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1. Introduction
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In this study, we explore the solid-state photophysical properties of four donor—acceptor—donor’ (D-A-D’)
fluorinated benzonitrile compounds, featuring combinations of phenoxazine and carbazole donor units.
We have previously shown that these compounds exhibit dual charge transfer thermally activated
delayed fluorescence (CT-TADF) emission in solution; here we investigate the steady-state and time-
resolved photophysical properties in the solid state. Initial photophysical characterizations were
performed in polymethyl methacrylate (PMMA) polymer films, followed by detailed studies of the
supramolecular packing in neat films under various preparation conditions, including solvent exposure
and thermal treatments. Different polymorphs and amorphous phases were obtained, revealing that the
dual TADF emission could be maintained to some extent in the solid-state. Mechanical stress and
solvent vapour exposure induced mechanochromic luminescence (MCL), with emission changes
correlating to the supramolecular structures. OLED devices were also fabricated, demonstrating similar
tuneable emission properties based on preparation techniques. This work highlights the potential of this
class of materials towards advanced optoelectronic applications with tuneable and stimuli-responsive
emission characteristics.

and/or toxic organometallic complexes traditionally used as
phosphorescent emitting layers in OLED devices. Triplet har-

Organic semiconductor materials that efficiently harvest other-
wise non-emissive triplet excitons are crucial for optoelectronic
devices,"* such as organic light-emitting diodes (OLEDs) and
organic photovoltaics (OPVs).” To date, several strategies have
been proposed to harvest triplet excitons, with the most pro-
mising based on thermally activated delayed fluorescence
(TADF) emitters.*” These fully organic materials have attracted
tremendous attention as they allow for the replacement of rare
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vesting in TADF materials is achieved by molecular designs that
result in a very small singlet-triplet energy gap (AEs_r), typically
less than 0.1 eV and comparable to ambient thermal energy.
This small gap allows triplet excitons to be upconverted back to
the singlet via the reverse intersystem crossing (RISC) process,
enabling emission. To reduce AEs_r, it is necessary to minimize
the spatial overlap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).” The most common strategy towards this end is to use
donor-acceptor (D-A) or donor-acceptor-donor (D-A-D)
designs, which promote the formation of strong charge transfer
(CT) states.® The HOMO/LUMO spatial separation can be
further increased by using a phenyl linker as the spacer, or by
tilting the D-A torsional angle to a nearly orthogonal
configuration.” ™ This pre-twisted D-A configuration also
helps to avoid tight packing and detrimental strong n-n inter-
actions that favor non-radiative deactivation channels in the
solid state.'' In addition, D-A and D-A-D luminescent
organic materials, thanks to the presence of strong CT states,

This journal is © The Royal Society of Chemistry 2025
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show a strong ability to change their optical output in response
to environmental changes (e.g. solvent polarity, medium stiff-
ness, etc.).**’

It has also been shown that D-A and D-A-D materials in the
condensed phase can be highly sensitive to external stimuli
such as grinding or pressing, exhibiting mechanochromic
luminescence (MCL) behaviour, as well as heating and solvent
exposure,'®'® all of which impact emission colour either
by enacting conformational changes in the molecules or by
altering intermolecular interactions between neighbouring
molecules.’** Mechanochromic luminescence typically starts
from a crystalline or aggregated phase that switches to another
crystalline or amorphous phase after mechanical stress, with an
accompanying change in the emission spectrum, this phenom-
enon being allowed by the polymorphism of the material. The
search for polymorphic crystal forms of such emitters is widely
investigated as it enables interesting properties and applica-
tions, especially in optoelectronics.**™®” The high sensitivity of
some D-A materials to external stimuli, together with their
ability to resist aggregation caused quenching (ACQ) phenom-
ena, is driving research to develop new D-A materials with MCL
properties,”®° particularly for sensor development.

In the present work, we investigate the solid-state photo-
physical properties of a series of four donor-acceptor-donor’
(D-A-D’) fluorinated benzonitrile (BzN, A) compounds (Fig. 1a)
substituted with mixed phenoxazine (PhOx) and carbazole (Cz)
donor units (D and D’). We have previously shown that these
compounds exhibit dual CT-TADF emission in solution, from
excited states involving Cz and PhOx.*" In this study, we have
investigated in detail the steady-state and time-resolved photo-
physical properties in polymethylmethacrylate (PMMA) rigid
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films, as well as in the non-doped condensed phase. We have
specifically studied the supramolecular packing obtained in
neat films by varying the sample preparation conditions (e.g
type of solvent, solvent saturation conditions and temperature;
see the ESIT for more details). This allows us to obtain different
polymorphs or amorphous phases with various MCL properties
that also translate to OLED emission in non-doped emissive
layers.

2. Results and discussion

2.1. Steady-state PL of the isolated molecule in dilute solution
and polymer matrix

The steady state emission properties of isolated molecules 4-7,
both in solution and within a rigid polymer matrix, have been
previously reported.®" We retain the molecular naming conven-
tions from this previous work to enable straightforward com-
parisons here, and briefly summarize the PL in cyclohexane
(CH) and in the rigid polymer environment (PMMA) (Fig. 1). In
solution, dual emission is evident when the molecule is excited
at the locally excited (LE) absorption band (higher energy)
(Fig. 1b). However, when excited at the lower energy CT
absorption band (Fig. S12, ESI{), only a single emission band
remains (inset, Fig. 1b). In contrast, in PMMA, the higher
energy band appears weak and diminishes further with an
increasing number of carbazole (Cz) units. As discussed
previously,® for compounds 4 and 5, the higher energy emis-
sion is attributed to the sum of both LE from PhOx and CT
involving Cz contributions. For compounds 6 and 7 it is
attributed exclusively to Cz CT. The lower energy band for all
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Fig. 1 (a) Molecular structures of the molecules studied. (b) Normalized photoluminescence spectra of 4—7 in cyclohexane (107> M). Inset: Normalized
photoluminescence spectra of 4—7 in cyclohexane (107> M) excited on the lower energy CT band, lex = 390-450 nm. (c) Normalized photolumines-

cence spectra of 4-=7 in PMMA.
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compounds is assigned to the CT state involving phenoxazine
(PhOx CT).*' From the inset of Fig. 1b, we can observe a slight
red shift of the emission, particularly at the onset, with an
increasing number of carbazole units. This behaviour is more
pronounced in PMMA (Fig. 1c), indicating that the number of
Cz units also influences the CT involving phenoxazine. The
different behaviour observed in the solid environment is likely
due to the restricted rotation of carbazole in the solid state
compared to the solution, which prevents the stabilization of
the Cz CT state.®® As a result, most of the energy is directed
towards the PhOx CT through internal conversion processes.

