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dimerization of asymmetric
diazaheptacene derivatives toward X-shaped
porous semiconductors†

Guowei Zhang,a Ning Xue,a Wen Gu,b Xingzhou Yang,c Aifeng Lv,b

Yonghao Zheng c and Lei Zhang *a

Conformationally rigid X-shaped PAHs are attracting interest due to their self-assembly into unique

networks and as models to study through-space exciton and charge delocalization in one single

molecule. We report here the synthesis of X-shaped PAHs by dimerization of diazaheptacene diimides.

The diimide groups are employed to effectively direct the self-assembly into antiparallel dimer

aggregates, which assist the compounds to undergo a regiocontrolled [4 + 4] dimerization, leading to an

X-shaped conformation bearing electron-poor and -rich subunits. The resulting PAHs are found to pack

in 2D layers with large open channels and infinite p/p arrays. Furthermore, these highly crystalline

porous materials serve as electron-transporting materials in OFETs due to the long-range p-stacked

arrays in the layers. This work presents a potentially generalizable strategy, which may provide a unique

class of porous semiconductors for organic devices, taking advantage of their open channels.
Introduction

Electroactive, through-space conjugated polycyclic aromatic
hydrocarbons (PAHs) bearing aromatic subunits fused to the
rigid bridges are garnering interest due to their theoretical
importance and potential application in materials science.1

From a theoretical point of view, these rigid bridges limit the
conformational orientation of aromatic subunits with respect to
bridging moieties that provide an ideal model to investigate
through-space intramolecular exciton and charge delocalization
between neighboring aromatic subunits in one single molecule,
which play a crucial role in charge-carrier transport in organic
semiconductors.1a,2 It is also indicated that by reducing
conformational exibility, thus avoiding uncertainties about
mechanisms that depend on the relative acene subunit orien-
tation, these compounds have emerged as key platforms to
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explore the fundamental dynamics of singlet ssion (SF). For
example, the groups of Campos and Damrauer demonstrated
that bridge-linked acene dimers show a faster SF rate with
a slower triplet pair recombination than the corresponding
dimers with a conjugated linker.3 Importantly, such molecules
usually form loosely packed structures and self-assemble into
porous lms with large interior spaces, whichmake them useful
host molecules for guest inclusion to tune the electronic and
optoelectronic properties.1d,4 This makes these compounds
appealing active elements in sensory response, organic photo-
voltaics, and energy storage devices.5

Synthesis of bridge-fused PAHs relies primarily on both
divergent (bridge-rst) and convergent (subunit-rst) strate-
gies.6 The divergent strategy includes synthesizing a rigid
bridge, such as aromatic [m.n.o]propellanes, undergoing
sequences of reactions to extend p-planes. For example, trip-
tycene and trinaphtho[3.3.3]propellane have been extensively
used to prepare extended 3D PAHs by lateral fusion of aromatic
rings to the benzene rings.4d,e,7 Recently, we reported a new 3D-
symmetric propellane, triperyleno[3.3.3]propellane triimides
that possesses three perylene monoimide subunits fused on
a propellane, which is compatible with different reactions to
readily prepare a quasi-D3h symmetric nanostructure that shows
an isotropic charge transport despite the weak intermolecular
interactions between the neighboring PAH units.8 The conver-
gent strategy relies on the precision and control afforded by
synthetic chemistry to construct aromatic subunits, which can
take part in [4 + 2] or [4 + 4] cycloadditions, leading to the
formation of the desired targets.9 For example, although acene
[4 + 4] cyclodimerization is a well-known decay pathway of
Chem. Sci., 2020, 11, 11235–11243 | 11235
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acene-based organic devices as a result of decomposition of the
active material,10 it has been proposed as a feasible option to
prepare rigid X-shaped compounds,9 in particular for 2D poly-
mers.11 A major limitation of the convergent strategy is that the
use of large acenes that are not readily available and have a low
solubility makes them difficult to manipulate. Therefore, the
preparation of X-shaped PAHs remains a considerable synthetic
challenge, and it is more difficult for electroactive compounds;
consequently their application in organic devices is
underexplored.

