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A B S T R A C T

Heavy‐atom‐free triplet photosensitizers (TPs) have attracted much interest due to the applications in triplet–-
triplet annihilation (TTA) and photodynamic therapy. Recently, several nitrobenzoxadiazole (NBD) derivatives
have been reported to generate singlet oxygens. However, the mechanistic understanding of the intersystem
crossing (ISC) process has not been studied, resulting in a lack of rational design strategies for creating effective
TPs. Based on DFT and TD‐DFT calculations, we found that the replacement of donor group
(methylamino → methoxyl) and the heteroatom (oxadiazole → triazole) could induce a significant change in
the nature of triplet excited states in comparison to that of the single excited states, and thus enable substantial
spin‐orbital couplings for efficient triplet conversions. We expect that modifying the electronic properties of the
triplet excited states through donor/heteroatom substitution is a promising method for creating heavy‐atom‐
free TPs in many chemical families of fluorophores.
1. Introduction

Organic fluorophores with readily accessible triplet excited states
have been widely used in various applications, such as organic semi-
conductors [1], thermally activated delayed fluorescence (TADF) [2],
phosphorescent bioimaging [3], room temperature phosphoresce
(RTP) [4,5], triplet–triplet annihilation (TTA) for photon upconversion
[6], and photodynamic therapy [7–9]. Among various triplet sensitiz-
ers, heavy‐atom‐free triplet photosensitizers (TPs) are highly attrac-
tive, owing to their low toxicity, low costs, excellent light
absorbance, and long‐lived triplet excited states [10]. Yet, rational
design guidelines for creating effective heavy‐atom‐free TPs remains
lacking.

Through structural modifications, conventional fluorophores are
often adopted in the molecular engineering of heavy‐atom‐free TPs.
For example, xanthone derivatives were reported to have a significant
triplet formation yield (>0.5) [11,12]. Ketocoumarins possessed a
high singlet oxygen generation yield of 0.28–0.48 [13]. Yoon and
co‐workers developed several efficient naphthalimide‐based TPs by
replacing oxygen with sulfur atoms [14]. The substitutions of the aro-
matic ring at the meso‐position in BODIPY derivatives could activate
the excited state charge separation [15,16] and enhance the spin‐
orbital charge‐transfer intersystem crossing (SOCT‐ISC) for high‐
performance TPs as well [9,17–19].

Besides, nitrobenzoxadiazole (NBD) derivatives were frequently
used in various biological studies, owing to their high environmental
sensitivity, excellent biocompatibility, small molecular size, and
charge neutrality [20–22]. Santa and co‐workers reported that the
replacement of methylamino with methoxyl in NBD‐based dyes could
significantly quench the fluorescence with a considerable triplet for-
mation yield of 0.21 in acetonitrile [23]. PM3‐CAS/CI calculations
suggested that minimizing the S1‐T2 energy gap is key in populating
triplet excited states [24]. Recently, Norris et al. reported that the
methoxyl substituted isobenzofuran‐based fluorophores showed
potential in generating single oxygens, which is very different from
the emissive behavior of methylamino substituted NBD analogues
(Fig. 1a) [25].

However, the intersystem crossing (ISC) processes in
isobenzofuran‐based NBD derivatives have not been studied, as ISC
is too fast for conventional experimental techniques to investigate.
In this paper, we studied the impact of both donor and heteroatom
substitutions on the photophysical properties and ISC process of these
NBD derivatives using DFT and TD‐DFT calculations. We further dis-
cussed the impact of heteroatom replacement in SCOTfluors [26] on
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Fig. 1. (a) Chemical structures of benzoxadiazole and isobenzofuran scaffolds and fluorophores. (b) Energy levels of HOMO (Blue) and LUMO (Orange) of the
Frank-Condon (FC) state, calculated at the M06-2X/def2-SVP level in dioxane. (c) Calculated λabs and (d) the corresponding HOMO-LUMO (H-L) gaps in various
medium including vacuum (Vac), dioxane (Dio), toluene (Tol), acetonitrile (ACN), and water (Wat). *The spectroscopic data of IBF was adopted from its alkylated
analogue measured in ether solvent, as data in dioxane is not available [33]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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the triplet formation ability. We showed that several NBD derivatives
are promising candidates for high‐performance TPs.