2.2. Study in the condensed phase

Here we report the photophysical properties and XRD analysis
of the condensed phase samples. We begin by describing the
various sample preparation techniques used to control the
supramolecular arrangement of the studied materials. All sam-
ples with the corresponding preparation techniques are sum-
marized in Table 1.

To prepare the different neat (non-doped) films, we varied
the chemical and physical processing conditions such as sol-
vent polarity, temperature and evaporation rate (see the ESI}
for more details). Fast solvent evaporation (conducted under a
hood) resulted in amorphous films, while slower, controlled
evaporation (achieved by saturating the evaporation chamber
with the solvent) generally resulted in more ordered or crystal-
line phases. Specifically:

- Solvent vapour annealing (SVA) is a slow evaporation
process where the solvent vapor environment promotes mole-
cular mobility, favouring self-assembly and crystallization.
The samples obtained by solvent vapour annealing (using as
a solvent toluene into a hexane saturated chamber, see the ESIT
for details) of particular emitter “X” are labelled as “XfSVA”,
(f = from).

Table 1 Samples obtained using the different preparation techniques
described above

Molecule Sample name Preparation technique

4 4fDCM Drop casting from DCM
4fSVA Solvent vapour annealing
4fDCM150 Drop casting from DCM + 150 °C
4fTOL Drop casting from toluene

5 5fDCM Drop casting from DCM
5fSVA Solvent vapour annealing
5fDCM150 Drop casting from DCM + 150 °C
5fTOL Drop casting from toluene

6 6fDCM Drop casting from DCM
6fSVA Solvent vapour annealing
6fDCM150 Drop casting from DCM + 150 °C
6FDCM200 Drop casting from DCM + 200 °C
6fTOL Drop casting from toluene

7 7fDCM Drop casting from DCM
7fSVA Solvent vapour annealing
7fDCM150 Drop casting from DCM + 150 °C
7fTOL Drop casting from Toluene
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- Dropping the solution directly onto the substrate enables
us to control the assembly by selecting appropriate solvents. We
used two different solvents: DCM (dichloromethane), which
has a low boiling point and fast evaporation properties, favour-
ing an amorphous phase, and toluene, which has a high boiling
point and high viscosity, favouring high-order molecular self-
assembly. The samples obtained by drop casting with DCM are
labelled with postscript fDCM, and those from toluene with
fTOL.

- In addition, we also used thermal annealing, which facil-
itates molecular diffusion and nucleation, leading to crystalline
phases following initial deposition. This was achieved by heat-
ing the drop cast samples from the DCM solution at 150 °C or
200 °C for 15 minutes. The samples obtained by thermally
annealing are labelled as fDCM150 (T = 150 °C) and fDCM200
(T = 200 °C).

Images of all prepared samples are shown in the ESIf
(Fig. S1-54).

2.2.1. XRD analysis, optical microscopy, and scanning
electron microscopy (SEM). The crystallinity of the thin films
was evaluated by powder X-ray diffraction (XRD) (Fig. 2), while
their surface morphology was investigated through optical
microscopy and scanning electron microscopy (SEM) (Fig. 3
and Fig. S11, top and bottom panels, respectively, ESIt). These
complementary techniques provide insight into both molecular
packing and surface organization.

All films prepared via solvent vapor annealing (fSVA) and
thermal annealing at 150-200 °C display distinct diffraction
peaks, confirming the presence of crystalline phases. Similarly,
all fTOL samples exhibit crystalline features, with the exception
of 5fTOL. In contrast, fDCM films are X-ray amorphous, con-
sistent with the rapid solvent evaporation hindering molecular
organization. Notably, variations in XRD patterns across differ-
ent processing methods for the same molecule indicate poly-
morphism or variations in molecular packing driven by distinct
crystallization dynamics. Single-crystal X-ray diffraction was
also performed on crystals obtained from the initial powders
(used for the MCL study in Section 5). For molecule 5, the unit
cell contains two distinct molecules and one solvent molecule
with different donor-acceptor (D-A) angles, consistent with the
presence of multiple charge-transfer (CT) states (Table S1,
ESIT). Two polymorphic forms were identified for molecule 6,
one solvent-free and one solvated (6 and 6+solv), supporting the
hypothesis that polymorphism plays a key role in modulating
solid-state emission properties (Table S1, ESIt). Molecular
packing in the single crystals of compounds 4-7 is illustrated
in Fig. S5-5S10 (ESIt). Key intermolecular interactions include
C-H---m, C-H-- N, C-F---H, C-H:--O, and C-F---C. Notably,
n-n stacking is observed only for compound 5 (offset stacking
between two carbazole units with a t-r distance of 3.702 A; Fig.
S5b and S7, ESIt) and for 6+solv (offset, head-to-tail stacking
between carbazoles with a distance of 3.867 A; Fig. S5d and S9,
ESIt). The presence of multiple donor groups and relatively
weak directional interactions appears to facilitate conforma-
tional adaptability and structural rearrangement, consistent
with the MCL behaviour observed in these systems.** ¢

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Powder XRD patterns of different forms of the reported molecules: (a) molecule 4, (b) molecule 5, (c) molecule 6, and (d) molecule 7.

