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Introduction

Intramolecular through-space versus through-
bond charge transfer in new donor-carbazole-
acceptor type luminophorest

Jakub Drapala, 22 Anna Sadocha,” Michat K. Cyranski,° Malgorzata Zagorska, {2)°
Adam Pron*® and Irena Kulszewicz-Bajer (2 *°

Five new donor—acceptor luminophores consisting of an acridan or phenoxazine donor and a benzoni-
trile (1-3) or benzothiadiazole (4, 5) acceptor connected via a carbazole linker are reported. All the
synthesized compounds were electrochemically active and could be oxidized in either a two-step (1-4)
or three-step (5) process consisting of electron abstraction from the donor substituent and central
carbazole unit. The electrochemically determined ionization potential (IP) values depended on the type
of the donor used, and the acridan-substituted carbazole derivative (compound 1) exhibited the highest
IP value of 5.27 eV. Alternatively, the IP values of phenoxazine-substituted carbazoles (2—5) were lower
by about 0.2 eV. Compounds 4 and 5, which were the derivatives containing benzothiadiazole accep-
tors, were electrochemically reduced in a quasi-reversible one-electron process, yielding the absolute
value of electron affinity (|EA|) of 2.98 eV for 4. It was found that the |[EA| of 5 increased to 3.12 eV as a
result of the extended conjugation of its acceptor unit. The synthesized compounds can also be
considered potential TADF luminophores as they exploited the so-called "through space charge
transfer” (TSCT) effect. This was owing to their molecular architecture imposed by the rigid carbazole
bridge, which enabled appropriate mutual orientation of the donor and acceptor units. They exhibited
fluorescence in the blue-orange spectral range (480-653 nm), which was strongly dependent on the
solvent polarity. The spectra recorded for molecular dispersions of 1-5 in Zeonex showed a significant
increase in PLQY of 43% for 1 and 94% for 5. TDDFT calculations suggested that the observed emissions
for compounds 1-4 stemmed from local electron density redistribution upon excitation. The donating
nature of the bridge (carbazole) gave rise to an appreciable through-bond charge transfer. However, in
case of 5, the emission process could have predominantly resulted from stronger through-space
interactions. These calculation results fully corroborated with the obtained crystallographic data,
indicating significantly closer vicinity of the donor and acceptor units in 5 as compared to the remaining
compounds (1-4).

triplet excitons, which are then transformed into singlets,
which are capable of undergoing the radiative process. Efficient

Donor-acceptor (D-A) type organic compounds exhibiting ther-
mally activated delayed fluorescence (TADF) have been com-
monly exploited as effective electroluminophores in organic
light-emitting diodes (OLEDs). The significant increase in the
external quantum efficiency (EQE) achieved by OLEDs through
exploiting TADF luminophores is related to the harvesting of
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reverse intersystem crossing (RISC) between triplet T; and
singlet S; states can occur only in cases when the energy
difference AE (S;-T,) is sufficiently small (<0.1 eV); as a
consequence, the process can be thermally activated. Moreover,
it has been shown that the RISC process is accelerated for
molecules in which vibronic coupling between *LE and 'CT
states takes place."™ Compounds exhibiting the TADF effect
must contain donor and acceptor units in a highly twisted
structure, which ensures the location of HOMO and LUMO
orbitals on different parts of the molecule, leading in effect to a
small value of AE (S;-T;). A large number of TADF-type lumi-
nophores have been synthesized to date. Accordingly, the
values of EQE obtained for new TADF materials used as
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emitters in OLEDs increased significantly, exceeding 30% in
some cases.”® Conventional TADF compounds consist of
donor and acceptor units linked via a m-conjugated bridge.
Thus, the interaction between D and A units has to be con-
sidered as a through bond charge transfer (TBCT). Owing to the
spatial separation of their frontier orbitals, these compounds
frequently suffer from weak oscillator strength, low photolu-
minescent quantum yield (PLQY) and low RISC transition
rate."’

Recently, a new approach in the design of TADF-type emit-
ters has been proposed, namely, the concept exploiting a
through-space charge transfer (TSCT). Luminophores of this
type should contain not orthogonally but cofacially aligned D
and A units, wherein the CT states arise from the spatial
interactions of frontier orbitals. In this respect, TSCT com-
pounds are similar to exciplexes but with defined positions of
the D and A moieties. While designing the chemical structure
of TSCT compounds, special emphasis should be placed on the
type of the bridge linking the D and A units as well as the nature
of the donor and acceptor moieties. Moreover, special attention
should be paid to minimize the distance between the D and
A units."" To ensure proper location of D and A units,
xanthene,"”" fluorenone,™ triptycene'® or acenaphthene'®
bridges were used, which facilitate the face-to-face orientation.
It should be noted that molecules containing a xanthene bridge
are of U-shape; thus, the D and A units can be cofacially
aligned. However, the spacing between the D and A units linked
to 9,9-dimethylxanthene bridge at 4,5 positions exceeds 3.5 A,
resulting in inefficient interactions of frontier orbitals and, as a
consequence, small PLQY.'® A decreased donor-acceptor dis-
tance below 3 A measured in xanthene compounds substituted
at 8, 9 positions results in high PLQY values, frequently
exceeding 90%."

