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Adamantane Substitution Effects on Crystallization and
Electrooptical Properties of Epindolidione and

Quinacridone Dyes

Jan Richtar*,” Martin Ciganek*,” Anna Jancik Prochazkova,” Alexander Kovalenko,”
Hathaichanok Seelajaroen,™ Matous Kratochvil,” Martin Weiter,” Cigdem Yumusak,®
Niyazi Serdar Sariciftci,” Vladimir Luke$,” and Jozef Krajcovic*®

The synthesis, experimental and theoretical study of the novel
air-stable four adamantane-bearing dyes based on the trans-
epindolidione (EPI) and trans-quinacridone (QA) cores are
presented. Compared to the parent EPI and QA, the methyl-/
ethyladamantyl substitution ensures that their structural stabil-
ity in crystals is preserved due to the self-organizing properties
of adamantyl groups. The investigated materials are solution-
processable in common organic solvents and possess excellent
thermal stability. The very good solubility was achieved by a
one-step short and easy synthesis, which resulted in moderate

1. Introduction

Organic high-performance pigments (HPPs) have fascinated
scientists in recent years because of their unique properties
and potential applications in various fields of organic
electronics."™” Substantial attention has been given to their
combination of promising electrical and optical properties, as
well as their processability and stability. The semiconducting
properties of HPPs have been well known since the 1990s, and
their fine molecular tuning allows for changing their optical,
electrical, electrochemical or thermal properties or solubility
and processability.®”
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yields of a new family of synthesized dyes. The ethyladamantyl
EPI derivative (3) exhibits a unique rise in thermal stability
reaching 412 °C. The resulting electrochemical band gap carried
out on thin-film evaporated on ITO-coated glass electrodes was
in the range of 2.4-2.5 eV. The experimental HOMO energies
range from —6.2 to —6.0 eV, and LUMO energies lay between
—3.7 and —3.5 eV. The prepared compounds are characterized
by strong fluorescence in solutions and in powder, suggesting a
decrease in the extent of non-radiative relaxation processes.

Among HPP, epindolidione (EPI) and quinacridone (QA)
have been extensively investigated due to their high thermal
and chemical/photochemical stability, non-toxicity and strong
two-dimensional molecular associations in the crystal structure
via hydrogen bonding, and they have been employed in a
variety of applications. Moreover, these pigments are unique
synthetic building blocks with a tunable molecular framework
for the preparation of structurally advanced organic
semiconductors.'

Gtowacki et al." described how the effects of H-bonding
and chirality might compete and significantly affect the
formation of the resulting quinacridone structures upon
deposition on the Ag(111) surface. Very recently, materials for
non-linear optics where quinacridone acts as an electron
acceptor have been studied.”” More recently, a study describ-
ing the proper deposition techniques for the preparation of
quinacridone thin films in the context of organic electronic
devices has been published.?" Furthermore, Koehler et al.??
reported two sets of model system EPI and QA equipped with
the lock-and-key system of biotin and avidin via topography
and recognition (TREC)-atomic force microscopy (AFM) for
biological applications.

However, materials based on soluble, N,N-alkylated quina-
cridones have also found a range of applications in organic
electronics. Shaheen etal.”” described the charge transfer
efficiency enhancement in organic-light emitting diodes based
on soluble quinacridone-doped tris(8-hydroxyquinoline)
aluminium (Alq;) devices. The OLED emission layers based on
soluble dialkylquinacridones as co-dopants have also been
published to describe the interactions between the correspond-
ing molecules and the metallic substrate.*” Moreover, Nguyen
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et al.® have described the effective utilization of quinacridone
salts as electron injection layers in polymer light-emitting
diodes (PLEDs). N,N-dimethylquinacridone has also been
described as a key donor material in an active bulk-hetero-
junction layer of an organic photodiode device (OPD) for
frequency response enhancement. This study provides a
valuable overview of the parameters for efficient organic color-
sensitive OPDs aiming at an artificial retina.”® Additionally,
alkylated quinacridones exhibit increased intracellular perme-
ability compared to unsubstituted QA. Shangguan et al.””
discovered a specific binding ability of selected alkylated
quinacridone derivatives (e.g. N,N"-bis(5-bromopentyl)-quinacri-
done) to the G-quadruplexes of DNA. The studied derivatives
preserved low cytotoxicities, suggesting their potential to act
as molecular probes for live-cell imaging.

Besides the excellent properties of N,N-non-alkylated (NH-
free) EPI and QA, new structural alternatives in which no H-
bonding occurs were intensively investigated. These comprise
mainly alkylated derivatives with linear or branched alkyl
substituents incorporated to increase the solubility and thus
the processability of the pigments.”=>" However, such sub-
stitution disrupts the intermolecular hydrogen bonds, leading
to changes in the molecular organization in the solid-state and
other physicochemical properties, particularly optical and
electrical properties, thermal and oxidative stability. In many
cases, N-alkyl substitutions of pigments also significantly reduce
the melting points and thermal degradation of the resulting
materials detectable by DSC and TGA methods.?? The effect of
N-alkylation of EPl and QA on the optical properties is most
evident in the electroluminescent applications. Even though
the absorption and emission spectra are not significantly
influenced, the tendency of the pigments to aggregate due to
7-7 interactions results in emission quenching.®**¥ An efficient
approach improving the fluorescence quantum yields (@) is
represented by the introduction of bulky substituents at the
nitrogen atoms that suppressed the mi-7 interactions.®

