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A B S T R A C T   

Design principles of organic fluorescent materials are investigated at the molecular level using a first-principles- 
based computational approach. The design approach incorporates hetero atoms into a conjugated cyclic skeleton 
by introducing C––P bonds. In particular we report the design of a molecular system of an extended conjugation 
system that maintains its planarity across the full system, achieving low lying electronic excited states of large 
oscillator strengths. We also present calculations that confirm the competing process of internal system crossing 
to be too slow for affecting the actual relaxation following photexcitation.   

1. Introduction 

Organic materials bear potential to advance optoelectronic applica-
tions through their biocompatibility and tunability of their optical 
properties [1–5]. In particular organic fluorescent materials are used in 
light-emitting devices, [6–9] where efforts to improve conversion effi-
ciencies are pursued [10–13]. In this direction vast efforts are directed to 
find organic fluorescents that are associated with electronic excitations 
in the IR and near IR spectral regions [14–17]. Materials properties can 
be tuned to control their emissivity including through electrical input 
[18]. To enhance the solid state emission using organic materials, 
[19–21] the design efforts tend to focus on the intermolecular forces [22, 
23]. In a more direct approach, the molecular design addresses the op-
toelectronic gap of conjugated systems [24,25]. Modification of the 
organic conjugated system can be employed to control luminescence 
properties, [26] for example, number and position of alkoxy substituents 
and alkyl chain length direct the molecular packing and consequently 
their fluorescence properties in diphenylbutadienes. However, 
employing such bottom-up perspective for the discovery of low orbital 
gap organic fluorescent materials[27] remains underutilized. 

The goal of the reported research is to delineate design principles of 
materials that exhibit enhanced photoluminescence using molecular 
level modifications. The design approach is based on doping a conju-
gated system by incorporating hetero-atoms into the conjugation skel-

eton [28–31] combined with the proper increase of the conjugation 
system. While incorporating C=P bonds appears to only marginally 
affect the photoluminescence over that of the parent conjugated mate-
rial, [31–36] some exceptions of significant photoluminescence have 
been indicated. [37–48] For example, 2-phenyl-1,3-benzoxaphosphole 
(R-BOP, in Fig. 1, where R is a phenyl group) exhibits efficient fluores-
cence while the analogous unfunctionalized molecule (R=H) appears to 
be inactive [39]. Organic materials consisting of multiple C––P bonds, e. 
g., Ph2-NBOP and BisBOP-Np molecules (also shown in Fig. 1) pre-
senting significant luminescence were also reported [40,41]. 

Recently, we have established structure-fluorescence relationships in 
organophosphorus compounds [49]. We have shown that the planarity 
of π-extended systems is essential for exhibiting bright fluorescence. In 
addition, the optical gap was shown to depend on the π-conjugation, 
decreasing with the increase of the system size. While computation ef-
forts on related P––C materials have recently been reported, [50,51] our 
approach addresses effectively singlet-triplet gaps that are essential for 
the study of quantum yields of excited state luminescence. In this work, 
we present using a computational approach design principles of organic 
materials that contain multiple C––P bonds and which are associated 
with bright fluorescence and a reduced optical gap. We choose the 
Ph2-NBOP system as the kernel compound, where we functionalize it 
with two additional BOP units at 3,7 positions of the fused naphthalene. 
This derived form is addressed below as FA-BOP (see illustrated below in 
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Fig. 2). 

2. Methods and computational approach 

The fluorescence (FL) efficiency or quantum yield [52] (Φfl) is 
determined as the relative weight of the radiative decay (kfl) of the total 
deactivation that includes non radiative processes (knr): 

Φfl =
kfl

kfl + knr

. (1)  

The lowest singlet excited state can be deactivated through non radiative 
competing processes including internal conversion to the ground state, 
energy dissipation through coupling to the molecular environment, and 
intersystem crossing (ISC) to triplet states. Here, we assume that the ISC 
dominates the non-radiative pathways within uni-molecular photo-
physics[53] as observed for solvated oligothiophenes and poly-
thiophenes [54–57]. 

