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Despite its promising electronic and semiconducting properties, 12H-phthaloperin-12-one remains a
largely unexplored molecule, with limited studies regarding the impact of structural modifications on its
properties and its application in light-emitting devices. To address this gap, we report the synthesis of
12 novel phthaloperinone derivatives, designed to fine-tune the photophysical, electrochemical, thermal
and electroluminescence properties through the incorporation of electron-donating and electron-
withdrawing substituents. The majority of substituents was found to interfere with the electronic
distribution in the phthaloperinone core during the electronic excitation process. The introduction of a
triphenylamine unit, as in compounds 3f/4f, resulted in the lowest energy gap of 2.22 eV, making this
isomeric mixture a promising candidate for use as an organic semiconductor material. Electrochemical
studies demonstrated that compounds 3e/4e—-3h/4h and 3l/4l exhibited enhanced electrochemical sta-
bility, while thermal analysis showed that the pyrene-substituted derivative (3e/4e) displayed the highest
thermal resistance (Tq = 458 °C). Organic light-emitting diodes were fabricated to evaluate their
electroluminescence properties. Compounds 3l/4l, which contain a phenyltriazolyl unit, achieved the
best performance, displaying a maximum luminance of 99 cd m™2 at 7.5 V, a luminous efficiency of
0.014 cd A%, and a turn-on voltage of 3.3 V. These findings provide valuable insights into the structure—
property relationships of phthaloperinone derivatives and highlight their potential for a wide range of
applications, including electronic and optoelectronic devices.
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Over the past decade, perylene diimide (PDI) and naphthalene
diimide (NDI) chromophores have become benchmark materi-
als in organic electronics, owing to their excellent optoelectro-
nic properties.”” Within organic electronics, their application
has extended to organic light-emitting diodes (OLEDs), where
reported devices can reach external quantum efficiencies (EQE)
values of 0.06-5%, maximum luminances (L) ranging from
10%-10° cd m 2 and a turn-on voltage (Vo) of around 2.6 V.5

Building on the success of these rylene diimides in organic
electronics, perinone-based chromophores have recently emerged
as attractive alternatives. Originally developed as robust industrial
pigments,'>"* their extended n-conjugation and structural similar-
ity to PDI and NDI derivatives have highlighted their potential in
organic electronics, particularly as n-type semiconductors in photo-
voltaic devices."*™"” This increasing attention is supported by their
synthetic simplicity (their methods are generally modular in nature
and allow the introduction of diverse functionalities), strong visible
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light absorption, high fluorescence quantum yields (¢g)
(up to 51%), and exceptional photochemical and thermal
stability.'572°

Despite these promising characteristics, reports exploring
perinone derivatives in OLEDs devices are extremely scarce.
Within this class of chromophores, 12H-phthaloperin-12-one,
also known as phthaloperinone or Solvent Orange 60, is the
only example reported as a promising material for organic
electroluminescent devices, mentioned in a patent from the
1990s, which, unfortunately, does not include any detailed
device performance data.”" This lack of studies strongly con-
trasts with the extensive research on PDI- and NDI-based
materials, highlighting the absence of similar investigations
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on perinone-type systems and the need to explore their
potential in light-emitting applications.

While its use in OLEDs remains unexplored, the intrinsic
photophysical and electrochemical properties of phthaloperi-
none have been studied, revealing intramolecular charge trans-
fer (ICT) behaviour and an estimated HOMO-LUMO gap below
3 eV, suggesting potential semiconducting behaviour.'*° In
addition to these intrinsic properties, this compound has also
demonstrated potential in other areas. For instance, it has been
investigated as a fluorescence probe with a “switch-off” beha-
viour in response to Cu®" ions, highlighting its potential for the
development of sensing materials.>> Moreover, a recent study
by Palmer et al. explored access to the triplet state of this

T TR e YT

pmmmmmmemecmmmm oo

\
1
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'

’

Fig. 1 Overall synthetic pathway leading to the target phthaloperinones (3a/4a-3l/4l) with corresponding yields and isomeric ratio (3:4).
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structure without using a transition metal, by simply replacing
the C=0 group with a C=S moiety. This modification enables
its use as a metal-free triplet photosensitizer, with potential
applications in photodynamic therapy, photocatalysis and solar
energy conversion.”?

This limited research on phthaloperinones presents a unique
opportunity to explore this understudied class of compounds in
light-emitting devices. Furthermore, the possibility of fine-tuning
their properties through strategic molecular design by introducing
electron-donating and electron-withdrawing substituents remains
largely unexplored. Such structural modifications are key tools for
adjusting energy levels, improving charge transport, and optimiz-
ing optoelectronic performance, thereby broadening the potential
of these materials across organic electronic devices, including
organic field-effect transistors (OFETs), organic photovoltaics
(OPVs), and OLEDs.****

To address this opportunity, and taking into consideration
the promising electrochemical and photophysical properties of
these compounds reported in previous literature, the present
study reports the synthesis of novel phthaloperinone deriva-
tives, along with the unsubstituted phthaloperinone, aiming to
explore how different substituent groups influence their prop-
erties. The effects of substitution on their photophysical, elec-
trochemical, and thermal properties were systematically
evaluated. Additionally, theoretical calculations were also per-
formed to help correlating molecular structure and properties.
Finally, these newly synthesized structures were used to fabri-
cate simple OLED devices in order to assess their electrolumi-
nescence properties.

