A

“
A4 Ce0e06

http://pubs.acs.org/journal/acsodf

Phenoxazine—Quinoline Conjugates: Impact of Halogenation on
Charge Transfer Triplet Energy Harvesting via Aggregate Induced
Phosphorescence

Saheli Karmakar, Suvendu Dey, Manoj Upadhyay, and Debdas Ray*

Cite This: ACS Omega 2022, 7, 16827-16836 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Room-temperature phosphorescence (RTP) from organic compounds has
attracted increasing attention in the field of data security, sensing, and bioimaging.
However, realization of RTP with an aggregate induced phosphorescence (AIP) feature
via harvesting supersensitive excited charge transfer triplet (*CT) energy under visible
light excitation (VLE) in single-component organic systems at ambient conditions
remains unfulfilled. Organic donor—acceptor (D—A) based orthogonal structures can
therefore be used to harvest the energy of the *CT state at ambient conditions under
VLE. Here we report three phenoxazine—quinoline conjugates (PQ, PQCI, PQBr), in

— — Emission(~3%)

which D and A parts are held in orthogonal orientation around the C—N single bond; —QITI;(N%%)
PQCI and PQBr are substituted with halogens (Cl, Br) while PQ has no halogen atom. ATP(~25%)

Spectroscopic studies and quantum chemistry calculations combining reference
compounds (Phx, QPP) reveal that all the compounds in film at ambient conditions
show fluorescence and green-RTP due to (i) radiative decay of both singlet charge transfer ('CT) and triplet CT (*CT) states under
VLE, (ii) energetic nondegeneracy of 'CT and *CT states (‘CT— *CT, 0.17—0.21 eV), and (iii) spatial separation of highest and
lowest unoccupied molecular orbitals. Further, we found in a tetrahydrofuran—water mixture (f,, = 90%, v/v) that both PQCI (107°
M) and PQBr (107> M) show concentration-dependent AIP with phosphorescence quantum yields (¢p) of ~25% and ~28%,
respectively, whereas aggregate induced quenching (ACQ) was observed in PQ. The phosphorescence lifetimes (zp) of the PQCI
and PQBr aggregates were shown to be ~22—62 us and ~22—59 us, respectively. The ¢, of the powder samples is found to be
0.03% (PQ), 15.6% (PQCI), and 13.0% (PQBr), which are significantly lower than that of the aggregates (107> M, f,, = 90%, v/v).
Film (Zeonex, 0.1 wt %) studies revealed that ¢, of PQ (7.1%) is relatively high, while PQCI and PQBr exhibit relatively low ¢,
values (PQCI, 9.7%; PQBr, 8.8%), as compared with that of powder samples. In addition, we found in single-crystal X-ray analysis
that multiple noncovalent interactions along with halogen---halogen (Cl-+-Cl) interactions between the neighboring molecules play
an important role to stabilize the *CT caused by increased rigidity of the molecular backbone. This design principle reveals a method
to understand nondegeneracy of 'CT and *CT states, and RTP with a concentration-dependent AIP effect using halogen substituted
twisted donor—acceptor conjugates.
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Bl INTRODUCTION systems show up to 100% internal electroluminescence
efficiency because of the use of noble metals promoting strong
spin—orbit coupling (SOC).” Since these systems are
expensive, an alternative method with inexpensive organic
materials which can be simply processed and functionalized by
a wide variety of substituents is therefore desirable. To achieve
RTP from purely organic materials, the molecule should
undergo a spin flipping process that occurs via coupling of the
magnetic torque with the spin of the electron.'”"" Thus, the
spin—orbit coupling (SOC) mechanism is crucial to flip the

Single-component organic luminescent materials (SCOLMs)
that can harness both singlet and triplet excitons have attracted
enormous interest because of their potential application in
chemical sensing,l’2 organic light-emitting diodes (OLEDs) 7
and bioimaging.”” It is a long held notion that fluorescence via
radiative decay of an excited singlet state occurs readily where
the relaxation conserves spin.'’ However, achieving phosphor-
escence from the lowest triplet (T1) state at ambient
conditions is a challenging task due to the involvement of a
quantum mechanically forbidden spin flip process."”'" There-
fore, development of SCOLMs that manifest simultaneous
radiative decay of both excited singlet and triplet states, and
high photoluminescence quantum yield (PLQY) are of prime
importance. To observe room-temperature phosphorescence
(RTP), heavy-metal based systems (typically iridium) have
been extensively studied.”'’ It has been realized that these
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electron’s spin from the singlet to the triplet state. It is well-
known that the magnitude of SOC depends on the SOC
operator which sequentially turns on the nuclear charge.
Hence, the SOC effect will be stronger for the heavy elements
as compared with the lighter elements such as C, N, O, and
H.' Most of the purely organic molecules are made of lighter
elements, which results in poor SOC. For the sake of efficient
intersystem crossing (ISC), heteroatoms such as sulfur and
halogens (Cl, Br, I) are incorporated as they can yield
radiationless ISC transition between the orbitals of different
symmetry, that is, '(z—z*) to 3(n—*) and vice versa (El-
Sayed rule).'”"® The RTP efficiency of such molecular systems
suffers from a slow rate of ISC that results in a long lifetime of
the triplet states. In addition, the quenching of triplet excitons
(ie, localized and charge transfer) caused by molecular
vibrations and molecular oxygen becomes another major
bottleneck to achieve efficient RTP."* To this context,
achieving RTP from organic materials also relies on the rate
of intersystem crossing (k;sc) that depends mainly on the SOC