The FL rate constant (kfl) is determined by a simplified and widely 
used version of the Strickler-Berg equation: [58,59] 

kfl = 0.6671
[

cm2s−1
] ν3

em

νab

n2f , (2)  

where νab and νem are the frequencies (in cm−1) corresponding to the 
absorption and emission energies, and n is the refractive index of the 
solvent, and f is the oscillator strength (OS) of the emitting excited state 
at the excited state geometry. The OS is proportional to the square of 
transition dipole moment, f∝| μ→01|

2. [60] 
The ISC rate constant (kisc) for the transition between the lowest 

singlet excited state (S1) and a triplet excited state (Tm) is obtained by 
the Marcus rate expression for a thermally activated process [61–63]: 

kisc =

⃒

⃒

⃒Vsoc
(Tm ,S1)

⃒

⃒

⃒

2

ℏ

̅̅̅̅̅̅̅̅̅̅

π

kBTλ

√

exp

[

−
(λ + ΔG)2

4λkBT

]

. (3)  

Here Vsoc
(Tm ,S1) ≡ 〈Tm|HSO|S1〉 is the spin-orbit coupling matrix element, λ 

is the reorganization energy (i.e., the energy difference of Tm state at S1 
minima and Tm minima), and ΔG is the free energy difference between 
the Tm and the S1 minima. Below we confirm that all the considered 
processes follow the normal regime of |ΔG| < λ, where the semiclassical 
limit is reliably applicable [61]. 

We use density functional theory (DFT) to calculate ground state 
properties, and the Tamm-Dancoff approximation (TDA) of the time- 
dependent DFT (TDDFT) to obtain excited states properties [64–67]. 
The range-separated hybrid (RSH) ωB97X-D functional, [68–70] which 
accounts for long-range Coulomb and dispersion interactions, and the 
6-31G(d,p) basis set are used in all calculations unless noted otherwise. 
The larger 6-311++G(d,p) basis set is used to confirm convergence of the 
excitation energy and its OS. The polarizable continuum solvation 
model (PCM) is applied with a dielectric constant 8.93 and refractive 
index 1.425 to represent the di-chloromethane solvent. The spin-orbit 
coupling elements are obtained within TDA calculations [62]. We 
employed the state-tracking algorithm to optimize the geometries of 
excited triplet states that are addressed as the acceptor states in the 
competing transition to the radiative processes [71]. All the calculations 
were performed using Q-Chem 4.4 package [72]. 

3. Results and discussion 

We first examine the absorption properties of a series of R-BOP 
systems. The S1 state of the R-BOP systems are dominated by HOMO- 
LUMO transition (H → L). As illustrated in Fig. 2, the calculated S1 en-
ergy shows the expected trend, where it decreases from 5.24 eV for H- 
BOP to 3.34 eV for Per-BOP reflecting the increased size and delocal-
ization of the π-system (see the 6-31G(d,p) values listed in Table 1). The 
OS of the S1 state also follows the expected trend, where it increases 
from H-BOP at 0.18 to Np-BOP with 1.21, but then demonstrates a 

Fig. 1. Luminescent organic materials of benzoxaphosphole derivative with 
C=P bonds (1 R-BOP, 2 Ph2-NBOP and 3 BisBOP-Np) [39–41]. 

Fig. 2. A series of R-BOP systems, in the order of increasing conjugated system. 
The considered series correspond to materials where R is hydrogen (H), ben-
zene (Ph), naphthalene (Np), and perylene (Per). Also shown is the proposed 
FA-BOP that features an extended conjugated skeleton of multiple BOP units. 
The calculated trends of the red-shifting of the excitation energy are shown by 
the black dotted line, and of the oscillator strength that is overall increased with 
the noted drop for Per-BOP by the black solid line. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 1 
Calculated absorption energies (Eab) of the lowest singlet excited state (S1), 
oscillator strengths (f) and dominant molecular orbital replacements with the 
amplitude.  

