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ABSTRACT: Singlet fission converts one photoexcited singlet state to two triplet excited 

states and raises photoelectric conversion efficiency in photovoltaic devices. However, 

only a handful of chromophores have been known to undergo this process, which greatly 

limits the application of singlet fission in photovoltaics. We hereby identify a recently 

synthesized diazadiborine-pyrene ((BN)2-pyrene) as a singlet fission chromophore. 

Theoretical calculations indicate that it satisfies the thermodynamics criteria for singlet 

fission. More importantly, the calculations provide a physical chemistry insight into how 

the BN substitution makes this happen. Both calculation and transient absorption 

spectroscopy experiment indicate that the chromophore has a better absorption than 

pentacene. The convenient synthesis pathway of the (BN)2-pyrene suggests an in situ 

chromophore generation in photovoltaic devices. Two more (BN)2-pyrene isomers are 

proposed as singlet fission chromophores. This study sets a step forward in the cross-link 

of singlet fission and azaborine chemistry.  
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Singlet fission (SF) is a photophysical process that fissions one singlet exciton, 

generated by absorbing one photon, into two triplet excitons.  ,   With the doubled number 2 3

and the longer lifetime of triplet excitons, SF provides an avenue to enhance the 

maximum photoelectric conversion efficiency for single-junction devices from the ~30% 

Shockley-Queisser limit to ~45%.   The promising application of this phenomenon in 4

organic photovoltaics (OPV) rekindled extensive research interest in this subject in the 

past decade.  -   In a simplified description, SF occurs within two adjacent chromophores: 5 6

where  ( and ) stands for the singlet ground state (the lowest singlet and triplet excited 

states).  is a pair of triplet states that are coupled to form an overall singlet. Its generation 

is an internal conversion process, with a time scale as short as sub-ps.4,5 In the second 

step,  is decoupled by weak spin-dependent interactions to independent triplets (), with a 
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~s time scale.  ,   In solids or oligomers of chromophores, the photogenerated singlet 7 8

exciton can be delocalized over several chromophores  ,   and the triplet-pair can migrate 9 10

apart before losing their spin coupling.   11

To have thermodynamically favorable SF, chromophores should satisfy the 

exoergicity conditions: 

  Equation 1 

   Equation 2 
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which drive the -to-2 fission and prevent the reverse 2-to-, -, and - fusions.  -   12 13

Furthermore, the  inequality makes the -to- intersystem crossing (ISC) 

thermodynamically unfavorable. The ISC is followed by the efficient -to- decay (Kasha’s 

rule  ) and results in one  exciton. It is detrimental for SF. However,  and  usually involve 14

- excitations and according to El-Sayed’s rule,   ISC between them is slow. Therefore,  is 15

a weaker requirement than . Due to the rapidity of geometry relaxation, all energies in the 

two equations are of optimized structures of the corresponding states and ideally include 

zero point energy (ZPE) corrections. Since the lowest quintet state  of a chromophore 

molecule usually has higher energy than  and , Eq. 2 can be omitted. Eq. 1 is the only 

thermodynamic criterion for SF chromophores to meet. Unfortunately, only a handful of 

molecules are known to satisfy the inequalities. They include tetracene,5 pentacene,4,   16
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some of their derivatives,6,16,  -   perylenediimide,  ,   and some polyenes.  -   Currently, 17 18 19 20 21 22

SF research has been “overwhelmingly limited” to tetracene and pentacene.12 This 

limited arsenal of chromophores greatly hinders the advancement of SF research and 

motivates us to seek new and alternative chromophores that satisfy the criterion. 