and energy difference (AEgr) between the S1 and T1 states

(S,/HyoIT;)
E

which can be expressed as kg . It reveals that

ST

energetic close proximity of the S1 and T1 states is another
prerequisite to observe the RTP feature. To avoid such
obstacles, a large number of design principles based on
harnessing the locally excited triplet (°LE) energy, for example,
intra- and/or intermolecular interactions (lone pair-7, 77,
hydrogen bonding),ls_17 aggregates,lg_21 host—guest,n’23
deuteration,”* excited states engineering,25 internal heavy
chalcogen atom effect,”® and the presence of heavy elements
in the molecular backbone,'® have been adopted to reduce the
nonradiative pathways and boost ISC rates at ambient
conditions. Recently, a handful of reports have established
that phosphorescence from the *CT state at ambient
conditions can be achieved using charge transfer complex-
ation,"?”~*? excited-state hydrogen-bonding effect,”® aggregate
induced phosphorescence (AIP),*** and orthogonal donor—
acceptor (D—A) geometries.”*”> On the other hand, thermally
activated delayed fluorescent (TADF) material development
relies on the orthogonal D—A structure with a close proximity
of 3LE, !CT, and 3CT states which results in an increased
reverse intersystem crossing (RISC) rate by reducing the
energy gap between the 'CT, ’CT, and °LE states.”* >’
However, most of the reports determine the energy and
configuration of T1 states from a phosphorescence spectrum
measured at 77 K.*** In addition, 'CT and 3CT states are
often considered degenerate states, assuming the orthogonal
D—A geometry of the TADF molecules.***”*" Furthermore,
decades of RTP research have shown RTP via ultraviolet light
excitation. Despite this understanding, the structure—property
correlation in CT triplet (*CT) energy harvesting at ambient
conditions remains murky due to (a) inefficient SOC between
the energetically degenerate 'CT and *CT states owing to the
lack of displacement of the transition orbitals of these states
and (b) the involvement of supersensitive *CT excitons with
longer migration length as compared with that of °LE
excitons.””~* Therefore, it is imperative to design new organic
light emitters that unravel the underlying mechanism of RTP
with AIP via radiative decay of *CT under visible light
excitation (VLE) and can be used in photonics applications.

Inspired by our previous investigations,”*' donor (phenox-
azine) substituents at either the 8 (ortho to the quinolinyl
nitrogen atom) or 6,8-positions (ortho and para to the

quinolinyl nitrogen atom) of the quinolinyl ring have resulted
in orange-red RTP (°CT) via intermolecular CT complexation,
and dual emission via TADF and RTP at ambient conditions,
respectively. Herein, we report three new phenoxazine—
quinoline conjugates (PQ, PQCI, PQBr), where phenoxazine
is covalently attached with the halogen (Cl, Br) and/or
without halogen substituted quinolinyl fragment via a C—N
single bond (Figure 1); the phenoxazine donor is connected at

PQ (R=H)
PQCI (R = C)
PQBr (R = Br)

Figure 1. Energy diagram with proposed molecular structures.

the 6-position (para to the quinolinyl nitrogen atom) of the
acceptor fragment. We anticipate that a heavy atom effect
caused by halogen substitution would trigger the SOC as well
as intermolecular interactions due to the presence of lone pairs
of Cl and Br atoms, which may lead to efficient RTP with an
AIP feature at ambient conditions. In addition, we imagine that
a spatial separation of the highest occupied and the lowest
unoccupied molecular orbitals (HOMO, LUMO) may result
in a CT absorption band at the ground state and non-
degenerate excited CT states ('CT, *CT) due to donor—
acceptor coupling at the excited state, conducive to RTP via
radiative decay of *CT under VLE. Spectroscopic analysis
revealed that PQ_in solutions exhibits white light emission due
to radiative decay of both locally excited (LE) and charge
transfer (CT) states. While PQCI and PQBr showed only a
predominant CT emission band in solutions. We found in
aggregate studies that PQCI and PQBr show concentration-
dependent AIP features (PQCL 7; = 22.60 ps, 7, = 62.37 us;
PQBr, 7; = 22.03 us, 7, = 59.15 us; A = 425 nm) (quantum
yield, ¢p = 25—28%) in the mixture of tetrahydrofuran and
water under VLE at ambient conditions, while an aggregate
induced quenching (ACQ) effect was observed only for PQ.
Further, in the solid state (powder), all the compounds showed
fluorescence and green-RTP (PQ: A, = 535 nm, 7,= 18.9S us,
T, = 141.21 ps, 75 = 1.01 ms; PQCI: A, = 529 nm, 7, = 6.1 ms,
7, = 1.8 ms; PQBr: A,,, = 536 nm, 7; = 0.23 ms, 7, = 1.8 ms)
features with relatively reduced ¢, (PQ, 0.03; PQCL 15.6;
PQBr, 13.0%) as compared with that of aggregates at ambient
conditions. The 'CT—>CT gaps are calculated to be ~0.03—
0.1 eV. While ¢, values of all the conjugates in 0.1 wt % films
are found to be ~7—9%, respectively, at ambient conditions.
Single crystal X-ray analysis of PQ and PQCI revealed that
donor (phenoxazine) and acceptor (quinolinyl part) are held
in almost orthogonal fashion. We found in X-structures that
Cl---Cl interactions along with a large number of noncovalent
interactions (C—H---Cl, C—H---C, C—H--O, 7---x) played an
important role to rigidify the molecular system and facilitate
the ISC process. Thus, we have developed new D—A molecular
systems with halogen substitutions which show RTP with AIP
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characteristics due to radiative decay of the 3CT state at
ambient conditions.