Herein we report, for the rst time, conformationally rigid X-
shaped PAHs not only bearing electron-poor and -rich subunits
but also exhibiting semiconducting behavior, by dimerization
of diazaheptacene diimides. The key feature of diazaheptacene
diimides is that the imide substituents at only one end of dia-
zaheptacene with the centermost ring (the most reactive ring)
are non-functionalized, which not only effectively improves the
solubility of heptacene derivatives, but also preserves the reac-
tivity of the centermost rings (Fig. 1). Therefore, these
compounds, in principle, should undergo [4 + 4] cycloaddition
and lead to the corresponding dimers.12 We also envision that
this asymmetric structural pattern with fusion of electron-poor
and -rich subunits together, naturally possesses a signicant
dipole, which might inuence the molecular orbital distribu-
tion and solid-state packing, thus enabling direct dimerization
regioselectively. Additionally, the nitrogen atoms in the struc-
tures are expected to stabilize the frontier molecular orbitals
and increase the electron affinity.13
Fig. 1 The strategy toward centrosymmetric X-shaped PAHs bearing
electron-poor and -rich subunits.

Scheme 1 Synthetic steps to X-shaped PAHs 5a, 5b, 6a, and 6b.

11236 | Chem. Sci., 2020, 11, 11235–11243
Results and discussion
Convergent synthesis of X-shaped PAHs

Scheme 1 shows the synthesis of X-shaped compounds. The
synthetic route involves the coupling of brominated naph-
thalenediimides (NDIs) to acene o-diamines via Buchwald–
Hartwig amination followed by an oxidation/dimerization
cascade reaction to synthesize the dimers. Treatment of tetra-
brominated NDI with triisopropylsilyl (TIPS)-ethyl functional-
ized diaminotetracenes gave the N,N0-dihydro precursors 1a and
1b in 71% and 62% yields, respectively. Upon oxidation of 1a
and 1b in the presence of MnO2, we observed a characteristic
change in color (from dark blue to yellow) that signied the
formation of corresponding dimers 5a and 5b, which was evi-
denced by the disappearance of the –NH– signal around
13.0 ppm and the appearance of a signal around 6.5 ppm
assigned to the bridgehead in the 1H NMR spectrum. A similar
oxidation of the precursors 2a and 2b, which were prepared by
treatment of 1a and 1b with t-BuONa in the presence of iso-
propanol, similarly afforded the dimers 6a and 6b. We antici-
pated that the N,N0-dihydro precursors were aromatized in situ
to produce the corresponding diazaheptacene diimides before
dimerization, although they could not even be detected by using
1H NMR (Fig. 2). It is noteworthy that the syntheses of the
dimers proceeded in very short time periods with relatively high
yields. These dimers are soluble in common solvents and nally
conrmed using their X-ray crystal structures.
X-ray crystallography

Single crystals of 5a and 5b suitable for X-ray diffraction analysis
could be obtained by slow diffusion of methanol into a toluene
solution at room temperature.14 As shown in Fig. 3A and B, 5a
and 5b adopt an X-shaped conformation, with NDI subunits
slightly twisted. The dihedral angles between electron-poor and
-rich subunits are ca. 127� and 55�. The bond lengths between
the bridgehead carbon atoms (C1–C2) in 5a and 5b are excep-
tionally long at 1.603 and 1.605 Å, due to the bulky size of the
subunits, which provide considerable strain to the C–C bond,
whereas the surrounding C–C bond lengths in 5a and 5b (C1–C3
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Part of the 1H NMR spectra of 2a (3 mM) in CDCl3 by the
addition of MnO2 after (A) 0 min, (B) 2 min, and (C) 5 min at 298 K.
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and C1–C4) range between 1.499 and 1.521 Å, which are close to
the typical sp3–sp3 C–C bond length. The C3–N1 and C5–N2
bond lengths in 5a and 5b (in the range of 1.299–1.307 Å) are
shorter than those of C7–N1 and C8–N2 (in the range of 1.366–
1.394 Å), thus conrming the double bond character. In addi-
tion, the C3–C5 and C4–C6 lengths are in the range of 1.433–
1.440 Å, which fall within the typical C]C bond values for
polycyclic aromatic hydrocarbons (1.4 � 0.04 Å).