Fluorenone and fluorene were also successfully used in the
design and synthesis of TSCT emitters. Chemical fixation of the
rigid spiro-structure of a benzophenone-fluorene acceptor and
different donors led to TSCT luminophores exhibiting high
PLQY due to structural stiffening, which suppressed non-
radiative decay losses."* Fluorenone was used to form spiroa-
cridine donors, which were linked to 1,3,5-triazine or dicyano-
pyrazinophenanthrene acceptors, leading to n-stacked
sandwiched D-A-D structures exhibiting good luminescent
properties.'”"'

There exist reports on carbazole as a bridging moiety in
TSCT luminophores.'** However, due to its chemical nature,
carbazole can be considered as a conjugated bridge or an
additional donor in D-carbazole-A type compounds. Thus, both
“through space” (TSCT) and/or through-bond (TBCT) interac-
tions can be expected in these luminophores. Monkman et al.*°
demonstrated that the type of interactions depended specifi-
cally on the electron donating/electron accepting strengths of
the donors and acceptors linked to the carbazole bridge. For a
strong donor and a strong acceptor, TSCT interactions domi-
nated, whereas for a weak donor and a strong acceptor, both
TSCT and TBCT were revealed. Moreover, the authors pointed
out that only the through-space interaction gave rise to a fast
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RISC process and efficient TADF. Detailed consideration of the
effect of donor and acceptor nature on the luminescent proper-
ties led to the conclusion that enhanced molecular rigidity of
both moieties results in an increase in the n—-r interactions and
suppression of non-radiative decay, which was spectroscopi-
cally manifested by high PLQY values.***!

In the work presented here, we focus on new carbazole-
bridged donor-acceptor compounds containing phenoxazine
or 9,9-dimethyl-9,10-dihydroacridine donors attached to the
carbazole bridge via a phenylene linker. Benzonitrile or ben-
zothiadiazole were used as acceptor units. The selection of this
specific family of D-bridge-A compounds requires justification.
In our previous papers, we demonstrated that phenoxazine,
when combined with acridone or quinacridone, yields efficient
TADF emitters,”” which can be used in the fabrication of light
emitting diodes (LEDs) exhibiting high values of external
quantum efficiency (EQE),”* which in selected cases exceeds
20%.>* Based on these findings, we were tempted to verify
whether D-bridge-A compounds with phenoxazine donors and
two different acceptors can be potential candidates for new
TSCT luminophores. Indeed, these new compounds turned out
very interesting not only from the point of view of their
photophysics but also due to their reversible electrochemistry
in some ambipolar-type compounds. As far as their lumines-
cent properties are concerned, the main goal was to determine
how the modification of the donor-bridge-acceptor structure, in
terms of the chemical nature of D and A groups as well as
positional isomerism, influences intramolecular through-bond
and/or through-space interactions in the studied compounds.
The presented study is comprehensive since it starts from the
design and synthesis of new potential TSCT molecules; the
research is then extended to the electrochemical determination
of their redox properties, followed by detailed photophysical
investigations in different environments. Crystallographic data
provide information on the distance between the donor and
acceptor units as well as on their mutual orientation, which are
vital for the TCST and TBCT processes. Finally, the obtained
experimental data are compared with the results of quantum
chemical (TDDFT) calculations.

Research on this family of luminophores opens up new
perspectives. So far, only in one of five studied compounds,
i.e., the one containing benzothiazole disubstituted with thie-
nyl rings as the acceptor, significant impact of the TSCT
phenomenon on its luminescent properties has been found.
However, the totality of the obtained results seems to indicate
that further increase in the TSCT contribution at the expense of
TBCT can be achieved by varying the acceptor strength and its
geometry. Taking into account a significant number of poten-
tially suitable acceptors, this approach seems promising. Repla-
cing the carbazole linker by a shorter bridge, eg., 1,8-
disubstituted naphthalene, should also be considered as
another rational step. Substitution in positions 1 and 8 with
donor and acceptor moieties, respectively, could, in principle,
yield a U-shape molecule characterized by a short stacking
distance between the donor and acceptor. In this configuration,
the TSCT mechanism should dominate over TBCT.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion

Two series of D-carbazole-A compounds were prepared. The first
series contained benzonitrile as an acceptor, differing in the type
of the donor (phenoxazine or 9,9-dimethyl-9,10-dihydroacridine)
and the positions of D, A substitution to the carbazole bridge. The
second series contained the benzothiadiazole acceptor bearing
one or two thiophene rings and phenoxazine as a donor. All the
studied compounds are depicted in Chart 1. Thus, compound 1
contained 9,10-dihydro-9,9-dimethylacridine as a donor and ben-
zonitrile as an acceptor. Other derivatives contained phenoxazine
donor. In the case of 2 and 3, the positions of donor and
acceptor were changed to estimate the impact of their positions
on the molecular geometries and the distribution of electron
density in both molecules. Compounds 4 and 5 contained 4-
thienobenzothiadiazole and 4,7-dithienobenzothiadiazole
attached to the carbazole core, respectively.