 A series of theoretical studies have clarified that only molecules with non-

negligible diradical character and negligible tetraradical character satisfy the 

inequalities.  -   Tuning diradical character is hence a viable way to design new, non-23 24
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acene-based SF chromophores. 1,3-diphenylisobenzofuran was the first successfully 

designed chromophore following this strategy and it does exhibit SF behavior.  -   25 26

Another emerging class of SF chromophores, non-polycyclic thienoquinoid compounds, 

were also proposed based on this idea.   Small chromophores are especially attractive for 27

OPV application because of the potentially high exciton density that they bring. In the 

past five years, several small chromophores with about 10 nonhydrogen atoms were 

proposed based on theoretical studies.  -   However, their existence remains only on 28 29

paper. Here we identify a recently synthesized diazadiborine-pyrene (1, see Figure 1(a)) 

as a promising small SF chromophore.    30

The development of new synthetic techniques for preparing BN-doped polycyclic 

aromatic hydrocarbons (PAH) and significant improvements observed for their resulting 

optoelectronic properties have made azaborine chemistry a thriving field over the past 
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two decades.  -   Being donor and acceptor, respectively, sp2 N and B exert the 31 32

captodative effect to the carbon fragment that they sandwich and stabilize its radical 

character.   Therefore, CC replacement by a BN unit is an efficient way to enhance 33

diradical character of a  system, thereby making it satisfy the SF inequalities. Although 

there have been theoretical studies in designing SF chromophores based on BN 

embedded conjugated systems,42,  ,   1 represents the first synthesized example. Its 34 35

pyrene core has 16 nonhydrogen atoms, two fewer than tetracene, the smallest known 

molecule to satisfy the requisite inequalities. Quantum chemistry calculations are 

performed to show that 1 satisfies the energy inequalities and, more importantly, explain 

why so. The advantages of using 1 as SF chromophores are discussed. Especially, the 

large transition dipole moment between the ground and the first excited state is confirmed 

by transient absorption spectroscopy. In addition to molecule 1, through quantum 

chemistry calculations, two previously unknown diazadiborine-pyrenes are proposed as 

potential SF chromophores.  
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Figure 1. (a) The diazadiborine-substituted pyrene 1 in resonance between a pyrene-like 

closed-shell and a diradical structure; (b) HOMO and LUMO of 1; (c) conversion of the 

diradical structure to closed-shell structure in unsubstituted pyrene. Black, cyan, dark 

green, and white spheres represent C, N, B, and H atoms. The red and blue lobes 

represent the opposite phases of the molecular orbitals. The green arrow in the LUMO 

plotting indicates the direction of the -to- transition dipole moment. 

 Quantum Chemistry Calculations for 1. Technical details of our Density 

Functional Theory (DFT) and General Multi-Configurational Quasi-Degenerate 

Perturbation Theory (GMC-QDPT) calculations are given in the end of this letter. The 

calculated low-lying excitation energies of 1 (R = H) are summarized in Table 1. They are 
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obtained by adding (TD)DFT ZPE-corrections to GMC-QDPT excitation energies. Both  

and  are dominated by HOMO-to-LUMO 1-electron excitation. The ZPE-corrected Eabs() 

and Efluo() are 2.24 and 2.13 eV, corresponding to 554 and 582 nm wavelengths. Their 

excellent agreements with the experimentally observed wavelengths of 562 and 573 nm 

for 1 (R = mesityl (Mes), in THF) in Ref. 45 corroborate the accuracy of our calculations. 

Note that we have set R = H in Figure 1 to simplify the calculations, while the 

experimental wavelengths were obtained for 1 with R = Mes. Time-dependent (TD)DFT 

calculations show that the R = H by R = Ph replacement results in only a 0.02 eV change 

in E(). All our reported quantum chemistry results are obtained from gas phase single 

molecule calculations. A test (TD)DFT calculation for the Eabs() using the conductor-like 

polarizable continuum model   to describe the solvent effects of THF shows that the 36

solvent only shifts the energy from the gas phase value by 0.001 eV. The insignificant 

solvent effects allow us to compare our gas phase GMC-QDPT excitation energies with 

the experimental values obtained in THF. The ZPE-corrected minimum-to-minimum 

E00() and E00() are 2.20 and 1.03 eV. They satisfy Eq. 1, with E00() – 2E00() = 0.14 eV. 