Results and discussion
Synthesis

Fig. 1 illustrates the general synthetic route leading to the final
phthaloperinones (3a/4a-31/41), which involves one to three
steps. Although phthaloperinones can be synthesized via a
solvent-free “green” condensation process by heating solid
phthalic anhydrides and naphthalene-1,8-diamines,'®*° the
best results in this study were obtained using boiling acetic
acid (AcOH). The reaction of monosubstituted phthalic
anhydrides resulted in the formation of regioisomers 3 and 4,
bearing different substituents (a-1) at the 9- or 10-positions of
the phthaloperinone core (Fig. S1-S64, SI). These isomers could
not be isolated by traditional separation methods such as
column chromatography, selective crystallization or solubility-
based separation methods. Furthermore, high performance
liquid chromatography (HPLC) analysis showed that their
retention times are extremely close (Fig. S65-S79, SI), limiting
the study to isomeric mixtures.

However, in a few cases, after several preparative TLC plates,
a few milligrams of the regioisomers 3b, 4b, 3g, and 4g were
successfully separated, as shown in Fig. 2. With these small
quantities, it was possible to perform 1D and 2D NMR experi-
ments to confirm the structure of each isomer and conduct
photophysical and electrochemical studies, enabling the study
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Fig. 2 HPLC chromatogram of isolated regioisomers (a) 3b and 4b and (b)
3g and 4g.

of their isolated properties. The heteronuclear multiple bond
correlation (HMBC) spectra (Fig. S22, S25 and S47, SI) indicated
that compounds 3b and 3g correspond to regioisomers with the
substituent at the 9-position, while 4b and 4g bear the sub-
stituent at the 10-position. Based on this, we assume that in all
other isomeric mixtures, the 3-series isomers correspond to
phthaloperinones with substituents at the 9-position, while the
4-series isomers correspond to phthaloperinones with substi-
tuents at the 10-position.

Different substituent groups, including electron-withdrawing
(3c/ac and 31/41) and electron-donating (3a/4a, 3b/4b and
3d/4d-3k/4k) groups, were introduced to assess their impact on
the ICT, as well as on their photophysical, electrochemical, thermal
and electroluminescence properties. The introduction of these
substituents involved a rich variety of chemical reactions including
nucleophilic substitution and click reactions, as well as Suzuki-
Miyaura, Buchwald-Hartwig and Sonogashira cross-coupling
reactions.

The analysis of the substitution patterns in the 3- and
4-series of regioisomers reveals a general trend: compounds
bearing strong electron-donating groups (3g/4g, 3h/4h, 3i/4i, 3j/
4j and 3k/4k) with the exception of compounds 3f/4f tend to
produce slightly higher proportions of the 4-isomer, whereas
those containing electron-withdrawing substituents (3¢/4c and
31/4l), as well as weakly donating groups, including compounds
3a/4a, 3b/4b and 3d/4d yielded approximately equimolar mix-
tures of both isomers. These observations suggest that electro-
nic factors play a major role, as strong electron-donating
groups enhance charge delocalization, slightly stabilizing one

© 2025 The Author(s). Published by the Royal Society of Chemistry
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regioisomer over the other. Bulkier aromatic groups such as
pyrene (3e/4e) and triphenylamine (3f/4f) tended to favour the
formation of the isomer 3 likely due to steric hindrance affect-
ing the approach of the reacting species.

In general, the final compounds (3a/4a-31/41) were obtained
in very good yields (up to >99% yield) using simple purifica-
tion methods, typically involving n-hexane washes or short
chromatographic columns. All the compounds exhibit coloura-
tion ranging from orange to reddish, as depicted in Fig. S80
(SI). All experimental procedures and characterization data
related to the synthesis are provided in the SI.

X-ray crystallography

A single-crystal X-ray diffraction (XRD) study of compound 3b
was performed at room temperature. Details of the data collec-
tion, solution and least-squares refinement of the structure are
provided in the SI. A summary of the crystallographic data for
compound 3b is presented in Table S1 (SI).

