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Abstract We report the synthesis of 5,7,12,14-tetraphenyl-substitut-
ed 6,13-dihydro-6,13-diazapentacene and its fully aromatic 6,13-
diazapentacene congener. Both arylated diazapentacenes were charac-
terized by X-ray crystallography to investigate their solid-state
structures and by UV-vis spectroscopy and cyclic voltammetry to
unveil their electronic properties. The experimental results are
complemented with theoretical investigations. The semiconductor
properties of both diazapentacene derivatives were assessed in organic
field-effect transistors, whereby the fully aromatized compound showed
comparably less abundant n-type behavior.

Key words diazapentacenes, polycyclic aromatic hydrocarbons, tetra-
substitution, organic semiconductors, organic field-effect transistors
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Introduction

Pentacene is widely studied as a p-type semiconductor
in organic electronic applications. With a hole mobility of up
to 5 cm? V! s7! it is a leading organic semiconductor for
organic field-effect transistors (OFETs).! However, penta-
cene has major disadvantages, such as low chemical stability
and low solubility.? The incorporation of heteroatoms into
the carbonaceous scaffold changes the molecular properties
in an advantageous fashion.>* The introduction of nitrogen
atoms into the pentacene scaffold results in the so-called N-
heteropentacenes, belonging to the family of N-hetero-
acenes or azaacenes. In this context, the number, position,
and valency of the incorporated nitrogen atoms influence
the stability, solubility, solid-state properties, and electronic
structure of the N-heteropentacene.*8

Formally replacing the two middle-ring sp2-carbon
atoms of pentacene with nitrogen atoms affords 6,13-
dihydro-6,13-diazapentacene (DHDAP), which was synthe-
sized first by Hinsberg in 1901.° DHDAP shows enhanced
stability and solubility compared to pentacene.® However,
besides the syntheses of the fully aromatic 6,13-diazapen-
tacene (DAP) in 1962,'° as well as 6,13-diazapentacene-
5,7,12,14-tetraone (DAPTO) in 1989,'" no further synthetic
derivatizations of this interesting scaffold were reported
during the 20th century.
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Substantial interest in diazapentacenes only aroused
after the successful incorporation of DHDAP into OFETs by
Nuckolls and coworkers in 2003, who reported a p-type
field-effect mobility of 5 x 107> cm? V! s~1.3 Follow-up
studies by Miao and coworkers in 2009 revealed the
pronounced dependency of the charge carrier mobility on
the crystallinity of DHDAP with a different polymorph
exhibiting hole mobilities up to 0.45 cm? V~! s714¢ The
oxidized congener DAP was also investigated as a p-type
semiconducting material in OFETs; however, only poor
mobilities in the range of 107> cm? V~! s~! were found.!?

Since the first demonstration of the field-effect mobility
of DHDAP, considerable efforts have been directed towards
the functionalization of N-heteropentacenes in order to
tune the chemical as well as electronic properties in a
desirable fashion. A variety of N-heteropentacenes have
been synthesized and investigated as functional materials in
organic electronic devices.”!* Till today, however, only a few
functionalized DAP derivatives have been reported, most of
which show a p-type semiconducting behavior, while their
n-type counterparts still remain scarce.

Our research focuses on symmetrically substituted DAPs,
although less symmetrical derivatives are also known.'* In
1989, the highly symmetrical bisquinone derivative DAPTO
was synthesized by Bayyuk and coworkers.!! Recently, Bunz
and coworkers reported an updated synthesis of this
compound and its subsequent derivatization with acety-
lides.!® The first halogenated DAPs were synthesized in 2009
by Tao and coworkers.” The authors reported on 5,7,12,14-
tetrachloro-6,13-diazapentacene (TCDAP) and its reduced
dihydro congener (TCDHDAP). Both compounds were used as
p-channel materials in organic thin-film transistors (OTFTs)
with hole mobilities reaching up to 0.13 and 1.4 cm?V~'s7},
respectively. Two years later, Tao and coworkers fabrlcated
OFETs using single crystals of TCDAP to reveal that—
depending on the device fabrication—the compound can
also be used as an n-channel semiconductor with high
electron mobilities reaching up to 3.39 cm? V! s, The
transistors worked under ambient conditions, which dem-
onstrated the high stability of the material.'® To the best of our
knowledge, this was the first and up to now the only report on
n-channel behavior of a DAP derivative. In 2014 Wang and
coworkers reported nearly insoluble 5,7,12,14-tetrabromo-
6,13-dihydro-6,13-diazapentacene (1) and used it as a
precursor for Stille cross-couplings with alkylthiophenes.!”
The resulting compounds were the first reported aryl-
substituted DHDAPs. In this work, the compounds were
subsequently transformed into unprecedented BN-hetero-
coronenes through electrophilic borylation. Nevertheless, the
involved tetraarylated DHDAPs were not investigated in
terms of their semiconductor properties in OFETs.