This excess energy is convenient, as it gives some room for bathochromic shifting of E() 

when 1 is dissolved in solvents, embedded in host materials, or forms a crystal.  is 

dominated by HOMO−1-to-LUMO 1-electron excitation. E00() > E00() by 0.17 eV and 

satisfies Eq. 1. Given that (BN)2-pyrene 1 satisfies both inequalities in Eq. 1, it can 

therefore be considered a previously unknown and synthetically viable SF chromophore. 
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Likewise interesting is the 1.18 eV ZPE-corrected vertical E() calculated at the  

structure, twice of which is larger than the 2.24 eV Eabs() by 0.12 eV. The calculated bond 

lengths indicate that the -to- and -to- structural reorganizations are in the same direction 

(see Section S1 in the Supporting Information (SI) for details). For a dimer of 1, 2E() > 

E() at the vertical structure, 2E() < E() at the respective optimized structures of the two 

states, and the two states relax their structures in the same direction. All these three 

factors together imply that the potential energy surfaces of the single- and the double-

excitonic states cross when the dimer relaxes its structure after photoexcitation (see 

Figure S2 and the relevant discussion in SI). As demonstrated by Figure 3(A) in Ref. 28 

and the relevant discussion therein, such a crossing in the forward region of the 

reorganization is beneficial for efficient SF. 

Table 1. Quantum chemistry calculation results of the promising SF chromophores in this 

work. All energy quantities are in given eV. All states’ energies except E00()s are relative 

to the ground state energy at ground state optimized structure of the respective molecules. 

E00()s are relative to the ground state energy of 1. Symmetry labels are given beside the 

structure and energies when needed. 

1, C2h 1’, C2v 2, C2h 3, C2h

nLUNO, nLUNO+1 0.17, 0.07 0.34, 0.11 0.11, 0.09 0.16, 0.09

HOMO-LUMO gap 2.52 2.13 2.94 2.92

E00()† 2.20, 1Bu 2.12, 1A1 2.48, 1Bu 2.72, 1Bu

E00() 1.03, 3Bu 0.48, 3A1 1.25, 3Bu 1.29, 3Bu
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† The subscript “00” indicates a minimum-to-minimum excitation energy with ZPE 

corrections of the ground and the excited states. § The subscripts “abs”, “fluo”, and 

“phos” indicate vertical absorption, fluorescence emission, and phosphorescence energies 

calculated at optimized structures of respective initial states, , , and . They all contain 

ZPE corrections. # TDDFT calculated transition dipole moment for vertical -to- 

excitation. 

Having identified 1 as a new type of SF chromophore, we turn our attention to 

understanding why this is the case. In doing so, we can generalize this strategy and 

propose a family of (BN)2-pyrene SF chromophores, instead of just one. The reason 

compound 1 satisfies Eq. 1 is clear upon examining the highest occupied and lowest 

unoccupied molecular orbitals (HOMO and LUMO) plotted in Figure 1(b). The HOMO 

fragment of the five C atoms (numbered in the figure, termed C1-C5 below) between N 

and B resembles the nonbonding singly occupied MO (SOMO) of the pentadienyl 

radical. This fragmental orbital is stabilized through a bonding interaction between C5 

E00() – 2E00() 0.14 1.16 –0.02 0.14

E00() 2.37, 3Ag 1.78, 3B1 3.29, 3Ag 2.83, 3Ag

Eabs()§ 2.24 2.20 2.62 2.82

Efluo()§ 2.13 2.11 2.43 2.68

Ephos()§ 0.83 0.42 1.10 1.15

E00() rel. to 1 0.00 0.29 -1.28 -1.38

d01 (a.u.)# 1.97 1.72 1.71 1.89
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and the adjacent B acceptor. Therefore, the HOMO of 1 can be viewed as an 

antisymmetric combination of two B-stabilized pentadienyl SOMOs. The LUMO 

fragment of C1-C5 also resembles the pentadienyl SOMO. The minute bonding 

interaction between C1 and C2 results from the antibonding interaction between C1 and 

the adjacent N donor, which polarizes the C1  atomic orbital towards C2. Therefore, the 

LUMO of 1 can be viewed as a symmetric combination of the two N-destabilized 

pentadienyl SOMOs. The primarily nonbonding character of HOMO and LUMO is 

consistent with the small structural difference in the  and  states (≤ 0.02 Å in all bond 

lengths, see Figure S1 in SI) and the associated small Stoke’s shift (0.04 eV from spectra 

recorded in THF; also see Figure 2(d) below) between the -to- absorption and the -to- 

fluorescence. There is no substantial gain or loss of bond strength in the transition. 