Synthesis

The synthetic pathways leading to the studied derivatives are
presented in Scheme 1 (detailed description of the synthetic
procedures can be found in the ESI}). All compounds were
synthesized using palladium-catalysed coupling reactions.
Compounds 1, 2, 4 and 5 were prepared in the reaction of the
adequate carbazole derivative with a suitable acceptor deriva-
tive. Thus, in the synthesis of 1 and 2, 1-bromo-3,6-di-t-
butylcarbazole was reacted with 4-cyanophenylboronic acid
pinacol ester in the presence of Pd(PPhs), catalyst. Then, N-
substitution of the carbazole core with N-(4’-bromophenyl)-
9,10-dihydro-9,9-dimethylacridine or N-(4’-bromophenyl)pheno-
xazine in the presence of Pd,(dba)s;/t-BusP catalyst (reaction
yields of 65% and 44%) led to compounds 1 and 2, respectively.
The syntheses of 4 and 5 were performed in a similar manner.
However, in these cases, carbazole substituted at position 1 with

Chart 1 Structural formulae of the studied D-carbazole-A derivatives.

This journal is © The Royal Society of Chemistry 2025
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boronic acid pinacol ester was used as a substrate. The reactions
of carbazole derivative with 4-bromo-7-thienobenzothiadiazole or
4-(5’-bromothieno)-7-thienobenzothiadiazole led to the corres-
ponding intermediate products. Finally, compounds 4 and 5 were
obtained in the reaction with N-(4’-bromophenyl)phenoxazine with
yields of 88% and 76%, respectively. The synthetic route to
compound 3 consisted of N-substitution of the carbazole core with
1-bromobenzonitrile in the first step. Then, this intermediate was
brominated and substituted with phenoxazine derivative to give
compound 3 with 60% yield.

Electrochemical studies

The studied compounds contain units that are known to
undergo reversible oxidation (carbazole, phenoxazine, acridan)
or reversible reduction (benzothiadiazole). These features are
also reflected in the electrochemical studies of 1-5. Cyclic
voltammograms (CV) of 1, 2 and 3 are presented in Fig. 1,
whereas those of 4 and 5 are given in Fig. 2. The corresponding
differential pulse voltammograms (DPV) can be found in the
ESIt (Fig. S3.1 and S3.2). Redox potentials determined from
cyclic voltammetry data are collected in Table 1. In the voltam-
mograms of 1-3 registered at positive potentials (vs. Fe/Fc'),
two consecutive le” oxidations are observed, revealed by
two cathodic peaks of approximately the same surface area.
The peak at lower potentials can be ascribed to the oxidation of
the donor unit to a radical cation. 1 is the only compound
containing 9,9-dimethyl-9,10-dihydroacridine, a weaker donor
compared to the phenoxazine moiety in 2 and 3. As a result, its
first oxidation peak is shifted towards higher potentials (0.58 V)
as compared to the cases of 2 and 3, whose phenoxazine
unit is oxidized at 0.37 and 0.34 V (vs. Fc/Fc'), respectively.
Similar oxidation potentials are featured for other 9,9-dimethyl-
9,10-dihydroacridine or phenoxazine derivatives reported
previously.?***>” The second oxidation peak registered in the

J. Mater. Chem. C, 2025, 13, 6195-6206 | 6197
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Scheme 1 Synthetic routes to the studied derivatives D-carbazole-A: (a) compounds 1 and 2, (b) compounds 4 and 5, and (c) compound 3.
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Fig. 1 Cyclic voltammograms of 1 (a), 2
scan rate: 50 mV s~%.
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(b) and 3 (c). Concentration of the studied compounds: 1 x 10 * M, electrolyte: 0.1 M Bu4NPFg solution in DCM:;
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Fig. 2 Cyclic voltammograms of 4 (a) and 5 (b). Concentration of the studied compounds: 1 x 10° M, electrolyte: 0.1 M Bu4NPFg solution in DCM; scan

rate: 50 mv s%.