In the present work, we aimed at tailoring the electronic
properties of DAP by lateral arylation. While we recently
reported the synthesis and characterization of various

5,7,12,14-tetraaryl-substituted DAPs,'> we focus herein on
the synthesis and characterization of 5,7,12,14-tetraphenyl-
substituted DHDAP 2 and DAP 3 (Scheme 1). Through
comparison of the characteristics of 2 and 3 with those of
the previously reported all-carbon congener 5,7,12,14-
tetraphenylpentacene (TPP),'®'° we assessed the impact
of the nitrogen incorporation on the molecular properties.
In addition, we provide detailed insights into the OFET
device performance of 2 and 3.

Results and Discussion

The synthetic route towards tetraphenyl-substituted 2 is
depicted in Scheme 1. Compound 1 is accessible via
electrophilic bromination of parent DHDAP according to a
literature procedure.!” Subsequently, 1 was subjected to a
Suzuki cross-coupling reaction with phenylboronic acid
under conditions that were slightly modified from those
reported previously.!® The title compound 5,7,12,14-tetra-
phenyl-6,13-dihydro-6,13-diazapentacene (2) was obtained
as a yellow solid after chromatographic purification followed
by several recrystallizations from CH,Cl/hexanes. The
compound was soluble in common organic solvents to give
solutions showing intense blue fluorescence. The dihydro
compound 2 is prone to spontaneous oxidation when handled
in solution under ambient conditions in air, whichis indicated
by a slow color change from yellow to light green. To prevent
the undesired oxidation, either the use of deoxygenated
solvents or the addition of hydrazine was required. In
particular, the addition of hydrazine was inevitable during
the chromatographic purification of 2.

To investigate the influence of nitrogen incorporation into
the pentacene scaffold, the oxidation of 2 towards fully 7-
conjugated 3 was targeted. Besides the previously reported
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Scheme 1 Synthesis of tetraphenyl-substituted DHDAP 2 and oxidation
towards DAP 3.
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oxidation with MnO,,'> compound 2 can be easily oxidized
with copper(Il) acetate in warm pyridine in quantitative yield
(Scheme 1).Nevertheless, the reaction time should not exceed
6 hours, since after that time gradual decomposition is
observed, as judged by thin-layer chromatography. Both
compounds 2 and 3 are stable in the solid state under ambient
conditions in air, and melt with decomposition at 420 °C and
336 °C, respectively, as determined with thermogravimetry/
differential scanning calorimetry (TGA/DSC) analyses [see the
Supplementary Information (SI) for details]. The chemical
identity of 2 and 3 was confirmed by 'H and '*C NMR
spectroscopy as well as high-resolution mass spectrometry.
The electronic properties of both compounds were investi-
gated by UV-vis spectroscopy and cyclic voltammetry (CV).

We were successful in growing single crystals suitable
for X-ray crystallographic analysis for both compounds 2
and 3.7 The obtained crystal structure for compound 2
occupies the triclinic space group P-1 (Figure 1a, c; see SI
for details). The diazapentacene core is planar, resembling
the crystal structure of previously reported diazapenta-
cenes.'? The phenyl substituents are arranged virtually
parallel to each other and highly twisted with respect to
the diazapentacene backbone with torsion angles of 67°
and 81°. Compound 2 shows high structural similarity with
the all-carbon TPP congener.’® As a result of the nearly
orthogonal orientation of the lateral phenyls, only negligi-
ble electronic communication with the m-system of the
DHDAP core is expected. In the crystal packing, the
molecules of 2 arrange in one-dimensional slipped stacks
along the diazapentacene short molecular axis, without -
7 overlap and an interplanar distance of 4.80 A between
two diazapentacene cores (Figure 1c¢). Taking a closer look
at the slipped stacks, two molecules are shifted from each
other by 3.3 A along the diazapentacene long molecular
axis, due to the steric hindrance of the phenyl rings.
Thereby, C(sp?)-H--m edge-to-face interactions between

c)

a)

the phenyls and the core m-system are observed, with a
Cpn-to-planepsp distance of 3.57 A. Other C(sp?)-H--7t
interactions are observed between the outer diazapenta-
cene core protons and the phenyl m-system of adjacent
stacks, with a Cpap-to-planep, distance of 3.62 A. The
geometry of 2 predicted by density functional theory (DFT)
calculations at the ®B97X-D?°/def2-TZVP?! level is compa-
rable to the geometry revealed by X-ray crystallography,
with only a slight deviation observed for the spatial
orientation of the lateral phenyls, while no significant
differences for the diazapentacene core are discernible
(Figure S11).

