7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online

View Journal | View Issue

Transforming delayed fluorescence into blue-
e e Dot T 2026 54 shifted phosphorescence in aminoboranes via
4577 ~oxygen-to-sulfur substitution on the donor
aminet

{ M) Check for updates ‘

Akkarakkaran Thayyil Muhammed Munthasir,
Pakkirisamy Thilagar*

* Satyam Jena and

Thermally activated delayed fluorescence (TADF) and room-temperature phosphorescence (RTP)
materials are found in diverse applications, from optoelectronic devices to time-gated bioimaging.
Recently, aminoboranes with donor—acceptor structures have been identified as promising candidates
due to their inherent capacity to harvest the triplet excitons by their unique orbital configurations (El
Sayed rule). This work reports the delayed luminescence behaviors of two aminoboranes, BNO and BNS,
featuring phenoxazine (PXZ) or phenothiazine (PTZ) donors coupled with a dixylylborane acceptor. BNO
exhibits efficient TADF emission in aggregates, thin films, and solid states. In contrast, BNS shows delayed
fluorescence (DF) in aggregate states and RTP in solid and thin-film states. Notably, BNS shows a rare
blue-shifted phosphorescence relative to its prompt fluorescence, which has not been reported for ami-
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noboranes. Photoluminescence studies and computational calculations reveal that ISC and rISC processes
in these systems involve higher triplet states. The unprecedented blue-shifted phosphorescence in BNS is
attributed to perturbations in energy levels, which are driven by unique quasi-axial and quasi-equatorial

rsc.li/dalton conformations and the stronger spin—orbit coupling of heavier S over O.
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Introduction

Luminescence efficiency is a critical parameter that deter-
mines the viability of a material for practical applications.'®
Contemporary research has primarily focused on developing
innovative designs and strategies to achieve energy-efficient
systems. Conventional fluorescence relies solely on singlet-
state emission, prompting extensive research into harnessing
the dark triplet state to enhance the luminescence
efficiency.”° To date, several innovative approaches have been
reported, including phosphorescence (PH),"'™*° delayed fluo-
rescence (DF),'” > processes such as triplet-triplet annihil-
ation (TTA),”?® thermally activated delayed fluorescence
(TADF),>’? and, most recently, hybridized local charge transfer
(HLCT),>*® offering new avenues for improved performance.
Among these, phosphorescence and TADF materials are found to
be prominent and have found application in various fields such
as organic light-emitting diodes (OLEDs),*"**”"** bioimaging and
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biosensing,
solar cells, energy harvesting, etc.

Phosphorescence involves two consecutive spin-forbidden
processes, intersystem crossing (ISC) (S; — T,) followed by
radiative decay from T, — S,.""'® The weak spin-orbit coup-
ling (SOC) in organic molecules limits the development of
purely organic phosphorescence materials. However, this
hurdle has been overcome by incorporating heteroatoms (N, P,
O, S, etc.), and heavy atoms (Br, Cl, Se etc.), which enhances
ISC rates and triplet state populations, consistent with El-
Sayed’s rule and the heavy atom effect.>>>” Meanwhile, TADF
is an unimolecular process that utilizes reverse intersystem
crossing (rISC) to convert triplet-state populations to singlet
states, facilitated by thermal energy. The rate of this up-conver-

sion process is inversely correlated with the singlet to triplet
Ay
energy gap, AEgsr, governed by the equation kusc =Ae &',

highlighting the importance of minimizing AEgy for efficient
TADF processes.”” >**®%° This can be achieved by designing
twisted donor-acceptor (D-A) systems having minimal electronic
overlap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO).>” %>
Aminoboranes are a new class of systems recently added to
the family of delayed luminescent materials. Their unique
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molecular architecture and access to electronic states of
different symmetry (n-n* and n—-n*/CT and LE) between singlet
and triplet leads to enhanced SOC, which enables efficient ISC
and rISC for delayed emission.*®*%®"%* Moreover, aminobor-
anes are well known for their distinctive stimuli-responsive
properties.®*®® Thus, aminoboranes find applications in
various fields. For instance, in 2017, Yun Chi and co-workers
reported the first TADF from an aminoborane system, using an
acridine-decorated aminoborane to develop a green OLED.*”
In 2018, Chen et al. developed boryl-substituted phenoxazine
that exhibits efficient TADF capable of producing highly
efficient orange OLEDs.>® In 2020 Yun Chi’s group again devel-
oped an OLED with blue light emission from a methoxy-substi-
tuted carbazole-based aminoborane.” He and co-workers
demonstrated ultralong organic phosphorescence (UOP) from
a carbazole-based aminoborane that same year.®’ Our group
has also been active in aminoborane research for the past
decade. In 2017, Neena et al. showed aggregation-induced
emission AIE and triboluminescence properties in diphenyla-
mine and phenothiazine-decorated aminoboranes,
respectively.®>*” In 2018, we explored a vinyl-pyridyl-decorated
aminoborane for barrier-free DF.°* Recently, in 2023, we
reported intense blue circularly polarized luminescence from a
chiral aminoborane, and in the same year, we demonstrated
persistent RTP with a 470 ms lifetime from molecularly dis-
persed aminoboranes.®*