2. Computational details

The ground and excited state geometric optimizations and calcu-
lations of the corresponding absorption and emission properties
were performed at the M06‐2X/def2‐SVP level using Gaussian 16
2

software [27]. Frequency calculations were utilized to ensure molec-
ular geometries at the local minima on potential energy surfaces.
The SMD solvent model was used in all calculations for including
the solvation effect [28]. Natural transition orbitals (NTOs) [29]
and charge transfer distance (dCT) [30] were calculated through
Multiwfn 3.4.0 [31]. The SOCs between S1 and Tn were evaluated
based on the S1 geometry at the M06‐2X/def2‐SVP level using
ORCA 4.1.1 [32].
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3. Results and discussion

We first rationalized the impact of heteroatoms and donor sub-
stituents on the maximum UV–vis absorption (λabs) wavelengths of
NBD derivatives (Fig. 1). Experimental data showed that isobenzofu-
ran (IBF)‐based fluorophores had redshifted λabs in comparison to ben-
zoxadiazole (BD)‐based analogues (i.e., with the same donor groups;
Fig. 1a). Moreover, methylamino (NHMe) substitution led to more sig-
nificant redshifts in λabs than the methoxyl (OMe) group does for both
BD and IBF‐based fluorophores. Quantum chemical calculations using
M06‐2X functional successfully reproduced these trends, although
M06‐2X underestimated λabs. These absolute deviations are mainly
because M06‐2X has a large fraction of Hartree–Fock (HF) exchange
[15]. Compared to the DFT exchange, HF exchange can result in more
bound valance electron density, which may overestimate the HOMO‐
LUMO energy gap as well as the excitation energies.

For long‐range intramolecular charge transfer (ICT) excitations, the
excitation energy can be roughly estimated through the following
equation [34]:

EICT≈IPD � EAA � 1=R ð1Þ
where IPD is the ionization potential of the donor group, and EAA is the
electron affinity of the acceptor group. Due to the similar sizes of NBD‐
like fluorophores (similar R in Eq. (2)), the HOMO‐LUMO gap is key to
understand the change of λabs when the S1 excitation is dominated by
the HOMO‐LUMO transition. We observed that the HOMO‐LUMO gap
of IBF (6.35 eV) is much smaller than BD (6.80 eV) (Fig. 1b). Such ten-
dency remains when OMe and NHMe groups were substituted to IBF
and BD scaffolds, respectively. In short, the replacement of nitrogen
Fig. 2. S1 electron and hole NTOs of the FC state of (a) 1-NHMe and 1-OMe and (b)
oscillator strength (f) and charge transfer distance (dCT) are labeled in the inset.
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with carbon (BD → IBF) leads to a decrease in the HOMO‐LUMO
gap, which induces the redshift of λabs.

Meanwhile, the NHMe‐substituted fluorophores showed higher
HOMO energy levels compared with the OMe‐substituted ones, thus
yielding narrower HOMO‐LUMO gaps. This is mainly because the
NHMe group has a slightly stronger electron‐donating ability than
the OMe group. The narrower HOMO‐LUMO gaps thus induce the red-
shift of λabs in NHMe‐substituted fluorophores in comparison to OMe‐
substituted ones.

We then evaluated the impact of solvent polarity on λabs and
HOMO‐LUMO gaps (Fig. 1c, d). Generally, λabs and HOMO‐LUMO
gaps decrease with the increase in the solvent polarity. This trend
is in good agreement with the experimental data as these fluo-
rophores have positive solvatochromism [25]. Calculations also indi-
cate that 1‐NHMe exhibited more sensitivity to the solvent polarity
than 1‐OMe as the HOMO‐LUMO reduces more rapidly. These calcu-
lations are fully consistent with experimental observations. For exam-
ple, experimental measurements showed that the λabs of 1‐NHMe
experienced a redshift of 36 nm from toluene to water, c.f. 13 nm
for 1‐OMe [25].

In contrast, the HOMO‐LUMO gap of 2‐OMe decreased more shar-
ply than 2‐NHMe did as solvent polarity increases. Since the electron‐
donating ability of NHMe is slightly stronger than OMe, this reverse
tendency suggests that the IBF core may greatly affect the solva-
tochromism in 2‐OMe. Indeed, experiments also showed that the λabs
of both 2‐OMe and 2‐NHMe showed considerable redshifts
by ~ 35 nm from toluene to water. In terms of the peak emission wave-
lengths (λem), the corresponding redshift in 2‐OMe (102 nm) is signif-
icantly larger than that in 2‐NHMe (53 nm) [25].
2-NHMe and 2-OMe, calculated at the M06-2X/def2-SVP level in dioxane. The