The fully aromatic derivative 3 arranges in face-to-face
stacked dimers in the solid state (Figure 1b, see SI for
details), with considerable m-m overlap between the two
diazapentacene cores as indicated by an interplanar
distance of 3.55 A. Along the long molecular axis, the two
molecules are slipped about 3.31 A with respect to each
other. The nitrogen centers in 3 are perfectly planar, while
the outer annulated phenyl rings are slightly bent (by
roughly 2° and 5°; Figure S10a). Similar to compound 2, the
phenyl substituents in 3 are highly twisted with respect to
the diazapentacene core with dihedral angles of around 60°,
indicating weak electronic communication between the -
systems. In contrast to the dihydro congener 2, the phenyl
substituents in 3 appear tilted with respect to each other,
rather than parallel. This arrangement allows for m-m
interaction between the adjacent phenyls with a distance
of 3.21 A and an edge-to-face interaction with a Cpp-to-m-
facep, distance of 3.68 A (Figure S10b). The dimers of 3
arrange in one-dimensional slipped stacks with an inter-
planar distance of 4.79 A and no n-mt overlap between the
stacked dimers (Figure 1d; see SI for details). Neighboring
stacks do not show any m—m interactions either; however, C
(sp?)-H--m interactions can be assumed between the
adjacent phenyl moieties.

d)

Fig. 1 X-Ray molecular structures of 2 (a) and 3 (b) and the solid-state packing motifs of 2 (c) and 3 (d) (ORTEP plots drawn at the 50% probability level
and hydrogen atoms are represented by a sphere of arbitrary size. Different colors are used to indicate the spatial orientation. Color code: grey or

turquoise = carbon, blue = nitrogen, white = hydrogen. Hydrogen atoms and solvent molecules in the packing diagrams are omitted for clarity. Solid-
state packing motifs viewed perpendicular to the diazapentacene planes).
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Fig. 2 UV-vis absorption (bold) and emission (dotted) spectra of
DHDAP, 2, and 3 measured in CH,Cl; solutions. Extinction coefficients
of DHDAP are multiplied by a factor of 200 for illustration purpose.

UV-vis spectroscopy was used to explore the electronic
influence of phenylation on the DAP core (Figure 2).
Furthermore, the data allow for evaluation of the influence
of nitrogen substitution in the pentacene core upon
comparison to all-carbon TPP. The UV-vis absorption
spectrum of DHDAP in CH,Cl, shows a characteristic
maximum intensity absorption in the high-energy region
at 296 nm and a longest wavelength absorption maximum
(Amax) in the mid-energy region at 414 nm. Calculations
within time-dependent (TD)?? DFT approximation at the
©B97X-D?°/def2-TZVP?! level of theory show that the
HOMO to LUMO transition is mainly responsible for the
lowest energy band (see SI for details). For DHDAP an optical
HOMO-LUMO gap (E,) of 2.90 eV was estimated from the
onset of the UV-vis absorption (Ay,; Table 1).

Compound 2 displays a nearly identical UV-vis spectrum
compared to DHDAP (Figure 2). The nature of the involved
electronic transitions is very similar according to DFT
calculations, i.e. the lowest energy band has the largest
contribution from the HOMO to LUMO transition. All
absorption bands exhibit only a small redshift of about
15 nm (compared to the calculated value of 11 nm at TD
wB97X-D?°/def2-TZVP?!), indicating only limited electronic
communication between the phenyl substituents and the
diazapentacene core, due to the highly twisted conformation
of the phenyl moieties. The small redshift of the absorption
spectrum of 2 in comparison to DHDAP reveals the slightly
smaller HOMO-LUMO gap of 2 of 2.77 eV (Table 1).
Compound 2 shows blue emission in CH,Cl, with an emission
maximum at 450 nm, corresponding to a Stokes shift of
1034 cm™! (Figure 2). The quantum yield is about 0.44.

The fully aromatic derivative 3 shows the same absorp-
tions in the high- and mid-energy regions, with a small
redshift of 5 nm compared to compound 2. The largest
contribution to the mid-energy band is from the HOMO-2 to
LUMO transition according toTD DFT calculations, which also
confirms a small redshift with respect to 2. Furthermore,
compound 3 absorbs in the low-energy region between 550
and 700 nm. The observed fine structure with three peaks at
568, 616, and 670 nm resembles the typical pentacene
absorption pattern.'® This low-energy band corresponds
mainly to the HOMO to LUMO transition. Thus, fully aromatic
DAP 3 has a significantly smaller HOMO-LUMO gap of
1.75 eV, compared to its dihydro congener 2 (2.90 eV). In
comparison to TPP,'® nitrogen substitution leads to a redshift
of the absorption bands of about 50 nm, indicating a
significant change in the electronic properties, e.g., a
narrowing of the HOMO-LUMO gap (Table 1).