Table 1 Redox potentials (E [V] vs. Fc/Fc*) of 1-5 determined from cyclic
voltammetry data

Compound E(0/—1) E(—1/0) E(0/1) E(1/2) E(2/3) E(2/1) E(1/0)
1 0.58 0.99 0.84 0.49
2 0.37 0.98 0.89 0.29
3 0.34 0.98 0.89 0.26
4 —1.94 —1.84 0.35 0.95 0.83 0.27
5 —-1.78 -1.70 0.36 0.77 0.94 0.63 0.28

CVs can undoubtedly be attributed to the oxidation of the
carbazole core. Its potential is the same for 1-3 (ca. 0.98 V vs.
Fc/Fc'). Evidently, the carbazole bridge oxidation is essentially
independent of the type of donors used and their substitution
position, suggesting that the electron densities of both donor
and bridging segments of the molecule do not overlap. Similar
effect was observed by Maggiore et al. in the case of benzonitrile
derivatives substituted with phenoxazine and carbazole.”® 1-3,
which contain cyanophenylene acceptor, are however very
difficult to reduce to their radical anionic form, at least under
the conditions used in this research for CV studies. Polariza-
tions down to —2.0 V did not result in the appearance of any
reduction-related cathodic peak.

Fig. 2 shows CVs of 4 and 5. At positive potentials, 4 under-
goes two-step oxidation, differing from the oxidation of 1-3
only by more pronounced irreversibility of the carbazole oxida-
tion process at 0.95 V vs. F¢/Fc'. In the CV of 5, an additional
anodic peak appears at 0.77 V vs. Fe/Fc', which, based on the
literature data,?® can be attributed to the oxidation of the
dithienobenzothiadiazole acceptor unit. Thus, in this case, all
three units constituting the molecule are active in the oxidation
processes. Polarization to negative potentials (vs. Fc/Fc') gives
rise to an anodic peak associated with guasi-reversible one-
electron reduction of the benzothiadiazole unit to a radical
anion.**”? It should be noted that 5 is reduced at significantly
higher potentials (—1.78 V vs. Fc/Fc') as compared to 4 (—1.94 V
vs. Fc/Fc'). This can be rationalized by more extended conjuga-
tion of the acceptor unit, in 5 which facilitates the delocaliza-
tion of the surplus negative charge imposed upon one-electron
reduction.

This journal is © The Royal Society of Chemistry 2025

The electrochemical data derived from CVs were used for the
calculation of the ionization potential (IP), electron affinity (EA)
and electrochemical band gap (E§) of the investigated com-
pounds (see Table 2). The obtained IP values are very similar for
compounds 2-5 (in the range of 5.04-5.06 eV), which contain
the same donor (phenoxazine). 1 containing 9,9-dimethyl-9,10-
dihydroacridine, i.e., a donor somehow weaker than phenox-
azine, shows a higher value of IP = 5.27 eV. The electron affinity
of 5 (JEA| = 3.12 eV) is lower than that determined for 4 (|EA| =
2.98 eV). This result shows that the incorporation of an addi-
tional thiophene ring between the carbazole bridge and ben-
zothiadiazole decreases the LUMO level as well as the
electrochemical band gap (Ef). These results are in good
agreement with those calculated by DFT; especially for the EA
values, the calculated IP values are somehow overvalued (see
ESL, T Table S6.1). The electrochemical band gaps of 4 and 5 are
2.06 eV and 1.93 eV, respectively. These rather low values,
together with the quasi-reversibility of the first oxidation and
first reduction processes, imply ambipolar character of these
compounds.

Crystal structures

To get a deeper insight into the molecular shape and molecular
interactions in the solid state, X-ray diffraction studies on
single crystals of 1-5 were performed. One of the ¢-butyl groups
in 2 and 3 is disordered over two or three positions, respec-
tively, whereas the thiophene ring in 4 and 5 is disordered over
two positions (for experimental details, see ESIt). Fig. 3

Table 2 Onset of reduction and oxidation potentials (vs. Fc/Fc*), ioniza-
tion potentials (IP), electron affinities (EA) and electrochemical band gaps
of compounds 1-5

Compound  Eog®[V]  ESQ™[V] EA[ev] IP[eV] EY[eV]
1 0.47 5.27

2 0.26 5.06

3 0.24 5.04

4 —1.82 0.24 —2.98 5.04 2.06

5 —1.68 0.25 —3.12 5.05 1.93

IP and EA were calculated following a procedure: IP = |e|[Eox**" + 4.8]
[eV], EA = e[Epeg <" + 4.8] [eV]

J. Mater. Chem. C, 2025, 13, 6195-6206 | 6199
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4 5

Fig. 3 Molecular structures of 1-5. In the case of disorder, the parts with bigger occupancies are shown. The figures with all details (disorder and ADPs)

are given in (ESI).

presents the molecular structures of all systems (for more
details, see Fig. S4.1 in ESIt). Both donors and acceptors are
strongly twisted with respect to the carbazole moiety. The twist
angles between the carbazole and neighboring rings at central
nitrogen (¢ angle) or at the outer ring (6 angle) are given in
Table 3. They can tolerate significant variations and range from
49.7° (for 5) to 62.5° (for 4) and from 41.9° (for 2) to 67.0° (for 4).
These changes may result mostly from steric interactions (due
to close proximity between substituents) and crystal packing.