Optical and SEM images (Fig. 3 and Fig. S11, ESIT) corrobo-
rate the structural data obtained from XRD. Films obtained via
fSVA show well-defined surface textures, with crystalline
domains clearly observable under both optical and electron
microscopy. The fTOL samples, excluding 5fTOL, also display
heterogeneous morphologies, characterized by visible crystal-
line regions. For instance, 4fTOL features faceted multidomain
sheets, while 6fTOL exhibits rectangular, flat crystalline
domains. In 7fTOL, SEM reveals micrometric, filament-like
aggregates not easily detected in optical images. In contrast,
fDCM samples appear smooth and homogeneous in both
optical and SEM analysis, reflecting their amorphous nature
as confirmed by XRD. Similarly, 5fTOL presents a featureless
morphology, consistent with its amorphous character. Upon
thermal annealing of fDCM films, the formation of crystalline
domains becomes evident. Optical and SEM images reveal the
emergence of textured crystalline regions in 4fDCM150,
6fDCM150, 6fDCM200, and 7fDCM150. Interestingly, while
5fDCM150 appears featureless in optical microscopy, SEM at
20 pm resolution reveals branched crystalline domains. At
higher magnification (4 um), these appear as elongated, bar-
like or rod-like structures (Fig. S11, ESIT).

Comparative analysis of the crystalline morphologies
across different preparation methods provides further insight
highlighting the sensitivity of molecular organization to pro-
cessing conditions. Molecule 4 forms elongated, intercon-
nected needle-like crystalline domains in fSVA. In 4fTOL, the
crystals appear as large, flat, multifaceted domains with irre-
gular polygonal boundaries. 4/DCM150 exhibits smaller, elon-
gated rectangular flat domains. Molecule 5 forms elongated

This journal is © The Royal Society of Chemistry 2025

hexagonal platelets domains in fSVA, characterized by sharp
edges and well-defined facets. 5fDCM150 displays a heteroge-
neous morphology; high-magnification SEM reveals small crys-
tallites with bar-like or branched structures radiating from
localized nucleation points (4 pm scale, Fig. S11, ESIt). For
molecule 6, fSVA induces elongated spear-like crystallites.
6fTOL shows smaller rectangular faceted crystalline domains,
while 6fDCM150 presents a polycrystalline mosaic texture.
Upon annealing at 200 °C (6fDCM200), a clear morphological
transition occurs, showing interconnected crystalline areas
with petal-like features. Molecule 7 displays elongated hexa-
gonal crystalline facets in fSVA. SEM images of 7fTOL reveal
fibrous or needle-like crystalline structures. In 7fDCM150, SEM
analysis shows parallelogram-shaped crystalline domains.

The combined XRD and microscopy analyses clearly demon-
strate that the processing method strongly influences the
crystallinity, molecular packing, and surface morphology of
4-7 thin films. The ability of each molecule to adopt multiple
packing arrangements under different conditions is closely
related to its polymorphic behaviour and is directly linked to
the solid-state photophysical properties explored in subsequent
sections.

2.2.2. Steady state photophysical study in the condensed
phase (neat film and crystalline powder). The steady-state PL
emission spectra of the various films and powders are depicted
in Fig. 4, while the photophysical properties are summarized in
Table 2 (additional details are presented in the ESIf). All
crystalline samples (which mainly include those with acronyms
fSVA, fTOL and fDCM150/fDCM200) exhibit significantly nar-
rowed emission compared to both their amorphous forms

J. Mater. Chem. C, 2025, 13,13752-13767 | 13755
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Fig. 3 Surface morphology of samples 4-7 prepared using the different processing methods (fDCM, fTOL, fSVA, and fDCM150). Top panels (colour
images) show optical microscopy photographs. Bottom panels (black and white images) display the corresponding scanning electron microscopy (SEM)
images. The images revealing microscale surface features and morphological variations induced by the preparation methods. Scale bars are included in

all optical and SEM images.

(Fig. 4 and Table 2) and in PMMA (Fig. S12, ESIT). This suggest
that the highly ordered packing typical of crystals reduces the
number or freedom of molecular conformations, which are
otherwise allowed in PMMA and amorphous samples. Further-
more, all different solid forms of compounds 4-7 show red-
shifted emission compared to the isolated molecules in PMMA
(Table 2 vs. Table S2, ESIt). This suggests that aggregation

13756 | J Mater. Chem. C, 2025,13,13752-13767

shifts the optical gap downwards due to the properties of the
solid phase (D-A torsion angle, polarity and dielectric
constant).’”*® Compared to their amorphous form, a strong
hypsochromic shift is observed in the crystalline forms of 4, 5
and 7, while for compound 6 only 6fTOL and 6fDCM150 show a
hypsochromic shift (6fSVA shows a red shift). The higher PLQY
observed for crystalline samples 4, 5 and 7 and 6fDCM150

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Normalized fluorescence spectra (Lexc = 400 nm) of the different solid forms obtained for (a) molecule 4, (b) molecule 5, (c) molecule 6, and (d)

molecule 7.

Table 2 Summary of steady state photophysical properties of the different solid samples

Comp. QY (%) air /pr (nm) Std. state FWHM (nm) Emission onset (eV) Excitation onset (eV)
4SVA 9.0 561 112 2.51 2.36
4fDCM150 3.3 573 124 2.43 2.32
4fTOL 2.7 573 128 2.47 2.38
4fDCM 1.0 594 141 2.46 2.31
5SVA 7.8 567 112 2.47 2.36
5fDCM150 4.1 574 121 2.47 2.37
5fTOL 1.1 610 140 2.44 2.35
5fDCM 1.0 612 149 2.44 2.34
6SVA 2.4 626 113 2.19 2.07
6fDCM150 7.3 598 123 2.35 2.31
6fDCM200 2.9 621 125 2.25 2.16
6fTOL 2.6 598 116 2.33 2.15
6fDCM 2.3 612 132 2.36 2.35
7SVA 8.5 600 104 2.29 2.16
7fDCM150 2.8 613 124 2.29 2.13
7fTOL 9.1 585 115 2.38 2.25
7fDCM 1.8 620 131 2.31 2.21

compared to their amorphous forms indicates a crystallization-
induced enhanced emission (CIEE). Samples 4, 5 and 7 also
show higher QYs for crystalline films obtained by solvent
vapour annealing, probably due to their higher crystalline
quality. Fig. S13a (ESIt) shows the emission spectra of all
crystalline forms, where a progressive bathochromic shift in
both maxima and onset can be observed with an increasing
number of Cz units (except for one of the polymorphs of
compounds 6 and 7, which does not follow this trend).