As part of our ongoing program, we intend to investigate
the influence of the heteroatoms and the conformational
dynamics of the nonplanar donor attached to an aryl borane
acceptor on its singlet/triplet state energetics and delayed
luminescence behavior. For this study, we have chosen the
phenoxazine (PXZ) and phenothiazine (PTZ)-decorated amino-
boranes BNO and BNS, respectively, as the lighter atom, O in
phenoxazine, and heavier atom, S in phenothiazine, may
impart different amounts of spin-orbit coupling in these
molecules and endow them with unique delayed luminescence
characterstics (Fig. 1). Furthermore, the nonplanar hetero-
cycles PXZ and PTZ in these molecules can exhibit quasi-equa-
torial and quasi-axial conformational dynamics that are sus-
ceptible to the microenvironment, by this means modifying
the energetics of the singlet and triplet states and, therefore,
their emission properties.®®”> In light of these factors, we
present a comprehensive photophysical and theoretical ana-
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Fig. 1 Chemical structures of the aminoboranes under investigation.
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lysis of BNO and BNS. The results reveal that BNO exhibits
efficient TADF emission in both dispersed and condensed
states, while BNS demonstrates delayed fluorescence in aggre-
gates and rare, blue-shifted phosphorescence in the solid state
and as polymer-doped film. Our detailed study concludes that
the heavy atom effect of sulfur over oxygen, coupled with the
pronounced flip-flop motion of PTZ, is responsible for the dis-
tinct delayed emission features in BNS over BNO. These intri-
guing findings are discussed in this manuscript.

Results and discussion

Synthesis and structural studies

Both BNO and BNS were synthesized following the literature
procedures (Schemes 1 and S1, $21).>*®* The synthesis involves
lithiation of phenoxazine or phenothiazine using n-butyl-
lithium, followed by quenching of the lithiated intermediate
with  bis(2,6-dimethylphenyl)fluoroborane. Analytically pure
BNO and BNS were obtained through column chromatography,
which was followed by recrystallization. Both compounds were
characterized using NMR spectroscopy (*H, *C, ''B) and high-
resolution mass spectrometry (HRMS) (Fig. S1-S81). The mole-
cular structure of BNO was confirmed by single-crystal X-ray
diffraction (SCXRD) analysis (Fig. 2 and Table S1f). '"H NMR
analysis indicated that BNO adopts C2 symmetry in CDCl;,
similar to its mesityl analog (R1)*® and many reported
aminoboranes.**%%1"%” The "B NMR resonance for BNO
appears at 50.7 ppm, consistent with aminoborane systems exhi-
biting significant B-N n-bond character (Fig. $31).*87%17%” The
characterization data for BNS exactly matched the literature
report, so the molecular structure previously reported by Neena
et al. was used for further structural comparisons.®*

Pale yellow block-shaped crystals of BNO suitable for single-
crystal X-ray diffraction studies were obtained by slow evapor-
ation of a DCM : hexane solution (3:1 ratio). BNO crystallizes
in the triclinic crystal system with the P1 space group (Fig. 2a
and Table S17). Similar to its mesityl analog R1 (Fig. S131), the
B(1) center in BNO adopts trigonal planar geometry with a B-
N bond length of 1.433 A, comparable to that in R1 (1.438 A),
BNS (1.455 A) and other aminoboranes (Table S21).>**° The di-
hedral angle between the C(28)N(1)C(C17) plane (PXZ) and the
C(1)B(1)C(7) plane (boryl) is 29°, which is higher than the
value noted for R1 (25°) and BNS (22°), suggesting better in-
plane arrangement of donor-acceptor moieties and greater
electronic communication in BNO than in the other two com-

X
i) n-BuLi (1.1 eq),
THF -78°C,1.5h

L0

N
H |1) bis(2,6-dimethylphenyl)
fluoroborane (1.1 eq),
RT, 12 h
X=0 for BNO -
X= 0 for BNO (65%)
X=S for BNS X= S for BNS (82%)

Scheme 1 Synthesis scheme for BNO and BNS.
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Fig. 2 (a) Molecular structure of BNO, and (b) supramolecular dimer chains of BNO. Cyan and yellow dashed lines represent the CH---r interactions.
Atom colour code — carbon: grey, nitrogen: blue, oxygen: red, and hydrogen: off-white.

pounds (Fig. S97).>*°* The dihedral angle between the aryl
groups on boron is larger in BNO (86.80°) than in BNS
(82.73°), allowing more spatial accommodation for PXZ and
resulting in a slightly shorter B-N bond (Fig. S10%).
Additionally, the twist angle between the two benzene rings of
PXZ in BNO is 146.35°, similar to that in R1 (142.70°), indicat-
ing a saddle-like nonplanar geometry for PXZ (Fig. S117).
However, this twist angle is notably higher in the PTZ unit of
BNS (134.08°), suggesting that PXZ connected to arylborane in
BNO is more planar than PTZ in BNS. This planarity likely con-
tributes to denser packing in BNO (pcaicq = 1.215 g cm™) than
in BNS (pealeq = 1.174 g cm ™).