Table 3 Twist angles between best planes calculated for the carbazole
moiety and phenylene ring at nitrogen (¢) or phenylene/thiophene/thie-
nobenzothiadiazole ring at carbon of the six-membered fragment (). ¢
stands for the twist angle between the best plane calculated for the
phenoxazine/acridan moiety and the phenylene ring fragment at nitrogen

o[ 0171 o[
1 58.7 52.9 83.7
2 55.4 41.9 88.9
3 58.3 56.7 77.3
4 62.5 67.0 88.3
5 49.7 50.9 72.3

6200 | J Mater. Chem. C, 2025, 13, 6195-6206

Electronic effects, due to intramolecular electron transfer,
might also be considered, but in all cases, the phenoxazine
or 9,9-dimethyl-9,10-dihydroacridine moieties adopt highly
twisted or even perpendicular conformation, with respect to
the phenylene ring. The twist is in general high and ranges
from 72.3° (for 5) to 88.9° (for 2) (¢ angle, see Table 3), which
impedes efficient electron transfer. In turn, the intermolecular
interactions may play a more important role. This can be
exemplified by comparing 1 and 2. Replacing phenoxazine by
9,9-dimethyl-9,10-dihydroacridine leads to a change of the
benzonitrile group twist by 11.0°. This is mostly caused by the
crystal packing. All systems crystallize in centrosymmetric
space groups: P2,/n (1), P24/c (2) or P1 (3, 4, 5); however, only
5 creates an architecture where the molecules may form a n-
stacked structure. The neighboring phenoxazine moieties are
situated in an anti-parallel way, as is shown in Fig. 4. The
interplanar, separating distance is rather small and equals
3.453 A. Despite this favorable arrangement, the interacting
fragments are somewhat shifted. This shift can be quantified by
the distance between their centroids, which equals 3.794 A.
This impacts the efficiency of the n-m interaction, which is

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Stacking interaction with separating distance in 5.

reduced but still significant. The crystal packing of 1-4 but also
5 is predominantly stabilized by a set of weak CH- - -N or CH- - -
intermolecular interactions, which are observed in the unit cell
at a distance of 2.7-2.9 A in both cases and by weak van der
Waals forces (see Fig. S.4.2-54.6 in the ESIt for more detail).
To summarize, taking into account the molecular shapes of
the studied molecules in the solid state as well as their crystal
packing, only 5 seems to adopt the geometry allowing for a
significant contribution of TSCT in its emission processes.

Photophysical properties

The studied compounds contain chromophore groups of dif-
ferent types, which, when combined in one molecule, may give
rise to a rather complex spectroscopic behaviour. Thus, detailed
spectroscopic investigations were performed in different envir-
onments, including solvents of different polarity, frozen sol-
vents and solid Zeonex matrix.

Fig. 5 shows the absorption spectra of 1-5 measured for
solutions in DCM and the emission ones recorded in PhMe.
The corresponding optical parameters are collected in Table 4.
Intense bands present in the absorption spectra at ca. 300 nm

This journal is © The Royal Society of Chemistry 2025

can be attributed to the n-n* transition in the donor segments,
while lower energy bands arise from the presence of the
electron-accepting units. In particular, compounds 4 and 5
exhibit well-resolved low-energy bands at 423 and 467 nm,
respectively, which can have CT character. The emission spec-
tra of all compounds display a single band with no visible
vibronic structure. The compounds exhibit low to moderate
photoluminescence quantum yields with the highest values
observed for 1 and 5 (21% and 24%, respectively). The mea-
sured PL lifetimes values are typical of fluorescence and range
from 4.8 to 12.2 ns.

In the series of compounds bearing benzonitrile electron-
accepting moiety (1-3), the highest bathochromic shift is
observed for 2, indicating stronger conjugation in the m-bond
system, confirmed by the smallest twist angles ¢ and 6 calcu-
lated for this compound (see Table 3). In the case of com-
pounds containing benzothiadiazole acceptors (4, 5), 5 emits at
longer wavelength, which manifests more extended conjuga-
tion in its acceptor unit. Switching from a nonpolar solvent
(PhMe) to a polar one (DCM) results in a bathochromic shift of
the emission maxima together with the broadening of emission
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Fig. 5 UV-vis (solid lines) (in DCM) and fluorescence (dashed lines) (in toluene) spectra (a) 1-3 and (b) 4, 5.