R-BOP Eab (eV)  f  MO involvement   

6-31G(d,p)  
H-BOP 5.24 0.18 H → L (0.86)  
Ph-BOP† 4.05 0.87 H → L (0.97)  
Np-BOP 3.89 1.21 H → L (0.96)  
Per-BOP 3.34 0.61 H → L (0.94)    

6–311+G(d,p)  
H-BOP 5.13 0.23 H → L (0.92)  
Ph-BOP 3.97 0.85 H → L (0.97)  
Np-BOP 3.83 1.20 H → L (0.96)  
Per-BOP 3.24 0.60 H → L (0.95)  

† The measured absorption maximum of Ph-BOP is 337 nm (3.68 eV) [39]. 
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deviation from the expected trend, where it drops for Per-BOP to 0.61. 
In considering the trend of the excited state properties shown in 

Fig. 2 the increase of the conjugation system as achieved in Per-BOP is 
not associated with the expected enhanced delocalization. We point out 
that the substitution position in Per-BOP is the same position as in the 
considered molecules in the series. For completeness we also addressed a 
structural isomer of Per-BOP, which is functionalized at other positions 
at the 3-position of Per, that is the expected chemically active position. 
See the two conformational isomers of 3-Per-BOP in SI Figure S1. As 
indicated in the Figure, the lower conformation 3-Per-BOP energy is less 
stable than Per-BOP by 2.4 kcal/mol. We relate this trend of relative 
stability to intramolecular repulsion, where 3-Per-BOP becomes non-
planner with a dihedral angle between the BOP and Per planes of around 
40∘ We also point out that the S1 state which is red-shifted by about 0.2- 
0.3 eV and with higher OS (1.28 and 1.33) compared to the Per-BOP. 

To further explain the OS trends of the low lying singlet excited state, 
S1, we consider the associated natural transition orbitals (NTOs). We 
confirm the hole and electron NTOs pair to be well delocalized in the 
case of Np-BOP. The transition dipole moment of the Np-BOP molecule 
is oriented along the long axis of the molecule from the naphthalene 
towards the BOP side. The transition moment components of Np-BOP 
and Per-BOP are listed in SI Figure S2. However, explaining the drop 
in the OS, in case of the Per-BOP, the NTOs localize on the perylene 
segment inspite of the maintained planarity (see Fig. 3). The transition 
dipole moment of the Per-BOP molecule is oriented along the perylene 
segment that is perpendicular to the long axis of the molecule con-
necting the Per to the BOP segments, explaining the drop in the OS. 

We therefore proceed to consider means for extending the π-system 
such that the first excited state (S1) remains delocalized across the whole 
conjugated system, and therefore discover potentially low gap and high 
fluorescence materials. 

In this direction of increasing the conjugation of BOP-functionalized 
molecules we consider the Ph2-NBOP and BisBOP-Np molecules intro-
duced above in Fig. 1 and which have been synthesized and character-
ized spectroscopically[40,41]. Both these systems present red-shifted 
spectra and brighter luminescence compared to that of the Ph-BOP 
system [40,41]. The absorption maximum (λabs) of Ph2-NBOP and 
BisBOP-Np is measured at 387 nm (3.21 eV) and 412 nm (3.01 eV), 
respectively. The emission peak (λem) is measured at 422 nm (2.94 eV) 
and 473 nm (2.62 eV). The spectroscopic data reveal that the λabs of 
BisBOP-Np is red-shifted by around 25 nm (0.20 eV) and 75 nm (0.67 
eV) in comparison to that of Ph2-NBOP and Ph-BOP, respectively [41]. 
The emission spectral peak of BisBOP-Np is red-shifted around 50 nm 
(0.32 eV) with respect to Ph2-NBOP and Ph-BOP (the measured emission 
peak (λem) of Ph-BOP [39] is 425 nm (2.92 eV)). 