Breaking the hydrogen bonds by N-alkylation may lead to
poor structural organization, worsening the charge transport
characteristics.*™ On the other hand, the careful choice of alkyl
substituent and processing conditions may provide a highly
ordered crystalline organization of the material with the
efficient interconnection of crystalline domains and intermolec-
ular m-orbital overlap, thus providing charge carrier mobilities
even higher than that of the parent material®” An effective
strategy to balance the benefits and drawbacks of the N-alkyl
substitution lies in the introduction of the bulky alkyl
substituents connected with adamantane moiety. The incorpo-
ration of sterically demanding but highly symmetrical adaman-
tane moiety is known to induce highly-ordered molecular
organization in the solid state due to effective van der Waals
interactions. These interactions lead to self-organization be-
tween adamantane moieties, thus overcoming the lack of
hydrogen bonding and providing the material with high
thermal stability. At the same time, the solubility and process-
ability of these systems remain preserved.®®*”

In the present work, we report the synthesis, experimental
and theoretical study of the novel four adamantane-bearing
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dyes based on the linear trans-QA and trans-EPl cores
(Figures 1 and 2). The partial aims of this study are: (1) to
present the effective synthetical route of the studied molecules;
(2) to characterize the chemical structural and electronic
properties; (3) to deduce the m-stacking ability of the studied
molecules from the experimental X-ray structures; (4)to
calculate the lowest energies of optical transitions for the gas-
phase and solvent environment; and (5)to theoretically
estimate drift mobilities for dimers in crystals at room temper-
ature (T=298.15K). Finally, the obtained experimental and
theoretical results will be compared with the experimental data
available for EPI and QA.

2. Results and Discussion

The alkylated dyes were prepared by the nucleophilic sub-
stitution of the NH-free quinacridone and epindolidione by
ethyladamantyl bromide or methyladamantyl bromide, respec-
tively (Figure 2). The alkylation provided the target compounds
in low to moderate yields. We hypothesize that the observed
low selectivity and moderate yields result from the steric factors
given the bulkiness of the adamantyl moiety. Generally, higher
yields were obtained for the ethyladamantyl dyes 1 and 3; in
both the bulky adamantyl moiety is more distant from the
electrophilic center at the alkylating reagent than for the dyes
2 and 4. Moreover, low selectivity can also be reasoned by the
presence of the pair of competing O and N nucleophilic centers
at the deprotonated dyes, providing a possibility for the
formation of various undesired side-products.

2.1. Thermal stability characterization

The thermal properties of the alkylated dyes 1 to 4 were
investigated by thermogravimetric analyses. Both reference
quinacridone (QA) and epindolidione (EPI) are known to be
highly thermally stable H-bonded dyes with decomposition
temperatures of 535°C and 400°C," respectively (Table 1),
given the strong intermolecular hydrogen bonding. The TGA
measurements of the dyes 1 to 4 pointed out their excellent
thermal stability. Both quinacridone derivatives 1 and 2 showed
a diminished decomposition temperature, but one still exceed-
ing 400 °C, not often observed for the small organic molecules.
On the other hand, epindolidione derivate 4 showed a
decomposition temperature comparable to NH-free dye, while
compound 3 decomposed even at a higher temperature

Table 1. TGA analyses data.
Compound Temperature of decomposition/[°C]
QA 535[14]
1 463
2 443
EPI 400"
3 412
4 397
© 2021 Wiley-VCH GmbH
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Figure 1. Molecular structures and photographs of the studied adamantyl-substituted derivatives of quinacridone (1,2) and epindolidione derivatives (3, 4)
under irradiation with UV light (365 nm) in chloroform with a concentration of 1073 M (top) and solid-phase (bottom).
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Figure 2. Synthesis of adamantyl-moiety bearing dyes.
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compared to NH-free epindolidione (Table 1, thermogravimet-
ric records are shown in the Supporting information as
Figure S1). The alkylation of such kind suppresses the hydrogen
bonding, which often results in lowering the thermal stability.
On the other hand, we hypothesize that introducing the
adamantyl-containing substituents provides the molecules with
strong molecular packing ability due to the self-organizing
effect of the highly symmetrical and rigid adamantane moiety
via van der Waals interactions, thus having a positive effect on
the thermal stability of the target molecules.