Table 4 Absorption and emission properties of 1-5 in DCM and PhMe

PL lifetime

Jabs [NM] Jem? [nNM] PLQY Zem? [nm] PLQY [ns]
DCM DCM DCM PhMe  PhMeseraed PhMe€ erated
1 353,279 480 0.10% 439 0.21% 8.9
2 340 (sh),300, 277 542 0.02% 472 0.02° 12.2
3 334,298,278 521 0.04% 449 0.04% 4.8
4 423,320,296 606 0.00° 573 0.01° 11.0
5 467, 318,300 653 0.00° 605 0.24° 10.4

4 PLQY standards Quinine sulfate in 0.05 M H,SO,. ” Coumarin 153 in
EtOH. € Fluorescein in 0.1 M NaOH. ¢ Samples excited at the lowest
energy band maximum.

bands with a significant drop in the PLQY values (see Table 4).
These changes point out the polarised nature of the excited
state (see Fig. S5.3, ESIt). The spectra of 1-3 and 5 do not show
any dependence on the excitation wavelength. On the contrary,
in the case of 4, the character of the spectra is strongly
dependent on the excitation energy. While exciting the acceptor
part of 4 (longer wavelengths), its emission spectrum exhibits a
single well-defined band. Upon excitation with shorter wave-
lengths (within the common spectral range of the donor and
acceptor part of the molecule), a contribution from a lower
energy band is observed and the emission maximum shows a
bathochromic shift (from 573 nm to 635 nm, see Fig. 6). This
finding suggests energy transfer from the donor to the acceptor

1,0 —
W
Y
0,8 A o
3 % Excitation wavelength
5 \, from 300 nm to 480 nm
£ 06+ (Y
c
o
73
2 04
£
I
0,2
0,0
T T T T T
400 500 600 700 800 900

Wavelength [nm]

Fig. 6 Emission spectra of 4 in PhMe upon excitation with different
wavelengths.
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part of the molecule and the formation of a charge-transfer
excited state.

In order to further investigate the nature of 1-5 compounds’
emission, additional measurements in the deaerated PhMe
were performed. In the cases of 1-3 and 5, the measurements
yield spectra of identical shape but higher PLQY as compared
to those recorded in the same but aerated solvent. Only the
spectrum of 4 shows a small bathochromic shift upon PhMe
deaeration (slightly higher contribution of a possible charge
transfer state). The observed increased emission is accompa-
nied by a considerable increase of the PL lifetime (Fig. S5.4,
ESIt). Both parameters increase by a similar factor (see
Table 5). The observed differences vanish upon consecutive
aerating of the studied deaerated solutions. These findings
indicate engagement of the triplet excited state in the process
of emissive deexcitation.

In order to further elucidate the effects of environmental
factors on the emissive processes of the studied compounds,
the photophysical properties of their molecular blends in
Zeonex (1% wt concentration) as well as in frozen PhMe
solutions (at 77 K) were determined. The results are collected
in Fig. 7, 8 and Table 6.

Expectedly, the character of the absorption spectra were
retained. On the other hand, the rigid and non-polar environ-
ment of the Zeonex matrix caused a hypsochromic shift and
narrowing of the emission spectra, as compared to those
measured at RT in PhMe solutions. Geometrical restrictions
imposed by a rigid environment resulted in an increase of the

Table 5 PLQY and PL lifetimes of the degassed solutions of 1-5 com-
pared with the data acquired for the aerated samples

PL lifetime

PLQY PLQY [ns] PL lifetime
PhMedegassed PhMedegassed/aeratedd PhMedegassed PhMedegassed/aerated
1 0.33¢ 1.61 14.3 1.61
2 0.06° 2.69 31.9 2.61
3 0.05¢ 1.26 6.1 1.27
4 0.01° 1.44 21.0 1.91
5 0.37° 1.58 15.8 1.52

¢ PLQY standards Quinine sulfate in 0.05 M H,SO,. > Coumarin 153 in
EtOH. ° Fluorescein in 0.1 M NaOH. ¢ Calculated as the ratio of the
integrals of the emission spectra with respect to the solution absor-
bance at the excitation wavelength.

This journal is © The Royal Society of Chemistry 2025
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Table 6 Absorption and emission properties of the molecular dispersion
of 1-5 (1 wt% concentration) in Zeonex

Jem  PLQY Fluorescence
Jabs [NM] [nm] Zeonex lifetime [ns] 7
1 353 396 0.43° 58 2.8
2 ca 340 (sh), 302 418  0.05°  6.9° 12.6°
3.6 (40%), 9.8 (60%)? 1.2¢
3 343,333,298 417 0.07°  3.1° 4.9
2.5 (78%), 5.9 (22%)? 1.2¢
4 436,324 545 018"  22.3° 9.8°
12.2 (46%), 33.4 (54%)*  1.57
5 474,320, 301 589  0.94” 8.9 1.6

“ Integrating sphere at 330 nm. ? Integrating sphere at 415 nm excita-
tion wavelength. © Monoexponential fit. ¢ Biexponential fit.