To evaluate the energy levels of the frontier molecular
orbitals (FMOs) of 2 and 3, CV measurements in CH,Cl,

Table 1 Photophysical and electrochemical data of DHDAP, DAP, 2, 3, and TPP

Compound Amax (NM) meas.?/calc.® Eq (eV) meas./calc.® Eox (V) meas.d/calc. Ered (V) meas.?/calc. Eromo' (eV) Ewumo' (eV)
DHDAP 414/345 2.90/3.59 -0.179 - -4.639 -1.73

DAP 615"/552 1.93"/2.25 - -1.17" -5.56M -3.63"

2 430/356 2.77/3.48 0.07, 0.69/0.1, 1.4 - -4.87 -2.10

3 670/595 1.75/2.08 0.63 -1.30, -1.72/-1.3,-2.4 -5.43 -3.68

PP 621 1.88 0.64, 1.18 -1.41 -4.95 -3.07

ILongest wavelength absorption peak in CH,Cl,.

Calculated at wB97X-D. TD DFT approximation used for excited-state properties (see Sl for details). Theoretical optical band gap was taken equal to the lowest-energy

bright transition (corresponds to theoretical Ayax)-
“Calculated from the onset of the UV-vis absorption.

d0xidation and reduction half-wave potentials determined by CV in CH,Cl, with 0.1 Mn-BusNPFs as supporting electrolyte and ferrocene as internal standard.
€Calculated at wB97X-D. Theoretical values are reduction potentials for one-electron reductions of the corresponding species (see Sl for details).
fFMOs estimated as follows: HOMO level estimated from the first oxidation potential according to Eyomo = —(Eox + 4.8) eV. Potentials vs. Fc/Fct. LUMO level

estimated from Eyomo and £,
9Data taken from Tang et al.
PData taken from Liu et al.'?

'HOMO level estimated from E;ymo and Eg. LUMO level estimated from the reduction potential.

iData taken from Kaur et al.'®
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Fig. 3 Normalized cyclic voltammograms of 2 and 3 measured in
CH,Cl; (~1.5 mM; 0.1 M n-BusNPFg as supporting electrolyte; scan
rate of 100 mV s ').

(~1.5 mM) were performed (Figure 3). Compound 2 shows
two reversible oxidations, most likely corresponding to the
stepwise oxidations of the nitrogen atoms, with half wave
potentials of +0.07V and +0.69 V [all potentials are
referenced against the ferrocene/ferrocenium (Fc/Fct)
redox couple]. The low value of the first oxidation potential
classifies 2 as a very good electron donor comparable to
ferrocene. The DFT-calculated reduction potential of +0.1 V
for the radical cation 2°* is in good agreement with the
experimental value (see Table 1 and SI for details). Under
the premise that the HOMO energy level of ferrocene is
4.8 eV below the vacuum level, the HOMO energy level of 2
is located at -4.87 eV. In combination with the optical
bandgap, a LUMO energy level of -2.10 eV is obtained for 2.
In comparison to the FMO energy levels of DHDAP? the
phenyl substitution leads to a slight stabilization of both
FMOs. However, the effect on the LUMO appears to be
slightly stronger (Table 1).

On the other hand, compound 3 shows only one
reversible oxidation at +0.63 V within the potential
window of CH,Cl; (ca. -2.0 to +2.0 V), which corresponds
to a HOMO located at —5.43 eV. The comparison to TPP
shows that the incorporation of the two nitrogen atoms to
the 6- and 13-positions of the pentacene skeleton signifi-
cantly stabilizes both the HOMO and LUMO energy levels
(Table 1). Hence, compound 3 is more easily reduced, which
is nicely illustrated by the two reversible reductions
occurring at -1.30 V and -1.72 V. While the first reduction
potential of 3 is well reproduced by the DFT-calculated value
of -1.3 V (Table 1), the second reduction is not reliably
approximated due to the difficulties in theoretical treat-
ment of solvated highly charged species. The reversibility of
the reductions as observed by CV indicates the potential of
the tetraphenyl-substituted DAP 3 to serve as an n-channel
material in organic electronic devices. Moreover, the LUMO

energy level of -3.68 eV estimated from the experimental
data suggests possible n-type semiconducting behavior of
3.23 Interestingly, the calculated first adiabatic electron
affinity (EA) of 3 in vacuum is 2.2 eV, while the second EA is
negative (-1.1 eV) indicating that the dianion is stable only
in solution. A comparison of the theoretical FMO energy
levels of parent DAP and 3 shows that the substitution with
phenyl moieties leads to an increase of the HOMO energy
level, while the LUMO is mostly unaffected (see Table 1 and
SI for details).

Considering the localization of the Kohn-Sham HOMO
and LUMO on the diazapentacene core (see SI for details),
calculations support the experimental observations that
phenyl substitution has only a smaller influence on the
photophysical properties in comparison to oxidation of the
diazapentacene core. However, the phenyl substitution has
a pronounced impact on the chemical stability and the
solid-state packing, which are two important factors for
electronic device applications.