The B-stabilization and N-destabilization opens the HOMO-LUMO gap from 0 of 

a true diradical with two pentadienyl fragments to 2.52 eV in 1, compared to the 3.81 eV 

gap in the unsubstituted pyrene. The smaller HOMO-LUMO gap leads to a larger 

occupation number in the lowest unoccupied natural orbital (LUNO), nLUNO = 0.17, vs. 

0.10 in pryene. Except for molecules with strong ionic character, a small HOMO-LUMO 

gap correlates with a large nLUNO. The larger nLUNO clearly indicates more significant 

diradical character in 1 compared to pyrene.34,35 For all structures discussed in this work, 

the highest occupied and the lowest unoccupied natural orbital (HONO and LUNO) 

resemble HOMO and LUMO, respectively. With the significant increase in diradical 

!  14



character, the diazadiborine substitution has converted pyrene, whose E00() = 3.37 eV   < 37

2E00() = 2 × 2.09 eV  , to a molecule that satisfies E00() > 2E00(). 38

The diradical character of 1 is demonstrated by the resonance structure in Figure 

1(a), in which the two pentadienyl radical fragments are highlighted in blue. This is a 

typical case of captodatively enriched diradical character: each pentadienyl radical 

fragment is sandwiched and stabilized by a B acceptor and a N donor. The idea of using 

BN substitution to design SF chromophores42 is realized in 1. Very importantly, the odd 

(C1,3,5) positions of the pentadienyl fragments, where the SOMOs are mainly 

distributed, are not in contact. If the odd positions are in contact, there will be an overlap 

between the two SOMOs, forming a bonding HOMO and an antibonding LUMO and 

enlarging the HOMO-LUMO gap. Such a covalent interaction inevitably reduces 

diradical character and makes a molecule less likely to satisfy Eq. 1. Likewise 

importantly, the odd positions are not in contact with the central vinyl fragment, 

otherwise, similar covalent bonds between the radicals and the two central C atoms will 

occur, resulting in two hexatriene moieties and reducing diradical character. 

The significance of the azaborine substitution can also be seen by embedding the 

dipentadienyl diradical resonance structure in the unsubstituted pyrene. As shown in 

Figure 1(c), such a resonance structure leaves a hexatriene moiety at the center, which 
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can rearrange to a hexadienyl diradical with two unpaired electrons at the two ends and 

form π bonds with the unpaired electrons of the pentadienyls. The result is the typical 

closed-shell structure of pyrene. The rearrangement of the hexatriene moiety is an easy 

process since no formal charges are needed. The diradical character in pyrene is hence 

diminished. On the contrary, a similar rearrangement in 1 requires adding formal charges 

+1 and −1 to N and B, respectively (Figure 1(a)). Such a counter-electronegativity formal 

electron transfer from N to B mitigates the dominance of the pyrene-like closed-shell 

structure and enhances the diradical character in 1. 

Potential advantages of utilizing 1 as a SF chromophore. Compared to the 

most intensely investigated chromophore pentacene,1,2 which is the “champion” of SF,   1 39

features the following advantages. 1 was first synthesized as an effective fluorophore and 

features a large -to- transition dipole moment (d01). The TDDFT calculated d01 magnitude 

is 1.97 a.u. (atomic unit), more than twice that calculated at the same level of theory for 

pentacene (0.92 a.u.). Therefore, the low absorptions problem of acene-based SF 

chromophores, which limits the efficiency of SF-based solar cells,   is alleviated by 1. 40

The complication of introducing a separate absorber layer and connecting it to the SF 

sensitizer   can be avoided. The larger d01 is attributed to the fact that the product of the 41
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HOMO and LUMO in Figure 1(b) spans over a distance of approximately two benzene 

rings (see the green arrow in the figure). In pentacene, the product points along the 

molecule’s short axis and only spans over a distance of one benzene ring (see Figure S3 

for comparison). 