Compound 3b crystallizes in the centric monoclinic space
group P21/c (nb. 14) with cell parameters a = 14.882(2) A,
b = 6.2974(9) A, ¢ = 21.093(3) A, f = 101.747(8)°, and one
symmetry-independent molecule (Z = 4, Z’ = 1) per unit cell.
An ORTEP of the molecule is shown in Fig. 3, that fully
confirms the expected molecular configuration based on the
NMR studies. Bond distances and angles of the molecule are
unexceptional. The most relevant ones are provided in Table S2
(SD. It is noteworthy to point out the short C7-N2 bond
correlating with a significant double-bond character. All rings
in the structure are planar with maximum deviation from the
least-squares plane of 0.06 A, and rms deviation of 0.03 A for
the core moiety and 0.08 A (max), 0.006 A (rms) for the
naphthalene substituent, respectively. The angle between the
least-squares planes of the molecule core and that of the
naphthalene substituent is 70.63(3)° (Fig. S81 and Table S2,
SI). The crystal structure does not feature classical hydrogen
bonds, but a weak intramolecular C12-H12---O1 interaction
can be spotted with a C12---O1 distance of 2.969(2) A and C12-
H12---01 angle of 122°. A view of the molecular packing is
shown in Fig. 4. The CIF containing the crystallographic data
for compound 3b was deposited at the Cambridge Crystal-
lographic Data Centre, with reference CCDC 2423273.
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Fig. 3 ORTEP drawing depicting the molecule of 3b. The anisotropic
displacement ellipsoids are drawn at the 50% probability level.
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Fig. 4 View of the molecular packing of compound 3b along the crystal-
lographic b-axis.

Theoretical calculations

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) were employed to characterise
compounds’ ground- and excited-state. All calculations were
performed using the Gaussian software suite.”® All details of
DFT calculations are provided in the SI.

The Frontier molecular orbitals (FMOs) of the compounds
are illustrated in Fig. S83 (SI). For most of the compounds, the
HOMO resembles that of the model compound, being primarily
localized on the perimidine moiety, whereas the LUMO is
mainly distributed over the isoindolinone moiety.

Fig. 5 illustrates the change in the electron density that
occurs in the Model compound and pure isomers of the
synthesised compounds when they are electronically excited
(lowest energy excitation). Fig. S82 (SI) shows the corres-
ponding changes for all the compounds. The difference
between the electronic densities of the states involved in the
transitions, Ap(r), is depicted, clearly revealing the regions of
the compounds that lose or gain electron density upon that
electronic excitation. The major electronic rearrangement is
restricted to the phthaloperinone core for all the compounds,
resembling the rearrangement that occurs in the Model com-
pound, with particular features depending on the nature of the
attached substituent group. The electronic relocation in the
Model compound (Fig. 5) reveals a clear charge transfer from
the perimidine moiety to the isoindolinone moiety, which is
consistently observed across all compounds. This charge den-
sity redistribution evidences the ICT character of the electronic
excitation.

The compounds with phenyl (3a/4a), naphthalene (3b/4b)
and pyrene (3e/4e) aromatic units attached at the 9- and 10-
positions of phthaloperinone do not present any visible change
of charge density at the aromatic substituents indicating a
limited participation of these aromatic units on the electronic
excitation process, and therefore a limited participation in the

Mater. Adv,, 2025, 6, 9556-9567 | 9559
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Fig. 5 Optimized molecular geometries for the Model compound and
isolated regioisomers 3b, 4b, 3g and 4g. Contour plots of the electron
density difference Ap(r) for the lowest energy excitation are also shown,
where yellow indicates an increase in electron density, while blue repre-
sents a depletion of electron density Frontier molecular orbital distribu-
tions for Model compound and isolated regioisomers 3b, 4b, 3g and 4g.

FMOs involved in the lowest energy excitation. This result was
expected specially for compound 3b, since the dihedral angle of
70.63° between the core and the naphthyl substituent, as
verified in the X-ray crystallography, probably contributes to
the limited electronic interaction between them, thereby hin-
dering the involvement of the aromatic substituent in the
electronic excitation process. An interesting case is represented
by compounds 3e/4e, for which the S; state shows a more
complex configuration. Although the HOMO and HOMO-1
extend over the pyrene moiety, similar contributions are found
in the LUMO+1, which participates in the excitation. Conse-
quently, the resulting electron density difference is closely
comparable to that of the model compound.

For compounds 3d/4d, bearing the phenylacetylene electron
withdrawing group, an increase in electronic charge is visible in
this unit upon excitation (Fig. S82, SI), which is expected on
geometrical grounds due to its linear conjugated system. For
the compounds bearing strong electron-donating groups (3f/4f
(triphenylamine), 3g/4g (phenylamine), 3h/4h (diphenylamine),
3i/4i (carbazole), 3j/4j (piperidine), and 3k/4k (dibutylamine))
the HOMO extends over the attached substituents (Fig. S83, SI),
and a reduction in electron density on these groups is expected
upon excitation. That is clearly visible in compounds 3g/4g,
3i/4i, 3j/4j, 4h, strongly evident on 3h, and only slightly notice-
able in 3k (due to the aliphatic nature of this group and lack of
a m-system, which is the anti-thesis to 3h that has a very
extended m-system (diphenylamine)). The same electron donor
effect of the triphenylamine is observed for 3f, but when this
group is at the 10-position, in 4f, a slight electron acceptor
character is inferred from the DFT calculations, as there is a
small increase of the electron density in the group when the

9560 | Mater. Adv,, 2025, 6, 9556-9567
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compound is excited. For the compounds bearing electron-
withdrawing substituents (difluorophenyl in 3c¢/4c and phenyl-
triazolyl in 31/41) the LUMO extends toward the pendant groups
(Fig. S83, SI), resulting in increased electron density on these
substituents upon excitation, particularly in 4c and 41
(Fig. $82, SI).