B RESULTS AND DISCUSSION

Single-Crystal X-ray Diffraction (SCXRD) Analysis.
SCXRD analyses (Figure 2) of all of the conjugates reveal

(@)
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(®)
cn
N1
N2
o1

Figure 2. Representative torsions in the (a) PQ and (b) PQCL H
atoms are removed for the sake of clarity.

that the phenoxazine ring and phenyl substituents attached to
the C2 and C4 atoms of the quinolinyl moiety deviate from
planarity (PQ: —94(1)°, 36(1)° and —126.2(9)°% PQCL
86.5(3)°, 6.1(2)7° and —52.5(3)°), when viewed along the
Cl11A-N2—-C6—CS, N1-C2—C23—-C24, and C3—C4—-C17—
C22 atoms, respectively (Figure S9, Table S1), proving that
donor and acceptor units are in almost orthogonal orientation
conducive for a low singlet—triplet gap. Interestingly, the
phenoxazine donor at the 6-position of the quinolinyl ring
(PQ, PQCI) adapts “bent-type” conformation. The donor at
the 6-position of the quinolinyl part of both conjugates is
folded by 11.29° and 4.36° respectively, along the N--O
vector, ensuring that geometries with folded and nearly planar
phenoxazines are present in the solid state. These observations
are consistent with recent reports.1’41’46 Further, PQ_shows
multiple C--C interactions (C9---C14C, C2---C15C, 3.40(1)
A, 3.39(1)A), one hydrogen-bond (H—B) interaction (C26—
H26--01B, 2.428 A) and multiple C—H--C interactions
(H18—C18--C16B, 2.856 A; C19B—H19B:-C14B, 2.797 A;
C13—-H13:-C24, 2.852 A; C7—H7---C2B, 2.66 A; C27—H27--
H16, 3.11 A) between two neighboring molecules (Figure
$10). In addition, a &7 stacking interaction (centroid to
centroid, 3.717 A) between the phenyl ring of the donor
fragment and the pyridyl ring of the quinolinyl part of two
neighboring molecules is also observed (Figure S10). In PQC],
multiple C—H-C interactions (C28—H28:-C13, 2.891 A;
C13—H13--H26, 2.88 A; C20—H20--C13A, 2.804 A) along
with one hydrogen bond (C8—HS8:--Cl1, 2.94 A) between the
neighboring molecules were also found (Figure S10).
Interestingly, an additional Cl--Cl interaction (3.485 A)
between the two chlorine atoms of two neighboring molecules
was also observed (Figure S10). Further, two 77 stacking
interactions (centroid to centroid, 3.778 and 4.131 A) between

16829

the donor rings, and phenyl ring of the PhCl fragment and
pyridyl ring of the quinolinyl part of two neighboring
molecules are also present (Figure S10). We anticipate that
these noncovalent intermolecular interactions lead to increase
rigidity that reinforces AIP due to stabilization of the *CT
state.

Quantum Chemistry Analysis. To gain further insight into
the excited states of all the conjugates, DFT and TD-DFT"
calculations were performed in Gaussian 09 D.01** at the
MO06-2X/6-31G(d,p) level of theory (Figure 3, Figures S11—

96%
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Figure 3. The energy diagram of PQCI with natural transition orbitals
describing the excitation characters of the 'CT and *HLCT states
(M02X-631G (d,p)).