The intermolecular CH---n interaction (2.849 A) between a
C-H of a xylyl ring and the xylyl n-cloud of an adjacent mole-
cule generates a supramolecular dimer (Fig. 2b). The neighbor-
ing dimers are stitched together by the CH---n interaction
(3.031 A) between the methyl proton (H16B) on the xylyl unit
of one molecule and the = cloud of one of the benzo groups of
phenoxazine on the adjacent dimer leading to the formation
of the supramolecular 2D chain (Fig. S12}). In contrast, the
more puckered nature of PTZ in BNS leads to a less dense
packing arrangement, forming a “3D supramolecular structure
with cylindrical columns of diameter 4.61 A”, as reported by
Neena et al® These structural and packing differences
between BNO and BNS could have a significant impact on
their optoelectronic properties.

Photophysical and theoretical studies

Solution state PL studies. Hexane solutions of BNO show a
broad absorption band ranging from 240-380 nm with two dis-
tinct band maxima at 280 nm and 320 nm with no significant
shift with the solvent polarity (Fig. 3a and c and Table S67).
The lower energy band in BNO is similar to the band observed
in R1, which is attributed to the charge transfer band, though

This journal is © The Royal Society of Chemistry 2025

there is no significant change in the absorption maxima with
change in solvent polarity (Fig. 3c).>® On the other hand, the
higher energy band at 280 nm in BNO is in line with that of
BNS, suggesting this band could be due to the local transition
in phenoxazine (r — n*) and aryl borane units (x — P,B). As
shown in Fig. 3a, the absorption features observed for BNS are
similar to those of the previous report, where the lower energy
bands are very week or absent (Fig. S15a, and Table S67).%*

To understand the absorption features of BNO in detail, we
optimized the ground state geometry for BNO, and singlet ver-
tical transitions were calculated using density functional
theory (DFT) and time-dependent DFT (TD-DFT), respectively
(Fig. 3b and S14, S157). The bond parameters of the optimized
geometry are closely matched with those of the crystal struc-
ture, validating the choice of level of theory (Table S371). The
HOMO is localized over the phenoxazine moiety, whereas the
LUMO is localized all over the molecule with a significant con-
tribution from boron. Similar features were observed in BNS
also (Fig. 3b). Upon changing PTZ to PXZ (in BNO), the HOMO
of the molecule is slightly destabilized, while the LUMO is
stabilized, resulting in a reduction in the band gap (AE, = 4.63
eV) compared to BNS (AE, = 4.76 €V), with the same reflected
in their respective absorption spectra (Fig. 3a and c).

The vertical transition calculation revealed that the lower
energy absorption band at 320 nm for BNO results from the S,
to S; transition involving the HOMO and LUMO (f = 0.1589)
(Fig. S14t). As discussed above, the HOMO and LUMO are
localized on different parts of the molecule suggesting the
lowest energy HOMO — LUMO transition is an intramolecular
charge transfer (ICT) from the donor amine to the acceptor
boryl moieties. On the other hand, the higher energy band is a
collection of S, to S,, (n = 2, 3 and 4) transitions involving elec-
tronic distribution within the PXZ ring or boryl units (Fig. S14
and Table S47). A similar scenario is observed in the case of

Dalton Trans., 2025, 54, 4577-4588 | 4579
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Fig. 3 (a) Absorption spectra of BNO and BNS in hexane (conc. 10> M). (b) Frontier molecular orbitals for BNO and BNS obtained from the opti-
mized geometry using DFT [the B3LYP/6-31G(d) level of theoryl. (c) Absorption spectra of BNO in different solvents (conc. 10> M). (d) Steady-state
PL spectra for BNO and BNS in hexane and (e) steady-state PL spectra of BNO in different solvents (conc. 107> M) at 1e, = 310 nm for BNO and

290 nm for BNS under ambient conditions.

BNS; however, the transition probability for S, to S;
(303.04 nm, f = 0.0094) is quite low, resulting in a weak CT
band (Fig. S15 and Table S57).

The photoluminescence (PL) spectra of BNO in hexane
display a broad emission band ranging from 500 to 800 nm
with a peak maximum at 605 nm. This emission band is
15 nm blue-shifted compared to the PL of BNS (Fig. 3d). Upon
increasing solvent polarity, the emission maximum is red-
shifted with a drastic decrease in the PL intensity, which is
typical of D-A systems (Fig. 3e and S17ct). Similar to R1, the
BNO also shows a very large Stokes shift (15217 cm™") indicat-
ing that large structural reorganization occurred in the excited
state.*® The TD-DFT-optimized S; geometry indeed showed
large structural variations; the nonplanar PXZ ring in S,
became completely planar along with the BN bond elongation,
supporting the large Stokes shift (Fig. S16 and Table S37). The
degree of ring planarization in BNO is slightly lower than that
in its mesityl analog R1; consequently, BNO exhibits a smaller
Stokes shift than R1. The phenothiazine ring in BNS also
undergoes planarization (to a greater extent than that in BNO)
resulting in a large Stokes shift (Fig. S16 and S187).*® Because
of the large structural reorganization/flip-flop motion of the
PXZ unit, BNO is weakly emissive in the dilute solution.
Despite this weak emission, BNO shows a delayed fluorescence
(DF) band, which overlaps smoothly with the fluorescence
spectra, revealing the DF nature of the emission (Fig. S19aft).
The lifetime measurement revealed that BNO exhibits both ns
(13.60 ns) and ps (6.38 ps) for the same peak maximum
further affirming the TADF characteristics (Fig. $S19d and
Table S77). Under the oxygen environment, the PL intensity,
lifetime, and photoluminescence quantum yield (PLQY) of

4580 | Dalton Trans., 2025, 54, 4577-4588

BNO decreased considerably (Fig. S19 and Table S71). No such
DF is observed for BNS under similar conditions.