!  

Figure 2. (a) Transient absorption spectrum of 1 in benzene solution, excited with 514 nm 

femtosecond laser pulse and with measured absorbance over an 8 ns delay time; (b) 

differential absorption spectra at different times after the pulsed laser excitation; (c) 

normalized transient absorption profile as a function of time measured at 775 nm; (d) 

steady-state absorbance and emission spectra of 1 for reference. 

The larger d01 is corroborated by our femtosecond transient absorption 

spectroscopy (fsTAS) in Figure 2(a). Using principle component analysis, the spectra can 
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be well described by a single excited state (i.e. ) so that the transient absorption and 

emission are both a measure of the -to- transition. This is further confirmed in Figure 

2(b), where the transient absorption profile maintains the same features immediately after 

excitation (1 ps) and at longer times (1-6 ns). The kinetics of relaxation of-to- requires 

multiple components: a 48 ps fast relaxation that we attribute to internal conversion, a 

7.76 ns lifetime (for the -to- emission), and a growth (1.3 ± 0.2 ns). The three-component 

fit is shown in Figure 2(c) and more details of the three components can be found in 

Section S3 of the SI. The growth of the  signal could potentially be explained by the 

fusion of the bound triplet pair, which is generated by SF. However, without the ability to 

monitor transient absorption of transparent films, we are unable to make this attribution 

definitively. The emission occurs at 570 nm in benzene solution, as confirmed by the 

steady emission spectrum in Figure 2(d), with a quantum yield of 0.59 ± 0.05 (see 

Experimental Details in the end of the letter). We use the  formula to calculate the 

oscillator strength f. In this formula, n is the refractive index (0.15 for benzene),  the 

quantum yield (0.59),  nm, and  = 7.76 ns the lifetime. The meanings of all the other 

symbols are well known. The f is estimated to be 0.11, from which |d01| is estimated to be 

1.44 a.u., which is in qualitative agreement with the 1.97 a.u. TDDFT value. There is no 

doubt that 1 has a larger -to- transition dipole and therefore better absorption than 

pentacene. 

Second, the 1.03 eV E00() of 1 is higher than the 0.86 eV counterpart of pentacene 

and matches the optimal ~1.0 eV band gap to maximize efficiency of a SF-based solar 

cell.1,3 The higher lying  state also enlarges the pool of available acceptors that can 
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harvest the triplet excitons,62 leads to a slower rate of triplet recombination, and increases 

open circuit voltage in such devices.12 

 Third, pentacene is well-known to be highly air-sensitive and difficult to work 

with. In contrast, compound 1 is stable for days in crystalline state under ambient 

conditions. The stability and the high E() of 1 are correlated, as the high E() reflects a not 

too much diradical character. Also, the method by which 1 is prepared facilitates a unique 

opportunity for its use as a SF chromophore. 1 can be generated in situ via elimination 

reaction of its even more air stable precursor, pre-1 (Figure 3), either photolytically (PE, 

driven by solar photons with energy >350 nm) or electrically (exciton-driven elimination, 

EDE), with the electricity generated by the photovoltaic devices themselves.45 This 

concept of in situ generation of SF chromophores may provide solutions for the 

photostability and thin-layer processing problems that plague SF-based OPV devices. 

!  

Figure 3. The pre-1 to 1 conversion through photolytic or exciton-driven elimination. 

Fourth, the core structure of 1 has only 16 non-hydrogen atoms, smaller than 

tetracene. Although the R groups attached to the B atoms increase its size, they can 

theoretically be replaced by smaller groups. The identification of 1 being a SF 

chromophore sets a step forward in seeking new, small SF chromophores. 
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Other proposed (BN)2-pyrene SF chromophores. Inspired by 1, we performed 

calculations for ten other (BN)2-pyrenes and investigated their potential of being SF 

chromophores. Since our synthetic technique is based on photolytic or thermal 

elimination reactions of benzyl-pyridyl BR2 chelate compounds to remove one R–H (e.g., 

Figure 3), we will primarily consider (BN)2-pyrenes with peripheral B atoms that have 

adjacent –CH2 groups in their pre-elimination forms. Given that molecules bearing two 

identical BN moieties are more synthetically viable targets, we limit our search to (BN)2-

pyrenes with C2h and C2v symmetries. Including 1, in total eleven C2h and C2v (BN)2-

pyrene structures were examined. Throughout this work, numeric indicators with and 

without prime (’) are used to denote C2v and C2h structures, respectively. 