S13). It should be noted that the crystal geometries of PQ and
PQCI were considered for optimization in the gaseous state
while the z-matirx was used for optimization of PQBr. The
calculations revealed that the HOMOs are predominantly
localized on the donor parts, while the LUMOs are distributed
over the acceptor units of PQ, PQC, and PQBr (Figure S11).
As shown by the natural transition orbital (NTO)*” analysis in
Figure 3, and Figures S12 and S13, the S1 state of PQ, PQCI,
and PQBr shows a pronounced CT-excitation character, as the
hole and electron wave functions are localized at the donor and
the acceptor parts, respectively. In contrast, the T1 state of all
the compounds exhibits a hybridized charge transfer (HLCT)
character as it consists of a mixture of LE and CT excitons.
The S1—T1 gaps were calculated to be 0.08 eV (PQ), 0.03 eV
(PQCI), and 0.028 eV (PQBr), respectively. Intriguingly, the
calculations predicted a decrease in the SI-T1 gap with
halogen substitution. These results promise that the energy of
triplet exciton can be harvested via radiative decay of the *CT
state at ambient conditions due to small S1—T1 gaps of all the
conjugates.

Absorption and Emission Characteristics in Solutions.
Figure 4 and Figure S14 exhibit the normalized ultraviolet—

1.2 —— Phx (Donor) 1.2
E —— QPP (Acceptor) oy
—PQ .
5091\ “rea 09
= ——PQBr E
.20.6- 0.6 £
a, :2
o 1 L
= 0.3 0.3 [E
0-0 T L] T T T 0-0
300 400 _ 500 400 600 800
(nm)

Figure 4. Absorption (UV—vis) and emission spectra of PQ, PQC],
and PQBr along with donor (Phx) and acceptor (QPP) components
in toluene solutions (10 uM) at ambient conditions.
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Table 1. Photophysical Parameters of PQ, PQCI and PQBr

phosphorescence
7p (ms) dp (%) ICT (eV) 3CT (eV) ICT-3CT (eV)
Film“
0.48(0.30) 0.15(0.6) 0.5(0.13) 7.1 2.87 2.70 0.17
0.31(0.64) 1.6(0.36) 9.7 2.83 2.62 021
0.15(0.62) 0.6(0.38) 8.8 2.81 2.63 0.18
Powder
0.2(0.1) 0.15(0.26) 1.0(0.66) 0.03 2.73 2.55 0.18
6.1(0.57) 1.8(0.43) 15.6 2.51 248 0.03
0.2(0.33) 1.8(0.67) 13.0 2.50 248 0.02
Aggregated
0.02(0.36) 0.06(0.36) 25+03
0.02(0.73) 0.06(0.27) 28 + 08
fluorescence
samples A (nm)” 75 (ns) br (%) Ap(nm)©
PQ 501 4.48(0.36) 16.89(0.6) 17.0 514
PQCl 430 1.33(0.54) 5.27(0.46) 14.9 529
510 3.5 (0.34) 14.4(0.66)
PQBr 440 1.65(0.40) 5.48(0.60) 14.8 530
512 5.5(0.25) 16.4(0.75)
PQ 518 9.33(0.44) 2.78(0.44) 24.8(0.12) 2.03 53§
PQCl 528 4.3(0.57) 7.2(0.43) 152 529
PQBr 534 4.7(0.11) 17.9(0.89) 124 536
PQCI 562
PQBr 58S

“Zeonex. “,, = 425 nm; A, = 390 nm, “[M] = 1.0 x 10~ M (THF)/H,O (f, = 90%).

visible (UV—vis) spectra of PQ, PQC, and PQB in the solvents
(107 M) of disparate polarity. All the compounds exhibit
higher energy absorption bands at 265 and 311 nm which can
be attributed to the 7 — 7* transition.>**>*%*! In addition, a
broad tail ranging from ~355 to 500 nm which shows a slight
hypsochromic shift upon increasing solvent polarity, was
observed. A comparison between the absorption spectra of D
(Phx) and A (QPP) fragments with all the conjugates confirms
that a higher energy region of the absorption spectra of the D—
A conjugates arises due to the arithmetic sum of the D and A
absorption spectra, while the appearance of lower energy broad
absorption bands (& = 6100—7100 L-mol™'cm™) is due to the
charge transfer (CT) caused by D—A torsion (Figure 4), which
is conducive for visible light excitation (VLE).

Likewise, PL measurements of all the conjugates were
performed in different polar solvents (VLE, A, = 425 nm).
Methyl cyclohexane (MCH) solutions (10 uM) of PQ_show a
local emission (LE) feature at 401, 426, 462, and 482 nm
(Figure S15). Interestingly, an increase in solvent polarity
(toluene, Tol; tetrahydrofuran, THF; acetonitrile, ACN) leads
to a bathochromically shifted new lower energy broad emission
band along with the parent LE band which remains almost
unaffected (Table 1). In ACN solutions, the dual emission
feature (LE, ~425 nm; CT, ~598 nm) resulted in a white light
emission with Commission Internationale de I'Eclairage (CIE)
coordinates of (0.33, 0.35) (Figure S15). To gain more insight,
emission measurements of PQ_ were carried out in THF/
ethylene glycol (EtGly) mixture (1.0 uM) (Figure S15). We
found that an increasing concentration of EtGly (30%) results
in a bathochromic shift of the emission band with reduced
intensity. The addition of more EtGly (50—90%) causes a
decrease in the intensity of the lower energy broadband
emission (~450—700 nm), while the intensity of the parent LE