Furthermore, to understand the Lewis acidic nature of the
boron center, these aminoboranes are titrated against pyri-
dine/F~ and the binding events are monitored using absorp-
tion and PL spectrometers. The result shows that pyridine
does not bind to the Lewis acid boron; however, F~ binds with
these aminoboranes and causes significant spectral changes.
Upon binding with fluoride (TBAF), the absorption bands
show a bathochromic shift, while the PL bands exhibit a hyp-
sochromic shift (Fig. S20 and S21 in the revised ESIT). These
spectral changes can be attributed to the geometry changes at
the boron center of trigonal planar to tetrahedral and the
breaking of conjugation between the empty p orbital of boron
and lone-pair electrons of nitrogen in the amine moiety. The
calculated binding constants for BNO and BNS are 2.09 x 10*
and 1.94 x 10", respectively. These values are significantly
lower than the ones reported for triarylboranes elsewhere, indi-
cating that the Lewis acidity of B is significantly reduced in
aminoboranes due to the resonance bonding interactions
between the empty p orbital of acceptor and lone-pair elec-
trons of N in the donor moiety.”®”"®

Aggregate state PL studies. The primary reason for the weak
emission of BNO and BNS in the dispersed state is attributed
to the intramolecular motion in the excited state. In 2017,
Neena et al. reported aggregation-induced emission enhance-
ment (AIEE) in BNS, observing a remarkable 180-fold increase
in emission in a THF-water mixture (f,, = 90%).** Compound
BNO also showed AIEE; at lower water content (f,, < 40%), it
exhibited weaker emission at 687 nm. At f,, = 40% to f,, = 70%,
the PL intensity increased with a concomitant gradual hypso-

This journal is © The Royal Society of Chemistry 2025
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chromic shift from 687 nm to 535 nm. With a further increase
in water fraction, a slight decrease in intensity and bathochro-
mic shift (from 535 nm to 580 nm) was observed, followed by
a sharp rise in the PL intensity at f, = 90% (Fig. 4a and
$221).7°8! These distinct emission features at f,, = 70% and
90% are attributed to the formation of different types of emis-
sive aggregates with varying sizes and morphologies, as con-
firmed by TEM analysis (Fig. S247).

We further analysed the delayed emission behaviour of
BNO aggregates at f,, = 70% and f,, = 90%. As anticipated, the
aggregates exhibited more efficient DF than the dilute solution
(Fig. 4b-f and S237). The prompt and delayed emission spectra
overlapped smoothly, and both the lifetime and quantum yield
increased significantly compared to the solution (Fig. 4b-f,
S23 and Table S8t). The lifetime (prompt and delayed) and
PLQY of aggregates at f;, = 70% (Prota = 0.23) were found to be
higher than those at f, = 90% (Prora = 0.18) and showed
greater sensitivity to oxygen (Fig. S23, and Table S8t). This
difference can be attributed to the greater crystallinity of the
particles formed at f,, = 90% than at f;, = 70% (Fig. 4c-f, S24,
and Table S8f). These results suggest that both singlet and
triplet manifolds are affected by the size, morphology, and
crystallinity of the aggregates formed at different water frac-
tions (fi)-

Although the AIEE behavior of BNS was reported previously,
its aggregate-state delayed luminescence features had not been
explored.®* To further substantiate the DF phenomena at the

View Article Online
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This compound exhibited significant emission enhancement
with a blue shift (580 nm) in a water-DMSO mixture at f;, =
90%, consistent with observations reported elsewhere
(Fig. S25at). Time-gated spectra recorded for these aggregates
revealed the DF nature of BNS with a smooth overlap of
prompt and delayed spectra. BNS shows higher PLQY (0.32)
than BNO (0.25), though with a DF lifetime value nearly half
that of BNO (Fig. S25b-S25f and Table S9t). Detailed studies
including lifetime and quantum yield and various radiative
and non-radiative decay rates are given in Table 1 and S8-
S10.1 Furthermore, the aggregates formed from BNS are amor-
phous, hence, the molecules may not adopt a specific confor-
mation such as quasi-axial or quasi-equatorial (Fig. S24t). In
contrast, in solid or thin-film forms, the molecules exhibit
high crystallinity and adopt a preferential conformation,
which explains the observed differences in their emission pro-
perties. This is discussed in detail in the following section.

In short, BNO exhibits a weak fluorescence and DF in a
molecularly dispersed solution due to active molecular
motion, which increases non-radiative decay from the emissive
state. However, at the aggregate state, both BNS and BNO
demonstrate luminescence enhancement. Both BNO and BNS
showed efficient delayed fluorescence in the aggregated state.
Moreover, the PL features of BNO depend on the morphology
and size of the aggregates. Though the phenomenon of aggre-
gation-induced delayed fluorescence (AIDF) is well documen-
ted in the literature, such phenomena are rare in B-N systems,

aggregate level, we conducted similar experiments on BNS. highlighting the significance of these findings.®* ®°
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Fig. 4 (a) Steady-state PL spectra of BNO in DMSO with different fractions of water [f,,] at Aex = 310 nm. (b) Prompt and time-gated/delayed [20 ps
delay] PL spectra for BNO in degassed DMSO—water mixture [f,, = 90%] at 1ex = 310 nm. (c) Steady-state and (d) time-gated/delayed [20 ps delay] PL
spectra for BNO in DMSO—-water mixture [f,, = 90%] in a different environment at Ae, = 310 nm. (e) Fluorescence and (f) delayed fluorescence decay
for BNO in DMSO-water mixture [f,, = 90%] in a different environment at o, = 310 nm and Aem = 580 nm.
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Table 1 Prompt fluorescence (PF) and delayed fluorescence (DF) lifetimes, and total photoluminescence quantum yield for BNO and BNS in

degassed hexane and DMSO-water mixtures (f,, = 70% and f,, = 90%)