The ICT characterization index (Ar index) (Table S3, SI) was
used to quantify the charge transfer distance and classify
the nature of these electronic transitions.”” A high Ar index
indicates a strong ICT character, with transitions typically
classified as ICT when exceeding the widely accepted threshold
of 2.0 A. Based on this criterion, most S; excitations, including
that of the Model compound, can be identified as ICT. The
exceptions are compounds 3h/4h, 3i and 3j/4j. For these
compounds, all with strong electron-donor groups, there is an
important electronic flux from both extremes of the molecule
toward the centre thus resulting in a smaller Ar value. For the
rest of the compounds, with electron-withdrawing groups, the
electron displacement is unidirectional resulting in a higher Ar
value. In particular, for the compounds 3c/4c, 3d/4d, 3f/4f and
31/41 the index value is much larger, thus indicating a larger
displacement distance of the charge upon excitation.

The oscillator strength and the absorption wavelengths of
key transitions for the compounds in dichloromethane were
calculated (Table S3, SI). The simulated absorption spectra for
the successfully isolated regioisomers 3b, 4b, 3g, and 4g, along
with their comparison to the experimental spectra, are pre-
sented in the photophysical properties section. Additionally, for
these isomers, the geometric optimization of the first excited
electronic state (S;) and vertical emission calculations were
performed.

The calculated HOMO-LUMO gaps (Fig. 6) are similar to
that of the Model compound and remain largely unaffected by
the substituents. In most cases, the HOMO energy is only
slightly influenced by substitution. Notable destabilization is
observed in compounds 3f/4f and 3j/4j, and to a lesser extent in
3g/ag and 3k/4k, all of which bear strong electron-donating
groups. In these compounds, the HOMO extends over the
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Fig. 6 Calculated energy levels for all compounds.
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attached substituents (Fig. S83, SI), with the increased electron
density on these donor groups leading to the observed HOMO
destabilization, consistent with the general effect of electron-
donating substituents on Frontier orbital energies. For the 3j/4j
compounds, the LUMO levels energy increase as observed for
the corresponding HOMO energies, maintaining an unchanged
energy gap. However, in the case of 3f/4f, the LUMO levels
remain unaffected relative to the Model compound, while the
HOMO energies increase, leading to a significant energy gap
(Egap) reduction. This reduction makes 3f/4f promising candi-
dates for use as organic semiconductor materials. In general,
all compounds exhibit Eg,, below 3 eV, which suggests favour-
able optoelectronic properties. However, the results of these
calculations performed at the single molecule are likely to
differ of the properties in solid-state, due to the interactions
between the molecules, influenced by their packing.

Photophysical properties

Absorption and fluorescence emission spectra, fluorescence
quantum yields (¢g), and time-resolved fluorescence measure-
ments (tp) were acquired for all isomeric mixtures, including
isolated isomers 3b, 4b, 3g and 4g. These measurements
were taken in solvents of varying polarities such as toluene
(¢ =2.379), DCM (¢ = 8.93) and DMF (¢ = 36.71) and in the solid-
state (powder). The photophysical parameters are presented in
Fig. 7 and 8, Tables S4-S7 and Fig. S84-S89 (SI). Model
compound was included for comparison.

Solvent polarity, in general, had a slight effect on the
spectral properties. Increasing the solvent polarity (in the order:
toluene, DCM and DMF), led to either red and blue shifts of the
maximum absorption spectra (1255) depending on the substi-
tuent. The maximum emission peaks (1i1ax) consistently red-
shifted (~2-16 nm) with increasing solvent polarity for all
compounds (Tables S4 and S5 and Fig. S84 and S85, SI). As
shown in Fig. 7(b), when weak electron-donor groups are
attached to the phthaloperinone (such as in compounds 3a/
4a, 3b/4b and 3e/4e), the shape and position of the absorption
peaks are relatively similar to those of the Model compound.
The introduction of phenyl (3a/4a), naphthalene (3b/4b) and
pyrene (3e/4e) as phthaloperinone substituents caused mini-
mal spectral shifts, indicating that these aromatic substituents
remain electronically decoupled from the core. This is presum-
ably mainly due to the deviation from coplanarity as evidenced
in 3b, and gratifyingly, this observation aligns with the DFT
findings. The introduction of a phenylacetylene group (3d/4d)
caused a slight redshift of both absorption and emission
spectra (Fig. 7(b)) as expected from the previous discussion
on the DFT calculations. This result is consistent with the DFT-
calculated HOMO-LUMO gap, which is lower for compounds
3d/4d (2.81/2.82 eV) when compared to the other weak donor-
substituted compounds (3a/4a, 3b/4b and 3e/4e). In this com-
pound, the LUMO extends over the phenylacetylene substituent
(Fig. S83, SI), leading to a decrease in LUMO energy. This
delocalization enhances the electronic coupling between
the phenylacetylene group and the phthaloperinone core,
resulting in reduced HOMO-LUMO gap and suggesting partial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Absorption and fluorescence emission spectra for all compounds
in DCM. (a) Model compound; (b) phthaloperinones with weak electron-
donor groups; (c) phthaloperinones with moderate and strong electron-
donor groups; (d) phthaloperinones with electron withdrawing groups.
The vertical dashed lines are aligned with the maximum absorption and
maximum emission of the Model compound.

