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A novel synthetic strategy for the preparation of quinacridone derivatives with extended conjugation in
central aromatic core is proposed allowing for fine tuning of their electronic properties. Two new
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quinacridone derivatives with carbazole (1) and naphthalene (2) core are described, which are excellent

candidates for optoelectronic applications as evidenced by their electrochemically determined redox
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Introduction

Quinacridone, QA, is a well-known industrial dye. Due to its
excellent thermal and environmental stabilities it is commonly
used for fabrication of paints and inkjet toners. However,
recently QA has also attracted considerable attention as an
organic semiconductor exhibiting interesting luminescent,*
transport'*? and photovoltaic® properties. QA and its derivatives
have been successfully used as efficient electron transporting
layers* or organic emitters in OLEDs with low driving voltage
and high power efficiency.'”** Copolymers of QA and fluorene
yield white electroluminescence.® The planar structure of QA
and its strong H-bonding properties favor its charge transport
abilities. As a consequence QA and its polymeric derivatives
exhibit high charge carrier mobility in organic field-effect
transistors.”

Results and discussion
Synthetic strategy

Physicochemical properties of QA can be easily tuned by
modification of its chemical structure. Thus, the incorporation
of new functional groups on amine'“° or carbonyl sites” changes
the solubility, planarity and the electronic structures of these
derivatives. However, the most significant modification of the

“Faculty of Chemistry, Warsaw University of Technology, Noakowskiego 3, 00-664
Warsaw, Poland. E-mail: ikulsz@ch.pw.edu.pl; Tel: +48 22 2345584

*Institute of Physics, Polish Academy of Science, Al Lotnikow 32/46, 02-668 Warsaw,
Poland

T Electronic supplementary information (ESI) available: The synthetic procedure
and spectroscopic characterization of all compounds, electrochemical
measurements (CV and DPV), X-ray diffraction, optical absorption and
fluorescence studies. X-ray crystallographic data for compound 2 (CIF). CCDC
1515700. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/c6ra28567h

This journal is © The Royal Society of Chemistry 2017

properties combined with strong photoluminescence (the fluorescence quantum yield of 0.83 and the
radiative rate constant of 90.2 x 10” st in the case of 2).

physicochemical properties of this semiconductor can be ob-
tained by the elongation of its 7w-conjugated structure. Till now
the m-conjugation has been extended by the addition of
aromatic moieties to lateral phenylene rings of pristine QA.
Thus, quinacridone derivatives containing indole,* indene®
and dithianaphthene®? rings fused to QA have been synthesized.
On the other hand, the electronic structure can be also changed
by the modification of the central aromatic core of quinacri-
done. However, the classical method of QA preparation is not
compatible with this type of modification.'*® Here, we present
a new strategy for tuning the properties of QA-type derivatives by
the incorporation of different aromatic cores into the center of
the QA molecule (Scheme 1).

The synthesis of the new compounds (1 and 2) is based on
the C-N coupling reaction. It was shown earlier that the
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Scheme 1 Structures of quinacridone and its derivatives 1 and 2.
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Scheme 2 Synthetic pathways leading to 1 and 2.

Ullmann condensation of anthranilic acid with dihalogeno-
benzene in the presence of the Cu catalyst requires the use of
diiodo-derivatives and leads to a mixture of mono- and disub-
stituted products, obtained with low to medium yields.*
Dibromoderivatives are even less reactive in this reaction.'®
However, the coupling in the presence of the palladium catalyst
is significantly more efficient, but it largely depends on the
reaction conditions. Thus, the amination reactions of 1,3-
dibromobenzene with anthranilic acid in the presence of
Pd(OAc),/BINAP' or 1,2-dibromobenzene with methyl anthra-
nilate using Pd(OAc),/t-Bu;P catalytic system proceeds in suffi-
ciently good yields of 70-80%.""

Taking into consideration these results we have applied the
palladium catalyzed C-N coupling for the amination of para-
substituted dibromoarenes (Scheme 2). The reactions of methyl
anthranilate with 2,7-dibromocarbazole using catalytic system
Pddba,/¢t-BusP or with 2,6-dibromonaphthalene in the presence
of Pd(OAc),/t-BusP led to the intermediate products 3a and 4a
with 53% and 90% yields, respectively. Diesters 3a and 4a were
easily hydrolized in NaOH/EtOH solution to the corresponding
diacids 3b and 4b. Then, diacids were condensed in standard
conditions using polyphosphoric acid/P,0O5 mixture. Since these
condensation products were sparingly soluble they were directly
alkylated with n-octyl bromide. The final yields were 30% and
56% for carbazole and naphthalene derivatives, respectively. In
the case of the derivative 2 the cyclization reaction proceeded
only at o positions of naphthalene. No other isomers corre-
sponding to ring-closure at § position were detected. It should
be emphasized that this simple route is a rather general
method, and should allow to synthesize a new class of

8628 | RSC Adv., 2017, 7, 8627-8632

@@

View Article Online

Paper

NaOH/EtOH
THF, 70 °C, HCI ”
Co,Me CO,H
CBH17
3b
n-octyl bromide (o]
DMPU, toluene O Q
t-BuOK, 80 °C
N N
CgH17 N CgH17
CgHy7
1
COMe  NaoH/EtOH COH
THF 70 °C, HCI Q\ \©
HO,C
n-octyl bromide CgH17

DMPU, toluene
t-BuOK, 80 °C
—_—

N
LIS
§ IO
N

|
2 CgHi7

quinacridone derivatives, in which m-conjugation is extended
by the incorporation of different aromatic cores in the center of
the QA molecule.