Fluorescence Delayed fluorescence
Aex (M) Ao (M) 74 (4,) 73 (4s) 71 (44) 73 (4s) Drotal

BNO

Hexane 310 605 13.60 ns (100%) 6.38 pis (100%) 0.12
DMSO-water mixture (fi, = 70%) 310 535 14.58 ns (100%) — 60.07 ps (6.71%)  146.04 ps (93.29%) 0.25
DMSO-water mixture (f,, = 90%) 310 580 10.39 ns (14.93%) 15.64 ns (85.07%) 24.98 ps (78.17%) 109.49 ps (21.83%) 0.19
BNS

Hexane 280 620 11.18 ns (100%)

DMSO-water mixture (fi, = 90%) 280 580 10.31 ns (100%) — 13.52 ps (66.58%) 32.96 ps (33.42%)  0.32

7 = lifetime, A is the amplitude of intensity, @, is total PLQY, and A and Ay, are the excitation and emission wavelengths, respectively.

Solid-state PL studies. As in the solution state, BNO in the
solid state shows a broad emission band ranging from 450 to
750 nm with a peak maximum at 545 nm, which is found to
be 25 nm and 50 nm red-shifted with respect to BNS and R1,
respectively (Fig. 5a). This bathochromic shift can be attribu-
ted to the difference in solid-state packing upon changing the
donor from PXZ to PTZ of BNO and BNS and the change in the
dixylylboryl acceptor in BNO to dimesitylboryl in R1.”> The
BNO emission bands are insensitive to the excitation, indicat-
ing that the emission originates from the lowest excited state
irrespective of the initial excitation (Fig. S26at). The fluo-
rescence lifetime of BNO (~13.92 ns) is relatively higher than
that of BNS (~9.87) and R1 (10.0 ns) resulting from the high

radiative and low non-radiative decay rates of BNO compared
to those of others (Tables 2 and S117). Interestingly, the PLQY
of BNO is very high and is ~ 4 times higher than that of BNS.
As in the solution and aggregate states, BNO also exhibits DF
in the solid state as well with a lifetime of 103.65 ps (Fig. 5b).
Both PL intensity and lifetimes, increased significantly under
vacuum (in the absence of oxygen), confirming the involve-
ment of triplet states (Fig. 5c¢, d, S27, and Table S117).
Excitation spectra of BNO in the solid state are completely
different from those of BNO in the solution state indicating
the difference in the emitting states (Fig. S26b¥).

To further validate the nature of DF, the PL studies were
conducted at various temperatures under vacuum (Fig. S28

b
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Fig. 5 (a) Steady-state PL (dashed lines) and excitation spectra for the solid samples of BNO and BNS (e, = 375 nm). (b) Prompt and time-gated

[50 ps delay] PL spectra for solid samples of BNO and BNS (lex = 375 nm and 350 nm) at 298 K under ambient conditions. (c) Time-gated [50 ps
delay] PL spectra and (d) delayed fluorescence decay (Aem = 540 nm) for the solid sample of BNO. (e) Time-gated [50 ps delay] PL spectra and (f)
phosphorescence decay (hey, = 500 nm) for solid samples of BNS under vacuum (absence of oxygen) and ambient (in the presence of oxygen)
conditions.
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Table 2 Important photophysical parameters (average prompt fluorescence (PF), delayed fluorescence (DF)/phosphorescence (PH)* lifetime, total
photoluminescence quantum yield, and radiative and non-radiative decay rate constants) for BNO and BNS at 298 K under ambient conditions

Compound Aem (p1) (NM) PF lifetime Aem (pr/pH) (M) PH/DF lifetime Drotal Kk [10°]s7" Fr [107] 871
BNO (Solid) 545 13.92 ns 540 103.65 ps 0.74 54.33 1.91
BNO (Neat film) 545 14.02 ns 545 99.02 ps 0.63 44.93 2.64
BNO (1 wt% @ PMMA) 568 15.92 ns 568 41.63 ps 0.3 19.62 4.57
BNS (SOlid) 520 9.87 ns 500* 91.03 ps 0.2 20.26 8.10
BNS (Neat film) 500 8.71 ns 535% 73.30 ps 0.6 68.88 4.59
BNS (1 wt%@ PMMA) 575 12.26 ns 550* 69.05 pis 0.41 33.44 4.81

Fl is the fluorescence, 7 = average lifetime, @y is the total PLQY, while &, (=®/zg), kynr (F1—P/75), are the radiative decay from S;, the non-radia-
tive decay from Sy, the Aex, and Aem, are the excitation wavelength and the emission wavelength, respectively.

and Table S11}). As the temperature is increased, the prompt
PL intensity and lifetime increase significantly, indicating the
thermally activated delayed fluorescence (TADF) process
(Fig. S28af). In contrast, the DF intensity decreased with
increasing temperature, which can be attributed to the temp-
erature-assisted deactivation of triplet states at a higher temp-
erature state (Fig. S28ct). At lower temperatures, this com-
pound showed a longer PL decay time than at higher tempera-
tures (Fig. S28d and Table S117). At 298 K, rISC predominates
over radiative and non-radiative decay from the triplet state,
resulting in TADF emission.