charge-transfer character in the electronic excitation. For mod-
erate to strong electron-donor groups (Fig. 7(c)), the presence of
nitrogen atoms in the substituents leads to slight changes in
the overall spectroscopic properties. These changes are more
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absorption spectra (light grey lines) and maximum emissions (dark grey
vertical lines) were included in all graphs.

evident for compounds 3f/4f and 3k/4k. The introduction of
triphenylamine (3f/4f) and phenylamine (3g/4g) units caused
notable blue shifts in the absorption spectra leading to
an increase of Stokes shift (4s) of approximately 1000 to
2000 cm ™' (depending on the solvent), relative to the other
derivatives. Again, the DFT results corroborate this experi-
mental data. For phthaloperinones with electron-withdrawing
groups (as difluorophenyl in 3¢/4¢ and phenyltriazolyl in 31/41),
in Fig. 7(d), the shapes of absorption and emission spectra are
very similar, but both 4308 and 2¢M showed a red-shift when
compared to the Model compound.

The spectra of isolated compounds 3b, 4b, 3g and 4g in DCM
(Fig. 8(a) and (b), respectively) show that for weak electron-
donor groups (in the case of 3b and 4b, with a naphthalene unit
at the 9- and 10-positions, respectively), both absorption and
emission spectra are nearly identical. However, when a strong
electron donor group is present (as in 3g and 4g) both spectra
differ considerably. While compound 3g maintains the same
profile of 7258 and )M near to the maxima of the Model
compound, compound 4g shows completely different shapes
and blue shifted /2% and AS™.. These differences are more
evident in the absorption spectra. This behavior can be ratio-
nalized by the fact that, in compounds 3b/4b, the Frontier
orbitals do not extend over the attached group (Fig. S83, SI).
Consequently, the electronic system involved in the excitation
is confined to the core moiety, which is identical in both
isomers. In contrast, the situation is different for the 3g/4g
pair. Compared to compound 3g, in compound 4g the Frontier
orbitals, particularly the HOMO, extend substantially over the
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phenylamine group. In the same figure (Fig. 8), the simulated
absorption spectra and vertical emission calculations for the
isolated regioisomers 3b, 4b, 3g, and 4g are also shown,
exhibiting trends consistent with the experimental data,
despite significant deviations in the predicted absorption and
emission maxima.

In solid-state (powder) measurements, all compounds
showed a red-shifted 12%, (6-69 nm) when compared with the
Model compound, with the exception of compounds 3f/4f
(see detail data in Table S6 and Fig. S86, SI). On the other
hand, all compounds showed a blue-shift in the 15, except the
isolated isomer 4g. Compounds 3c/4c and 3i/4i had the largest
shifts in AS™, and 4255, respectively, resulting in 44 two times
higher than the Model compound. Some differences were
observed in Agm, between the isolated isomers 3b and 4b, and
3g and 4g, though in solid-state, these isolated isomers dis-
played more similar behaviour. Compounds 3k/4k were not
tested due to its oil-like consistency.

In general, solution fluorescence quantum yields (¢g) ran-
ged between 2 and 8%, decreasing as solvent polarity increases
for all compounds (Table S5, SI). The solid-state (powder)
fluorescence quantum yields were generally lower than those
in solution, with compounds 3f/4f, 3i/4i and 31/4l presenting
the lowest ¢y values (~107%), in contrast with the other
compounds (~10"%) (Table S6, SI). In both solution and
solid-state studies, the fluorescence lifetimes (7;) are found
mono-exponential for all compounds and range from 320 to
1300 ps (see Tables S5 and S6, SI). In solution, the kyg/kg ratio
varies from 12 to 58, whereas in solid-state this ratio was
between 30 and 199 times (Fig. S88, SI), indicating that non-
radiative decay processes dominate over the radiative processes
in both conditions.

Additionally, all isomeric mixtures, except 3k/4k due to its
oil-like texture, were deposited by vacuum deposition on glass
substrates and Spectrosil, allowing the measurement of the
absorbance in films (Fig. S89 and S90, SI). As shown in Table S7

(SI), for all compounds, the /255 of the films were red-shifted

when compared to the /255, in solution (DCM) and blue-shifted
when compared to the 23bs in powder. We attribute this
behaviour to the different intermolecular interactions, such
as van der Waals, hydrogen bonding, and possibly n-m inter-
actions. The variation in the absorption spectra of thin films of
phthaloperinone derivatives upon aging was also studied
(Fig. S90, SI), indicating that compounds 3b/4b, 3f/4f and 3/
3l are by far the most stable compounds in film form, even

when exposed to air.