2.2. Molecular geometry and crystal structure

The optimal gas-phase geometries of QA and EPI molecules are
planar, and they belong to the C,, point group. The addition of
side adamantyl groups to parent cores changes the symmetry
point group to Ci. As it is illustrated in Figure S2, the steric
repulsion between (C)=0 and (N)—CH,— atoms of added groups
leads to the planarity perturbation of central rings in 3 and 4
molecules. The m-stacking ability of aromatic rings may
represent the key factor that primarily affects the thermal
stability and macroscopic electrical properties of the solid-state
sample. Moreover, the incorporated adamantyl moieties affect
solid-state organization via adamantyl-induced packing and
consequently strongly contribute to the thermal stability or
significant fluorescence. For the reference molecules, the
presence of —\NH and C=0 groups can support the formation of
quadruple weak hydrogen bonds. The theoretical calculations
of the ideal model planar arrangement of QA and EPI
molecules indicate that the intermolecular hydrogen bond
distances are 1.91 and 1.94 A (Figure S3 and S4), respectively.
The corresponding interaction energies are (—91.7 kJmol™' for
QA and —75.3 kJmol™ for EPI. The molecular packing of EPI in
X-ray structure (Figure S5) features m-mt stacking as well and
hydrogen bonds between (N)—H--O=(C) atoms. Moieties in the
crystal structure form parallel-shifted stacks with a mt-mt distance
of 3.94 A, which is longer than the interplanar distance in a
graphene sheets stack (3.35A).#% The estimated BSSE-free
interaction dimer energy is —56.6 kkmol™'. According to the
theoretical calculations of ideal planar dimers mentioned
above, the second selected dimer is planar, which is slightly
shifted along the longest axial axis. The intermolecular hydro-
gen bond distances are shorter than 1.71 A, and the interaction
energy is —70.0 kkmol™". The X-ray structures available in the
literature on QA can possess triclinic or monoclinic space
groups. Interestingly, the planar dimers are not present. As it is
depicted in Figure 3, the parallel-shifted stacking dimers
represent the most stable structures. The centroid-to-centroid
distances are between 3.80 and 3.98 A. The interaction energy
for these dimers is higher by about 13 kimol™' than for the
corresponding EPI dimer. The presence of bulky adamantyl
moieties blocks the formation of planar dimers fixed by
hydrogen bonds, and the centroid-to-centroid distances are
increased. The triclinic space group was identified for 1, 2 and
4 molecules. The EPI core substituted by ethyladamantyl
groups (3) crystallizes in the orthorhombic space group, and for
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this crystal structure, five different dimers were selected. The
most stable parallel-shifted dimers have the largest 1 and 2
molecules. Due to the plane-to-plane stacking of conjugated
cores, the interaction energies are —104.3 kimol™' for 1 and
—110.7 kJmol™" for 2. Probably due to the planarity perturba-
tion of central cores in smaller molecules 3 and 4, the
interaction energies of parallel-shifted dimers are smaller by
around 50 kJmol™". For the rest of the selected dimers, the
adamantyl-induced packing determines the subsystem arrange-
ment, and the corresponding interaction energies are lower
than —40.0 kimol™".

2.3. Electrochemical properties

The energy levels of Highest Occupied (HOMO) and Lowest
Unoccupied (LUMO) Molecular Orbitals are key parameters for
assessing the p-type and n-type carrier injection ability and
stability of the material, respectively. To determine HOMO and
LUMO energy levels electrochemically, cyclic voltammetry was
carried out on a thin-film of adamantyl-substituted quinacri-
dones, and epindolidiones evaporated on ITO-coated glass as
working electrodes. All compounds showed redox behaviors of
their QA and EPI core structures ."**" The experimental energy
levels of frontier molecular orbitals were obtained from the
onset oxidation and onset reduction potentials (Table 2). The
HOMO energy levels were in the range of —6.0 to —6.2 eV,
while LUMO energy levels lay at between —3.5 and —3.7 eV.
The resulting electrochemical band gap (Ey,,) values were 2.4
to 2.5 eV, which were in the same range as QA and EPL!"**"
These values are in reasonable ranges and suitable for the
construction of molecular devices.

The B3LYP energies of frontier molecular orbitals for the
gas-phase geometries differ from these experimental values.
The HOMO energies are changed from —5.13eV for 1 to
—5.47 eV for EPIL. The LUMO energies are between —2.02 eV for
3 to —2.17eV for QA. For all investigated molecules, the
HOMOs and LUMOs are delocalized only over the central part.
As it is illustrated in Figure 4 for molecules 1 and 3, the lobes of
HOMOs are uniformly delocalized over the longest axial
direction and bonds in the vicinity of heteroatoms. On the
other hand, the lobes of LUMO are mostly delocalized over the
bonds parallel with the smaller axial direction. The small
electron clouds are also indicated on the substituent atoms
directly connected to the central cores.

Table 2. The experimental values of the energies of frontier molecular
orbitals for the thin films. The B3LYP values of FMO energies (in
parentheses) and internal reorganization energies (\) calculated for the
gas-phase. All values are in eV.

HOMO LUMO AT A
QA (—5.32) (=2.17) 0.141 0.234
EPI (—5.47) (—2.08) 0.163 0.269
1 —6.2 (=5.13) —3.7 (~2.06) 0.141 0.238
2 —6.0 (—5.14) —3.5(—-2.04) 0.156 0.241
3 —6.1 (—5.26) —3.7(-2.02) 0.208 0.363
4 —6.2 (—5.25) —3.7 (—2.03) 0.187 0.388
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Figure 3. Adamantyl-induced packing of methyl- and ethyladamantyl-substituted derivatives deduced from X-ray structures. Hydrogen atoms are hidden. The
colored bubbles indicate the strong dimer interactions between adamantyl moieties.

The reorganization energy A* is the dominant quantity
reflecting the geometrical changes upon electric charging. The
calculated values for both charged states are listed in Table 2.
The B3LYP hole reorganization energies of the EPI and QA
molecules connected with the formation of the cationic state
(A7) are 0.141 and 0.163 eV, respectively. For example, the
theoretical value for pentacene, as reference p-semiconductor,
is 0.100 eV .*? The electron reorganization energies (17) are
two times higher, i.e. 0.234 eV for QA to 0.388 eV for 4. The
estimated value for the fluorinated pentacene, as the represen-
tative n-semiconductor, is 0.246 eV.