As shown in Fig. 4, 5a and 5b in the crystal pack in two-
dimensional (2D) layer structures in the solid state. In an
individual layer of 5a, two electron-poor subunits of adjacent
molecules adopt a p-stacked dimer motif with a rotation angle
of approximately 135� and a p–p distance of 3.5 Å, and, in turn,
Fig. 3 Crystal structures with selected bond lengths of 5a (A) and 5b
crystals of 5a (C) and 5b (D).

This journal is © The Royal Society of Chemistry 2020
form innite arrays with multiple short C/O (in the range of
2.94–3.18 Å) and C/C (3.33 Å) contacts, thus providing
a pathway to enhance the semiconducting behavior in typically
insulating X-shaped PAHs. In addition, there are some C–H/O
interactions between the neighboring layers in 5a. It should be
noted that the neighboring layers are offset in a way that denes
large rhombic channels, which provide open networks with
signicant volumes to host guest molecules. As with that of 5a,
in an individual layer of 5b, two electron-poor subunits of
adjacent molecules also adopt a p-stacked dimer motif with
multiple short C/O and C/C contacts. Therefore, the
replacement of H atoms with F atoms does not induce
a signicant change in the conformation and packing motif.
However, the presence of F atoms gives rise to intermolecular
O/F (3.05 Å) and Br/F (2.92 Å) contacts between the mole-
cules in adjacent layers, which reinforce the layers and the
channels in the crystals. It is interesting to note that the open
channels in 5a and 5b are lled with toluene molecules, which
interact with NDI units via multiple intermolecular
interactions.
Theoretical study on dimerization

To provide further insight into the mechanism of dimerization,
we performed DFT calculations on 6a as a model system at the
M06-2X/6-31G(d)+ZPVE level of the theory (Fig. 5A). We based
our mechanistic study on previous work by Bendikov et al., in
which the multistep dimerization pathway of heptacene was
explored computationally.15 The initial step is the exothermic
formation of a p-complex of two 4a molecules (the rst meta-
stable state, M1), which is stabilized by over 18 kcal mol�1

relative to the p-complex of heptacene calculated at the same
level.15 The optimized p-complex structure shows an
(B); selected packing interactions between adjacent molecules in the

Chem. Sci., 2020, 11, 11235–11243 | 11237
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Fig. 4 Rhombic open channels between two adjacent layers filled with toluene molecules: (A) 5a and (B) 5b. Alkyl chains, TIPS-ethynyl
substituents, and hydrogen atoms are omitted for clarity.

Fig. 5 (A) Transition state structures and computed activation energies for the dimerization process of 6a. Calculated energies are given
in kcal mol�1 and the Gibbs free energies (DG, in kcal mol�1) are given in brackets; the newly forming C–C bonds are given in Å; (B) ellipsoid plot
of the antiparallel packing p-dimer of 2awith 30% probability of ellipsoids. Alkyl chains and TIPS-ethynyl substituents are replaced by methyl for
simplicity.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 7

/1
2/

20
25

 3
:0

1:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
antiparallel p–p stacking conformation with overlaid electron-
poor and -rich subunits, which is attributed to electrostatic
interactions arising from the ground state dipole moment (4.8
D for 4a). Although the single crystal of 4a is not obtainable, the
X-ray diffraction analysis conrms that 2a with a dipole
moment of 5.3 D, crystallizes with electron-poor and -rich
subunits stacked face-to-face with a small displacement
11238 | Chem. Sci., 2020, 11, 11235–11243
(Fig. 5B).14 In the calculated p-complex of 4a, the two central
benzene rings are parallel and separated by 3.49 Å, which is
consistent with the typical p-stacking distances observed in
crystalline solids and suitable for a [4 + 4] cyclodimerization.16