Electrochemical properties

The electrochemical properties of all prepared phthaloperi-
nones, including the isolated regioisomers, were studied in
DCM solutions using cyclic voltammetry (CV). In CV voltammo-
grams (Fig. S91 and S92 and Table S8, SI), all phthaloperinones
showed an oxidation/reduction process in the positive potential
range and a reduction/oxidation process in the negative
potential range, suggesting their ability to sustain both electron
and hole transport.*® The HOMO and LUMO energy levels were

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Thermal and electrochemical properties

T Tt HOMO LUMO Enef{gy gap
Compounds (°C) (ev) (ev)* (eV)
Model 285.1/225.5 —5.58 —-3.15 2.43
3a/4a 330.6/207.6 —5.57 -3.19 2.38
3b/4b 354.7/179.1 —5.61 —3.23 2.38
3c/4c 365.5/221.2 —5.58 —3.18 2.40
3d/ad 372.4/217.7 —5.63 —3.23 2.40
3e/4e 458.0/292.9 —5.64 —3.23 2.41
3f/af 260.3/—° —5.30 —3.08 2.22
3g/ag 386.1/261.2 —5.46 —-3.07 2.39
3h/4h 309.7/220.9 —5.51 —-3.10 2.41
3i/4i 200.0/—° —5.65 —-3.35 2.30
3j/4j 243.1/167.6 —5.46 —-3.06 2.40
3k/ak 257.2/— —5.42 —3.18 2.24
31/41 285.9/212.5 —5.63 —-3.30 2.33
3b nd —5.61 —3.18 2.43
4b nd —5.59 —3.20 2.39
3g nd —5.44 —3.08 2.36
4ag nd —5.44 —-3.02 2.42

“ Temperature of 5% weight loss. ” Melting temperature. ¢ HOMO/
LUMO calculated from the first oxidation and first reduction onset
?otentials, respectively. ¢ [HOMO-LUMO|. ¢ No events were observed.

/ Not determined.

determined from the onsets of the first oxidation and first
reduction potentials, respectively. All relevant data can be
found in Table 1 and Table S8 (SI).

In general, all compounds exhibit reversible reduction
behaviour in the negative potential range. However, only com-
pounds 3e/4e, 3f/4f, 3g/4g, 3h/4h and 31/41 show reversible
oxidation behaviour in the positive potential range, indicating
that pyrene, triphenylamine, phenylamine, diphenylamine and
phenyltriazolyl substituents, respectively, enhance electroche-
mical stability.

Multi-scan CV was performed for some of the compounds
(Fig. S93, SI), demonstrating that compounds 3a/4a, 3e/4e and
3h/4h exhibit some electrochemical stability in the positive
potential range, although a slight appearance of new species
is observed. In contrast, for compounds 3b/4b, 3d/4d, 3j/4j and
31/41 the main anodic peaks completely disappear with an
increasing number of scans, indicating that they are not
electrochemically stable. The appearance of new species
between 0.25 and 1 V is common in most of our compounds.
We believe that these new species are dimers formed during the
electrooxidation reaction.”®

The HOMO and LUMO energy levels, as well as the energy
gaps, are very similar for all the compounds, even when
compared with the unsubstituted phthaloperinone (Model
compound) (Table 1). However, and in agreement with the
results obtained from theoretical calculations, compounds
3f/af showed an increased HOMO level compared to the other
compounds, and the lowest energy gap (2.22 eV). In fact, the
low energy gaps demonstrated by all compounds highlight
their potential semiconductive properties.

It is also worth noting that, although the substituents have
small contributions to the electronic transitions or charge
distributions, which is a clear indication that both the HOMOs
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and the LUMOs are primarily localized in the core of phthalo-
perinones (as also verified by DFT studies), they have some
influence on the electrochemical stability of the structure.

Thermal stability

Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) studies were performed to investigate the
thermal stability of these emitters. These studies are essential,
as thermal deposition under vacuum during OLED fabrication
requires materials with good thermal properties.

As shown in Table 1 and Fig. S94 (SI), compounds 3a/4a-3e/
4e, 3g/4g and 3h/4h have the highest thermal decomposition
temperatures ranging from 309.7 to 458.0 °C. According to TGA
analysis, the introduction of these substituents enhances ther-
mal stability when compared with the Model compound
(unsubstituted phthaloperinone) (T4 = 285.1 °C). As expected,
the large, rigid and planar conjugated structure of pyrene
substituent provides the highest thermal stability (Tq =
458 °C).*° Additionally, it was also observed that the introduc-
tion of fluorine atoms (3c/4c) increases the thermal stability,
comparing to compounds 3a/4a, as C-F bond is one of the
strongest bonds and, the inductive effect of fluorine atoms can
reduce the likelihood of decomposition.*' The introduction of
an acetylene unit (-C=C-) (3d/4d) also contributes to the
increased thermal stability, probably due to extended conjuga-
tion and improved molecular packing.