To investigate the influence of oxidation (i.e. aromatiza-
tion) of the DAP core on the film-forming properties, the
surface morphology of 2 and 3 were analyzed by atomic
force microscopy (AFM). Both compounds were deposited
on a self-assembled monolayer of n-octadecyltrichlorosi-
lane (OTS) on Si/SiO, substrates under the same conditions
via physical vapor deposition to avoid difference in the
micro- and macrostructure due to the variation of the
processing technique. A thickness of 50 nm was chosen as
an optimum, ensuring layer continuity and better discern-
ible X-ray diffraction patterns. For thicker films, additional
undesired bulk resistance effects in devices with top-
contact architecture can be observed. The AFM images show
clear differences in the film microstructure of compounds 2
and 3 (Figure 4). While compound 2 forms a continuous
layer with a fine granular topography, with grains of around
125 nm in size, compound 3 forms larger polycrystalline
domains with an average diameter of 1.9 pm but with
limited continuity. The individual crystals of 3 are
distributed randomly without any distinct macroscopic
orientation on the surface, leading to the high film

120 nm

Fig. 4 AFM height images of thin films on OTS-modified Si/SiO,
substrate prepared via physical vapor deposition of compounds 2 (a)
and 3 (b). The black areas visible in the image of 3 correspond to the
Si/SiO5 substrate. Both images show a section of 10 x 10 pm.
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roughness of 16.3 nm. On the other hand, for compound 2,
5.2 nm rough films were obtained. Consequently, the
surface coverage of 2 reaches almost 100%, while for 3
the coverage is around 82%. Overall, compound 3 shows a
stronger tendency to form large crystalline domains with
well-defined grain boundaries that might significantly
facilitate the charge carrier transport, due to reduction of
trapping effects. In comparison to compound 3, material 2
forms a homogeneous polycrystalline layer.

To elucidate the effect of aromatization on the molecular
organization in thin solid films when going from 2 to 3,
grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed (Figure 5). Both compounds
show comparable interstack distances determined from the
main reflection (100 according to the Miller’s index) localized
at the meridional plane. However, absence of the higher order
reflection h0O suggests a lack of long-range organization of
the individual molecules. The interstack distance found for
compound 2 of 1.21 nm resembles the value reported for
unsubstituted DHDAP (1.29 nm).° The decrease of the
interstack distance most likely originates from tilting of 2
with respect to the substrate in edge-on organization.
Reflections in the GIWAXS pattern of 2 localized at qyy
=0.77 A" and g, = 0.1 A= (d-spacing of 0.78 nm) and
gy =087 A" and ¢, =0A""! (d-spacing of 0.71 nm)
correspond to the intrastack distances of the slipped
molecules, which is in good agreement with the a parameter
of the single-crystal unit cell of 2. The organization in the -
stacking direction could not be confirmed by GIWAXS
measurements due to the high number of low-intensity
reflections in the wide-angle range. For compound 3, a shorter
interlayerdistance of 1.16 nmwas determined. The d-spacing
of the out-of-plane reflection decreases going from 2 to 3 due
to the higher inclination of the molecular cores. This finding
suggests that the long axis of 3 is more tilted with respect to
the substrate thanin the case of compound 2. Additionally, the
intrastack distance for compound 3 is increased to 0.94 nm
(qy =068 A"! and q,=0A"") compared to 0.78 nm
observed for compound 2. This difference may result from
the tilting of the molecule or, as discussed above for the single-
crystal structures, the formation of supramolecular dimers. In
contrast to compound 2, a m-stacking reflection of 0.37 nm
was observed on the off-equatorial plane (¢, = 1.42 A~"and
g, = 1.10 A1), confirming the organization of the molecules
in a slipped fashion (tilting with respect to the out-of-plane
direction). In summary, the lack of full m-conjugation in the
dihydro compound 2 changes the tilting angle of the
molecular core with respect to the substrate, as judged by
the variation in the inter- and intrastack distances, which
consequently influences the self-assembly properties and the
surface morphology.

To elucidate the semiconducting properties of 2 and 3,
both compounds were studied in OTFTs. Thin films of 50 nm
were deposited on OTS-modified Si/SiO, substrates via

Original Article
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Fig. 5 GIWAXS patterns of compounds 2 (a) and 3 (b) deposited on
Si[SiO, substrates.

thermal evaporation of the semiconductor material under
high vacuum. Furthermore, source and drain electrodes were
deposited via thermal evaporation under high vacuum as
well. Device characterization measurements were performed
under a nitrogen atmosphere. In the current studies, field-
effect transistors based on compound 2 showed a p-type
semiconducting behavior, with a maximum hole mobility of
3.5 x 1073 cm? V~!s7!, a threshold voltage of -34 V, and an
on/off ratio on the level of 10* (Table 2). The average hole

Table 2 Average charge carrier mobility (u.,), maximum charge carrier
mobility (Umax), threshold voltage (Vin), and on/off ratio