1’ is the C2v symmetric counterpart of 1. Its calculated excitation energies are 

listed in Table 1. E00() > 2E00() is satisfied. 1’ possesses more diradical character than 1, 

as reflected by its nLUNO = 0.34 (double that of 1) and low E00() = 0.48 eV. Both  and  

arise from HOMO-to-LUMO excitation. The low E00() is far from the optimal ~1 eV 

band gap, and also implies a waste of energy in SF, i.e., E00() – 2E00() = 1.16 eV. The 

substantial diradical character of 1’ suggests an increased instability; DFT calculations 

indicate that it is 0.29 eV higher in energy than 1. The HONO and LUNO in Figure 4(b) 

point to the diradical resonance structure that contains an allyl and a heptatrienyl radical 

fragment that are isolated by the two BN units. The two fragments are highlighted in blue 

in the diradical resonance structure in Figure 4(a). The heptatrienyl is only in contact with 

the B-acceptors and the allyl only with the N-donors. Consequently, the HOMO of 1’ 

arises from the allyl SOMO and the B-stabilized heptatrienyl SOMO, while the LUMO 
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arises from the N-destabilized allyl SOMO and the heptatrienyl SOMO. This is different 

from 1, where HOMO (LUMO) has B-stabilization (N-destabilization) for both radical 

SOMOs. The less stabilized HOMO and less destabilized LUMO leads to a smaller 2.13 

eV HOMO-LUMO gap in 1’, and hence more substantial (too much) diradical character.  

Another problem of 1’ is its low E00() (1.78 vs. its 2.12 eV E00()), opening the 

doorway for the -to- ISC. The low E00() results from the substantial tetraradical character 

of 1’, which is reflected by its larger nLUNO+1 = 0.11, vs. 0.07 of 1; nLUNO+1 is an indicator 

of tetraradical character.34,35 The distributions of the HONO–1 and LUNO+1 amplitudes 

in Figure 4(b) point to the tetraradical resonance structure in Figure 4(a), which is 

induced by forming the sextet out of the heptadienyl radical and the central vinyl. E00() is 

significantly larger than 2E00() by 0.82 eV. 

!  

Figure 4. (a) The resonance structures and (b) the frontier natural orbitals of 1’. Radical 

fragments in (a) are highlighted in blue. 

Structure 2 has E00() = 2.48 eV and E00() = 1.25 eV. The 0.02 eV endoergicity in 

the SF of 2 is minute. We can view 2 as a chromophore candidate of having isoergic or 
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slightly endoergic SF. The diradical resonance structure of 2 is shown in the middle of 

Figure 5(a). It is favored by the formation of the aromatic naphthalene moiety. The large 

diradical character of the C fragment (not the whole molecule 2) is reflected by the small 

E00() of 0.44 eV and nLUNO = 0.28 of the 1,5-naphthoquinodimethane in Figure 5(b); it is 

a naphthalene analogue of o- or p-quinodimethane diradicaloid. Please note that p-

quinodimethane is the fundamental structure, based on which 1,3-diphenylisobenzofuran 

was designed as a SF chromophore.37-39 Both the HONO and LUNO in Figure 5(c) have 

nonbonding amplitudes at the C atoms adjacent to the N atoms, which are consistent with 

the description of the diradical resonance structure. With an additional competing 

hexaene closed-shell resonance structure (Figure 5(a)), the diradical resonance form 

naturally weights less compared to 1. This is reflected by the smaller nLUNO = 0.11 and the 

larger HOMO-LUMP gap of 2.94 eV of 2 Less diradical character corresponds to higher 

E00(), which makes the SF slightly endoergic. E00() > E00() by 0.81 eV in 2. 

!  