The calculated excited states, listed in Table 2, correlate well with 
the observed spectral trends. The S1 states are found to be dominated by 
the HOMO-LUMO replacements (H → L), see listed excited state prop-
erties in SI Table S1 for the absorption spectra and SI Table S2 for the 
emission spectra. For simplicity we consider BisBOP-Np systems where 
the tert-butyl (tBu) groups are replaced by capping hydrogen. The 
calculated Stokes shifts are 0.40 and 0.56 eV for Ph2-NBOP and BisBOP- 

Np, respectively, which are only 0.2 eV larger than the measured values. 
The calculated absorption energy of BisBOP-Np is red-shifted by 0.37 
and 0.62 eV, in comparison to that of Ph2-NBOP and Ph-BOP, respec-
tively. The calculated emission energy of BisBOP-Np is red-shifted by 
around 0.53 eV with respect to Ph2-NBOP and Ph-BOP (the calculated 
emission energy of Ph-BOP[49] is 3.39 eV). The high OSs in these sys-
tems of the S1 state at the excited state geometry explain well the 
observed bright luminescence. (The minor role of the substituting group 
in BisBOP-Np is confirmed by finding that the singlet and triplet exci-
tation energies are only mildly affected by this substitution. The excited 
states of the simpler BisBOP-Np model (capping by hydrogens) are 
within 0.1 eV of those of Me-BisBOP-NP (capping by methyl groups). 
Compare excitation energies listed in SI Table S4 to those in Table 3.) 

We next consider the proposed FA-BOP that is generated by adding 
two BOP units to the central naphthalene fragment of Ph2-NBOP. Here 
we use an isomer of the synthesized Ph2-NBOP molecule addressed 
above, [40] that is found to be energetically more stable and to enable 
planarity across the system. (See the isomers illustrated SI Figure S3.) In 
FA-BOP system, four arms are added symmetrically as shown in the 
insert of Fig. 4. The computed absorption energies of the first five singlet 
excited states are presented in the SI Table S1. The S1 excitation in the 
FA-BOP system is confirmed to be of a HOMO to LUMO replacement, 
with a calculated Stokes shift of 0.51 eV. The absorption and emission 
energies of FA-BOP are red-shifted by 0.28 and 0.23 eV with respect to 
that of BisBOP-Np (Table 2). To highlight the role of the C––P doping of 
the conjugated system, we compare the excitation energy of a molecular 
system where all the C––P in FA-BOP are replaced by C––C bonds. Here 
the absorption and emission state energies are 0.3 eV higher at Eab=3.42 
eV (f=2.04) and Eem=2.92 eV, (f=2.15). 

Importantly, both the ground state and emissive state geometries in 
FA-BOP are found to maintain an overall molecular planarity. In addi-
tion, the S1 state is associated with delocalized NTOs, see Fig. 4. 
Consequently the OSs of the S1 state in both emissive and ground state 
geometries remain similar or larger than those of the other synthesized 
molecules in the series (see Table 2). The hole and electron NTOs appear 
to be delocalized across the entire FA-BOP system. Importantly the NTOs 
present the same phase on the phenyl and BOP moieties shown to the left 
side of the central naphthalene fragment, and appear to be of opposite 
phase for the other half of the molecule. Consequently, in the transition 

Fig. 3. The dominant pair of hole and electron NTOs and the transition density 
of the S1 state of (a) Np-BOP and (b) Per-BOP molecules. Isovalue used for NTOs 
plot is 0.025 and for transition density plot is 0.002. 

Table 2 
Calculated absorption (Eab) and emission (Eem) energies (eV), oscillator 
strengths (f), and fluorescence (kfl) rate constants (sec−1).  

Molecule Eab (eV)  f  Eem (eV)  f  kfl  

Ph2-NBOP  3.80 1.64 3.40 1.80 1.64× 109  

BisBOP-Np 3.43 2.15 2.87 2.29 1.39× 109  

FA-BOP 3.15 2.17 2.64 2.20 1.13× 109  

The λabs of Ph2-NBOP[40] and BisBOP-Np[41] is measured at 387 nm (3.21 eV) 
and 412 nm (3.01 eV). The λem of Ph2-NBOP and BisBOP-Np is measured at 422 
nm (2.94 eV) and 473 nm (2.62 eV). 