Compound  pmax Hav Vin (V) On/off
103 ecm?Vv's) (102 em2vsT)

2 3.5 (hole) 25404 -34 104

3 3.3 (electron) 1.8+ 0.5 +38 10*

Organic Materials 2020, 2, 204-213
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mobility calculated for 12 deviceswas (2.5 + 0.4) x 10~3cm?
V~1s71. In other words, the dihydro compound 2 retains the
p-type nature of parent DHDAP* with the hole mobilities
being in the same range as those reported for all-carbon TPP.!®

The hole mobility might be negatively affected by high
contact resistance at the gold electrode/semiconductor
interface as manifested by non-ohmic behavior evident
from the output characteristics at low Vps.2* Additionally,
the charge transport may be influenced by the polycrystal-
line nature of the film with many grain boundaries, which
makes charge carrier transport less effective.?>

Compound 3 showed electron transport behavior with a
maximum electron mobility of 3.2 x 10> cm? V-' s7!, a
threshold voltage of +38 V, and an on/off ratio on the level of
10* The average electron mobility calculated for 12 transistors
was (1.8 + 0.5) x 10~3cm? V! s~ 1. Thus, the introduction of
the two nitrogen atoms into the fully conjugated pentacene
core changes the character of the charge transport from hole to
electron transport.?® The charge carrier values observed for
both 2 and 3 are considerably lower compared to the highest
value reported for unsubstituted DHDAP*® This can be
explained by two factors, both related to a crystalline lattice
disorder localized next to the dielectric/semiconductor
interface.2”?8 Such effect is observed when the drain current
determined at output characteristics decreases after pinch-off
voltage is reached. This decrease intensifies in the saturation
region as the drain-source voltage increases (Figure 6). The
first factor for the drain current decrease is an effect of
increasing participation of monolayers located closest to the
interface in creating a conducting channel while Vpgincreases.
The first few layers of semiconductor material at the dielectric
interface usually show much lower molecular ordering than
the semiconductor layers in the bulk above. This results in an
appearance of mobility gradients in the direction perpendic-
ular to the dielectric/semiconductor interface, having a
significant impact on the shapes of current-voltage character-
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Fig. 6 Output (left) and transfer (right) characteristics for the p-type
compound 2 (a, b) and the n-type compound 3 (c, d).

istics.?® The second factor is related to the trapping of charge
carriers by interface dipoles that influences the shape of the
output characteristics.?®3° The interface dipoles of adsorbed
guest molecules can locally destroy the order of neighboring
host molecules and create local traps on host molecules even if
guest molecules do not create chemical traps themselves.
Similar to the first factor, local disorders and traps result in
appearance of mobility gradients in the direction perpendic-
ular to the dielectric/semiconductor interface. Molecular
disorder and local trap depth decrease with the distance
from the interface.?93°

Conclusions

In summary, 5,7,12,14-tetraphenyl-substituted 6,13-
dihydro-6,13-diazapentacene 2 and its fully aromatic DAP
congener 3 were synthesized. To assess the impact ofarylation
along with the nitrogen incorporation on the molecular
characteristics and solid-state structures, the compounds
were examined by UV-vis spectroscopic, electrochemical,
and X-ray crystallographic studies which were corroborated
by DFT calculations. The thin films fabricated from 2 and 3
were characterized with respect to their morphology (AFM)
and molecular organization (GIWAXS). Both compounds
were implemented into OTFTs to evaluate their charge carrier
mobilities. In spite of rather low measured mobilities in the
range of 1073 cm? V-1 571, the measurements revealed that
the fully aromatic derivative behaved as an n-type material
while the dihydro congener retained the p-type character of
parent DHDAP. The hole and electron transport behavior of
functionalized DAP scaffolds can be reversed through redox
chemistry between the dihydro and the fully aromatic form.
Hence, in our future efforts we will expand this principle to
different substitution patternsin order to furtherimprove the
device performance of this interesting class of organic
semiconductors.

