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donor in donor–acceptor–donor
D2–D1–A–D1–D2 type emitters yields
multicomponent charge-transfer emission†

Dovydas Blazevicius, a Gintare Krucaite,a Alla Bogoslovska,b

Saulius Grigalevicius, a Amjad Ali,cd Hans Ågren,de Glib Baryshnikov c

and Oleg Dimitriev *b

Complex donor arms in thermally-activated delay fluorescence (TADF) molecules can potentially provide

additional options for charge-transfer (CT) emission through higher twisting disorder, leading to broader

emission spectra. Here we design novel TADF emitters with double twisted donor moieties and show

that a structural complication of the carbazole-based donor arms by changing the molecular structure

from D–A–D to D2–D1–A–D1–D2 yields a transition from a dual to a triple emission band with an

additional CT emission component, providing a corresponding red shift and increasing low-energy

emission contribution. The revealed relationship between increased complexity of the donor moiety and

the multicomponent CT emission band in the D–A–D structures provides a clue for design of TADF

emitters with extended emission spectra.
Introduction

Emitters possessing thermally activated delayed uorescence
(TADF) are usually highly twisted molecules, where the twisting
conformation provides several important properties that
crucially impact photophysical properties of the TADF emitters
themselves. First, a twisted molecular conformation is bene-
cial for the intramolecular charge transfer (CT) process that
accompanies molecular excitation,1 effectively separating the
excited electron and hole on electron accepting and electron
donating parts of the molecule, leading to corresponding
separation of wave functions of the HOMO and the LUMO,
respectively. This results in a reduced triplet-singlet gap DEST
necessary for an effective reverse intersystem crossing (RISC)
process. In this way, twisted conformation is favourable for
reducing spatial overlap of molecular orbitals, which is useful
for generation of additional channels to facilitate RISC.2

Second, twisted molecular conformations, on one hand,
nology, Kaunas University of Technology,

huania

ysics, NAS of Ukraine, Pr. Nauki 41, Kyiv

llenberg Wood Science Center, Linköping

Chemistry, Wrocław University of Science

ppsala University, Box 516, SE-751 20

ESI) available: Experimental details and
oi.org/10.1039/d5ra02848e

the Royal Society of Chemistry
increase steric hindrance that prevents intermolecular p–p

stacking in solid lms, which, on the other hand, is favorable
for aggregation-induced emission properties in the solid state,
since it also inhibits the vibrations and rotations of molecules,
thus reducing non-radiative decays.3

In terms of the emission spectral shape, a twisted confor-
mation of TADFmolecules oen provides a dual emission. Such
emission can arise due to the combination of two different
mechanisms such as uorescence and phosphorescence, intra-
and intermolecular CT or intramolecular CT originating from
two asymmetric donor shoulders in the D–A–D molecular
structure.4 In this work, we study the origin of dual or multi-
component uorescence due to a purely twisting mechanism
that yields locally excited (LE) and CT states5 or two CT states,6

which are associated with the different twisting conformers.
The different conformers can be either in the ground state or in
the excited state, such as quasi-axial and quasi-equatorial ones7

or extended and compact CT-induced conformations of the
emitter.8 The dual emission has been reported for different
twisted D–A and D–A–D compounds, based on a simple-
component donor moiety, such as phenothiazine (PTZ) deriva-
tive or its analogues (dihydrophenophosphanizine (DPPZS), 9,9-
dimethyl-9,10-dihydroacridine (DMAC), PSeZ, etc.),6,9–13 carba-
zole derivatives14 and 5-acetaminoindole.15 At the same time,
the effect of additional twisting due to the complexity of donor
moieties remains relatively unexplored. As an example,
a synthesis of a D2–D1–A triad molecule with rigid coplanar
carbazole (D1) and twisted triphenylamine (D2) has been re-
ported, where a face-to-face alignment of D2 and A was possible
and gave the observed dual emission in solution, assigned to
RSC Adv., 2025, 15, 18559–18565 | 18559
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intramolecular through-p conjugation CT emission from D1 to
A and intramolecular exciplex-like CT emission from D2 to A.16

Thus, increasing the twisting degrees of freedom is suggested to
yield additional PL components and an emission spectrum that
covers a broader visible range, which is useful for specic
applications and design of white-light OLEDs.6

In this work, we designed a set of donor–acceptor–donor (D–
A–D) emitters with the donor arm of increasing complexity (i.e.,
D–D and D1–D2) that varies by twisting ability with respect to the
acceptor core of pyrimidine, but which excludes exciplex
formation due to the inability of a stacking conformation
between D and A, in order to understand how the increasing
twisting disorder inuences the PL spectra. We found that the
above structural complication of the donor arm yields a triple,
i.e., a three-component, PL emission band with corresponding
red shi and increasing contribution of the low-energy
components.
Results and discussion

A structural complication of the donor arm was realized by
attaching to the rst carbazole unit either a second carbazole to
Fig. 1 Chemical structures, HOMO and LUMOmap distributions, as well a
3 calculated by TD-DFT using the B3LYP functional and the 6-31G(d,p) b
carbazole (q1), as well as between the first and the second carbazole or c
S1†).