Figure 5. (a) The resonance structures and (b) the HONO and LUNO of 2. 
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Structure 3 is similar to 2, but with the N and B positions being swapped. With an 

identical C fragment, 3 is expected to share similar resonance structures with 2, as shown 

in Figure 6(a). The HONO and LUNO in Figure 6(b) also share similarities with the 

counterparts in Figure 5(c). A main difference in the orbitals is the significantly larger 

amplitudes at the two C atoms not within the naphthalene fragment. This suggests a 

larger diradical character in 3 vs. 2, which is confirmed by the larger nLUNO = 0.16 of 3. 

The two radical centers in 3 are adjacent to and stabilized by the B-acceptors, while in 2, 

they are adjacent to and destabilized by the N-donors. The larger diradical character 

makes 3 satisfy E00() = 2.72 eV > 2E00() = 2.58 eV. E00() > E00() by 0.11 eV in 3. 3 is a 

more promising SF chromophore than 2 not just because of its more favorable excitation 

energies. Our experience in azaborine syntheses suggests that the photolytic elimination 

of endocyclic -R2B-CH2- to -RB=CH- is more convenient than the elimination of 

endocyclic -R2B-CHR- to -RB=CR-. With a H on the C atoms adjacent to the B atoms, 3 

shall be more synthetically viable than 2. 

!  

Figure 6. (a) The resonance structures and (b) the HONO and LUNO of 3. 
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All three additional (BN)2-pyrenes that satisfy (or nearly satisfy) E00() > 2E00() 

have been discussed. Their calculated results are summarized in Table 1. They all possess 

d01s that are about twice as large as that of pentacene. Also included in the table are their 

DFT ground state energies (E00()s) relative to 1. 2 and 3 are more stable than 1 by > 1 eV, 

and their E()s are high yet not far from the optimal 1 eV. The two molecules, especially 3, 

should therefore be considered high value synthesis targets. The BN/CC isosterism and 

isoelectronicity naturally lead to the dominant pyrene-like resonance structures in the 

four substituted structures discussed above. These pyrene-like resonance structures, 

however, all contain formal charges on B and N, which mitigate their dominance. In their 

uncharged resonance structures, radical fragments can be easily identified, and the 

associated enhanced diradical characters make the four molecules satisfy the energy 

criterion. The other seven (BN)2-pyrenes, shown in Figure 7, do not satisfy E00() > 2E00() 

and are of less interest in the context of SF. Their reasons of not satisfying the inequality 

are thoroughly discussed in Section S4 of the SI. In short, they lack diradical resonance 

structures without formal charges on N and B. The most pronounced formally uncharged 

resonance structures of the seven isomers are shown in Figure 7, with the C fragments 

highlighted in colors. These resonance structures are inferred from the frontier orbitals of 

the molecules. None of the C fragments exhibit diradical character, in strong contrast to 

those shown in Figures 1, 4-6. Evidently, the significance of azaborine substitutions in 

designing SF chromophores is to isolate C fragments that have clear diradical character in 

the uncharged resonance structures. In this work, this strategy is applied to the pyrene 

!  24



pristine structure. It is very natural to apply this strategy to other pristine structures, 

which broadens the application of azaborine chemistry in photovoltaics research. 

!  

Figure 7. The seven additional (BN)2-pyrene structures that are studied in this work but 

do not satisfy E00() > 2E00(). 

In conclusion, we identify a recently synthesized diazadiborine-substituted pyrene 

(1) as a singlet fission chromophore through quantum chemistry calculations. A new 

optoelectronic function is found for this fluorophore. The (BN)2-pyrene can be viewed as 

being composed of two captodatively stabilized pentadienyl radicals. The substantial 

diradical character makes it satisfy the E() > 2E() exoergic criterion for singlet fission. 