This journal is © The Royal Society of Chemistry 2025

Interestingly, a progressive bathochromic shift is also observed
in the amorphous samples (Fig. S13b, ESIt) with increasing
number of Cz units, in agreement with previous observations
for molecules dispersed in PMMA.

Notably, each polymorph of compounds 6 and 7 (isolated in
the XRD analysis) shows different photophysical behaviour.
The emission at the highest energy is observed for 6fDCM150,
which also exhibits CIEE properties (Table 2 and Fig. S13a,
ESIt). In contrast the emission at lowest energy is detected for

J. Mater. Chem. C, 2025,13,13752-13767 | 13757
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6fSVA, which has the lowest QY in agreement with the energy
gap law (Table 2 and Fig. S13a, ESIt). Interestingly, the crystal-
line 6fSVA film shows a bathochromic shift relative to the
amorphous 6fDCM (Fig. S13a and b, ESIY), indicating that this
molecular packing strongly stabilizes the CT state, leading to
increased non-radiative deactivation paths. Conversely, 7fTOL
shows a hypsochromic shift with higher PLQY relative to 7f£SVA
(Table 2 and Fig. S13a, ESIf). Looking at the different solid
samples obtained from the same molecule, it can be seen that
the bluer shifted the emission, the higher the QY (Table 2 and
Fig. $13, ESIY). This behaviour is also valid for the polymorphs
in 7fTOL/7fSVA and 6fDCM150/6fSVA.

Fig. S14 (ESIt) shows the absorption and excitation (PE)
spectra of 4-7 in PMMA, and their good match indicates that all
transitions involved in the absorption process contribute to the
emission output. As previously discussed for the absorption in
PMMA, the bands at lower energy are assigned to the CT
transitions of PhOx-BzN (CT1) and Cz-BzN (CT2) moieties.
Fig. S15 (ESIY) instead shows the PE spectra of all neat films,
compared as well to PMMA, while those in Table S3 (ESIt) are
reported for their peak maxima (4may) and the onset for the
lower energy bands. We can observe that for all molecules the
higher energy peaks (between 363 and 367 nm), are intense and
match with both the absorption and PE spectra of 4-7 in PMMA
(Fig. S14, ESIY), and thus are assigned to the locally excited
state of the donors. On the other hand, in neat films the CT1
and CT2 bands are strongly red-shifted and in most cases are
also more intense compared to the isolated molecules in PMMA
(Fig. S15 and Table S3, ESIt). Since no short distance n-=n
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interactions were found (only long-distance n-n interactions
between two carbazoles were found in 5 and 6+solv crystals
Fig. S7 and S9, ESIf), the formation of aggregate emissive
species is not orderly in these films. Therefore, the strong
red-shift in the CT transitions observed in PE spectra can be
attributed to either the presence of different molecular con-
formations in the solid samples and/or to different polarity and
dielectric constants in the solid phases. These factors can
produce a redistribution of the electronic density of the mole-
cules that stabilizes the CT states.

2.3. Time-resolved photophysical properties

2.3.1. Time-resolved photophysical properties of the iso-
lated molecules in PMMA. In order to investigate their TADF
properties and gain more insight into the nature of the double
emission previously demonstrated in solution for these
systems,*' the time-resolved studies of 4-7 in PMMA were
conducted at RT and 77 K. The time-resolved emission spectra
for all the compounds at RT are shown in Fig. 5. For all
molecules, the early emission features a shoulder or band at
higher energy (450 nm) alongside the main band centered at
550 nm. The higher-energy shoulder can be attributed to both
the initial locally excited (LE) state of the donors and/or the
prompt charge-transfer (CT) emission from the higher-energy
BzN-Cz pair, while the main band is assigned to the CT
emission from the lower energy BzZN-PhOx pair.*® As the delay
time increases, the higher-energy shoulder/band progressively
disappears. After 100 ns, the delayed fluorescence (DF) emis-
sion arises solely from the 'CT state involving the phenoxazine

PL Intensity (a.u)

PL Intensity

Fig. 5 Normalized time-resolved emission spectra of 4—7 in PMMA at room temperature (RT).
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Table 3 Summary of time resolved photophysical properties
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)vstd.st. (nm) }~PF (nm) Slonset (eV) T1 (HS) T2 (MS) T3 (},lS) Ta (“S) TDF,av QY (%) DF/PF
4fDCM 594 605 2.41 2.2 0.3 0.9 4.0 1.3 1.0 0.03
4fTOL 573 602 2.43 2.6 0.1 1.2 — 0.9 2.7 0.05
4fDCM150 573 560 2.43 4.0 1.4 — — 1.4* 3.3 0.09
4fSVA 561 573 2.38 4.0 1.2 — — 1.2* 9.0 0.08
5fDCM 612 600 2.36 2.2 0.2 0.8 3.7 1.4 1.0 0.17
5fTOL 610 585 2.40 2.0 0.1 0.6 2.6 1.2 1.1 0.07
5fDCM150 574 562 2.46 4.6 0.4 2.8 2.2 4.1 0.15
5fSVA 567 562 2.44 8.7 0.7 — — 0.7* 7.8 0.22
6fDCM 612 609 2.28 3.1 0.2 1.3 4.4 1.3 2.3 0.05
6fDCM150 598 579 2.37 4.3 2.5 — — 2.5* 7.3 0.06
6fDCM200 621 612 2.21 3.3 1.0 — — 1.0* 2.9 0.04
6fSVA 626 614 2.19 3.1 1.1 — — 1.1* 2.4 0.04
7fDCM 620 611 2.30 2.2 0.03 0.3 2.0 1.6 1.8 0.05
7fSVA 600 577 2.35 4.6 0.3 4.9 — 4.2 8.5 0.16
7fTOL 585 574 2.39 5.2 0.3 5.6 — 4.7 9.1 0.26

Astd.st. = €mission maximum of steady-state fluorescence, /pr = emission maximum of prompt fluorescence, S1,,sec = Onset energy of singlet, Tpp 5y =
average decay time of PF, tpg,, = average decay time of DF, *: monoexponential, DF/PF= ratio between DF to PF emission.