Fig. 3. Electron and hole NTOs for (a) 1-NHMe and 1-OMe and (b) 2-NHMe and 2-OMe calculated at the M06-2X/def2-SVP level based on the optimized S1
geometry in water. The coefficients of NTOs, singlet–triplet differences, SOCs, and quantum yields in aerated and degassed toluene are labeled in the inset. We
used water solvent as the linear-response formalism may significantly underestimate the solvent polarization.
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To gain a deeper understanding on the different degrees of solva-
tochromism, we probed the nature of Frank‐Condon (FC) states for
assessing the impact of heteroatoms and donor groups on the solva-
tochromism using both natural transition orbitals (NTO) [29] and
charge‐transfer distance (dCT) [30] analysis (Fig. 2). Our calculations
suggest that 1‐NHMe (dCT = 0.725 Å) and 1‐OMe (dCT = 0.845 Å)
experience a similar CT degree (Fig. 2a). We also observed that the fur-
azan fragment functions as an electron‐withdrawing group (EWG) as
the electron density slightly accumulated on electron NTO in compar-
ison to the hole NTO. As a result, the larger solvatochromism in 1‐
NHMe than 1‐OMe is attributed to a stronger push–pull effect, which
affords a more substantial reduction of the HOMO‐LUMO gap as the
solvent polarity increases (Fig. 1c).
4

Next, we investigated the nature of the FC states in 2‐NHMe and 2‐
OMe (Fig. 2b). We noted that OMe substitution (dCT = 1.348 Å)
results in an enhanced charge transfer compared to the NHMe group
(dCT = 0.845 Å) in IBF‐based fluorophores. Interestingly, the furan
fragment served as an electron‐donating group (EDG) as the electron
density declined on the electron NTO compared to hole NTO. Our cal-
culations underlined that the combination of IBF core with OMe sub-
stitution leads to an enhanced ICT transition, endowing 2‐OMe with
substantial solvatochromism.

Inspired by these good agreements between quantum chemical cal-
culations and experimental measurements, we next explored the
molecular origins of the distinct quantum yields in these compounds.
Experimental data suggested that the quantum yields of 1‐NHMe



Fig. 4. (a) Chemical structures of SCOTfluoros. (b) SOC and (c) ΔE(ST) as a function of the heteroatom X. Molecular geometries, electron and hole NTOs for 3-
NHMe(NH) and 3-OMe(NH) calculated at the M06-2X/def2-SVP level based on the optimized S1 geometry in water. The SOC, singlet–triplet splitting, and
quantum yield are labeled in the inset.
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and 2‐NHMe showed little change when the solvent changed from aer-
ated toluene to degassed toluene, while 2‐OMe exhibited a notable
increase from 0.085 to 0.22 [25]. Such quantum yield change indicates
the formation of triplet states in 2‐OMe.

According to the Fermi’s Golden rule, the ISC rate constant (kISC)
can be computed as follows [35,36]:

kISC ¼ 2π
�h ρFC S1 HSOCj jTnh ij j2 ð2Þ

where <S1|HSOC|Tn> is the SOC matrix element between S1 and Tn,
ρFC denotes the Frank‐Condon‐weighted density of states. It is worth
noting that ρFC will exponentially increase with the decrease in the
gap between S1 and Tn (ΔEST). We can learn from Eq. (1) that a small
ΔEST along with a large SOC can prompt a rapid ISC process. Theoret-
ical calculations thus play vital roles in designing TPs as it is likely the
most efficient way of evaluating energy levels and probing the nature of
excited states. Indeed, TD‐DFT calculations were frequently utilized to
understand the ISC process in terms of both energy levels and spin‐
orbital couplings (SOCs) [12,14,37–39].

Here we discussed the impact of heteroatoms and donor groups on
the singlet–triplet splitting (Fig. 3). Generally, the replacement of
NHMe with OMe lead to a small increase in ΔE(S1‐T3) gaps
(Fig. 3a). Such observations were also valid in IBF‐based fluorophores
(Fig. 3b). Meanwhile, the replacement of BD with IBF core also results
in a slight increase in ΔE(S1‐T3) by 0.08 eV in 2‐NHMe and by 0.13 eV
in 2‐OMe. However, these marginal increases in ΔE(S1‐T3) are not ben-
eficial to the triplet conversion as the ISC process may become slow.
5

