is not promising. 

Thus, the prospect of using pentalene-based molecules as SF chromophores is rather bleak. 

Although this is a negative finding, it can pave the way to other related compound classes with 

more suitable properties to function as SF chromophores. The pentalene derivatives explored 

here may instead be useful for other optoelectronics applications. 

On the general side, we find that computational screening of potential SF chromophores 

that can be Baird-aromatic in their S1 and T1 states must be based on both adiabatic S1 and T1 

energies. Through our study we thereby pinpoint a severe drawback of molecules that are 

strongly Hückel-antiaromatic in S0 and strongly Baird-aromatic in T1 and S1 because the large 

relaxation energy in S1 renders them unsuitable as singlet fission chromophores. More modest 

antiaromatic character in S0 and aromatic character in S1 and T1 should be desirable if they are 

to function in singlet fission photovoltaics. 
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Computational Methodology

Geometry optimisations were performed with Gaussian 16,71  using M06-2X hybrid functional 

with the def2-TZVPD basis set,72,73  and the observation of vibrational frequencies shows these 

structures as minima. TD DFT calculations were performed from the optimised S0 structures to 

get vertical excitation energies, and the optimised ground state structures were used as initial 

guesses for the T1 geometry optimisations. Geometry optimisations of adiabatic S1 states (S1a) 

were performed with SF-TD-DFT applied in the ORCA software,74-78 using M06-2X hybrid 

functional with the def2-TZVPD basis set.72,73 Results with M06-2X functional were compared 

with results obtained from BHHLYP functional and were comparable. Geometry optimization 

with CASSCF at CASSCF(12,12)/ANO-RCC-VTZP level was performed with the 

implementation in the OpenMolcas Software,79-83 and further evaluated at single point 

CASPT2/ANO-RCC-VTZP level.

Aromaticity was assessed using the geometric Harmonic Oscillator of Aromaticity 

(HOMA) 63,64 index, the magnetic Nucleus Independent Chemical Shifts (NICS) 57-62 and 
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Anisotropy of Induced Current Density (ACID) 55,56 descriptors, and the electronic fluctuation 

(FLU) 52,53,54 and multicenter (MCI) 51 indices to assess the degree (anti)aromatic character. 

Computations of NICS was carried out using the NICS-XY scan methods with NICS(1.7)πzz in 

which NICS values are probed along a path at distance 1.7 Å above the molecular plane. The 

HOMA were calculated based on the definition. The NICS(r)πzz values were generated with the 

Aroma package, which can generate the saturated structures to separate the σ-skeleton’s 

contribution. In the excited state calculations, we used the ground state contribution of the σ-

skeleton. ACID plots were generated with the AICD program, and MCI and FLU computed by 

the EDI-3D program package.  These aromaticity analyses were carried out at the M06-

2X/def2-TZVP level.
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