18560 | RSC Adv., 2025, 15, 18559–18565
construct a D–D arm or triphenylamine to construct a D1–D2

arm (Fig. 1). A single bond between the two donor moieties in
the arm allowed them to twist with respect to each other (Fig. 1).
The additional moieties in the donor arms facilitated increasing
conjugation length and decreasing bandgap (Fig. 2 and Table
1), together with separation of the HOMO and LUMO distribu-
tions in the compounds (Fig. 1). A separation of the HOMO and
LUMO distribution is usually associated with increasing
twisting between photoexcited donor and acceptor moieties,
which, in turn, reduces the singlet–triplet bandgap in 2 and 3
(Table 1). It is interesting to note that the change in DEST is not
smooth, that is, it remarkably decreases in 2, but then increases
in 3, approaching that in 1. Such behaviour correlates well with
the changes in the dihedral angle between the pyrimidine and
rst carbazole moiety, where no change in the dihedral angle of
specic arms was found upon photoexcitation for two
conformers of 3 and one conformer of 1 (Fig. 1 and Table S1†);
however, no correlation with respect to the twisting of the
second donor moiety could be observed. The same trend was
found in shiing the HOMO and LUMO levels. That is, both
HOMO and LUMO energies remarkably decreased in 2 by about
0.5 eV with respect to 1, but these increased again in 3,
s ground-state and excited-state conformations of the compounds 1–
asis set in chloroform solvent. Dihedral angles between pyrimidine and
arbazole and triphenylamine moieties (q2), are indicated (see also Table

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-Vis spectra of chloroform solutions (10−5 M) of the
compounds 1 (black), 2 (red), and 3 (blue). The bandgaps determined
from the onset absorption are indicated.
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approaching those in 1 (Table 1). Therefore, a tentative
conclusion can be made that the twisting of the photoexcited
donor unit just next to the acceptor one plays a dominant role in
the behaviour of HOMO, LUMO, and triplet energy levels of the
compounds.

The increasing extent of twisting freedom resulted in
complication of the PL emission spectra as well, reecting the
coexisting of conformers with different twisting conformations.
In the simplest case of the compound 1, which contains two
simple arms with a single carbazole moiety in the each arm, the
PL spectrum revealed a dominant PL band near 410 nm for the
toluene, chloroform and THF solutions and a 450 nm one for
the acetone solution (Fig. 3), which is assigned to the locally
excited (LE) and rst charge-transfer (CT1) emission compo-
nent, respectively. Here, the LE emission vanishes in the solu-
tion with relatively high polarity, i.e., acetone, whereas a CT
emission component is relatively small in low-polar solvents.
Since LE emission is usually produced from a non-twisted or
slightly twisted conformer, whereas CT emission from a highly
twisted one, it can be concluded that the simultaneously
observed LE and CT emissions can originate either from
different conformers or the different arms of 1, which possess
no twisting and high twisting in the excited state compared to
the ground state, respectively (Fig. 1).

When a second carbazole moiety is added to the donor arms
in 2, the former LE component near 410 nm can still be
observed in non-polar toluene and low-polar THF as a shoulder;
Table 1 Experimentally determined LUMO, HOMO, bandgap (Eg), Stokes
triplet energy levels as well as a singlet–triplet bandgap (DEST) of the ma

Dye# LUMOa, eV HOMOb, eV Eg
c, eV D

1 −1.96 −5.50 3.54 0
2 −2.48 −5.90 3.42 1
3 −2.23 −5.45 3.22 1

a Determined as HOMO plus Eg.
b Determined by UPS (see Fig. S5). c See

© 2025 The Author(s). Published by the Royal Society of Chemistry
however, a CT1 emission component becomes developed,
indicating a solvent-dependent maximum observed at 460, 468,
and 478 nm for THF, chloroform, and acetone solution,
respectively (Fig. 3). The rise of an additional PL component
near 540 nm, denoted as CT2 emission, can be seen as well,
which is increasing with increasing solvent polarity. The CT2
component becomes dominant in compound 3 (Fig. 3), where
a second carbazole moiety in 2 is replaced by a triphenylamine
one, strengthening the donor properties of the arm overall.
Here, the CT2 emission is associated with additional
conformers present in the solution due to the complexity of the
donor arm, where a second donor moiety added facilitates
increasing twisting disorder. Specically, the CT2 emission
component in 3 is red-shied to ca. 550 nm, while the CT1
component is observed at 475, 485, and 490 nm for THF,
chloroform, and acetone solution, respectively.