Considering the hopping mechanism and Marcus theory,
drift mobilities of electron transfer were not found for the
dimers of reference QA and EPI molecules (see Figure S5). On
the other hand, the planar and parallel-shifted dimers of the
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smaller EPI molecule have hole drift mobilities of 0.56 and
0.33 cm?V~'s7". In the case of QA, only parallel-shifted dimers
identified in both crystal modifications exhibit comparable
mobility values, i.e. 0.55 cm?V~'s™! for the triclinic space group
and 0.27 cm?V's™' for the monoclinic space group. The
experimental hole mobility measured by Gtowacki et al.” for
the sublimated quinacridone is around 0.2 cm?V~'s™". The EPI
material demonstrated mobility in the range of 09 to
1.5cm?V"'s™". These higher macroscopic mobility values prob-
ably represent the statistical average of all possible dimers
contributing to the charge transfer processes. Although the
addition of the adamantyl groups decreases theoretical hole
drift mobilities for epindolidione derivatives, improved hole
mobilities between dimers based on larger 3 and 4 molecules
are predicted (see Figure S6). Interestingly, the non-negligible
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Figure 4. The shape of B3LYP frontier molecular orbitals of molecules 1 and 3 evaluated for the gas phase. The depicted iso-surface is 0.025 a.u.

values of electron-hole mobilities, i.e. from 0.15 to
1.27 cm?V~'s™, are indicated for investigated dimers. It seems
that the planarity deformation of the epindolidione core can
support electron transport between the parallel-oriented sub-
systems.

2.4, Optical properties

Optical properties of novel dyes were also studied using UV-Vis
and photoluminescence spectroscopy. Compared to the QA
and EPL these molecules are not soluble in DMSO, thus
optical measurements were performed in chloroform and
toluene solutions. The recorded spectra are shown in Figure 5
(for chloroform) and Figure S7 (for toluene). In all cases, a
vibronic structure is apparent from the spectra at the
concentration of approximately 0.01 mM. The absorption
maxima for compounds substituted by methyladamantyl are
lower than 490 nm.” The wavelengths higher than 510 nm are
connected with the presence of more flexible ethyladamantyl
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groups. For all four derivatives, a stronger absorption at lower
wavelengths (ca. 300 nm) occurred relative to their absorption
maxima at 480 and 560 nm. Interestingly, the wavelength
reported in DMSO for EPI is 436 nm and for QA it is 527 nm.
The emission spectra were recorded at excitation wave-
length 480 nm for 1 and 2, while the excitation wavelength
560 nm was used for 3 and 4. In general, the solvatochromic
effect in optical properties was observed between the measure-
ments in chloroform and toluene. When the material was
dissolved in toluene, the spectra were blue-shifted compared
to chloroform (Table 3). It is worth noting that no differences in
excitation nor emission spectra were observed for different
concentrations of solutions; the spectra are not presented.
Furthermore, it is important to point out that UV-Vis spectra do
correspond to the excitation spectra. An influence of different
incorporation of side chains was observed. Adamantylethyl-
substituted dyes 1 and 3 exhibited blue-shifted emission
spectra compared to adamantylmethyl-substituted derivatives
2 and 4. Interestingly, the bathochromic shift was more
significant for epindolidione analogues 3 and 4 with the shift of

© 2021 Wiley-VCH GmbH
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Figure 5. Absorption (black lines, left axis), excitation (blue lines, right axis) and emission (red lines, right axis) spectra of adamantyl-substituted dyes 1-4 in

chloroform. The absorbance and normalized intensities are in arbitrary units.

Table 3. The theoretical TD—B3LYP absorption and fluorescence wavelength maxima (in nm) corresponding to the lowest energy transitions calculated for
the gas phase, toluene and chloroform. The oscillator strengths are in parentheses.
Absorption Fluorescence
Gas Toluene Chloroform Gas Toluene Chloroform
QA 447 (0.07) 463 (0.10) 470 (0.10) 478 (0.07) 498 (0.10) 514 (0.13)
EPI 399 (0.09) 408 (0.13) 411 (0.13) 428 (0.09) 441 (0.13) 452 (0.17)
1 461 (0.09) 475 (0.13) 481 (0.13) 491 (0.09) 509 (0.13) 524 (0.16)
2 459 (0.08) 472 (0.12) 479 (0.12) 493 (0.08) 509 (0.11) 524 (0.14)
3 425 (0.13) 433(0.17) 435 (0.17) 465 (0.13) 477 (0.17) 488 (0.20)
4 431 (0.10) 440 (0.14) 442 (0.14) 480 (0.10) 490 (0.14) 500 (0.17)

6.9 and 9.6 nm for chloroform and toluene solution, respec-
tively. On the contrary, for quinacridone-based derivatives 1
and 2, the shift was only 1.3 and 0.5 nm for chloroform and
toluene solution, respectively. The quantum chemical calcula-
tions of the optical transitions indicate that the vertical lowest
energy transition (S,—$S;) comes mainly from HOMO to LUMO
electron excitation. As it is demonstrated in Table 3, the
corresponding oscillator strengths have significant values.
Similarly, the lowest energy de-excitation vertical transition
(S;—S,) is well distinguished from the next electronic excited
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states and it has significant oscillator strength. When one
compares with the reference QA and EPI molecules, the side
substitution increases the maximal wavelengths of the absorp-
tion and fluorescence spectra. The solvatochromic shifts were
also predicted from the calculations using the implicit solvent
model.