Therefore, the calculation results reveal that the antiparallel p–
p stacking conformation is indeed energetically more favorable
for centrosymmetric dimerization. The p-complex then
This journal is © The Royal Society of Chemistry 2020
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collapses to form two asymmetric C–C bonds (2.326 and 3.246
Å) and generates the rst transition state T1(TS), which is
21.6 kcal mol�1 lower than the reactant (with an activation free
energy of 8.5 kcal mol�1). The T1(TS) gives rise to the second
metastable state M2 by forming a C–C bond of 1.644 Å, which
has strong p–p interactions between electron-poor and -rich
subunits. Subsequently, the stepwise breaking of the p–p

interactions between electron-poor and -rich subunits on both
sides occurs via two transition states T2(TS) (�51.6 kcal mol�1)
and T3(TS) (�57.9 kcal mol�1), leading to a more stable product
6a (�64.9 kcal mol�1). Our calculations clearly indicate that the
dimerization of 4a may be essentially barrierless relative to the
two 4a molecules and the optimized geometry of 6a closely
matched the observed single-crystal X-ray structure geometry.
Photo-dissociation of the dimer

In order to probe the reactive nature of diazaheptacene dii-
mides, we explored the cleavage of X-shaped PAHs into mono-
mers. Aer many attempts, we found that 5b could be
dissociated by photo-irradiation, despite this strategy that is
well-known for [4 + 4] cyclodimerization of acenes.9a,17 When
a degassed solution of 0.02 mM 5b in toluene (freshly distilled
over Na) in a sealed quartz cell was irradiated with a UV lamp
(450 nm), a decrease of the absorption bands at 400, 430, and
450 nm was observed (Fig. 6). At the same time, the absorption
bands at 594, 629, and 648 nm and two weak broad bands (lmax

at 726 and 831 nm, respectively) gradually appeared which
indicated that the photo-dissociation of 5b has resulted in a new
species. Upon prolonged irradiation, however, the two weak
broad bands and the band at 648 nm gradually disappeared (see
the ESI for details, Fig. S5†), with a simultaneous increase in the
bands at 594 and 629 nm, which are distinct absorption features
of 1b, indicating the formation of 1b that is further conrmed
by 1H NMR (vide infra). Visually, the spectral changes result in
a color change of the solution from yellow to light green to blue.
Fig. 6 Photo-dissociation of 0.02 mM 5b in degassed toluene irra-
diated with a UV lamp (450 nm) at ambient temperature. Inset:
photographs showing the color change of 5b in toluene by increasing
irradiation time.

This journal is © The Royal Society of Chemistry 2020
The 1H NMR spectra of 5b in toluene-d8 upon irradiation show
a decrease in the bridgehead proton signal along with the
appearance of a new signal at 13.4 ppm, characteristic of the
–NH– group and the –CH– resonances of the six-membered
rings at 8.2 and 9.4 ppm, which are suitable signals for the
identication of 1b (see the ESI for details, Fig. S7†). In addi-
tion, 1H NMR data showed that 5b can be partially converted to
1b (�40%) upon irradiation for 4 h and prolonged irradiation of
5b did not signicantly increase the conversion yield. 1H NMR
spectra also indicate that the photo-dissociation is an extremely
clear process, yielding only 1b. A possible explanation involves
the photo-dissociation of 5b into 3b that possesses diradical
character, and the delocalization of the diradical to the pyrazine
ring, results in a new diradical intermediate that might be
nally protonated to dihydrodiazaheptacene diimides 1b (see
the ESI for details, Fig. S6†), which are usually considered to be
stabilized by dihydropyridine ethenamine conjugations.18 It
should be noted that, at this stage, we clearly conrmed that the
protons involved in the process stem from the residual water in
toluene (see the ESI for details, Fig. S8†). The dissociation 5b
into 3b is supported by the presence of a band at 648 nm, with
two broad bands extending to 900 nm, which is assigned to the
HOMO–LUMO transition, according to the TD-DFT calculations
(Fig. S4†) that reproduce the optical properties displayed in
Fig. 6. Furthermore, the ESR spectroscopy of 5b in toluene upon
irradiation shows a signal with a g-value of 2.004 (Fig. S9†),
which is characteristic of delocalized singlet diradicaloids.19