(BzN-PhOx), which remains the dominant state up to 1-10
microseconds. With further delay, up to hundreds of micro-
seconds, the emission shifts back to higher energies. This long-
lived DF is attributed to the CT involving the carbazole, as
indicated by the match with the PL profile [time delay (TD) = 10 ps]
of Cz-BzN in PMMA (see Fig. S16, ESIT).

The decay profiles of all compounds at RT in PMMA
are shown in Fig. S20 (ESIt), and the decay times of other
films (decays in Fig. S22-S36, ESIf) are summarized in
Table 3. The prompt fluorescence (PF) part of the decay
(nanosecond domain) is fitted with a biexponential function,
with the two components associated with PF emission from
the 'LE of PhOx and/or the 'CT of BzN-Cz. Similarly, the
long-lived component (DF domain) also shows biexponential
behavior, but in this case, the two decay times can be attributed
to DF arising from the two CT states associated with the
PhOx-BzN and Cz-BzN moieties. The power law relationship
between DF emission intensity and excitation dose with
gradient close to 1 confirms a monomolecular process
for all compounds, excluding TTA as the DF mechanism
(Fig. S17, S37-540, ESIt). Both the time-resolved PL emission
and decay profiles at RT show that, similar to the solution
phase, dual TADF emission channels are present in the solid-
state environment. However, the higher energy DF (originating
from the Cz-BzN branch) contributes negligibly to the total
emission output.

Time-resolved emission was also collected at 77 K (Fig. S18,
ESIT). Similar to RT, at initial times (nanosecond range), the
time-resolved PL emission shows a shoulder/band at higher
energy (450 nm) attributed to the PF of the 'LE of PhOx and/or
the 'CT of BzN-Cz, and a main band at lower energy attributed
to the 'CT PF of the PhOx-BzN moieties. With increasing delay
time, the emission progressively redshifts and after 100 ns the
shoulder at 450 nm disappears, leaving only a DF emission
from the 'CT of the PhOx-BzN moiety. With further increasing
the delay time, the emission progressively blue shifts and in
some cases gains structural features, and since the late emis-
sion (TD = 70 ms) has an onset close to the phosphorescence of

This journal is © The Royal Society of Chemistry 2025

phenoxazine (Fig. S19, ESIt), it can be attributed to the emis-
sion from the phenoxazine fragment >LE.

In conclusion, the time-resolved study in polymer shows
that the dual TADF emission previously shown in solution
remains present in the solid state. However, the higher energy
DF emission (originating from the Cz-BzN branch) contributes
negligibly to the total emission.

2.3.1. Time-resolved photophysical properties of the neat
films. Time-resolved measurements of compounds 4-7 in neat
film were similarly carried out at room temperature (RT). The
samples were prepared using the same deposition technique
but with a different substrate (sapphire discs instead of quartz
rectanglest). The emission follows the same trend as the
steady-state study (Fig. S21, ESIt), except for 4fTOL, which
shows the same emission as the amorphous 4fDCM. All the
time-resolved studies are reported in the ESIt (Fig. S22-S36),
while the photophysical properties are summarized in Table 3.

From the time-resolved spectra, it is evident that all samples
exhibit typical TADF behaviour. However, while the emission in
crystalline samples remains unchanged at different delay times
(4fDCM150, 4fSVA, 5fDCM150, 5fSVA, 6fDCM150, 6fDCM200,
6fSVA, 7fTOL, 7fSVA), the amorphous samples show slight
spectral evolution over time (4fDCM, 4fTOL, 5fDCM, 5fTOL,
6fDCM, and 7fDCM). Consequently, the amorphous films are
fitted with bi- or multi-exponential curves, while the crystalline
ones, with few exceptions, are fitted with mono-exponential
curves. The laser fluency experiments reported in Fig. S37-S40
(ESIt) again show the expected linear dependence of the DF
intensity on the laser power. Based on these observations, we
can conclude that the dual emission observed in solution and
in the polymer matrix is not as strongly maintained in the non-
doped condensed phase. The double exponential decay
observed in the amorphous samples is probably caused by
the poor homogeneity of the films, which contain molecules
with slightly different configurations. In contrast, the ordered

I To allow these smaller samples to fit into the cryostat.
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Fig. 6 Electroluminescent characteristics of OLEDs using 4, 5, 6 and 7 as the active layer, dispersed in an appropriate matrix (mCP) and in neat film
(with or without annealing). Voltage vs. current density, voltage vs. luminance and voltage vs. efficiency for molecules 4 (a)—-(c), 5 (d)-(f), 6 (g)—(i)

and 7 (j)-(1).

packing of crystalline films allows only one molecular confor-
mation to dominate.

2.4. OLED devices

To demonstrate the possibility of using this class of com-
pound as emitting materials in an electroluminescent device,
we fabricated OLEDs with the materials 4, 5, 6 and 7 as
emitting layers (EMLs). The compounds were dispersed at
20% w/w in an appropriate host matrix (1,3-bis(N-
carbazolyl)benzene, mCP), and the device's structure was as

13760 | J. Mater. Chem. C, 2025, 13, 13752-13767

follow: ITO/Pedot:PSS (35 nm)/PVK (10 nm)/mCP:compound
4-7 20% w/w (30 nm)/TPBI (50 nm)/LiF (1 nm)/Al (100 nm).
We also fabricated OLEDs using thin neat films (100%) of the
materials 4, 5, 6 and 7 as emitting layers (EMLs), testing the
effect of annealing on the EMLs in order to evaluate how the
supramolecular packing can influence the electrolumines-
cence properties.