band (~405—480 nm) is substantially increased. The dual
emission feature suggests that the radiative recombination
from LE to the ground state is relatively slow due to D—A
torsion, which can significantly compete with the electron
transfer that populates the lower-level CT state.”* Further, a
close overlap of the steady state spectra of the D part and PQ
in toluene clearly indicates that the contribution of the LE
band arises from the D component (Figure 4, Figure S15). On
the other hand, PQCI and PQBr exhibit only lower energy CT
bands that show significant positive solvatochromic effects with
increasing solvent polarity as compared with that of PQ
(Figure 4, Figure S15). It should be noted that the emission
bands of PQCI and PQBr are more bathochromically shifted as
compared with that of PQ. These results indicate that the
electron withdrawing effect of halogens (Cl, Br) causes a
bathochromic shift of the emission bands, proving more CT
nature®>*® of the excited states as compared with that of PQ.
We found in time-correlated single photon counting (TCSPC)
analysis that the lifetime of the LE band remains almost
unaltered (7 = 3—4 ns) with increasing polarity of the solvent,
while a gradual increase in the lifetime of the lower energy
broad emission band (7 = 2.5—18.5 ns) was observed for PQ at
RT (Figure S16, Table S3). On the other hand, both PQCI
and PQBr showed similar lifetime enhancement with
increasing polarity of the solvents (Figure S16, Table S4,
Table 1). Further, absolute photoluminescence quantum yield
(PLQY) values were found to be ~3—10% (Table S4). In
order to understand the nature of the emission band,
temperature-dependent emission studies of all the compounds
were performed in MCH (1.0 uM) (Figures S17, S18 and
Table SS). At 77 K, both LE and a lower energy broad
emission feature ('CT, 580—605 nm) are observed, while the
'CT bands are bathochromically shifted as compared with that
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of steady state emission bands recorded at RT (Figure S17).
These results further substantiate our previous argument for
the CT nature of the lower energy broad emission band.

To understand delayed fluorescence, steady-state emission
along with lifetime measurements of all the molecules in MCH
solutions were carried out under ambient and degassed
conditions at room temperature (RT) (Figure Sa—d, Tables
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Figure S. Lifetime analysis of (a) PQ, (b) PQC], and (c) PQBr in
different conditions at RT (A, = 425 nm). (d) Phosphorescence
spectra (0.1 ms delay) of donor (Phx), acceptor (QPP), PQCI, and
PQBr in MCH at 77 K.

S5—S8). We found in lifetime analysis that no delayed
components (2.28—3.26 ns, degassed; 2.14—3.18 ns, ambient)
were involved for lower energy emission bands (Tables S5—
S8). Further, temperature-dependent (213—298 K) lifetime
analysis revealed that a gradual increase in the lifetime values of
the short components (prompt fluorescence), ensuring that
only radiative decay of the 'CT state is involved for emission at

ambient conditions (Figure S18, Tables SS—S8). The
phosphorescence measurement (4., = 425 nm, 0.1 ms detector
delay) at 77 K shows a broadband emission feature at ~515
(PQ) nm, ~530 (PQCI), and ~535 nm (PQBr), which do not
overlap with the energy onsets of the phosphorescence spectra
of the D (Phx) and A (QPP) parts of all the molecules (Figure
5d, Figure S19). The 'CT—>CT gaps were calculated to be
0.10—0.22 eV, showing that energetically nondegenerate triplet
states are involved for emission, which is in good agreement
with the computational analysis discussed above (Figure S20,
Figures S11—S13, Table S9).

Photophysics of Aggregates. In order to understand the
aggregation effect on the emission behavior of all the
conjugates, aggregate induced emission (AIE) measurements
(100 uM) were carried out in THF—water (H,0) mixture at
RT under VLE. Figure S21 shows a gradual decrease in the
intensity of the emission band of PQ with an increase in
concentration of H,O, leading to aggregate induced quenching
(ACQ) effect. Interestingly, two other conjugates (PQC],
PQBr) displayed conventional AIE property (Figure
6a,b)."* " PQCI showed a bathochromic shift (~625 nm)
of the parent broad emission band (~591 nm) with significant
reduction in the intensity of the emission band with a gradual
increase in concentration of H,O up to 45% (v/v) to the THF
solutions. Further increase in the water content (f,, = 90%, v/
v) leads to a ~100-fold increase in emission intensity with a
~34 nm hypsochromic shift (4., = ~557 nm). Likewise, PQBr
also shows AIE behavior with a ~55-fold enhancement in
emission intensity, and a ~19 nm blue shift of the emission
band (4., = 572 nm). The initial bathochromic shift of PQCI
and PQBr with increase in the solvent polarity can be
rationalized by the stabilization of the CT excited states, while
hypsochromic shifts of the broad emission bands which are
observed with higher water content (f,, = 70—90%, v/v) are
due to aggregation that causes the molecules to come out from
the solvent shell, thus weaken the ICT effect.”* We anticipate
that halogen substitution (Cl, Br) in the molecular backbone
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Figure 6. Aggregate induced emission (AIE) spectra of (a) PQCl and (b) PQBr with increasing water content in THF (107° M) at RT (1, = 425
nm). Aggregate induced phosphorescence (AIP) spectra of (c) PQCI and (d) PQBr aggregates (f,, = 90%, THF-H,0) at ambient conditions (0.1
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Figure 7. Steady state and RTP spectra (0.1 ms detector delay) of (a) PQCI and (b) PQBr at ambient conditions in Zeonex films (0.1 wt %) (A, =
425 nm). Steady state and RTP (0.1 ms detector delay) spectra of (c) PQCl and (d) PQBr in powder (4, = 425 nm). Inset shows RTP decays (4,
=390 nm) of PQCI and PQBr in Zeonex films as well as powder at ambient conditions.