Steady-state PL and triboluminescence characteristics of
BNS were demonstrated by Neena et al. in 2017.°* However,
they did not explore the delayed luminescence features of this
compound. Hence, we studied the delayed luminescence of
this compound in detail and compared the results with those
of BNO. BNS exhibits a broad emission like BNO with a peak
maximum at 520 nm and lifetime of ~9.87 ns, which are com-
parable to the reported data (Fig. 5a and Table 2). The time-
gated PL spectrum of BNS appeared at ~510 nm, which is
10 nm blue-shifted compared with the prompt fluorescence
(PF) spectrum (Fig. 5a). This band (~510 nm) exhibited a life-
time of 91.03 ps in contrast to the ns lifetime of PF (Fig. 5f and
Table 2). The PL intensity and lifetime of delayed bands are
sensitive to oxygen, and thus, this band has been ascribed to
phosphorescence (PH) (Fig. 5e, f and S297).

Furthermore, the PF and PH lifetimes of this compound
were recorded at different temperatures (Fig. S30 and
Table S117). The intensity of both PF and PH bands increased
steadily as the temperature decreased from 298 to 77 K.
Furthermore, the peak maximum of the PH is ~5 nm red-
shifted at 77 K than at 298 K. However, such a spectral shift is
absent for PF, indicating that temperature-dependent struc-
tural reorganization affects the triplet manifold, not the singlet
(Fig. S30a and cf). Furthermore, the lifetime of PF showed
marginal changes with respect to temperature; however, the
PH lifetime steeply increased from microseconds to hundreds
of milliseconds (Fig. S30d and Table S11}). These results indi-
cate that BNS shows blue-shifted RTP, a phenomenon very
rarely demonstrated in the literature.®””°* This blue-shifted
RTP band can be attributed to PH from a higher energy triplet
state (T,), which is at slightly higher energy than S; and has a
significantly larger energy gap from the T; state. Moreover, the

This journal is © The Royal Society of Chemistry 2025

inherent conformation-switching properties of phenothiazine
between quasi-axial and quasi-equatorial at the excited state
can also result in re-organizing electronic states. This hypoth-
esis is well-supported by the computational studies (vide infra)
detailed in the last sub-section.®®”">

PL studies in thin film. After successfully demonstrating the
delayed emission features in the solid state, we investigated
the photoluminescent properties of BNO and BNS in thin
films. These compounds were doped into a PMMA matrix at
various loading concentrations (1 wt%, 10 wt%, and 50 wt%),
and PL spectra were recorded, and the results were compared
with those of neat films (Fig. 6, S31-S40 and Tables S12-S157).
This approach enabled us to demonstrate how intermolecular
interactions affect the PL properties moving from a molecu-
larly dispersed state (1 wt% in PMMA) to an aggregated state
(neat film).

The PF maxima of films doped with (1, 10, and 50 wt%)
BNO (Aem, = 568 nm) and BNS (A, = 575 nm) show a bathochro-
mic shift compared to their respective solids (Fig. 6a and d).
However, the spectral shift is more significant in BNS (55 nm)
than in BNO (23 nm). The PF band intensity in BNO increased
when the doping concentration increased from 1 wt% to
10 wt%, while the PL intensity decreased for 50 wt% doping.
In contrast, for BNS, the PL intensity gradually increased when
increasing the doping concentration from 1 wt% to 50 wt%
(Fig. 6a and d). The PF of neat films of both compounds show
a hypsochromic shift (545 nm for BNO and 500 nm for BNS)
compared to their doped films; however, BNS showed a stron-
ger blue shift (75 nm) than BNO (23 nm) (Fig. 6b and e).
Interestingly, the neat film of BNO showed brighter lumine-
scence than doped films (@ro = 0.3, 0.48, 0.5, and 0.63 for
1 wt%, 10 wt%, 50 wt%, and neat, respectively). On the other
hand, the neat film of BNS was less luminescent (@1 = 0.60)
than 50 wWt% (@Proa1 = 0.87) doped film and higher than
10 wt% (Protar = 0.54) and 1 wt% doped film (Proey = 0.41).
Furthermore, the PF of the neat film of BNO matched exactly
with the PF of the solid (545 nm). In contrast, the BNS
(500 nm) showed a 20 nm blue shift compared to its solid PF
(520 nm). The PF lifetime of these compounds falls within the
ns region confirming the fluorescence nature of these bands.
Moreover, the PF lifetime values follow the same trend
observed for their respective PF intensity values (Tables S12
and S147).
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Fig. 6 Steady-state PL spectra for (a) BNO and (d) BNS doped into PMMA at different doping concentrations and neat film at 1ex = 330 nm under
vacuum (in the absence of oxygen). Prompt and time-gated/delayed [30 ps delay] PL spectra of (b) BNO and (e) BNS doped into PMMA (1wt%) and
neat film at Aex = 330 nm under vacuum (in the absence of oxygen). (c) Delayed fluorescence decay for BNO doped into PMMA at different doping
concentrations and neat film at A, = 330 nm under vacuum (in the absence of oxygen). (f) Phosphorescence decay for BNS doped into PMMA at
different doping concentrations and neat film at 1ex = 330 nm under vacuum (in the absence of oxygen).