The results of electro-optical characterization of the OLEDs
are shown in Fig. 6. As expected, devices using a host:guest
system as EML perform better than the neat film case. In

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Comparison between normalized electroluminescence and photoluminescence spectra using:

(c) compound 6; (d) compound 7, before and after thermal annealing.

particular, devices with molecules 4, 5, 6 and 7 dispersed in
mCP show a maximum current efficiency of 2.8, 3.4, 6.4 and
7.6 ¢d A", respectively, with luminance that in any case
exceeds 1000 cd m 2. Conversely, self-quenching induces detri-
mental effects on neat film-based devices, for which the per-
formance drops considerably, both in terms of efficiency and
luminance. This behaviour is even more evident if the neat film
EMLs are annealed after deposition. In that case, although the
quantum yield is higher in modified films than in amorphous
films (Table 2), we found that OLEDs exposed to the annealing
step (and thus also exhibiting aggregation/crystallisation in the
EML) generally have much lower efficiencies (see Fig. 6). This
may be due to alterations in the morphology of the active layer
as a result of heat exposure and the induced supramolecular
organisation, which negatively impacts the electrical character-
istics of the devices to a greater extent than any increase in
PLQY. This also emerges from the current density curves as a
function of the applied voltage, where it is clear that in the case
of devices with an annealed EML there is a significant increase
in passive currents even at low voltage. The external quantum
efficiency (EQE) has been estimated for all OLEDs and is shown
in Fig. S41 (ESIt).

We then compared the electroluminescence spectra of the
devices with an EML in neat film (Fig. 7), with and without
thermal annealing. The latter was used to induce/accelerate

This journal is © The Royal Society of Chemistry 2025
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an eventual transition from the amorphous phase of the film
to an aggregate/crystalline phase, as was observed in optical
studies of the corresponding films. In all devices exposed
to annealing at 150 °C, a shift of the emission towards
higher energies can be observed, compared to the spectra
of the non-annealed devices. The shift is in line with that
observed in the steady-state photoluminescence spectra
(Table 2) and suggests the formation of aggregates or crystal-
line domains whose optical properties are also reflected in
electroluminescence.

2.5. MCL study

Building on the observation that these materials can form
optically and structurally distinct solid-state phases depending
on the processing conditions, we also tested explicitly their
MCL properties. All MCL studies were performed using the
setup described in the ESIt (Fig. S42). Initial powders of 4-7
obtained from the synthesis appeared visually as either multi-
crystalline, or amorphous (Fig. S43-S46, ESIt). Firstly, these
starting powders were subjected to mechanical stress (Fig. 8
and Fig. S47, ESIt) by grinding the materials with a pestle in a
mortar. The powders were then exposed to vapours of DCM and
toluene (in the order shown in Fig. 8 and Fig. S47, ESI¥). To
compare the different forms obtained in the films with the
phases obtained in the MCL study, Table 4 reports the emission

J. Mater. Chem. C, 2025, 13, 13752-13767 | 13761
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Fig. 8 MCL study for molecules 4, 6 and 7: (a) photographs of various forms obtained during the MCL study (the photographs were taken at 365 nm
excitation); (b) PL spectra of the various forms of 4 studied in MCL, and PL spectra of 4fSVA obtained with the MCL setup. (c) PL spectra of the various
forms of 6 studied in MCL, and PL spectra of 6f DCM150 and 6fDCM obtained with the MCL setup. (d) PL spectra of the various forms of 7 studied in MCL,
and PL spectra of 7fSVA, 7fDCM and 7fTOL obtained with the MCL setup. (Gr.: grinding; +TOL: exposition to toluene; +DCM: exposition to DCM).

maxima for the MCL study, while Table S5 (ESIt) shows the PL  spectrofluorometer. It should be noted that the slight spectral
Amax Of the neat films. Table S5 (ESIT) also compares the PL  shift in the latter case is due to the correction applied to the
obtained with the MCL setup to that obtained with the detector response, leaving the two setups still comparable.
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Table 4 Emission maxima of the different phases obtained in the MCL study

(Initial)* +Grinding® +DCM vapour® +Grinding +TOL vapour? +Grinding
/ZpL, NM /ApL, NM ApL, NM ApL, NM ApL, NM /pL, NM
4 cryst. powd. 577 #1, 586 608 — 582 601
#2, 599
5 cryst. powd. 578 603 608 — 608 —
6 cryst-red powd. 629 611 610 — 609 —
6 orange cryst 610 601 — — 578 610
7 crystal 602 624 — — — —
7 red powder 621 621 621 621 592 621

“ Initial powder. b Grinding in the mortar. ¢ Exposure to DCM vapour.

The initial crystalline powders of compounds 4 (Fig. 8) and
5§ (Fig. S47, ESIT) show a bright yellow emission similar to that
of 4fSVA and 5fSVA. Upon grinding, the emission shifts to red
and its brightness decreases, resulting in spectra similar to
those of 4fDCM and 5fDCM, indicating the formation of
amorphous phases also in the powders. The ground powders
of 4 and 5 were then exposed to DCM vapours (+DCM),
resulting in a slight red shift of the emission. Subsequent
exposure to toluene vapours (+TOL) caused the emission to
return to the initial position, similar to that of 4fTOL, indicat-
ing the restoration of the crystalline form. However, no spectral
shift was observed when 5 (+DCM) was exposed to toluene
(+TOL) (Fig. S47, ESIt), consistent with the behaviour of 5fTOL.