Comparison of PL emission spectra of 1, 2, and 3 in the same
solvent further elucidates the difference related to the dye
complexity (Fig. 4). Specically, in non-polar toluene, the rela-
tive contribution of conformers with the LE emission domi-
nates and in terms of the integral of the rst Gaussian in the
spectra of 1, 2, and 3 constitutes the ratio of 51 : 45 : 0, respec-
tively. The relative contribution of conformers with the CT1
component increases as 27 : 33 : 47, respectively, whereas
conformers with the CT2 component can be identied only in 3
(Table 2).

In THF, the relative contribution of the LE emission
component to the spectra of 1, 2, and 3 constitutes 52 : 16 : 3,
respectively. The ratio of the CT1 component is 16 : 80 : 78, and
the CT2 component increases as 0 : 12 : 31, respectively. The
compound 3 here possesses very small LE emission, while
compound 1 lacks conformers with the CT2 emission.

In chloroform, the relative contribution of the LE emission
component of 1, 2, and 3 decreases as 51 : 21 : 0, respectively.
The relative contribution ratio of the CT1 component is 21 : 66 :
60, whereas the CT2 component increases as 0 : 59 : 78,
respectively. That is, the compound 1 does not possess
conformers with the CT2 emission, while the compound 3 lacks
conformers with the LE emission.

In the more polar solvent acetone, the LE emission compo-
nent was not found. Most probably, a highly twisted confor-
mation forms according to the solvent polarity increase17 or
solvent-dependent structural relaxation.18 The rst emission
component in 1 observed at 446 nm is assigned to CT1 because
of its red shi and signicant broadening compared to the LE
emission (Table 2). The relative contribution ratio of the CT1
shift (DES), and PLQY and computationally calculated by DFT singlet and
terials. For experimental and computational details, see ESI

ES
d, eV PLQYe S1, eV T1, eV DEST, eV

.83 0.09 3.65 3.12 0.43

.33 0.37 3.29 3.09 0.20

.29 0.43 3.16 2.78 0.38

Fig. 2. d Chloroform solutions. e Toluene solutions.

RSC Adv., 2025, 15, 18559–18565 | 18561
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Fig. 3 PL emission spectra of the compounds 1–3 in toluene (violet),
THF (brown), chloroform (green), and acetone (black) solutions (10−5

M).

Fig. 4 PL emission spectra deconvoluted into Gaussians (shown by
dotted curves) of 1 (black), 2 (red), and 3 (blue) of (a) toluene, (b) THF,
(c) chloroform and (d) acetone solutions (all 10−5 M). lexc = 254 nm (b
and c) and 365 nm (a and d).
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emission to the spectra of 1, 2, and 3 in acetone decreases as
110 : 79 : 43, along with the shi of the CT1 emission maximum
found at 446, 476, and 485 nm, respectively, whereas the CT2
component increases as 9 : 48 : 90. An additional component of
unclear nature at 657 nm can be identied in the PL spectrum
of 3 as well (Fig. 4).

The unambiguous proof of the CT character of the last two
emission component refers to their solvent polarity
18562 | RSC Adv., 2025, 15, 18559–18565
dependence. The wavelength of the CT1 band increases from
453 to 485 nm as the relative solvent polarity increases from
0.099 to 0.355 (Fig. 5). An even steeper red shi with solvent
polarity is observed for CT2, whose wavelength changes by
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Wavelength of the emission maximum, FWHM, and relative
integral intensity of PL emission components of the compounds in
different solvents, whose spectra are reduced to the same maximum
(see Fig. 1)

Dye #

lmax, nm FWHM, cm−1
Integral PL
intensity, a.u.

LE CT1 CT2 LE CT1 CT2 LE CT1 CT2

Toluene (relative polarity 0.099)
1 402 456 — 3094 3703 — 52 27 —
2 414 458 — 2917 3289 — 45 33 —
3 — 453 505 — 1998 1843 — 47 22

THF (relative polarity 0.207)
1 408 464 — 2643 2276 — 51 16 —
2 410 460 546 1963 2977 1778 16 80 12
3 411 468 548 1362 3010 2364 3 78 31

Chloroform (relative polarity 0.259)
1 413 467 — 2640 2247 — 51 21 —
2 413 467 550 1231 3026 1950 21 66 59
3 — 473 549 — 2670 2570 — 60 78

Acetone (relative polarity 0.355)
1 — 446 557 — 4646 1934 — 110 9
2 — 476 557 — 3222 2610 — 79 48
3 — 485 559 — 2976 2560 — 43 90

Fig. 5 Peak position of the Gaussian components of the PL emission
spectra (see Table 2) as a function of the solvent polarity.