The DF intensity of doped (1, 10, and 50 wt%) and neat films
of BNO, exhibited a similar trend that was observed for PF inten-
sities. In contrast, the doped films (1, 10, and 50 wt%) of BNS
show blue-shifted PH, and the peak intensity follows the same
trend as that observed for PF (Fig. 6b and e). The extent of the
hypsochromic spectral shift is susceptible to the doping concen-
trations; the maximum spectral shift was observed for 1 wt%
doping (25 nm). Interestingly, the PH of the neat film of BNS
(535 nm) shows a bathochromic shift compared to its PF
(500 nm) and PH of crystals (500 nm). The DF and PH of neat
and doped films of BNO and BNS exhibit PL lifetimes in the ps
range; furthermore, these lifetimes decrease upon increasing the
doping concentration (Fig. 6¢ and f). The PL lifetime of the neat
film of both compounds was higher than that of doped films
and lower than their respective solids.

The PF and DF (BNO) or PH (BNS) of these compounds
were recorded at different temperatures, under ambient (in the
presence of O,) and vacuum (in the absence of O,) conditions
at RT (298 K) (Fig. S33-S35 and $38-407%). The PL intensity of
BNO and BNS are sensitive to oxygen and showed stronger
luminescence under vacuum. The PF and DF peak intensity of
both BNO and BNS increased as the temperature decreased
from 298 K to 77 K. However, in both cases, the change in
peak intensity is more pronounced for DF/PH compared to
their respective PF intensity.

The PH band of thin films (doped and neat films) of BNS
shows a blue shift as the temperature decreases from 298 to

4584 | Dalton Trans., 2025, 54, 4577-4588

77 K. Unlike in the crystalline state, the PF of neat films of
BNS also shows a hypsochromic shift at low temperatures.
Such spectral shifts are not observed in thin films of BNO. The
temperature-dependent PF and PH of BNS can be attributed to
the temperature-dependent preferential stabilization of its con-
former. Moreover, the unprecedented shift in the PF and PH
band in BNS upon changing the doping concentration from
1 wt% to neat can be attributed to perturbations in the
dynamics between different molecular conformers (quasi-axial
and quasi-equatorial), which alter the energy of the singlet
and triplet manifold.®®*”> The PL lifetimes recorded for BNO
and BNS at different temperatures show that both the PF and
DF or PH are progressively increased upon lowering the temp-
erature (Fig. S33f, S35f, S38f, and S40f}). However, the
quantum of increment is considerably higher for the DF and
PH than it is for their PF, which can be attributed to the block-
ing of non-radiative decay of triplet manifolds at lower temp-
eratures. Furthermore, the DF in BNO and PH in BNS clearly
suggest that the stabilization of the triplet manifold and the
rate of the rISC process highly depend on the heteroatom
attached to the cyclic amine donor.>*>°? This conclusion is
further augmented by computational results discussed vide-
infra.

Excited state theoretical studies. To further understand the
emission characteristics in-depth, we investigated the elec-
tronic states of these compounds through DFT and TD-DFT
studies. Both BNO and BNS exist in a quasi-axial conformation

This journal is © The Royal Society of Chemistry 2025
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at the ground state, with dipole moments of 0.82 D and 1.29 D
for BNO and BNS, respectively. Upon photoexcitation, the PXZ
and PTZ units in BNO and BNS become more planar, adopting
a quasi-equatorial conformation in their S; and T; states
(Fig. 7a, b and S41, S42%). However, in the T, state, the BN
bond lengths, PTZ or PXZ puckering angles, and dipole
moments have changed significantly compared to those in the
S, state (Table S167}). Furthermore, the frontier molecular orbi-
tals (FMOs) of these S; states are localized on distinct regions
of the molecule, indicating a charge-transfer (CT) character of
the state, consequently resulting in higher dipole moments
(6.56 D for BNO and 3.43 D for BNS) (Fig. S41, S42 and
Table S167).

The energy levels of BNO and BNS, derived from singlet
and triplet vertical transition calculations, are illustrated in
Fig. 7a and b (Fig. S45 and Tables S18, S19%). It is quite
evident from the diagram that the AEg; 1, in BNO (0.67 eV)
and BNS (0.70 eV) is relatively large, making efficient intersys-
tem crossing (ISC) challenging. However, higher triplet states
(T,), specifically T5 for BNO and Te for BNS, are energetically
closer to S; (AEs;-, < 150 meV), making them favorable for
efficient ISC. The experimental AEsy value determined from
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the spectral onset values further supports the claim
(Table S17; see the ESIt for more details).