Two different forms of compound 6 were observed in the
initial powder precipitated from the same batch (Fig. S45,
ESIt). One form appeared as a polycrystalline red powder
(Fig. S45 and S47, ESIt) with a narrow emission (Amax =
629 nm) similar to both 6fSVA and 6fDCM200 (steady state).
The other form appeared as an orange crystal (4ma, = 610 nm)
(Fig. 8 and Fig. S45, circled, ESIt). These two forms were
manually separated with a pair of tweezers. Grinding of the
polycrystalline red powder resulted in a broadened and blue-
shifted emission (18 nm), indicating the formation of an
amorphous phase with emission similar to that of 6fDCM.
Grinding of the orange crystals (Fig. 8) resulted in a blue shift
(9 nm) together with broadening of the emission. The compound
remained crystalline as indicated by the emission matching with
6fDCM150 (Fig. 8c). Finally, exposure of the ground orange crystal
to toluene resulted in a hypsochromic shift (23 nm) with a
narrowed yellow emission, different from that observed for the
drop-cast thin films, indicating the formation of a possible
additional polymorph that red-shifts upon grinding.

The initial powder of compound 7 also presented two
different forms (Fig. S46, ESIT): one as a multicrystalline orange
powder (Amax = 601 nm, Fig. S47, ESIT) and the other as a red
powder (Amax = 621 nm, Fig. 7). Grinding the multicrystalline
orange powder (similar emission to 7fSVA, Fig. S47, ESIt)
resulted in a red-shifted emission similar to 7fDCM, indicating
the formation of the amorphous phase. Grinding the red
powder (Fig. 8) resulted in a blue-shift of the emission onset,
which becomes broader and similar to that of 7fDCM,

§ Since 5 has similar emission properties to 4, MCL experiments are described in
the ESLt

This journal is © The Royal Society of Chemistry 2025

4 Exposure to Toluene vapour.

indicating that the initial powder contained a more ordered
phase. Exposure of the ground powder to DCM did not change
the emission, consistent with an amorphous material. Finally,
exposure to toluene favoured crystallisation, as indicated by the
strong blue shift (Aymax = 592 nm), matching that of 7fTOL. A
second grinding redshifted the emission back to the
amorphous phase.

Overall, the MCL behaviour observed for compounds 4-7
can be rationalized by considering both intramolecular con-
formational flexibility and supramolecular organization, as
revealed by single-crystal XRD, thin-film XRD, and SEM ana-
lyses. The D-A torsion angles extracted from the single-crystal
data (Table S1, ESIt) vary between polymorphs and influence
the electronic coupling between donor and acceptor moieties,
thus modulating the energy and efficiency of the CT excited
states. Crystalline samples such as fSVA derivatives (excluding
6fSVA), 6fDCM150, and 7fTOL exhibit blue-shifted, narrower,
and more intense emission consistent with more twisted D-A
conformations and reduced non-radiative decay. This beha-
viour is likely due to conformational locking and restricted
relaxation pathways in ordered molecular environments. In
contrast, red-shifted and broader emission with lower PLQYs,
as observed for 6fSVA, 6fDCM200, 5fTOL, and the amorphous
fDCM samples, is indicative of more planar D-A conformations
and enhanced CT stabilization. While in amorphous films this
behaviour is likely due to increased conformational freedom, in
crystalline samples such as 6fSVA and 6fDCM200, it likely
arises from polymorph-specific packing that favours less
twisted conformations and promotes non-radiative decay, in
line with the energy gap law. SEM analysis of both 6fSVA and
6fDCM200 confirms the presence of well-defined crystalline
domains, excluding morphological disorder as the origin of
their red-shifted and low-efficiency emission. This further sup-
ports the hypothesis that specific polymorphs with more pla-
narized D-A geometries are responsible for enhanced CT
stabilization and reduced radiative efficiency, highlighting the
complex role of molecular packing in governing excited-state
behaviour. SEM analysis of the thin films (Fig. 3 and Fig. S11,
ESIT) provides direct insight into their surface morphology.
Crystalline samples (fSVA, fTOL, fDCM150) with their long-
range molecular order correlate with higher PLQYs and more
structured emission. Conversely, amorphous films (fDCM,
5fTOL) appear smooth and featureless, reflecting disordered
packing and reduced emission efficiency. Although SEM was

J. Mater. Chem. C, 2025,13,13752-13767 | 13763
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not performed on ground powders, the correlation observed in
thin films provides a structural framework to interpret the
emission shifts seen in MCL experiments (Fig. 8 and S47, ESIT).
Mechanical grinding induces amorphization, allowing confor-
mational relaxation and red-shifted emission. Recrystallization
via solvent vapor exposure restores surface order and blue-
shifted emission, as seen in fSVA, fTOL, and fDCM150 samples.

Together, these results demonstrate a strong correlation
between surface morphology, molecular packing, and emission
properties, confirming that both intramolecular torsion and
supramolecular organization govern the reversible MCL beha-
viour of these materials.

3. Experimental section

3.1. Photophysical setup

Absorption spectra were collected using a Cary 4000 double
beam spectrophotometer (Agilent). Luminescence spectra were
collected on a FluoroLog3 fluorescence spectrometer (Horiba
Jobin Yvon). The relative photoluminescence quantum yields in
solution were determined from corrected emission spectra
using quinine dication (@p;, = 0.59 in HC104)4° as the standard.
The photoluminescence quantum yield of the films was mea-
sured by an absolute method with a barium sulphate-coated
integrating sphere F-3018(Horiba) inserted into the spectro-
fluorimeter sample compartment. Fluorescence (PF and DF)
and phosphorescence spectra and decays in the solid state
(PMMA, neat film) were recorded by nanosecond gated lumi-
nescence and lifetime measurements (from 400 ps to 1 s) using
either third harmonics of a high-energy, pulsed Nd:YAG
laser emitting at 355 nm (EKSPLA) or a N2 laser emitting at
337 nm. Emission was focused onto a spectrograph and
detected on a sensitive gated iCCD camera (Stanford Computer
Optics) of subnanosecond resolution. PF/DF time-resolved
measurements were performed by exponentially increasing
gate and delay times. Lifetimes were extracted by a multi-
exponential mathematical fit.