Experimental Section

All reagents and solvents were purchased at reagent
grade from commercial suppliers and were used without
further purification unless otherwise noted. For thin-layer
chromatography, aluminum plates coated with 0.20 mm
silica gel containing a fluorescent indicator (Macherey-
Nagel, ALUGRAM®, SIL G/UV,s,4) were used and visualized
by exposure to ultraviolet light (A = 254 and 365 nm).
Column chromatography was performed on silica gel
(Macherey-Nagel, M-N Silica Gel 60A, 230-400 mesh).
Melting points were determined by means of TGA/DSC
analysis, measured on a METTLER Toledo TGA/DSC1 device.
IR spectra were recorded on a Varian 660-IR spectrometer in
ATR mode. NMR spectra were recorded on a Bruker Avance
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300 (Bruker, 300 MHz for 'H) or Bruker Avance 400 (Bruker,
100 MHz for '3C) spectrometer. Chemical shifts (§) are
reported in parts per million (ppm) referenced to the
residual solvent signals as an internal reference (CD,Cl,:
5.32 ppm for 'H and 53.8 ppm for '3C). Mass spectra were
recorded on an Ultraflex TOF/TOF (Bruker, LDI) or MicroTOF
II (Bruker, HR ESI and APPI) mass spectrometer. UV-vis
absorption spectra were measured on a Varian Cary 5000
spectrophotometer. Fluorescence spectra were recorded on
a Jasco FP-8500 spectrofluorometer equipped with an
integrating sphere (ILF-835 | 100 mm). Electrochemical
data were obtained by CV measurements on a computer-
controlled BASi Cell Stand instrument under a nitrogen
atmosphere using a standard three-electrode assembly
connected to a potentiostat. In this setup, a Pt working
electrode, a Pt wire as the counter electrode, and Ag/AgNO;
as the reference electrode were used. Cyclic voltammo-
grams were obtained for compound solutions in deoxygen-
ated CH,Cl, (~1.5 mM) with n-BuyNPFg (~0.1 M) as the
supporting electrolyte, at a scan rate of 50, 100, 150, or
200 mV s~ . Ferrocene was used as an internal standard,
thus all potentials are referenced to the ferrocene/ferroce-
nium (Fc/Fc") redox couple. X-ray crystallographic data
were measured on a Supernova CCD diffractometer
(Agilent). The structures were solved with the ShelXT>!
structure solution program using Intrinsic Phasing and
refined with the ShelXL3? refinement package using Least
Squares minimization. After full-matrix least-square refine-
ment of the non-hydrogen atoms with anisotropic thermal
parameters, the hydrogen atoms were placed in calculated
positions using a riding model. CCDC 1982202 (2) and
1958306 (3) contain the supplementary crystallographic
data for this article. These data are provided free of charge
by the Cambridge Crystallographic Data Centre (https://
www.ccdc.cam.ac.uk/).

Procedures

5,7,12,14-Tetraphenyl-6,13-dihydro-6,13-
diazapentacene (2)

To a deoxygenated mixture of toluene (10 mL) and aq.
2 M K,CO5 (8 mL), 1 (1 equiv., 0.27 g, 0.45 mmol), PhB(OH),
(6 equiv., 0.33 g, 2.7 mmol), Pd(dba), (0.1 equiv., 33 mg,
0.057 mmol), and SPhos (0.1 equiv., 23 mg, 0.056 mmol)
were added subsequently. The mixture was heated to 110 °C
for 1 day. After cooling to room temperature, the phases
were separated. The organic phase was diluted with a
CH,Cly/hydrazine in THF (1 M) mixture (1 vol% hydrazine,
deoxygenated, 100 mL) and filtered over a plug of SiO,. After
evaporation of the solvent under reduced pressure, the
obtained yellow-orange residue was recrystallized from hot
CH,Cl, (1 vol% hydrazine, 50 mL) layered with hexanes

(100 mL) at 8 °C. The product was obtained as yellow
crystals (0.163 g, 0.278 mmol, 62%).

M.p. = 420 °C (melting with decomp.).

IR (ATR): 3387, 3052, 3020, 1594, 1461, 1425, 1265, 1205,
1151, 1068, 1027, 750, 696 cm ™.

'"H NMR (CD,Cl,, 300 MHz): & = 7.37-7.31 (m, 12H),
7.15-7.12 (m, 8H), 7.02-6.99 (m, 4H), 6.95-6.90 (m, 4H),
5.65 (s, 2H) ppm.

13C NMR (CDCl,, 100 MHz): § = 135.0, 130.7, 130.0, 129.7,
128.5, 128.0, 124.4, 123.7, 118.2 ppm.

HRMS (ESI, CH,Cl,): m/z [M]" calcd for C44H30N,: 586.2404;
found: 586.2404.

Anal. calcd. for C44H3oN5: C90.07%, H5.15%, N 4.77%; found:
C 89.73%, H 5.22%, N 4.53%.

5,7,12,14-Tetraphenyl-6,13-diazapentacene (3)

A mixture of 2 (1 equiv., 39 mg, 0.066 mmol) and Cu
(OAc); (2 equiv., 24 mg, 0.13 mmol) in pyridine (5 mL) was
heated to 80 °C for 5.5 h. After cooling to room temperature,
the mixture was poured into aq. 2.2 M HCI (50 mL). The
green precipitate was extracted with CH,Cl, (2 x 50 mL).
The combined organic phases were washed with sat. aq.
NH4Cl (50 mL), dried over MgSO,4, and the solvent was
evaporated under reduced pressure. In order to remove
remaining pyridine, the obtained solid was dissolved in
CH,Cl, (100 mL). The solution was washed with aq. 1.7 M
HCl (3 x 20 mL) and H,0 (2 x 20 mL), dried over MgSOy,,
and the solvent evaporated under reduced pressure. The
product was obtained as dark green solid (39 mg,
0.066 mmol, quant.).