Electrochemical studies

The electrochemical properties of the compounds 1 and 2 were
studied by cyclic voltammetry (CV) (see ESIT) and differential
pulse voltammetry (DPV) and compared to that of N,N'-dio-
ctylquinacridone, QA-C8. The electrochemical behavior of the
studied compounds in the positive potential range strongly
depended on the nature of the central aromatic core. Thus, the
differential pulse voltammogram of 1 exhibited three reversible
redox couples at 0.55 V, 0.66 V and 0.99 V (vs. Fc/Fc') (Fig. 1a).
The first two peaks overlapped and were typical of the carbazole
moiety oxidation.”* The third peak was ascribed to the oxida-
tion of acridone unit and its potential was shifted to higher
value than that measured for QA-C8, due to the positive charge
imposed on the molecule in the process of the carbazole core
oxidation. Similar oxidation behavior was observed by Wang
et al. for QA substituted at 2,9 positions with carbazole
dendrimers.*

The differential pulse voltammogram of 2, registered at
positive potentials, showed two reversible redox couples at
0.80 V and 1.16 V vs. Fc/Fc' (Fig. 1b), which could be attributed
to consecutive oxidations of two acridone moieties present in
the molecule.***?” 1t should be noted that the oxidation poten-
tial of 2 increases as compared to that of QA-C8 (Fig. 1c), despite
its extended conjugation. This effect is attributed to nonline-
arity of the molecule's conjugated core which leads to more
difficult oxidation as observed earlier for similar compounds.*

©
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Fig.1 Differential pulse voltammograms — oxidation mode: (a) 1, (b) 2,
(c) QA-C8 in CH,Cl, solution (the concentration of the compounds
was ¢ = 10~° M) containing an electrolyte — 0.1 M BusNBF,.

The reduction processes of 1 and 2 were significantly
different. The CV of 1 (ESI, Fig. S6at) displayed an irreversible
process and its DPV curve could not be properly registered at
such negative potentials. In contrast, the differential pulse
voltammogram of 2 showed a reversible reduction peak at
—2.08 Vand an additional quasi-reversible one at —2.30 V vs. Fc/
Fc' (Fig. 2a). These reduction peaks were shifted to lower
potential values as compared to the corresponding peaks in the
voltammogram of QA-C8 registered in the same experimental
conditions, i.e. —1.82 V and —2.17 V vs. Fc/Fc' (Fig. 2b).

From the formal potential of the first oxidation process it is
possible to calculate the ionization potentials, IP, of 1 and 2
expressing their values with respect to a vacuum level, whereas

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Differential pulse voltammograms — reduction mode: (a) 2, (b)
QA-C8 in CH,Cl, solution (the concentration of the compounds was
¢ = 1073 M) containing an electrolyte — 0.1 M Bu4NBF,.

Table1 First oxidation and reduction potentials (vs. Fc/Fc*), ionization
potentials, IP, and electron affinities, EA, of quinacridone derivatives

Compound ES [V] %y [V] P [eV] EA? [eV]
1 0.55 — 5.35 —

2 0.80 —2.08 5.60 —2.72
QA-C8 0.68 —1.82 5.48 —2.98

@ IP values were calculated according to the following equation: IP =
e(4.8 + E9y) V. ” EA values were calculated according to the following
equation: EA = —e(4.8 + Eeqy) €V.

from the formal potential of the first reduction process - the
electron affinity, EA could be calculated.** The IP value of QA-C8
is intermediate between those calculated for 1 and 2 (Table 1).
The EA value of 2 (Table 1) is higher by ca. 0.25 eV than that for
QA-C8. This trend is clearly reflected in quantum chemical
calculations (compare Table 2).

DFT calculations

The electronic structures of the new quinacridone derivatives
were calculated using the Gaussian09 Revision E.01 package and
employing hybrid B3LYP exchange correlation potential
combined with 6-31G(d,p) basis set.