Theoretical calculations further predicted that 3b had an open-
shell singlet ground state with diradical character (y0 ¼ 0.20)
and the spin density is primarily distributed along the zig-zag
edge with a signicant amount of spin density delocalized on
the centermost benzene ring of 3b, leading to the high reactivity
of the ring.
Optical and redox properties

Fig. 7A shows the UV-vis absorption spectra of X-shaped PAHs
in chloroform. Apparent from Fig. 7A is that these compounds
exhibit very similar electronic transitions, which roughly
superimpose the characteristic features of electron-poor and
-rich subunits. The absorption around 450 nm is typically from
NDI subunits20 and the absorption bands from 370 to 420 nm
are largely from acene subunits (Fig. S1†). DFT calculations
reveal that the calculated HOMO and LUMO levels of the four
compounds are spatially well separated on the electron-rich and
-poor subunits, respectively. The electron density distribution of
the HOMO is spread over the two electron-rich subunits, while
the LUMO is mainly localized on the two electron-poor subunits
(Fig. S2†). The excited-state calculations (TD-DFT) show that in
these compounds the absorption around 450 nm corresponds
to S0 / S8 excitations, which are attributed to a large contri-
bution of the HOMO�3 / LUMO+1 and HOMO�4 / LUMO
for 5a (425 nm, fcalc ¼ 0.1450), the HOMO�3 / LUMO and
HOMO�2 / LUMO+1 for 5b (421 nm, fcalc ¼ 0.1279), the
HOMO�3/ LUMO+1 and HOMO�4/ LUMO for 6a (420 nm,
fcalc ¼ 0.3030), the HOMO�3 / LUMO and HOMO�2 /

LUMO+1 for 6b (414 nm, fcalc ¼ 0.3796). The strong absorption
Chem. Sci., 2020, 11, 11235–11243 | 11239
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Fig. 7 (A) UV/Vis absorption of 5a, 5b, 6a, and 6b in chloroform (�10�5

M) and (B) cyclic voltammograms of 5a, 5b, 6a, and 6b. All CVs were
obtained in nitrogen-purged dichloromethane with tetrabutylammo-
nium hexafluorophosphate (TBAPF6, 0.1 M) as the supporting elec-
trolyte with a scan rate of 100 mV s�1.

Fig. 8 (A) Nitrogen adsorption (filled symbols) and desorption
isotherms (open symbols) at 77 K for 5a (insert: pore size distribution);
(B) optical microscopy image of 5a microcrystals from toluene; the
representative transfer curves of OFET devices based on the thin film
(C) and single-crystal microbelt (D) of 5a measured under N2.
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bands around 420 nm correspond to the S0 / S11 excitations
consisting of complicated contributions of multiple transitions
(see the ESI† for details). The redox properties of these dimers
were examined by cyclic voltammetry (CV; 0.1 M TBAPF6,
100 mV s�1) in dichloromethane, and the onset oxidation–
reduction potentials were determined relative to Fc/Fc+ (4.8 eV)
(Fig. 7B). All four compounds exhibit one irreversible oxidation
peak, arising from the oxidation of the electron-rich subunits.
However, the CVs of these compounds show multiple reduction
peaks, likely due to the coulombic interactions from the elec-
trons between electron-poor subunits.8,21 According to their
onset potentials, the LUMO/HOMO of 5a, 5b, 6a, and 6b are
estimated to be �4.17/�5.87, �4.19/�6.04, �4.16/�5.89, and
�4.09/�5.95 eV, respectively (relative to Fc/Fc+, 4.8 eV). The
differences in potential are consistent with the differences in
the respective molecular structures and DFT-computed energy
potentials.