Optical properties of the studied novel dyes were also
studied in the solid phase, measured on uncrushed powder
samples. Absorption spectra were also measured in thin films
(Figure S8), but their quality was poor (see the Supporting
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Figure 6. Solid-phase absorption spectra (Abs), excitation (Exc) and emission (Em) spectra of the studied compounds.

Information). In this experiment, the optical properties of the
measured samples represent the superposition of molecular
electronic structure and the averaged effect of aggregated
molecules on the investigated sample surface. These measure-
ments are more relevant for the possible application of
molecules in optoelectronic devices or optical sensors. The
recorded absorption spectra are bathochromically shifted with
respect to those obtained in both solutions. The presented
lowest energy bands are very broad and less structured. The
recorded spectra were noisy due to the nature of the powder
and the small amount of the measured samples. The spectra
were digitally smoothed for better clarity. As shown in Figure 6,
the determination of the corresponding absorption maximum
position suffered from a large degree of uncertainty. Therefore,
the more suitable characterization of these bands is connected
with the determination of absorption edges (Table 4). The
fluorescence spectra taken at different excitation energies
show the bands with a vibronic structure that is comparable
with solvated samples. The excitation wavelengths were chosen
to accommodate for two effects. Firstly, the low Stokes shift of
studied materials requires choosing a lower wavelength than
the maximum of absorption to record the full emission
spectrum, and secondly, wavelengths that are strong in the

ChemPhotoChem 2021, 5,1059-1070  www.chemphotochem.org

Table 4. Wavelength maxima of optical spectra measured in solvated

samples and powder samples. Global maxima and absorption edges (*) are

set in bold and in italics, respectively. All values are written in nm.

Molecule Environment Absorption Excitation Emission

1 Chloroform 527, 545% 527 543
Toluene 516, 530* 516 526
Powder 575* 550 581

2 Chloroform 527, 545* 527 545
Toluene 514, 530* 516 526
Powder 580* 543 570

3 Chloroform 473, 489* 473 492
Toluene 468, 482* 468 482
Powder 535* 494 519

4 Chloroform 475, 491* 474 499
Toluene 470, 485* 468 492
Powder 533* 502 527

spectrum of the exciting lamp were chosen to obtain stronger
emission. The investigated powder samples of trans-epindoli-
dione derivatives exhibit efficient fluorescence. The absolute
fluorescence quantum yield values range from 10% to 22%
(see Table S1). The quantum vyields of samples measured in
chloroform range from 36% to 82% (see Table S2). It is worth
highlighting the remarkable high PLQY values of 82% and 78%
measured for alkylated quinacridones 1 and 2, respectively.
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3. Conclusion

The one-step synthesis, quantum-chemical calculations, crystal-
lographic, optical, electrochemical and thermal characterization
of four novel air-stable adamantane-bearing dyes based on the
epindolidione (EPI) and quinacridone (QA) cores were reported.
Compared to the pristine EPI and QA, the simple one-step
introduction of bulky methyladamantyl or ethyladamantyl
groups blocks the formation of hydrogen bonds and fixes the
planar dimer structures. On the other hand, the theoretical
calculations predicted the stronger molecular packing ability in
crystals of quinacridone derivatives due to the self-organizing
effect of the highly symmetrical and rigid adamantane moiety
via van der Waals interactions. For the epindolidione deriva-
tives, the dimer interaction energies are lower due to the
structural planarity perturbation of the central part. The
observed high thermal stability can be explained due to the
adamantyl-induced packing. The added substituents improve
the solubility in comparison with its parent non-substituted
molecules. The resulting electrochemical band gaps carried out
on thin-film evaporated on ITO-coated glass electrodes were
2.4 t0 2.5 eV. Compared to the reference QA and EPI molecules,
the evaluated drift mobilities for the dimers selected from the
X-ray structures indicate, according to the Marcus model,
potentially better p-type and n-type electric intrinsic semi-
conduction. The experimental determination of real samples’
semiconducting properties depends on many factors, e.g.
sample processing or construction of probe transistors.”’!
Therefore, systematic research into the electric mobilities of
adamantyl derivatives 1-4 is planned in the future.

The prepared compounds exhibit remarkable fluorescence
properties and efficiency in solution as well as in powder
samples. The theoretical investigation quantified how the
adamantyl substitution changes the chemical and electronic
structure of benzothiadiazole-based cores.

The X-ray analyses show the existence of dimer-structures
for molecules 1 and 2 with mutually coplanar oriented aromatic
core centers. The quantum chemical simulations of these
model dimers indicated possible n-type semiconductivity
compared to unsubstituted parent molecules. On the other
hand, the X-ray structure of EPI derivatives shows a strong
interaction between adamantyl species, supporting the uniform
separation of aromatic core centers. The spectroscopic meas-
urements confirm better fluorescence properties than the QA
derivatives. Based on the experimental observations and
theoretical calculations, it is plausible to suggest molecule 1 for
the investigation of electrical properties and molecule 3 as a
building block for applied photonics research.