Fig. 6 PL spectra (lexc = 340 nm) of dyes in the EC matrix (green) and
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54 nm, i.e., from 505 to 559 nm. At the same time, the spectral
position of the LE emission component does not change with
solvent polarity within experimental error, as expected (Fig. 5).
Different behaviour of CT1 and CT2 emission bands with
solvent polarity suggests that the photoinduced charge transfer
occurs from the remote donor to acceptor unity for CT2, while it
is locked at the acceptor unity next to the donor for CT1,
producing different dipole moments stabilized by the polar
solvent environment.

An additional evidence of the twisting disorder in
compounds 1–3, leading to multicomponent PL emission
related to the coexistence of the different twisted conformers,
was obtained by comparing PL spectra of the solutions, thin
© 2025 The Author(s). Published by the Royal Society of Chemistry
lms of the neat dyes and composite lms where the dye
molecules were diluted in the amorphous ethyl cellulose (EC)
polymer matrix. In the latter case, the rigid polymer matrix
suppressed molecular twisting19 upon photoexcitation in
compounds 2 and 3, resulting in predominant conformers with
the LE band near 400 nm, which were thusmostly present in the
matrix, whereas the neat dye lms revealed spectral broadening
with increasing FWHM by a factor of ∼1.5, which can be
deconvoluted into three Gaussians, indicating the mere pres-
ence of three conformers (Fig. 6). Thus, a clear difference in the
PL spectral shapes of the neat and composite lms and also
solutions of 2 and 3 indicated that double donor groups in these
compounds facilitate higher twisting disorder when being
unrestricted from the rigid environment.
dye neat films of (a) 1, (b) 2, and (c) 3.

RSC Adv., 2025, 15, 18559–18565 | 18563
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The behaviour of compound 1 in the ECmatrix was different.
Since this molecule possesses poorer twisting behaviour, the EC
matrix did not indicate a signicant twisting suppression.
Moreover, the dye neat lms showed a relatively narrow PL
emission band (Fig. 6a). It should be noted that the poor
twisting of 1 makes it possible to form a crystalline structure of
this compound in the solid lms (Fig. S6†), whereas the EC
matrix suppresses formation of the crystalline phase, leading to
a broader PL emission band of amorphous structure.
Conclusions

Motivated by the general endeavour to nd new design princi-
ples for improvement of TADF emitters, we explored in this
work a set of donor–acceptor–donor emitters having a donor
arm of increasing complexity that vary by its twisting ability with
respect to the acceptor core. We can derive both detailed and
general conclusions of this work: among the former we nd that
the CT1 and CT2 emission components mostly originate from
the photoexcited charge transfer from the rst donor (carba-
zole) moiety and the second donor (carbazole or triphenyl-
amine) moiety, respectively, with respect to the acceptor
(pyrimidine). The wavelength of the CT1 emission component
varies between 446 and 485 nm depending on the availability of
the second donor moiety in the D arm and on the solvent
polarity as well. The origin of the CT2 emission component is
assigned to the longer CT passway in the conjugated structure
rather than to a steeper molecular twisting. For example, no
larger twisting of the carbazole unit with respect to the acceptor
one was found upon addition of a second donor unit (Fig. 1).
The longer CT passway results in a red shi of the CT2 emission
that varies between 546 and 557 nm and it also depends on the
solvent polarity. No CT2 emission could be observed in 1 since
no additional donor moiety is available in this dye structure,
whereas the relative intensity of the CT2 emission increases
when the triphenylamine moiety added in 3 compared to the
second carbazole moiety added in 2 (Table 2), which is consis-
tent with the fact that triphenylamine derivatives are considered
to be among the strongest electron donor materials for solar
cells.20

As a general conclusion we nd that the complication of the
donor arm in the twisted D–A–D compounds leads to increasing
twisting disorder and, as a consequence, to the appearance of
additional charge-transfer routes from the different donor
moieties. This is veried by the appearance of additional emis-
sion components and broadening of the PL spectra. The observed
relationship between the complexity of the donor moiety and
multicomponent CT emission band in the D–A–D structures
suggests new design principles of thermally activated delayed
uorescence emitters with controllable emission properties.
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17 L. A. Rodŕıguez-Cortés, F. J. Hernández, M. Rodŕıguez,
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