Table 3 
Calculated vertical energy difference (eV) between S1 and the excited triplet 
state at the S1 geometry (1ΔST), and the spin-orbit coupling element (cm−1) 
(Vsoc

Tm ,S1 ). (Additional triplet states energies are listed in the SI Table S3.).  
Triplets Ph2-NBOP  BisBOP-Np FA-BOP  

1ΔST  Vsoc
Tm ,S1  

1ΔST  Vsoc
Tm ,S1  

1ΔST  Vsoc
Tm ,S1  

T1  -1.27 0.173 -1.16 0.202 -1.04 0.150 
T2  -1.14 0.164 -0.62 0.005 -0.35 0.003 
T3  0.02 0.775 0.19 0.390 -0.26 0.087 
T4  0.22 0.779 0.82 0.469 -0.21 0.005 
T5  0.54 0.128 0.97 0.646 0.28 0.203  
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density (i.e, product of the NTOs), the positive poles (blue color) pre-
dominantly appear at the left side and the negative poles (red color) 
appear at the right side. The transition dipole moment in FA-BOP is 
strongly aligned along the axis connecting the BOP units. The calculated 
fluorescence rate constants (kfl) are listed in Table 2. The fluorescence 
lifetimes are all in the ns time scale including for the Ph2-NBOP for 
which a 1.04 ns S1 lifetime was observed experimentally [40]. 

We next address the rates of competing nonradiative ISC processes. 
We summarize the calculated energy difference between S1 and Tm 
states (1ΔST=ETm 

- ES1 ) at the emissive geometry in Table 3. See also the 
illustration of the energy alignment in SI Figure S4. Both T3 and T4 states 
of Ph2-NBOP are energetically close to the S1 (1ΔST is 0.02 eV and 0.22 
eV respectively). In the case of BisBOP-Np, only the T3 state aligns 
energetically close to the S1 state by 0.2 eV. The T2 state is significantly 
lower resulting with 1ΔST ∼0.6 eV. The T2-T5 states of the FA-BOP 
system lie within the range of ±0.35 eV to the S1 state. The key Tm 
states for the ISC are highlighted by bold font in Table 3. These states 
correspond to T3 and T4 for Ph2-NBOP, T3 for BisBOP-Np, and T5 for FA- 
BOP, and are associated with both reasonable energy alignment and 
strong coupling with the S1 state that is discussed next. 

More specifically, the calculated spin-orbit coupling (SOC) elements 
(Vsoc

Tm ,S1 ) between the S1 and Tm states are listed in Table 3. The calculated 
SOC values tend to be small due to the symmetry of the states which are 
of the same character (3ππ∗) as of the S1 state (1ππ∗) reflecting forbidden 
transition following El-Sayed’s rules [73,74]. This trend is in contrast, 
for example, to sulfur-doped heterocyles (thiophene based systems), 
where the transition between ππ∗ and πσ∗ state is associated with larger 
SOC values (> 1 cm−1). The larger SOC is attributed to the geometrical 
distortion out of planarity due to the thiophene rings in the excited states 
[57]. The SOC value for both T3 and T4 states in Ph2-NBOP is ∼0.78 
cm−1, larger than for all other low energy states. In BisBOP-Np system 
the SOC value for T3 state of 0.39 cm−1 is significantly larger than for the 
lower states, and where the higher states can be of even larger SOC but 
also with at least 0.8 eV higher energies. In the case of the FA-BOP 
system, the SOC value for the T5 state, that is of energy that is only 
0.2 eV higher than that of S1, is 0.20 cm−1 The SOC values for T2, T3 and 
T4 states in FA-BOP are negligible, while the T1 is lower in energy by 

over 1 eV and therefore not relevant for ISC. The next state, T6, is of high 
SOC with the S1 but is of significant higher energy (0.7 eV) and therefore 
is not expected to play a role in the photophysics of the system. There-
fore, the S1→ T3 and S1 → T4 in Ph2-NBOP, S1→ T3 in BisBOP-Np and 
S1→ T5 in FA-BOP are the most important ISC channels. 