The hydrogen-bonded pigments such as Indigo, Epindoli-
dione and Quinacridone are in their pristine form not soluble
and not processable. In VAT dying processes they are normally
processed by chemical reducing agents. The final color and
pristine state is then established by the air-drying process with
reoxidation using air oxygen. There is surely a great need for
making such dyes solution-processable for printing, coating as
well as for controlled crystallization. Such a side-chain sub-
stitution with adamantane side groups will make an impact on
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this general problem of solution processing of the pigment
dyes.

Experimental Section

Materials and equipment

All solvents and reagents were obtained commercially and used as
received unless stated otherwise. All moisture-sensitive reactions
were performed in dry flasks fitted with glass stoppers or rubber
septa under a positive pressure of argon. Solvents used for
purification (petroleum ether, dichloromethane and methanol)
were obtained from Penta Chemicals (Czech Republic) in p.a. grade.
Flash column chromatography was performed using 220-440 mesh
silica gel. Thin-layer chromatography was conducted on Supelco 60
TLC plates (Sigma Aldrich, St. Louis, MO, USA) with a 254 nm
fluorescent indicator. Spots were observed under ultraviolet
irradiation (254 nm or 354 nm). 'H NMR spectra were recorded in
CDCl; using an Avance Il 300 MHz spectrometer (Bruker, Billerica,
MA, USA) with working frequency of 300 MHz at 30°C. Chemical
shifts are expressed in parts per million (6 scale) downfield from
tetramethylsilane and are referenced to residual protons in the
NMR solvent (CHCl;:  =7.25 ppm). Coupling constants (J) are given
in Hz with coupling expressed as s-singlet, bs-broad singlet, d-
doublet, dd-doublet of doublet, t-triplet, tdd-doublet of triplet of
doublets, ddd-doublet of doublet of doublets, m-multiplet.
Elemental analysis was performed using an EuroEA3000 Elemental
Analyser (Eurovector, Pavia, Italy). Melting points were determined
using a Kofler apparatus equipped with a Nagema PHMK 05
microscope (Nagema, Dresden, Germany), and the temperatures
were not corrected. Thermogravimetric analysis was performed
using TGA Q50 instrument (TA Instruments, New Castle, DE, USA)
with nitrogen as the carrier gas.

Synthesis

General procedure for the N,N’-dialkylated dyes: A corresponding
pigment (1.5 mmol, 1 equiv.) was mixed with cesium carbonate
(6.0 mmol, 4equiv.) in 15mL of dry DMF under an argon
atmosphere. The mixture was stirred at 110°C for 2 h. Subse-
quently,  1-(2-bromoethyl)adamantane  or  1-(bromomethyl)
adamantane (6.0 mmol, 4 equiv.), respectively, was added and the
reaction mixture was heated to 130°C for 72 h. After cooling to
room temperature, the reaction mixture was poured into water
(250 mL) and sonicated for 30 min. The suspension was filtered,
providing a solid crude product that was dried at room temper-
ature under a high vacuum. The crude product was adsorbed on
silica gel and purified by column chromatography, followed by
purification by boiling in methanol and filtration of as-obtained
solid in the formed suspension to yield the corresponding N,N-
dialkylated dye. The measured 'H and *C NMR spectra of the
resulting products (1-4) are depicted in the Supporting information
as Figures S9-S14.

5-(2-((1r,3R,55)-adamantan-1-yl)ethyl)-12-(2-((3r,5r,7r)-adaman-
tan-1-yl)ethyl)-5,12-dihydroquinolino®**®acridine-7,14-dione (1):
Compound 1 was synthesized according to the General Procedure.
The reaction of quinacridone (1.50 g, 4.80 mmol) with cesium
carbonate (10.43 g, 19.2 mmol) and 1-(2-bromoethyl)adamantane
(4.67 g, 19.2 mmol) provided crude compound 1. The crude
product was purified by silica gel chromatography using gradient
elution by a mixture of petroleum ether/dichloromethane (20/80—
10/90—0/100). The component with R;=0.5 (DCM) was subse-
quently boiled in methanol (50 mL), cooled, and filtered to yield
compound 1 as a bright orange solid (yield 1.75 g, 57 %). Melting
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point >330°C. "H NMR (500 MHz, CDCl;, TMS): §=28.80 (s, 2H), 8.59
(dd, J=8.1, 1.8 Hz, 2H), 7.77 (ddd, J=8.8, 6.9, 1.8 Hz, 2H), 7.53 (d,
J=8.8Hz 2H), 7.28 (t, J=7.4 Hz, 2H), 4.60 (t, J=8.9 Hz, 4H), 2.15-
2.10 (m, 6H), 1.87 (d, J=2.8 Hz, 12H), 1.79 (d, J=3.9 Hz, 6H), 1.55 (s,
10H). *C NMR (126 MHz, CDCl,): =178.39, 142.46, 135.82, 134.82,
128.31, 126.70, 121.44, 120.95, 114.50, 113.56, 42.41, 41.81, 40.20,
37.22, 32.63, 28.78. Elemental analysis calc. (%) for C,H,N,0,: C
82.98, H 7.60, N 4.40; found: C 82.96, H 7.61, N 4.41.