For BNO, Ts is energetically closer to S; (AEs; 5 = 140 meV)
and exhibits a significant spin-orbit coupling constant (£soc)
of 0.1910 cm™". The substantial energy difference between Tj
and T, favors efficient reverse intersystem crossing (rISC)
rather than radiative or non-radiative decay from Ts and drives
delayed fluorescence at room temperature (Fig. 7a, S45a and
Table S181). Moreover, the natural transition orbital (NTO)
analysis shows that Ts has a pronounced locally excited (LE)
character, whereas S; has a pure charge-transfer (CT) charac-
ter. This difference in symmetry further promotes ISC and
rISC (El-Sayed’s rule) (Fig. 7c and $437).>%%”

In BNS, Ts and Ts are energetically close to S; through
which efficient spin crossover is possible. Among these two
states, Te is slightly higher in energy than S; (AEs;-r¢ =
10 meV) but has a considerably higher &o¢ (0.7679 cm™) than
Ts (0.4358 cm™ "), and is about four times higher than that of
BNO, leading to efficient ISC to T¢ (Fig. 7b, S45b and
Table S187). This large difference in SOC can be attributed to
the heavy atom effect of S over O. Additionally, the large
energy gap between Ts and T, reduces the chances of non-

ey 5
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Fig. 7 Energy level diagrams showing plausible singlet to triplet transitions (ISC/rISC), the singlet—triplet energy gap, spin—orbit coupling constant
(£soc), and geometry of the corresponding electronic states for (a) BNO and (b) BNS. FL = fluorescence, DF = delayed fluorescence, PH' = blue-
shifted phosphorescence (doped film and solid), and PH" = red-shifted phosphorescence (neat film). Energy levels in the diagram are not to scale
and obtained from the vertical transition calculations using TD-DFT and the B3LYP/6-31G(d) level of theory. Geometry optimization is done using
DFT/TD-DFT at the same level of theory by taking coordinates from crystal data and after single-point energy calculations. Natural transition orbitals
for (c) BNO and (d) BNS at the Sy, Ts, and Tg states.
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radiative decay, confining competing processes to rISC (T —
S;) and radiative decay from T — S, or Ts — Sy. The Egoc cal-
culated for Sy-Tg is nearly three times higher than that of S;—
Te, resulting in a high-energy (blue-shifted) phosphorescence
(PH"), especially in a rigid isolated environment. While in the
neat film, non-radiative deactivation of the T¢ — Ts state
occurred due to molecular collision at high compound concen-
tration, followed by emission from Tjs (red-shifted phosphor-
esce - PH") (Fig. 7b and $45b¥). In addition, BNS in T5 and T
adopted a quasi-axial conformation with a prominent LE char-
acter, which is different from the S; geometry (quasi-equatorial
with pure CT character) further facilitating ISC and phosphor-
escence (Fig. 7d and S447).

In short, the large energy gap between the S; and the T,
states in BNO and BNS results in the spin crossover (ISC and
rISC) occurring via the energetically favorable Ts or T, states.
In BNO, efficient rISC occurs under favorable energy con-
ditions at room temperature, leading to TADF. In contrast, for
BNS, due to the large energy gap between T or Ts and T, com-
bined with the higher SOC between S, and T, a radiative emis-
sion from Tg is favored, producing blue-shifted phosphor-
escence in isolated rigid environments (solid and doped
films). Additionally, the involvement of different confor-
mations in excited states (especially in BNS) causes these
states to vary their energetics with respect to the microenvi-
ronment and molecular interactions.®®*”> This sensitivity may
explain the anomalous shift in the phosphorescence band
observed in thin films as the doping concentration increases
from 1 wt% to 100 wt%, leading to unprecedented phosphor-
escent behaviour.

Conclusion

In conclusion, we investigated the delayed luminescence pro-
perties of aminoboranes BNO and BNS with phenoxazine
(PXZ) or phenothiazine (PTZ) donors and dixylylborane accep-
tors. BNO and BNS exhibit broad emission in solution
(450-800 nm) with large Stokes shifts and low PLQYs due to
the excited state conformational changes of nonplanar cyclic
amine donors. BNO shows TADF in the solution state;
however, BNS does not show TADF, which can be attributed to
the combined heavy atom (S) and the extensive flip-flop
motion of phenothiazine-mediated non-radiative triplet de-
activation in dilute solutions. Both the compounds exhibit
AIEE and DF in aggregates due to the restriction of intra-
molecular motion. The aggregates of BNO demonstrate
tunable emission from greenish-yellow to orange-red and
efficient TADF in solid and thin films. In contrast, BNS shows
rare, blue-shifted phosphorescence in solid and doped films.
The extent of this blue shift in phosphorescence compared to
the prompt fluorescence depends on the doping concen-
tration, confirming the role of intermolecular interactions in
stabilizing the triplet state. On the other hand, neat films of
BNS exhibit PTZ-centered, red-shifted phosphorescence.
Excited-state computational studies reveal that these com-
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pounds undergo significant conformational changes, alternat-
ing between quasi-axial and quasi-equatorial forms. These
dynamic conformations perturb the energetics of triplet and
singlet states, particularly in BNS, which leads to unusual
phosphorescence shifts. Additionally, ISC and rISC were found
to occur via higher triplet states (Ts or Ts) in both compounds.
In BNO, low AEg; 15 favors rISC for efficient TADF emission. In
BNS, the substantial energy gap between Tg or Ts and T,, com-
bined with strong spin-orbit coupling between T¢ and S,
results in unique, blue-shifted phosphorescence, which has
not been observed for aminoboranes.
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