We now consider the kisc rates of the identified key transitions 
following the Marcus theory (Eq. (3)). The calculated energy parameters 
listed in Table 4 confirm that all the processes fall in the normal regime 
justifying the use of the semiclassical limit. For the S1 → T3 channel of 
Ph2-NBOP system ΔG < 0 (downhill transition), whereas it is positive 
(uphill transition) for the S1→ T4 channel. The calculated ISC rate con-
stant for S1→ T3 channel (2.12×108 s−1) is larger than that for S1→ T4 
channel (2.90×107 s−1). The ISC rate constant for the S1→ T3 channel 
(2.35×107 s−1) in BisBOP-Np is slower than for Ph2-NBOP reflecting the 
SOC values. In the case of FA-BOP system, the ISC for S1 → T5 channel 
(1.42×105 s−1) is much slower compared to the others due to small SOC 
and uphill transition (ΔG > 0). Importantly, in all the cases the ISC rate 
constants are significantly smaller than the fluorescence rate constants 
consistent with the observed bright fluorescence for Ph2-NBOP and 
BisBOP-Np, and establishing a prediction of high fluorescence for FA- 
BOP. 

4. Summary and concluding remarks 

We consider doping conjugated skeletons by C=P bonds to achieve 
materials of reduced optical gap and high OS. We first benchmark our 
calculations of the luminescence properties by considering organic 
materials containing multiple benzoxaphosphole units, Ph2-NBOP and 
BisBOP-Np molecules, which were successfully synthesized and 
analyzed spectroscopically [40,41]. Here we design a molecular conju-
gated system of multiple C––P bonds, the FA-BOP molecule, that is 
predicted to present strong luminescence and smaller optical gap than 
the parent materials. The FA-BOP consists of four-arms functionalizing a 
central naphtobisoxaphosphole (NBOP) unit with phenyl and BOP 
moieties. 

Our calculations of R-BOP molecules confirm the expected trend, 
where increase of the conjugated skeleton lowers the gap while 
enhancing the OS. Here Per-BOP presents departure from this trend due 
to the localization of the electronic density. FA-BOP, the designed 
molecule, on the other hand, by preserving planarity is predicted to 
present a reduced optical gap and the highest OS of the molecules within 
the series. The calculated fluorescence rate corresponds to ns scale in 
lifetime. We also find that the potentially competing ISC rate is signifi-
cantly smaller than the fluorescence rate. Ultimately, we predict that FA- 
BOP can function well as a molecular building block for polymers or 
covalent organic frameworks that may benefit light-emitting applica-
tions. This work represents a design approach to systematically achieve 
low-gap organic materials exhibiting enhanced fluorescence. 

Supporting Information 

Supplementary information of the consider molecular isomers Ph2- 
NBOP and FA-BOP, excited state properties and excited state energies, 
and vertical energy difference and electronic coupling. The atomic co-

Fig. 4. The dominant pair of hole and electron NTOs and the transition density 
of the S1 state of FA-BOP system. Isovalue used for NTOs plot is 0.01 and for 
transition density plot is 0.0007. 

Table 4 
Calculated intersystem crossing rate constants (kisc in sec−1) along with the 
relevant energy parameters Vsoc

Tm ,S1 (cm−1), ΔG (eV), λ (eV).  
Molecule S1→ Tn  Vsoc

Tm ,S1  ΔG  λ  kisc  

Ph2-NBOP  S1→ T3  0.775 -0.503 0.525 2.12× 108   

S1→ T4  0.779 0.034 0.186 2.90× 107  

BisBOP-Np S1→ T3  0.390 -0.119 0.306 2.35× 107  

FA-BOP S1→ T5  0.203 0.136 0.148 1.42× 105   
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ordinates of the studied molecules are also provided. 
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