5,12-bis(adamantan-1-ylmethyl)-5,12-dihydroquinolino'>**'-
acridine-7,14-dione (2): Compound 2 was synthesized according
to the General Procedure. The reaction of quinacridone (0.75 g,
2.40 mmol) with cesium carbonate (5.22g, 9.61 mmol) and 1-
(bromomethyl)adamantane (2.20 g, 9.61 mmol) provided crude
compound 2. The crude product was purified by silica gel
chromatography using dichloromethane as the eluent. The
component with R=0.5 (DCM) was subsequently boiled in
methanol (50 mL), cooled and filtered to yield compound 2 as a
bright orange solid (yield 0.38 g, 25%). Melting point >330°C. 'H
NMR (CDCl;, TMS): 6 =9.04 (s, 2H), 8.60 (dd, J=7.7, 2.2 Hz, 2H), 7.78
(d, J=8.8 Hz, 2H), 7.74-7.70 (m, 2H), 7.35-7.26 (m, 2H), 4.67-4.60
(m, 2H), 4.39 (dd, J=16.3, 8.8 Hz, 2H), 1.95-1.89 (m, 2H), 1.73-1.50
(m, 28H). Elemental analysis calc. (%) for C,,H,N,O,: C 82.86, H
7.28, N 4.60; found: C 82.84, H 7.25, N 4.64.

5-(2-((1r,3R,5S)-adamantan-1-yl)ethyl)-11-(2-((3r,5r,7r)-adaman-
tan-1-yl)ethyl)-5,11-dihydrodibenzo[b,g]"*'naphthyridine-6,12-di-
one (3): Compound 3 was synthesized according to the General
Procedure. The reaction of epindolidione (0.70 g, 2.67 mmol) with
cesium carbonate (5.80g, 10.7 mmol) and 1-(2-bromoethyl)
adamantane (2.60 g, 10.7 mmol) provided crude compound 3. The
crude product was purified by silica gel chromatography using
gradient elution by a mixture of petroleum ether/dichloromethane
(50/50—40/60). The component with Rr=0.4 (PE/DCM 50/50) was
subsequently boiled in methanol (30 mL), cooled and filtered to
yield compound 3 as a bright green-yellow solid (yield 0.42 g,
29%). Melting point >330°C. '"H NMR (CDCl;, TMS): 6=8.44 (d, J=
8.1 Hz, 2H), 7.72-7.71 (m, 4H), 7.35-7.28 (m, 2H), 5.00-4.97 (m, 4H),
1.99 (s, 6H), 1.75-1.64 (m, 24H), 1.60-1.57 (m, 4H). *C NMR
(126 MHz, CDCl;): 6=175.01, 141.93, 133.39, 132.34, 127.51, 126.15,
122.14, 116.38, 44.77, 43.10, 42.46, 37.26, 32.52, 28.79. Elemental
analysis calc. (%) for C,HuN,0,: C 81.87, H 7.90, N 4.77; found: C
81.85,H 7.87, N 4.81.

5,11-bis(adamantan-1-ylmethyl)-5,11-dihydrodibenzo
[b,g]"*'naphthyridine-6,12-dione (4): Compound 4 was synthe-
sized according to the General Procedure. The reaction of
epindolidione (1.00 g, 3.81 mmol) with cesium carbonate (8.28 g,
15.3 mmol) and 1-(bromomethyl)adamantane (3.50 g, 15.3 mmol)
provided crude compound 4. The crude product was purified by
three-step silica gel chromatography using elution mixture PE/DCM
(25/75; 10/90; 10/90). The component with R;=0.4 (PE/DCM 25/75)
was subsequently boiled in methanol (15 mL), cooled and filtered
to yield compound 3 as a bright green-yellow solid (yield 0.26 g,
17 %). Melting point >330°C. 'H NMR (CDCl,, TMS): =832 (d, J=
8.1 Hz, 2H), 7.84 (d, J=8.8 Hz, 2H), 7.65 (ddd, J=8.7, 6.8, 1.7 Hz,
2H), 7.31 (d, J=7.4Hz, 2H), 5.78 (d, J=15.4 Hz, 2H), 426 (d, J=
15.4 Hz, 2H), 1.66 (br s, 6H), 1.49-1.31 (m, 12H), 1.20-1.04 (m, 12H).
Elemental analysis calc. (%) for C3gH,,N,0O,: C 81.68, H 7.58, N 5.01;
found: C 81.64, H 7.55, N 4.98.

X-ray diffraction

The crystals suitable for X-ray analysis were prepared by controlled
crystallization from the saturated solutions of the alkylated dyes 1
to 4 in chlorobenzene. The XRD data were collected at temperature
120K by the w-scan technique on a Rigaku Saturn724-CCD

ChemPhotoChem 2021, 5,1059-1070  www.chemphotochem.org

1068

diffractometer equipped with an Oxford Cryosystem low-temper-
ature device, using a rotating anode with MoKa radiation. The
diffraction intensities were corrected for Lorentz and polarization
effects, and an analytical method of absorption was used. Data
interpretation, including all corrections mentioned previously, was
performed by CrystalClear-SM Expert 2.1 b32 software (Rigaku,
2014). The structures were resolved in a straightforward manner by
direct methods and refined by the full-matrix least-squares method
on all F2 data. Non-hydrogen atoms were refined anisotropically,
while hydrogen atoms were inserted in the calculated positions
and refined isotropically, assuming a “ride-on” model. The SHELXS
and SHELXL programs used for calculations and the XP program
used for geometrical analysis were parts of the Bruker SHELXTL
V5.1 program package.