The similar structural reorganizations in  and  of the (BN)2-pyrene and the change of the 

E() and 2E() relation in the reorganizations indicate a crossing between the single- and 

multi-excitonic states in the forward region of structural relaxation after excitation. This 

crossing is known to kinetically facilitate singlet fission. The (BN)2-pyrene features the 

following potential advantages for being a singlet fission chromophore: large absorption, 

high triplet energy, high stability, and small size of its core structure. The large transition 
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dipole moment between the ground and the first singlet excited state of the molecule is 

confirmed by femtosecond transient absorption spectroscopy. Furthermore, the 

molecule’s synthesis pathway through photolytic or electricity-driven elimination of its 

highly stable precursor suggests an in situ generation of the chromophore in an OPV 

device. We have also performed calculations for ten other diazadiborine-substituted 

pyrenes with symmetrically identical BN moieties, which have not been synthesized. 

Three appear to have enough diradical character to satisfy the exoergic criterion and have 

large absorptions. Two of them (2 and 3) are thermodynamically more stable than 1 and 

have high triplet energies. They are high value targets for future syntheses. The ultimate 

goal of this work is to crosslink the two vibrant fields of singlet fission and azaborine 

chemistry. A step forward in this direction has certainly been made. Azaborine 

compounds as singlet fission chromophores are no longer just designs on paper. 

COMPUTATIONAL DETAILS 

All calculations except the  hessian calculations are carried out using GAMESS-

US   with Dunning’s cc-pVDZ basis set.   The  hessian calculations are carried out using 42 43
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ORCA   with the same basis set. All investigated molecules have their  structures 44

optimized at the restricted DFT level,  optimized at the unrestricted DFT level,  and  

optimized at the TDDFT level. The B3LYP functional  ,   is used in all (TD)DFT 45 46

calculations. Hessian calculations are carried out for all optimized structures to confirm 

that they are minima on potential energy surfaces and give the ZPE corrections. From the 

(TD)DFT energies, we identify four structures (1, 1’, 2, and 3) that (nearly) satisfy E() > 

2E(). At their optimized structures, the General Multi-Configurational Quasi-Degenerate 

Perturbation Theory (GMC-QDPT) calculations  -   are performed to re-estimate their 47 48

excitation energies. The active space of each (BN)2-pyrene includes 10 electrons in 10  

orbitals. The highest lying 5  occupied and the lowest lying 5  unoccupied orbitals 

obtained in ground state DFT calculation are used as initial guess of the active orbitals, 

which are optimized in the CASSCF calculation in preparing reference states of the 

GMC-QDPT treatment. As an example of the active spaces, the natural orbitals of the 

ground state of 1 and their occupation numbers are shown in Figure S12 in SI. The largest 
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and the smallest occupation numbers of these orbitals are close to 2 and 0, respectively, 

indicating the adequacy of the active space. All GMC-QDPT excitation energies are 

obtained in a state-averaged manner. All discussed HOMOs and LUMOs and their gaps 

are obtained from ground state DFT calculations, while the natural orbitals and their 

occupation numbers are obtained from ground state GMC-QDPT calculations. 

EXPERIMENTAL DETAILS 

(BN)2-pyrene 1 was prepared according to a known procedure.45 Quantum yield 

of fluorescence was measured using a Hamamatsu absolute QY spectrometer 

(C11347-11). Previously,45 the QY of 1 was measured to be 27% in THF according to the 

optically dilute method while employing Ir(ppy)3 as the standard. Utilizing a Hamamatsu 

spectrometer, this value increases to 40.5% ± 5% in THF and 59.1% ± 5% in C6H6. 

Given that the absorption and emission of Ir(ppy)3 do not match those of BN-pyrene 1, it 

is expected that the QY measured according to the optically dilute method is inaccurate. 

We therefore take the values obtained by the absolute spectrometer to be correct.  

Ultrafast pump/probe spectroscopy (fsTAS) measurements were performed on an 

Ultrafast Systems Helios Fire spectrophotometer. The system is equipped with a 7 W, 

1028 nm laser, where the fundamental frequency is doubled to provide 524 nm excitation 

with pulse widths of 250 fs. A white light continuum of similar pulse width is used as a 

probe pulse to monitor the transient absorption signal. Absorption measurements are 
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recorded on a fs-to-ns timescale. Transient absorption 3D plots were processed using 

Surface Explorer and kinetics was analyzed with Origin Pro.  
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