Charge-carrier transport properties

It is well-known that acene dimers have been considered as an
insulator and would not be able to participate in the charge
transport because the cavities created in the compounds do not
provide densely packed structures.22 The Brunauer–Emmett–
11240 | Chem. Sci., 2020, 11, 11235–11243
Teller (BET) surface area of 5a was found to be 60 m2 g�1

according to the nitrogen sorption analysis at 77 K, with the
pore size distribution in the range 2.5–7.5 nm, which indicates
that it is predominantly mesoporous (Fig. 8A). The low surface
area value of 5a is nearly one order of magnitude lower than that
of triptycene-based derivatives,4a,23 which indicates that 5a
might have a relatively dense packing. Combined with the
LUMO levels and the innite p-stacked electron-poor arrays in
the crystals, these X-shaped PAHs are expected, in principle, to
be electron-transporting materials. Thin-lm organic eld
effect transistors (OFETs) of these compounds were fabricated
in the “bottom-gate top-contact” geometry with SiO2/AlOx as
dielectric layers, which were pretreated with a SAM of 12-
cyclohexyldodecylphosphonic acid (CDPA).24 The lms were
prepared by spin-coating a toluene solution onto substrates
with Ag as the electrode (see the ESI† for details). X-ray
diffraction of the lm of 5a exhibits a strong Bragg reection
at 2q ¼ 5.06� with a d-spacing of 17.37 Å, which could be
indexed to [100] according to the crystallographic data for the
bulk crystal (Fig. S12†). In contrast, the molecules in the thin
lm 5b exhibit dissimilar packing to the bulk crystal, indicating
a new phase formed in the thin lm. The thin lms of 6a and 6b
also exhibit a strong reection peak at 2q ¼ 4.58� and 4.60�,
respectively, which indicate the high crystallinity and ordered
arrangement of the compounds in the thin lms. Unfortu-
nately, without the crystal structure, we are not able to elucidate
molecular orientations in the lms of 6a or 6b (Fig. S12†). All
the thin lm OFETs were studied under nitrogen and showed
exclusively n-type charge-carrier transport characteristics (5a,
Fig. 8C). The device characteristics are summarized in Table 1.
This journal is © The Royal Society of Chemistry 2020
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Table 1 Device performances of thin film transistors and single crystal transistors based on X-shaped compounds

Thin lm eld-effect transistors Single crystal eld-effect transistors

Substrate Electrode mmax
a/mave

b (cm2 V�1 s�1) Ion/Ioff
b Vt

b (V) Substrate Electrode mmax
a/mave

c (cm2 V�1 s�1) Ion/Ioff
c Vt

c (V)

5a CDPA/AlOx/SiO2/Si Ag 4.0 � 10�3/(2.9 � 0.74) � 10�3 106 34 OTS/SiO2/Si Au 0.023/0.011 � 0.0087 19 106

5b CDPA/AlOx/SiO2/Si Ag 3.9 � 10�3/(3.2 � 0.53) � 10�3 106 50 OTS/SiO2/Si Au 0.057/0.030 � 0.0091 33 104

6a CDPA/AlOx/SiO2/Si Ag 5.6 � 10�4/(4.6 � 0.85) � 10�4 106 48 OTS/SiO2/Si Au 0.003/0.002 � 0.0007 11 104

6b CDPA/AlOx/SiO2/Si Ag 3.6 � 10�4/(3.1 � 0.50) � 10�4 104 57 OTS/SiO2/Si Au 0.005/0.003 � 0.0008 26 105

a Best device. b Average value of een devices. c Average value of ten devices.
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For 5a, the devices show an average mobility of (2.9 � 0.74) �
10�3 cm2 V�1 s�1 and a maximum mobility of 4.4 � 10�3 cm2

V�1 s�1. For 5b, the devices show an average mobility of (3.2 �
0.53)� 10�3 cm2 V�1 s�1 and a maximummobility of 3.9� 10�3

cm2 V�1 s�1. The mobility values of 5a and 5b are nearly one
order of magnitude higher than those of their corresponding
non-brominated counterparts 6a and 6b. The increase of
mobility is due in part to the bromine atoms in 5a and 5b, which
enhance the crystallinity in the lms, as evident from the AFM
images of 5a and 5b that show larger crystalline domains than
their non-brominated counterparts 6a and 6b (Fig. S11†),
a phenomenon observed in cellular organic semiconductors25