PLQY and almost in all cases shortened the PL lifetimes. In
three cases (2, 3 and 4), the fluorescence decay profiles did not
fit well into a single exponential decay model. This finding
suggests either a case of mixed local and charge-transfer
emission or presence of two emitting species. The latter variant
related to 4 can be justified by the existence of two rotational

This journal is © The Royal Society of Chemistry 2025
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(a) PL spectra of frozen PhMe solutions of 1-5 at 77 K. (b) Phosphorescence decay of 1-3.

isomers (rotation around Ccarpazole~Cbenzothiadiazole PONd). For 2
and 3, two conformations of the phenoxazine moiety (axial or
equatorial) can be envisioned.?® In this regard, single exponen-
tial decay of 1 is probably a result of low conformational
geometrical distribution. The monoexponential decay of 5 can
be related to pure emission from the electron-accepting unit.
Conjugation extended by the carbazole unit in 5 results in
slightly red-shifted emission in PhAME and DCM. On the other
hand, a subtle blue-shift is observed in the Zeonex matrix (see
Fig. S5.5, ESIt for comparison). The CT emission may be more
pronounced in the case of 4. Molecular blend of 4 in Zeonex
exhibits the highest value of fluorescence lifetime. Moreover,
the PL lifetime of 4 in Zeonex is higher than that measured for
PhMe solution.

The PL studies in frozen PhMe solutions indicated clear
differences in the emission properties at low temperatures. The
emission spectrum of 1 shows two separate bands, namely, a
high energy (386 nm) band ascribed to fluorescence and a low
energy (506 nm) band due to phosphorescence. 4 and 5 exhibit
similar behaviour in frozen PhMe solutions and in Zeonex
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matrix. Again, double exponential decay is observed for 4. 2 and
3 constitute much more complex cases. Both compounds
exhibit strongly structured emission spectra in PhMe at 77 K.
Similar to 1, the high energy band corresponds to fluorescence.
Strongly structured emission within the 450-700 nm spectral
range has several origins. On a shorter time scale (200 ps
measurement window), double exponential decay is observed
with luminescence lifetimes of approximately 1 ps and 8 us
whose contributions are highly dependent on the selected
emission wavelength. Upon increasing the measurement win-
dow up to 10 s, clear long-lived phosphorescence is observed

(Fig. 8).
Quantum chemical calculations

The performed computations involved the optimization of the
studied compounds structures in their ground (S,) and first
singlet excited state (S;). Optimized geometries showed the
expected separation of HOMO and LUMO orbitals on the
electron donating and electron accepting parts of the molecule
(see Table S6.2, ESIt).

In order to further investigate the nature of the electronic
transitions in the studied molecules, theoretical absorption
and emission spectra were calculated. TDDFT computations
on S, geometry indicate that the lowest energy excitations
exhibit strongly mixed character. In order to get a clear view
of the excitations of interest, natural transition orbitals analysis
was performed.

In case of 1, the lowest energy transition is characterised by
a considerable oscillator strength (fs s, = 0.1425) and corre-
sponds to the electron density transfer from the carbazole unit
to the electron-accepting benzonitrile unit (see Table S6.3,
ESIt). HOMO — LUMO transition does not have any contribu-
tion to this excitation. Interestingly, in the absorption spec-
trum, there are two low intensity excitations (fs s, = 0.0003
and fs s, = 0.0016) of similar energy. Both transitions consist
of electron density transfer from the donor (acridan) to the
acceptor part (benzonitrile) of the molecule.

Compounds 2 and 3 display a similar pattern of electronic
transitions structure. Two lowest energy excitations correspond
to the weak electron density transfer (f= 0.0004-0.0019) from

View Article Online
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the donor part of the molecule (phenoxazine) to its orthogon-
ally placed m-spacer (phenylene ring) with a slight contribution
of electron donation to the benzonitrile unit. The latter is the
most pronounced in the case of S, — S, transition in com-
pound 3. This is revealed by considerable dispersion of the
LUNTO orbital between phenoxazine, phenylene and benzoni-
trile units. Similar to compound 1, first intense electronic
transitions (So — S; with f= 0.1395 and f= 0.1293 for 2 and
3, respectively) involve electron density transfer from carbazole
to benzonitrile.

The second series of the compounds exhibit some analogies
to the first one. Although the experimental absorption spectra
of 4 and 5 contain well-separated low-energy absorption bands,
computations reveal the presence of low intensity excitations
alongside intense, rather local transitions in the acceptor
segment (from thiophene and carbazole to benzothiadiazole).
These low intensity bands are pure HOMO-LUMO transitions.
Compound 5 can form three conformers differing in the
orientation of the electron-accepting unit with respect to the
phenoxazine moiety (see Fig. 9).

In the case of 4 and two conformers of 5 (5¢1 and 5¢2), the
calculated lowest energy transitions of high intensity corre-
spond to S, — S, (with f=0.2349 and f= 0.4036 for 4 and 5c1,
respectively). They can be attributed to the electron density
transfer from phenoxazine to benzothiadiazole. In contrast, 5¢3
exhibits inverse order (but identical in character) of the two
lowest electronic transitions (Fig. S6.2, ESIT).