On the other hand, compounds 3f/4f, 3i/4i-3k/4k exhibited
lower thermal stability compared to the Model compound,
possibly due to the non-planar nature of their substituents
(as in compounds 3f/4f and 3i/4i), which disrupts n-stacking
and weakens intermolecular interactions, and the presence of
alkyl chains (as in compounds 3j/4j and 3k/4k), which increases
molecular flexibility, reducing rigidity and packing efficiency.
The decomposition temperature of compounds 31/41 is very
similar to that of the Model compound. Although the triazole
moiety in 31/41 is electron-rich and thermally stable, it does not
provide significant additional thermal stabilization to the core
structure.

As depicted in Table 1 and Fig. S95 (SI), DSC analysis shows
that the melting temperatures do not differ significantly, except
for compounds 3b/4b, 3e/4e, 3g/4g and 3j/4j. No events were
observed for compounds 3f/4f and 3i/4i in the temperature
range used in these studies.

Electroluminescence properties

The electroluminescence properties of these emitters were
assessed in simple organic light-emitting diode (OLED) struc-
tures, where the active layer was made of phthaloperinone
derivatives deposited by thermal deposition under high
vacuum. Again, all regioisomer mixtures were tested, with the
exception of 3k/4k, due to its oil-like consistency. The general
device structure consisted of glass/ITO (100 nm)/PEDOT:PSS
(40 nm)/active layer (60-70 nm)/Ca (40 nm)/Al (>70 nm), as
shown in Fig. 9(a).

In general, the light-onset voltage (here defined as the

voltage at which a minimum luminance of 102 c¢d m™? is
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Fig. 9 (a) OLED device structures and (b) CIE (x,y) coordinates.

detected) varies significantly between compounds, ranging from
3.3 V (31/4]) to 8.0 V (3i/4i) (Table S9 and Fig. S96, SI). Compounds
3c/4c, 3d/4d, 3f/af and 3h/4h exhibited the poorest device perfor-
mance, not even reaching a maximum luminance of 10 c¢d m™>
with very low current efficiency (<0.0015 cd A™"). OLEDs based on
compounds 3a/4a, 3b/4b, 3e/4e, 3g/Ag, 3i/4i, and 3j/4j exhibited
decent performances, with moderate maximum luminance (ran-
ging from 11 to 41 cd m™?) and low current efficiencies. Surpris-
ingly, OLEDs based on compounds 3l/41 achieved a maximum
luminance of 99 cd m ? at 7.5 V with a current efficiency of
0.014 cd A™". These compounds are also the ones that exhibit the
lowest turn-on voltage (3.3 V). Therefore, OLEDs based on 3l/41
show the best overall performance (Fig. 10(a)).

External quantum efficiencies (EQE) values vary in a very
similar way to luminous efficiencies (Table S9 and Fig. S97, SI).
Therefore, the highest EQE (0.017%) was also achieved with the
OLEDs based on compounds 31/41 (Fig. 10(b)), which, surpris-
ingly, are the compounds with the lowest solid and solution
fluorescence quantum yield (Tables S5 and S6, SI). On the other
hand, compounds with the higher solution fluorescence quan-
tum yields (such as 3f/4f, 3g/4g, 3h/4h and 3j/4j) or powder
fluorescence quantum yields (such as 3d/4d) presented lower
EQEs. As the radiative decay efficiency is expected to be the
same under photoexcitation and under electrical excitation, the
absence of proportionality between photoluminescence effi-
ciency and electroluminescence efficiency is attributed to the
different yields of excited state formation in the OLEDs, which
is mainly determined by the charge (electrons and holes)
mobility of the various compounds, as the charge injection
barriers, in view of the similarity of the HOMO and LUMO
energies, are expected not to vary much.

The performance of these simple OLEDs is comparable to

previously reported devices based on PDI and NDI
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Fig. 10 (a) Current and luminance versus driving voltage of compounds
3l/4L. (b) Electroluminescence efficiency and external quantum yield
versus driving voltage of compounds 3l/4l.

chromophores,®" which is encouraging considering the simple
device architecture employed. These results highlight the potential
of phthaloperinone derivatives as efficient emitters and suggest
that further optimization of the OLED architecture could lead to
improved performance.

All phthaloperinone based OLEDs emit in the orange-red
spectral region (Fig. 9(b)). The electroluminescence spectra (EL)
are very similar for all compounds and are also similar to the
photoluminescence spectra in solid-state (powder) (Table S10,
SI). Similarly to the photoluminescence spectra in powder, EL
spectra showed a red-shift when compared to the photolumi-
nescence spectra in solution (Table S10, SI).