and azaacene-based semiconductors.26

Finally, we evaluated the intrinsic charge-carrier transport of
the X-shaped semiconductors through single-crystal organic
eld-effect transistors (SC-OFETs), which were fabricated by
a “gold strips” technique.27 The single crystals of the semi-
conductors were prepared by slow evaporation of the toluene
solution, and they have dimensions of several mm width and
hundreds of mm length (5a, Fig. 8B). The obtained crystals
exhibit sharp Bragg diffraction patterns, which indicate high
crystallinity in the microbelts (Fig. S14†). The diffraction
pattern of the 5a microbelt is the same as that of the 5a thin
lm, suggesting the same molecular packing in the microbelts
and thin lms. For 5b, the microbelt is different in relation to
the 5b thin lm as it exhibits a reection peak at 2q ¼ 4.58�,
which could be assigned to the [110] plane, according to its
single crystal structure. XRD analysis of single-crystals of 5a and
5b reveals that the electron transport is roughly parallel to the
direction of electron-poor subunit aggregation. As a conse-
quence, the stacked electron-poor subunits could bridge and
enhance intermolecular charge transport between adjacent
molecules, as observed in homoconjugated semiconductors.28

5a, 5b, 6a, and 6b show electron mobilities of 0.023, 0.057,
0.003, and 0.0047 cm2 V�1 s�1, respectively. These values are 5–
10-fold higher than those of the corresponding thin-lm tran-
sistors. The mobility of 5b is one of the highest values reported
for highly crystalline 2D porous semiconductors,2d,29 such as 2D
covalent organic frameworks (in the range of 10�6 to 10�3 cm2

V�1 s�1).29 The relatively high mobility is likely due to its dense
packing with multiple intermolecular interactions between
adjacent layers. To the best of our knowledge, this is the rst
OFET with conformationally rigid X-shaped PAHs to demon-
strate the application of X-shaped PAHs as active materials in
organic electronic devices.
This journal is © The Royal Society of Chemistry 2020
Conclusions

We have described the utility of diazaheptacene diimides in
which a [4 + 4] cyclodimerization reaction occurs in a quantita-
tive and regioselective manner to synthesize X-shaped semi-
conductors. In this synthesis, the use of electron-poor and
electron-rich units is crucial in directing the dimeric packing
motif in the dimerization step, leading to the desired centro-
symmetric compounds. The resulting compounds are thor-
oughly characterized by spectroscopic and redox analysis, DFT
calculations, and X-ray diffraction analysis. These molecules
pack in 2D layers with large open channels and strong inter-
molecular interactions, and are able to form active layers in
OFETs with an electron mobility of up to 0.057 cm2 V�1 s�1. To
the best of our knowledge, this is the rst report of the semi-
conducting behavior in conformationally rigid X-shaped
compounds. We believe that the present process would be
a useful strategy for design and synthesis of electroactive X-
shaped compounds. Further studies for the synthesis of even
larger, X-shaped semiconductors and exploration of their
application in organic sensors or photodetectors are now in
progress.
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A. Keerthi and K. Müllen, Angew. Chem., Int. Ed., 2016, 55,
941; (c) X. Shi, T. Y. Gopalakrishna, Q. Wang and C. Chi,
Chem.–Eur. J., 2017, 23, 8525; (d) J.-H. Lamm, J. Glatthor,
J.-H. Weddeling, A. Mix, J. Chmiel, B. Neumann,
H.-G. Stammler and N. W. Mitzel, Org. Biomol. Chem.,
2014, 12, 7355; (e) T. Geiger, A. Haupt, C. Maichle-
Mössmer, C. Schrenk, A. Schnepf and H. F. Bettinger, J.
Org. Chem., 2019, 84, 10120.

10 (a) J. E. Anthony, Angew. Chem., Int. Ed., 2008, 47, 452; (b)
B. Purushothaman, S. R. Parkin and J. E. Anthony, Org.
Lett., 2010, 12, 2060.

11 (a) P. Kissel, D. J. Murray, W. J. Wulange, V. J. Catalano and
B. T. King, Nat. Chem., 2014, 6, 774; (b) D. J. Murray,
D. D. Patterson, P. Payamyar, R. Bhola, W. Song,
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