Deposition numbers 2035461, 2035462, 2035463, and 2035464
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service."”

Quantum chemical calculations

The quantum chemical calculations were performed using Gaussian
16 program package.” The optimal geometries were calculated by
DFT method with hybrid B3LYP (Becke's three parameter Lee-Yang-
Parr) functional™*' without any constraints (energy cut-off of
10~ kJmol™', final RMS energy gradient under 0.01 kJmol™'A™").
The 6-31G(d,p) basis set of atomic orbitals was applied for all
atoms.”® If available, X-ray structures were taken as the input
geometries of studied molecules and were symmetrized. The
corresponding point group symmetry was used as the starting
symmetry of geometry for the optimization procedure (see Fig-
ure 1). The optimized structures were confirmed to be stable by
vibrational analysis (no imaginary frequencies). Based on optimized
B3LYP geometries, the vertical transition energies and oscillator
strengths between the initial and final electronic states were
computed using the time-dependent (TD)-DFT method.”® The TD-
DFT approach was also used to calculate the electronic lowest-
excited geometries and corresponding de-excitation energies. The
ultrafine setting for the integration grid was used for all
calculations. Solvent effects in chloroform and toluene were
approximated by Solvation Model based on Density (SMD).*® The
interaction energies for molecular dimers selected from X-ray
structures were corrected for the Basis Set Superposition Error
(BSSE)®" using the Counterpoise method .*? For the used DFT
functional, we have used the Grimme's dispersion correction with
Becke-Johnson damping function (GD3BJ)."¥ For selected X-ray
dimers, the charge transport properties were evaluated using the
hopping model®*® based on the Marcus formula®” (see the
Supporting information). The optimal geometries of electroneutral
molecules and molecular orbitals were visualized using the Molekel
program package.®®

Electrochemical measurements

The Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) energy levels of all com-
pounds were determined electrochemically using cyclic voltamme-
try. The experiments were performed in three-electrode electro-
chemical using a Jaissle Potentiostat-Galvanostat IMP 83 (Jaissle
Elektronik GmbH, Waiblingen, Germany). The setup consisted of an
indium tin oxide-coated glass slide deposited with the respective
compound as a working electrode, a Ag/AgCl quasi-reference
electrode (QRE) and a Pt plate counter electrode. As an electrolyte
solution 0.1 M tetrabutylammoniumhexafluorophosphate (TBAPF,)
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in anhydrous acetonitrile was used. Cyclic voltammograms were
recorded at scanning potential from 0 to 2.0 V vs Ag/AgCl QRE for
the determination of HOMO energy level (E,omo) and from 0 to
—2.0 V vs Ag/AgCl QRE for the determination of LUMO energy level
(ELumo) With the scanning rate of 25 mVs™'. The potentials were
calibrated externally against ferrocene/ferrocenium redox couple of
0.69 V vs normal hydrogen electrode (NHE) in acetonitrile solution
59 The energy levels were calculated using the following formula
for onset potentials [Egs. (1) and (2)].”

Eromo = — (4.75€V + Eqy onsetVSNHE) 1)

ELUMO = — (4756\/ + E,onsetVSNHE) (2)

Optical measurements

Ultraviolet-Visible (UV-Vis) and fluorescence spectroscopy were
used to determine the optical properties of the alkylated
quinacridone and epindolidione dyes. To measure the spectra of
the solutions, including evaluation of the molar absorption
coefficient of each material, a set of solutions in chloroform or
toluene (optical quality) were prepared with the concentrations of
0.050 and 0.003 mM in chloroform, or 0.030 and 0.002 mM in
toluene, respectively. The used solvents, chloroform and toluene
(spectroscopic purity) were purchased from Sigma-Aldrich, Ger-
many. The UV-Vis absorption spectroscopy was performed with
Lambda1050 UV/Vis/NIR spectrometer (PerkinElmer). Fluorescence
spectra were obtained with a fluorimeter QuantaMaster 40 from
Photon Technology International. Measurements were performed
using quartz cuvettes with a path length of 10.00 mm.

Absorption measurements of powder samples were carried out
using a U-3900H (Hitachi) UV-Vis spectrophotometer with an
attached Integration sphere module. The absorption spectra were
determined from diffuse reflectance measurement automatically by
the measurement software. The samples were sandwiched
between glass slides and loaded into the integrating sphere. The
light was incident at an angle of 0°. The reflected light was
collected by integrating the sphere.

Photoluminescence measurements were carried out using a
Fluorolog (Horiba JY) fluorimeter. The powder samples were put
into a sample holder and covered with a covering glass to be held
in place. The excitation light was incident at an angle of 30°, while
the luminescence was collected at 90° relative to the excitation.
Quantum yields of photoluminescence (PLQY) were determined by
an absolute method using a Quanta-Phi integrating sphere and
Fluorolog fluorimeter (both Horiba JY). The absolute method does
not require PLQY standard, as quantum yields are obtained by
detecting all sample fluorescence through the use of an integrating
sphere. For PLQY measurements the samples were put on a glass
and loaded into the integrating sphere. The excitation light was
incident at an angle of 0° the luminescence was collected by the
integrating sphere. It should be noted that the sensitivity of the
integrating sphere is not high, giving rise to a high absolute error;
this is particularly problematic in low PLQY samples. The optical
measurements were done under ambient conditions.
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