M.p. = 336 °C (melting with decomp.).

IR (ATR): 3387, 3054, 1438, 1396, 1265, 1072, 1027, 763,
694 cm™ L.

'H NMR (CD,Cl,, 300 MHz): & = 7.99-7.95 (m, 4H),
7.49-7.45 (m, 8H), 7.44-7.41 (m, 12H), 7.32-7.29 (m, 4H)
ppm.

13C NMR (CD,Cl,, 100 MHz): § = 138.8, 138.7, 137.3, 133.1,
132.7,128.0, 127.9, 127.4, 126.6 ppm.

HRMS (APPI, CH,Cly): mfz [M]" caled for C44HpgN>:
584.2247; found: 584.2246.

Computational Details

Geometry optimizations were performed at the wB97X-
D?%/def2-TZVP?! level of theory with the Gaussian 09°3
program suite. Zero-point vibrational energies (ZPVEs),
thermal corrections to enthalpy, and entropies were calcu-
lated at wB97X-D?°/def2-SVP?! on the wB97X-D/def2-SVP-
optimized geometries. Small imaginary frequencies below
20 cm™~ ! were ignored. Open-shell systems were calculated
using unrestricted DFT. Excited-state calculations were

Organic Materials 2020, 2, 204-213
Georg Thieme Verlag KG, RiidigerstraBe 14, 70469 Stuttgart, Germany



212

THIEME

(o] ELITMEICEIIM M. Hauschild et al.

performed at the TD*?> wB97X-D/def2-TZVP level of theory.
Solvent effects were calculated at ®B97X-D/def2-TZVP using
the conductor-like polarizable continuum model (C-PCM )3*
and gas-phase geometries. Structures were visualized with
Chemcraft1.8,>®> which was also used to calculate root-mean-
square deviations (RMSDs) between geometries. For other
computational details, see the SI.

Fabrication of Transistors

Substrate Modification

Si/Si0, substrates (300 nm) were modified by self-
assembled monolayer of OTS. Prior the functionalization
substrates were cleaned in piranha solution. The process
was carried out in a mixture of chloroform and n-hexane in
a ratio of 1:4 and in the presence of OTS in relation to the
volume of the mixture of 1:200. The substrates were kept in
the solution for 30 minutes and then rinsed three times
with chloroform in an ultrasonic cleaner and then dried
under a nitrogen flux. Solvents (AR grade) and OTS were
purchased from Sigma-Aldrich and used without further
purification.

Thin-Film Deposition

Both compounds were deposited under the same
conditions. Thin films of 50 nm (indicated by quartz crystal
microbalance calibrated on pentacene) were thermally
evaporated under high vacuum with the growth rate of
0.1 A s! and substrate temperature of 60°C. The process
was carried out in MBraun MB-ProVap-7 evaporation
chamber (BioNanoPark in Lodz, Poland).

Electrode Deposition

Transistors were prepared in top-contact/bottom-gate
configuration. The 50 nm thick source and drain electrodes
were thermally evaporated under high vacuum with the
growth rate of 1.0 nm s~ . Gold electrodes were selected for
the p-type compound (compound 2) and silver one for the
n-type compound (compound 3), respectively. Ossila E325
linear shadow source-drain masks with variable channel
length from 10 to 30 pm and channel width of 1 mm were
used.

Film Morphology

Surface morphology images of physically evaporated
films were made using the Dimension 3100 Atomic Force
Microscope. The measurements were made in semi-contact
mode with Olympus silicon scanning probes at 320 kHz
resonance frequency. AFM images were analyzed with the
use of Gwyddion Open source software for SPM data
analysis.

Field-Effect Measurements

OFET measurements were performed by using a Keithley
2634B source meter. Transfer characteristics were measured
under a nitrogen atmosphere in the range of Vgs from 0 to
80 V for the n-type compound and in the range of Vs from 0
to -80 V for the p-type one. The same range of changes was
used for Vps during output characteristics measurements.
The charge carrier mobility was derived from transfer
characteristics (|Vps = 80V|) in the saturation regime. For
each sample, 12 transistors were measured and average
values calculated. Current fluctuations observed below the
threshold voltage are associated with current values below
the meter’s sensitivity.

X-Ray Diffraction Measurements

GIWAXS experiments were performed by means of a
solid anode X-ray tube (Siemens Kristalloflex X-ray source,
copper anode X-ray tube operated at 30 kV and 20 mA),
Osmic confocal MaxFlux optics, and X-ray beam with
pinhole collimation system. The data were recorded on
the MAR345 image plate detector during 3 h exposure time.
Data analysis was performed using the Datasqueeze
software.
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