TDDFT calculations performed on optimized S; geometries
yield mirror images of the HONTO and LUNTO orbitals with
respect to the lowest intense absorption transitions (see Table
S6.4, ESIT). In most cases, the calculated Stokes’ shifts closely
reflect the experimental values (Table 7). These results suggest
that the observed emission in 1-4 stems from local electron
density redistribution upon excitation. Relatively high discre-
pancies are observed for compound 5. These can be a direct
result of either conformational equilibrium or stronger
through-space interactions of the donor and acceptor.

In order to explain the observed increase in PLQY and PL
lifetime upon deaerating the investigated solutions of 1-5,
additional TDDFT computations for the S; geometry were

Conformer 1 (5cl)

Fig. 9 Conformers of 5 considered for the computations.
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Conformer 2 (5c2)

Conformer 3 (5¢3)
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Table 7 Stokes’ shift values

Calculated Experimental
Stokes Stokes
Eaps [€V]  Eem [€V]  shift [eV]  Eaps [eV]  Eem [€V]  shift [eV]
1 4.0384 3.3769 0.6615 3.51 2.82 0.69
2 4.0403° 3.0441 0.9962 3.607 2.63 0.98
3 4.1240° 3.1727 0.9513 3.71 2.76 0.95
4 3.1355 2.3231 0.8124 2.93 2.16 0.77
5c¢1  2.9221 2.1108 0.8113 2.65 2.05 0.61
5¢2 2.9143 2.1673 0.7470
5¢3  2.8463 1.9632 0.8831

“ Calculated from the first intense excitation. > Maximum estimated
from the deconvolution of the absorption spectrum.

performed. The results are collected in Fig. S6.1-2 (ESIt). For
compounds 1-3, the energy diagrams show the presence of
several triplet excited states of lower energy than that of the
molecule in the relaxed S, state. Singlet-triplet gaps are of the
order of 0.01 eV. Such proximity of the triplet excited states may
significantly influence the deexcitation process. In this view, the
observed increase in PLQY and PL lifetimes upon deaerating may
possibly result from the presence of previously oxygen-quenched
deexcitation channels involving molecules in the triplet excited
state. Low singlet-triplet gap enables effective intersystem cross-
ing as well as reverse intersystem crossing. This could justify the
observed rather slight elongation of the PL lifetime.

Compound 4 does not show a triplet excited state with low
S;-T gap, while the case of 5 is more complex. Clear depen-
dence of the energetic structure on the conformation of the
molecule is visible. Conformers 5¢1 and 5¢2 show high singlet-
triplet gap. On the other hand, 5¢3 exhibits a very low S-T gap
(0.0056 eV). This may possibly originate from close distance
between the benzothiadiazole and phenoxazine units. The
distances between centroids of phenyl rings within benzothia-
diazole and phenoxazine are 3.629 A, 4.532 A and 3.404 A for
5c1, 5¢2 and 5¢3, respectively. These results support claims that
through-space interactions between the electron donating and
electron accepting units in the studied compounds influence
radiative de-excitation of the molecules. However, the geometry
of 5 in the crystalline phase deviates significantly from the three
conformers optimized in vacuum. Notably, the distance between
the donor and acceptor parts of the molecule exceeds 5 A (see
ESLf Fig. S4.6). This discrepancy is explained by a closer
examination of the molecule’s stacking arrangement (Fig. 4).
In the crystal, the phenoxazine moiety of one molecule inter-
weaves between the donor and acceptor parts of a neighboring
molecule, causing substantial distortion of the BTD moiety from
the plane of the carbazole linker. This observation highlights the
high flexibility of the BTD moiety relative to the rest of the
molecule and underscores the importance of considering multi-
ple conformers when analyzing the spectroscopic properties.

Conclusions

To summarize, we synthesized five donor-carbazole-acceptor
derivatives containing benzonitrile or benzothiadiazole as

This journal is © The Royal Society of Chemistry 2025
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acceptors and acridan or phenoxazine as donors. All studied
compounds are electrochemically active, exhibiting two-step
(compounds 1-4) or three-step (compound 5) quasi-reversible
oxidation. Compounds 4 and 5 are in addition ambipolar in
nature since they could be quasi-reversibly reduced to the
radical anion state in a 1e process. The investigated derivatives
exhibit fluorescence in the blue-orange spectral range, strongly
dependent on the polarity of the solvents used. PLQY values
measured in a rigid matrix (Zeonex) are significantly improved
as compared to those determined for toluene or DCM solu-
tions. This improvement can have its origin in the confinement
of intermolecular interactions. TDDFT calculations suggest that
the observed emission of 1-4 stems from the local electron
density redistribution upon excitation. A partial overlap of
HONTO and LUNTO suggests some involvement of a through-
bond charge transfer. In the case of 5, the emission process
may result from stronger through-space charge transfer inter-
actions due to a relatively small distance between the donor
and acceptor units.
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