played an important role to achieve AIE in both PQCI and
PQBr due to stronger intermolecular interactions caused by
free lone pair of electrons of halogens as compared with the
parent PQ, thus leading to aggregation.

To explore the aggregate induced phosphorescence (AIP)
property, concentration-dependent AIP measurements of
PQCl and PQBr were undertaken at f,, = 90% in THF
under VLE. The phosphorescence measurements of PQCI
aggregates (107° M, A, = 425 nm, 0.1 ms detector delay)
result in an intense broad-RTP peak at ~562 nm (7, = 22.60
us, 7, = 62.37 us; ¢p = 21 £ 0.5%) (Figure 6¢c,e, Table 1).
Similarly, an intense broad-RTP peak at ~585 nm (7; = 22.03
us, T, = 59.15 ps; ¢p = 24 + 0.4%) was also observed for PQBr
(Figure 6d,f, Table 1). Further, AIP measurements (0.1 ms
delay) at high concentration (107> M) result in a similar AIP
feature (f, = 90%, v/v) with increased intensity of the
emission bands (¢p = 25—28%) (Figure S22, Table S10).
Interestingly, further increased concentration (10™* M) leads
to a significant reduction in the intensity of the emission bands
(¢p = 12 + 0.3—16 + 0.5%) while keeping the same water
content (f,, = 90%, v/v), suggesting quenching of AIP due to
increased concentration (Figure S22, Table S10). Further, the
transmission electron microscopy (TEM) measurements
revealed that both PQCl and PQBr form aggregates (f,, =
90%, v/v) with dimensions of ca. 400 and 80 nm, respectively
(Figures S24, S25); aggregates are amorphous in nature, as no
clear diffraction patterns are observed (Figures S24, S25).
These observations indicate that AIP features of both
molecules are activated due to (a) efficient ISC (El-Sayed
rule) and (b) intermolecular interactions caused by halogen
substitution in the molecular backbone.