3.2. Film processing

(a) Doped PMMA films casting: all blends were obtained by
drop-casting DCM solutions (0.1 g L") of the compounds at
room temperature on quartz slides followed by slow (1 night)
evaporation in solvent saturated conditions. Concentration of
the fluorophore in the film is reported in weight percentage
(w/w) relative to the polymer mass in the solution. All blends
formed clear, glassy, transparent solid films.

(b) Neat films were obtained by:

- Solvent vapour annealing (SVA): a few drops of a toluene
solution containing the material are deposited onto a quartz
substrate, which is placed on a support inside a glass container.
This container has a small amount of hexane (approximately
one finger’s depth) at the bottom, below the support. The film
is exposed to the vapours of the organic solvents, causing it to
swell as the vapours penetrate it. This swelling allows the
molecules within the film to become more mobile and
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reorganize. As the solvent evaporates, the film solidifies into
a crystalline morphology. The degree of reorganization depends
on factors such as the type of solvent, the duration of exposure,
and the temperature.

- Drop-casting from solutions: in this process, a small
amount of a solution containing the desired material is depos-
ited onto the quartz substrate. The solvent is then allowed to
evaporate, leaving behind a uniform thin film of the material.
Key factors that influence the quality of the film include the
concentration of the solution, the nature of the solvent, the
substrate surface properties, and the evaporation conditions
such as temperature and humidity.

- Thermal annealing: the material, in the form of a thin film
is heated to a specific temperature below its melting point and
maintained at that temperature for a set period. This heat
treatment allows the material’s atoms or molecules to move
and rearrange, reducing defects and promoting crystallinity.
Key parameters that affect the annealing outcome include the
annealing temperature, duration, and cooling rate.

(c) Polycrystalline powders: as synthesized powders were
collected from the PE/DCM solution.

3.3. XRD analysis

X-ray diffraction data for compounds 4 & 6 were collected by
using a VENTURE PHOTON100 CMOS Bruker diffractometer
with Micro-focus IuS source Cu Ko (for compound 6) and Mo
Ko (for compound 4) radiation. X-ray diffraction data for
compounds 5 & 7 were collected by using a Kappa X8 APPEX
II Bruker diffractometer with graphite-monochromated Mo Ko
radiation (=0.71073 A). For more information see the ESI%
section of J. Phys. Chem. B 2022, 126, 2740-2753.>"

3.4. Scanning electron microscopy (SEM) measurements

The samples were mounted on standard SEM stubs and
subsequently transferred into the microscope chamber for
imaging. SEM analyses were performed using a Carl Zeiss
high-resolution field emission SEM (FE-SEM) SIGMA 300VP,
equipped with GEMINI® column technology. Images were
acquired using both the in-lens secondary electron (SE) detec-
tor and the angle-selective backscattered electron (HBSD) detec-
tor. Measurements were conducted under high vacuum and
variable pressure (VP) conditions, with nitrogen used as the
imaging gas to enable analysis of non-conductive specimens
without the need for conductive coatings.

3.5. OLED devices

The OLED device structure was as follow: ITO/Pedot:PSS
Al 4083 (35 nm)/PVK (polyvinylcarbazole - average M, =~
1100 000)/EML/TPBI (2,2/,2"-(1,3,5-benzinetriyl)-tris(1-phenyl-
1-H-benzimidazole))/LiF (1 nm)/Al (100 nm). We tested 3
different EMLs: molecules (4, 5, 6, and 7) were dispersed in
1,3-bis(N-carbazolyl)benzene (mCP) at 20% w/w, 100% neat
film of molecule, and 100% annealed neat film. Pedot:PSS
was spin coated at 2500 rpm for 60 s (35 nm). PVK was
dissolved in chloroform:chlorobenzene (95:5 v/v), 3 mg ml ™,
and then spin coated at 8000 rpm for 60 s (10 nm). Materials 4
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and 5 were dissolved in toluene (10 mg ml™'), while 6 and 7
in dichloromethane: chlorobenzene (60:40 relative v/v ratio,
10 mg ml ). mCP was dissolved in chlorobenzene (20 mg ml ")
and then properly mixed with the molecule solutions to obtain final
concentrations of 10 mg ml ™" for all formulations. All the EMLs
were deposited by spin coating at 1500 rpm for 60 s (30 nm).
Finally, TPBI (50 nm), LiF (1 nm) and Al (100 nm) were thermally
evaporated in a high vacuum chamber (1 x 10~® mbar).

3.6. Mechanochromic luminescence setup

The study of mechanochromism was performed using the
simple setup shown in Fig. S1 (ESI{). The sample was placed
inside a ceramic mortar and the emission was collected before
and after grinding the sample with a pestle. As an excitation
source an Hg-Xe Lamp (Lightningcure LC8 from Hamamatsu),
coupled to an optic fibre, equipped with an appropriate inter-
ferential filter to select the 365 nm Hg line, was used. Another
fiber was used to detect the emission and sent to a CCD
camera. The emission spectra were recorded by a CCD-based
spectrograph QEPro from Ocean Optics.

4. Conclusions

In summary, we demonstrate the ability to control the supra-
molecular arrangement of a series of D-A-D materials by
varying the chemical and physical processing conditions.
X-ray diffraction shows the ability of the compounds to pack
in different polymorphs in the obtained neat films, giving
tuneable emission and TADF properties correlated with the
different molecular conformations. OLED devices using
annealed emissive layers show similar trends in electrolumi-
nescence, arising from the formation of amorphous and crys-
talline phases as seen in the photophysical measurements.
Finally, we show that the materials exhibit reversible and
multistage mechanoluminescence properties under external
stimuli, which is again correlated with the presence of different
polymorphs/aggregates observed in the neat films. The design
and study of new materials such as these allows tuning of solid-
state luminescence properties with both MCL and TADF activ-
ity, enabling future applications in optoelectronic devices such
as pressure and volatile organic vapour sensors.
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