The shelf lifetime of OLEDs (structure shown in Fig. 9(a))
based on compounds 3c/4c, 3e/4e-3j/4j and 31/4l (Fig. $99, SI)
was investigated. The aging studies were performed with the
unfinished structure (without the top Ca/Al cathodes) in air/
dark conditions or inside the glove box and characterised after
the Ca/Al deposition. We found that the OLEDs incorporating
compounds 3e/4e, 3f/4f, 3h/4h and 31/4] did not exhibit sig-
nificant changes in performance after aging for 5-17 days
either in air/dark conditions or inside the glove box. Further-
more, the EL spectra of compounds 3e/4e, 3f/4f and 31/41
remained unchanged. On the other hand, OLEDs based on
compounds 3g/4g showed significant performance degradation
after 17 days of aging, both in air/dark conditions and inside
the glove box. The remaining OLEDs (those incorporating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds 3c/4c, 3i/4i and 3j/4j) exhibited substantial and, in
some cases, even complete loss of performance after nearly 100
days of aging under both conditions. Interestingly, the EL
spectrum of the OLED containing compound 3i/4i retained its
spectral profile despite the performance loss. Only a few OLEDs
produced detectable EL spectra, as the emission from most
aged devices was too weak to allow their EL spectra to be
recorded. Overall, OLEDs based on 3e/4e, 3f/4f and 31/4l appear
to be the most stable.

Charge transport properties

Hole-only devices with the structure glass/ITO/PEDOT:PSS/
compounds/MoO;/Al were prepared with the intention of mea-
suring hole-only current-voltage (I-V) characteristics of the
same regioisomer mixtures (Fig. S100, SI). However, due to
the reduced thickness of the active layer (60-70 nm), significant
leakage currents were measured, which prevents accurate cal-
culations of mobility values.

Despite this limitation, qualitative differences can still be
observed among the devices. Differences in current levels and
curve shapes suggest variations in charge transport efficiency,
possibly influenced by the phthaloperinone derivatives’ proper-
ties. For instance, the device based on compounds 3e/4e
showed higher current values when compared to compounds
3a/4a, 3b/4b and 3d/4d in the negative voltage region indicating
relatively better conduction behavior (Fig. S100(a), SI). While on
the positive range, 3a/4a exhibits the best result. Devices based
on compounds 3f/4f, and 3h/4h exhibit increased current when
compared to 3g/4g, 3i/4i and 3j/4j, suggesting that these
compounds may facilitate hole transport (Fig. S100(b), SI).
Furthermore, when comparing compounds 3c/4c and 31/41 it
is possible to see that both devices display similar trends in
the positive voltage range, with the exception of 3c/4c
which achieves higher currents in the negative voltage range
(Fig. $100(c), SI).

Despite the limitations due to the thin active layer, which
did not allow the determination of the hole mobility, these
preliminary results provide insights into the relative charge
transport properties of different compounds. For future stu-
dies, thicker active layers are needed to obtain reliable hole
transport mobility values.

Conclusions

In this work, twelve novel phthaloperinone derivatives were
synthesized and characterized. These compounds were
designed at the molecular level to tune the photophysical,
photochemical, electrochemical, thermal, and electronic prop-
erties of phthaloperinone - something that had never been
done before with this structure.

A variety of substituents groups, with electron-donating and
electron-withdrawing characteristics, were introduced to the
phthaloperinone scaffold, and their impact was evaluated.
DFT calculations revealed that compounds 3c/4c, 3d/4d
and 3f/4f-31/4]1 caused interference in the eletronic charge
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distribution during the eletronic excitation process, while
compounds with phenyl (3a/4a), naphthalene (3b/4b) and pyr-
ene (3e/4e) aromatic units exhibited limited interaction with
the phthaloperinone core. Additionally, based on predicted
HOMO and LUMO energy levels, compounds 3f/4f, which
contain a triphenylamine group, emerged as the most promis-
ing organic semiconductive material. These theoretical predic-
tions were supported by experimental photophysical and
electrochemical studies. Overall, all synthesized derivatives
demonstrated promising semiconductive properties, with com-
pounds 3f/4f exhibiting the lowest energy gap (2.22 eV).

Furthermore, electrochemical studies indicated that com-
pounds 3e/4e-3h/4h (bearing moderate and strong eletron donor
substituents) and 31/41 (bearing phenyltriazolyl electron-
withdrawing group) were shown to be the most stable, revealing
reversibility in both negative and positive potential ranges. Thermal
analysis revealed that compounds 3a/4a-3e/4e, 3g/4g and 3h/4h
showed increased thermal decomposition temperatures, ie.
increased thermal stability, when compared to that of the Model
compound, with the pyrene-containing derivative (3e/4e) exhibiting
the highest thermal stability (T4 = 458 °C).

In OLED devices, compounds 3e/4e, 3g/4g, 3i/4i and 3j/4j exhib-
ited decent performances. However, compounds 3l/4l, with a phe-
nyltriazolyl unit, presented the best overall performance, achieving a
maximum luminance of 99 cd m™2 at 7.5 V with a current efficiency
of 0.014 cd A™". These compounds also exhibited the lowest turn-on
voltage (3.3 V) and an EQE of 0.017%. These values, achieved using a
simple device architecture, are comparable to those reported for PDI-
and NDI-based systems, suggesting that further optimization of the
device structure should yield even higher efficiencies.
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