Photophysics in Films. To gain further insight on the
emission features of PQ, PQCI, and PQBr, photophysical
studies were performed in a rigid matrix (Zeonex, 0.1 wt %).
Steady state measurements of all the conjugates show both LE
and CT emission bands (PQ: 410, 501 nm. PQCI: 430, 510
nm. PQBr: 440, 512 nm) with PLQY values of ~23—26%,
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respectively (Figure 7a,b, Table 1). Further, TCSPC analyses
of both 'LE and 'CT show only nanosecond component (PQ:
Aem = 410 nm, 7, = 5.55, 7, = 17.42; A, = 501 nm; 7,= 4.48 ns,
7, = 16.89 ns. PQCl: A, = 430 nm, 7, = 1.33 ns, 7, = 5.27 ns;
Aem = 510 nm, 7; = 3.5 ns, 7, = 14.4 ns. PQBr: 4,,, = 440 nm, 7,
= 1.65 ns, 7, = 5.48 ns; A, = 512 nm, 7, = 5.5 ns, 7, = 16.4 ns)
at ambient conditions (Figure S26). A comparison between
the steady state emission spectra of D component as well as
D—A conjugates revealed that the 'LE bands of the
compounds result from donor local emissions (Figure S27).
We anticipate that the radiative recombination from 'LE to the
ground state is relatively slow due to rigidity of the host, which
can significantly compete with the electron transfer that
populates the lower-level !CT state.’”* On the other hand,
phosphorescence measurements (4., = 425 nm, 0.1 ms delay)
showed green-RTP (°CT, broad) peaks at 514 (PQ: 7, = 48.28
us, T, = 15245 us, 7, = 525.94 pus), 529 nm (PQCL: 7, = 313
us, 7, = 1.6 ms), and 530 nm (PQBr: 7, = 148 us, 7, = 569 us),
which are red-shifted (~10—19 nm) as compared with the
steady state emission spectra recorded at ambient conditions
(Figure 7ab, Table 1, Figures S26a, S28). Moreover, a
significant increase in the lifetimes under deoxygenated
conditions at RT confirms the involvement of triplet state
(°CT) (Figure S27). Furthermore, comparison of the energy
onsets of the phosphorescence spectra of all compounds along
with their D and A parts shows that lower energy *CT
emission bands result from D—A coupling at the excited state
(Figure S29), which is fully consistent with the emission
measured in MCH (Figure Sd). Phosphorescence quantum
yield (¢pp) values were found to be ~7—9% (Table 1). The
CT—>CT gaps were calculated from the difference between the
energy onsets of the steady state emission band recorded at RT
and the phosphorescence spectrum recorded at 77 K, and
found to be 0.17—0.21 eV (Figure S30, Table S11). Similar
emission dynamics were also observed in bis[2-(di(phenyl)-
phosphino)-phenyl]ether oxide (DPEPO) (0.1 wt %), except a
significant bathochromic shift of the lower energy broad
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emission bands (520, 530, 541 nm) was measured due to
increased polarity of the host material (Figures S31, $32).*
The phosphorescence lifetimes of the conjugates (PQ: 7; = 64
ms, 7,= 130.3 ms. PQCI: 7, = 84.39 ms, 7,= 200.56 ms. PQBr:
7, = 8.46 ms, 7,= 37.71 ms) further ensure that the *CT state
contributes for RTP of all the conjugates at ambient conditions
(Figures S31, S32). The longer lifetimes of the triplet states in
DPEPO as compared with the Zeonex films can be explained
by the stabilization of the triplet excitons caused by a more
polar host. Taking all together, we believe that all the
conjugates (aggregates/films/powder) exhibit fluorescence
and RTP via radiative decay of 'LE (donor part), 'CT (D—
A), and *CT (D—A), respectively, at ambient conditions.
Photophysics in Solid State. The steady state PL
measurements of all the conjugates were also carried out in
solid state (powder) under VLE. The emission measurements
(A = 425 nm) of powder samples show a broad green
emission band at ~518 nm (PQ: 7, =9.33 ns, 7, = 2.78 ns, 73 =
24.79 ns), 525 nm (PQCIl: 7,= 4.3 ns, 7, = 7.2 ns), and 534 nm
(PQBr: 7, = 4.7 ns, 7, = 17.9 ns) at RT (Figure 7c,d, Figures
S33, S34, Table 1). It should be noted that no LE emission
bands are observed for all the compounds. Thus, the
disappearance of locally excited emission from the 'LE state
(donor unit) can be explained by the predominant population
of the 'CT state caused by the aggregation effect. Likewise,
phosphorescence measurements were also performed at
ambient conditions (0.1 ms delay). Phosphorescence spectra
(Aex = 425 nm) of all the conjugates exhibit a broad green-RTP
at 535 nm (PQ: 7, = 18.95 us, 7, = 145.21 us, 73 = 1.01 ms),
529 nm (PQCIl: 7, = 6.1 ms, 7, = 1.8 ms), and 536 nm (PQBr:
7, = 023 ms, 7, = 1.8 ms) which is red-shifted as compared
with the steady state emission bands recorded at RT (Figures
S33, S34). Absolute PLQY values were found to be 2.1% (PQ),
30.8% (PQCI), and 25.4% (PQBr) (Table 1, Tables S12—
S14). The ¢p values were calculated to be 0.03% (PQ), 15.6%
(PQCI), and 13.0% (PQBr) (Table 1, Tables S12—S14).
When we compare the phosphorescence spectra of powder
samples with the AIP spectra (¢, = 25%, PQCl; ¢pp = 28%,
PQBr) (aggregation studies discussed above, f,, = 90%, ¢ =
107 M), we found that the ¢, values of powder samples are
relatively smaller than that of aggregate samples, while energy
onsets of the phosphorescence bands remained almost the
same (Figure S35, Table S15), indicating that the powder
samples suffer from a significant quenching eftect on PL. When
we compared the TEM analysis of the aggregates (f,, = 90%,
v/v) and powder samples, surprisingly, we found that both
powder samples (PQCI, PQBr) showed a clear diffraction
pattern along with increased average size of the particles
(Figures S36—S38), indicating that powder samples are
crystalline in nature, which is therefore responsible for the
observation of reduced PL in the powder state. These results
clearly indicate that all the conjugates are capable of harnessing
singlet and triplet energy via fluorescence ('CT) and RTP
(3CT) at ambient conditions, which is consistent with the PL
analysis in films. The high ¢p values of PQCI and PQBr
indicate that both efficient ISC and AIP mechanisms are
activated due to the presence of a lone pair of electrons of
halogen atoms (Cl, Br) (El-Sayed rule) in the molecular
backbone.'”"* While a low PLQY and ¢p values (without
halogen substitution) suggest that the ACQ effect played an
important role in the emission characteristics of PQ. Such
difference in emission characteristics of PQCI/PQBr with PQ_
can be further explained by the stabilization of the triplet state

(3CT) due to reduced nonradiative channels caused by
increased rigidity via intermolecular interactions induced by
halogens.