RSC Adv., 2017, 7, 8627-8632 | 8629
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Table 2 DFT calculations of the compounds 1, 2, QA-C8¢

Compound Conditions HOMO [eV] LUMO [eV] E, [eV] IP [eV] EA [eV]

1 vac. —5.08 —1.40 3.68 6.05 —0.32
DCM —-5.21 —-1.63 3.59 5.15 -1.70

2 vac. —5.20 —1.84 3.37 6.32 —0.73
DCM -5.39 —2.07 3.32 5.35 —2.17

QA-C8 vac. —5.17 —2.08 3.09 6.35 —0.90
DCM -5.29 —2.29 3.00 5.25 —2.36

¢ Calculated energies of HOMO and LUMO orbitals, the band gap,

E,, ionization potential, IP, and electron affinity, EA, (calculated at the B3LYP/6-

31G(d,p) level of theory in vacuum and in DCM solvent for quinacridone derivatives).
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Fig.3 HOMO and LUMO contours for compounds 1 (a), 2 (b) and QA-
C8 (c) calculated at B3LYP/6-31G(d,p) level of theory (isosurface value:
0.03 green and red stand for negative and positive value, respectively).

Fig. 3 shows that both HOMO and LUMO were located on
whole t-systems. The calculated HOMO energy levels of 1 and 2
were very close to that of QA-C8 (Table 2). However, the LUMO
level of 1 was far above the LUMO levels calculated for 2 and QA-
C8, which is in agreement with the electrochemical measure-
ments. The DFT calculations demonstrated also that the
solvation changes the HOMO/LUMO levels, dropping down
both values by ca. 0.2 eV. The calculated IP values were ca. 0.2 eV
smaller than those derived from the cyclic voltammetry inves-
tigations, however, the trend remains the same.

X-ray diffraction studies

The crystal structure of 2 was determined at RT by X-ray
diffraction (ESI, Table S17)."* 2 crystallizes in the P2,/c space
group with half a molecule in the asymmetric unit.

The molecules of 2 (the structure in Fig. 4) are centrosym-
metric (C; point group) and consist of a flat aromatic core and n-

8630 | RSC Adv., 2017, 7, 8627-8632

Fig. 4 Molecular structure (a) and ball-and-stick model of crystal
packing (b) of compound 2. Only the major part of the disordered n-
octyl groups is shown. Thermal ellipsoids drawn at 50% level (a) and
hydrogen atoms omitted for clarity. i = —x, —y, —z.

octyl groups with disordered terminal carbon atoms (C18, C19
and C20). There are two intramolecular C-H---O hydrogen
bonds between oxygen atoms of carbonyl groups and hydrogen
atoms of the aromatic core (d(C2---01") = 2.770(2) A, d(H2---
01%) = 2.09 A, C2-H2---01' = 129°, ii = —x, —), —z). Molecules
are arranged by 7 stacking into columns running along the
crystallographic Y axis. The distance between aromatic core
planes of adjacent molecules in columns is 3.4793(12) A. The
columns are held together in the 3D crystal structure by
dispersion interactions between interdigitated alkyl chains and

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Absorption (black curve, given in the extinction units) and
fluorescence (red, arbitrary units) spectra of compounds 1, 2 and QA-
C8 in dichloromethane (DCM) at room temperature.

by C-H---O interactions (d(C3---01") = 3.352(2) A, d(H3---01")
=2.56 A, C3-H3---01" = 144°, ii = x, 1/2 — y, 1/2 + 2).

Optical studies

Modification of the conjugated core in 1 and 2 led to profound
changes in their optical properties as compared to the case of
QA-C8 The UV-Vis absorption and fluorescence spectra of these
three compounds are compared in Fig. 5. A clear hypsochromic
shift of the absorption and the emission bands of 1 and 2 with
respect to the corresponding bands of QA-C8 is observed (by
102 nm and 91 nm for 1 and 71 nm and 79 nm for 2) (ESI, Table
S2f) again consistent with quantum chemical calculations.
These significant hypsochromic shifts reflect the influence of
the modification of the central aromatic core on optical prop-
erties of new derivatives and allow to displace the emission
towards the blue-yellow range.

The naphthalene derivative 2 is especially interesting for
potential optoelectronic applications, for which a very small
Stokes shift between the absorption and fluorescence bands
maxima was observed. Furthermore, this compound is a very
good emitter of fluorescence photons, much better than QA-C8
(see ESI Table S21 and the spectroscopic data of quinacridone
reported previously'®*®'”). The fluorescence quantum yield of 2
is pretty high 0.83 and the lifetime as short as 0.92 ns, which

results in very high radiative rate constant k. = 90.2 x 10" s~".

Conclusions

In summary, we have demonstrated that the palladium cata-
lyzed C-N coupling reaction can be applied for the synthesis of
new quinacridone derivatives and allows the incorporation of
moieties other than phenylene ring into the central core of the
molecule, which can influence the electronic, optical and elec-
trochemical properties of these new compounds. Two new

This journal is © The Royal Society of Chemistry 2017
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quinacridone derivatives were prepared and characterized by
electrochemical and optical studies. Furthermore, the
compound 2 with the naphthalene central core is a very good
emitter of fluorescence photons, much better than classical
quinacridone. The synthesized new molecules are promising
candidates for optoelectronics.
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