We also probed the natures of singlet and triplet excited states by
comparing hole and electron NTOs. S1 of 1‐NHMe and 1‐OMe exhibits
a slight ICT character from the donor fragments (i.e., NHMe and OMe)
to the fluorophore scaffolds (Fig. 3a). On the other hand, T3 can be
described by two pairs of NTOs. In 1‐NHMe, the major pair of NTO
has an ICT transition from NHMe to the fluorophore scaffold, while
the minor pair also shows an ICT nature from the furazan fragment
to the fluorophore. For 1‐OMe, both NTO pairs indicated an ICT from
the furazan fragment to the fluorophore. It was also observed that 1‐
OMe showed increased fraction in the minor pair of NTOs with
reduced fraction in the major pair than 1‐NHMe does. The El‐Sayed
rule [40] states that kISC becomes faster when the ISC process involves
a change in the nature of excited states, namely, an enhanced SOC. As
a result, 1‐OMe (9.39 cm−1) had an improved SOC value than 1‐
NHMe (0.04 cm−1) as the nature of T3 is much different from that
of S1. 1‐OMe was thus expected to have a much stronger triplet forma-
tion rate than 1‐NHMe does (by about 55,000 times if omitting other
variables according to Eq. (1)) due to its enhanced SOC and similar
energy level.

Indeed, experimental data from the Santa group showed that 1‐
NHMe has negligible triplet formation yield, while this yield amounts
to 0.21 for 1‐OMe in acetonitrile [23]. These data are fully consistent
with our SOC calculations.

Similar observations were also found in 2‐NHMe and 2‐OMe, indi-
cating that 2‐OMe would have strong triplet formation due to the
enhanced SOCs. These computational results are also in good agree-
ment with the increasing quantum yield of 2‐OMe from aerated to
degassed toluene [25]. Overall, our calculations highlighted that the
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replacement of NHMe with OMe can induce substantial SOCs for tri-
plet formation; the management of the nature of triplet excited states
is key in prompting triplet conversions.

As our calculations successfully rationalized the triplet formations
in 1‐OMe and 2‐OMe, we also studied the impact of heteroatoms on
the triplet formations in SCOTfluoros (Fig. 4a) [41]. It can be seen that
the –NH heteroatom replacement induces significant SOCs, namely,
15.04 cm−1 for NHMe donor (3‐NHMe(NH)) and 57.98 cm−1 for
OMe donor (3‐OMe(NH); Fig. 4b). Conversely, the C(Me)2, S, and Se
heteroatom replacements lead to relatively smaller SOCs around
2 cm−1. It is interesting to note that the fluorescence of 3‐NHMe
(NH) analogue is quenched in ethanol, while the rest SCOTfluoros
are emissive (Fig. 4d) [41]. Apart from the state‐crossing to an electron
transfer state and hydrogen bonding interactions [26], the triplet for-
mation may also contribute to the fluorescence quenching. In short,
our calculation suggests that the –NH heteroatom replacement may
enhance the SOC for fast triplet formations.

Finally, we rationalized the substantial SOCs in 3‐NHMe(NH) and
3‐OMe(NH) (Fig. 4d‐e). Electron and hole NTOs suggested that S1 of 3‐
NHMe(NH) and 3‐OMe(NH) were described by a slight ICT nature
from the donor fragment to the fluorophore (or π‐π* transitions),
exhibiting a similar S1 nature as the case of BD and IBF‐based fluo-
rophores. Interestingly, the triplet excited states responsible for the
ISC process showed the n‐π* transition, which is markedly different
from their π‐π* nature in S1. The n‐π* transition is further enhanced
from 3‐NHMe(NH) to 3‐OMe(NH), resulting in an increase of the
SOCs from 15.04 cm−1 to 57.98 cm−1. These results suggest that
the ‐OMe replacement is also effective in –NH substituted SCOTfluoros
for facilitating triplet formations.

4. Conclusion

In this paper, we applied DFT and TD‐DFT calculations to discuss
the impact of the donor group and heteroatoms on the photophysical
properties and triplet formations of NBD derivatives. We found that
the replacement of oxadiazole with furan fragment in these fluo-
rophores resulted in the redshift of λabs. Importantly, the replacement
of NHMe with OMe group and the replacement of heteroatom from
oxygen to nitrogen (oxadiazole→ triazole) can induce significant SOCs
for triplet conversions. The management of the distinct nature of tri-
plet excited states in comparison to that of the singlet is key for achiev-
ing efficient triplet conversion in these NBD derivatives.
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