B DISCUSSION

We demonstrate RTP with AIP/ACQ features from three D—
A molecular systems in which the donor is held in almost
orthogonal orientation around the D—A single bond. The
donor and acceptor coupling at the ground state has sufficient
driving force to obtain a CT absorption band at the ground
state that can be used for visible light excitation. By
substituting the acceptor part (quinolinyl unit) with electron
withdrawing halogens (Cl, Br), an alteration of the photo-
physical property (ACQ_to AIP) occurred while energetic
nondegeneracy of the triplet states ('CT, *CT) remained the
same. Moreover, a decrease in the phosphorescence lifetime
was found in PQCI and PQBr as compared with the parent
molecule (PQ) due to the halogen substitution of the
molecules. In addition, halogen substitution in such systems
leads to AIP via radiative decay of the *CT state at ambient
conditions. The low 'CT—>CT gap is also involved to show
efficient AIP. The relatively high phosphorescence quantum
yield of ~12—15% (powder) and ~25—28% (aggregates) as
compared with that of films (~7—9%, 0.1 wt %) recorded at
ambient conditions highlights the fundamental process of
aggregation caused by the presence of a lone pair of electrons
of the halogens. We hypothesize that heavy halogens (Cl, Br)
in the molecular backbone offer (a) efficient ISC (El-Sayed
rule) from !CT to 3CT state and (b) stabilization of the 3CT
state caused by intermolecular interactions (Cl-+-Cl, C—H---C,
m--m, C—H--O) to sustain RTP with AIP characteristics in
both PQCI and PQBr at ambient conditions. In addition, the
orthogonal D—A structure leads to a controlled low energy gap
('CT-CT = 0.17-0.21 eV) due to spatial separation of
HOMO and LUMO. Accordingly, this approach paves a new
way to achieve RTP with AIP and facilitate charge transfer
triplet energy harvesting. From these results, the photophysics
of such molecules is anticipated to become more deeply
explored for the understanding of RTP materials.

B CONCLUSION

In summary, three donor—acceptor based phenoxazine—
quinoline conjugates with and/or without halogen substitution
have been successfully synthesized. We have shown that all
molecular systems show RTP via radiative decay of charge
transfer triplet states under visible light excitation at ambient
conditions. The presence of heavy halogens (Cl, Br) in the
molecular backbone of PQCI and PQBr resulted in
concentration-dependent aggregate-induced phosphorescence
and led to a high phosphorescence quantum yield (~25—28%,
aggregates) as compared with the PQ (~0.03%), which
showed an aggregate caused quenching effect due to the
absence of a halogen atom. The aggregate induced
phosphorescence feature of both PQCl and PQBr with
decreased phosphorescence lifetimes as compared with that
of PQ can be explained by (a) noncovalent interactions (for
example, Cl---Cl, C—H--Cl, C—H---C, 7---7) which stabilize
the triplet excitons due to increased rigidity of the molecular
backbone and (b) increased SOC caused by heavy halogens.
The design principle may enrich our understanding of RTP
from charge transfer triplet state under visible light excitation.
Further modification of these systems considering visible light
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excitation (for bioimaging) and triplet charge transfer state (for
photocatalysis) are underway in our laboratory.

B EXPERIMENTAL SECTION

Synthesis and Characterization. The final compound
(PQ) was synthesized by the reaction between phenoxazine
and 4-fluoro-nitrobenzene, followed by a reduction of the
nitrofunction to the amine intermediates, and treated with
ethynylbenzene and benzaldehyde in the presence of a catalytic
amount of iron(IIl)-trifluoromethanesulfonate in oxygenated
conditions. Similarly, PQCI and PQBr were synthesized using
the above procedure except using 4-chlorobenzaldehyde and 4-
bromobenzaldehyde separately. The reference compound
(QPP) was synthesized by following a similar methodology
using aniline, benzaldehyde, and ethynylbenzene to afford QPP
(Scheme S1, Supporting Information)."*****" To check the
purity of the target compounds, high performance liquid
chromatography (HPLC) of the vacuum sublimated samples
was used (Figures S6—S8). All the compounds were
characterized by NMR spectroscopy, high resolution mass
spectrometry (HRMS), and X-ray analysis (see the Supporting
Information).

Photophysical Measurements. Absorption measure-
ments were performed using a Cary 8454 UV—vis instrument
from Agilent Technologies. Steady-state emission, phosphor-
escence, and lifetime analysis of the samples were recorded on
HORIBA Fluorolog-3 and Edinburgh FLS980 spectrometers
(see section S1 in the Supporting Information). All the
phosphorescence spectra were recorded using the detector
delay of more than 0.5 ms. The measurement details can be
found in the reported literature."*****" Temperature-depend-
ent PL measurements were performed using cryostat (JANIS
CS204SE-FMX-1AL). High performance liquid chromatog-
raphy (HPLC) experiments were carried out on a Waters
Alliance system (Milford, MA) consisting of 2695 separation
module and a 2998 photodiode-array detector.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c01909.

Crystallographic data for PQ_(CIF)

Crystallographic data for PQCI (CIF)

Experimental procedures, NMR spectra of all com-
pounds, high performance liquid chromatography, single
crystal X-ray diffraction analysis, UV—vis absorption
spectra, steady-state emission, time correlated single
photon counting measurement, phosphorescence spec-

tra, quantum yields, rate parameters, and computational
details (PDF)
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