
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

9.
01

.2
6 

0:
58

:5
5.

 
 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
View Journal  | View Issue
Wave-shaped po
aFaculty of Chemistry and Food Chemistry,

01062, Germany. E-mail: junzhi.liu@tu-dre
bMax Planck Institute for Polymer Resea

Germany
cCenter for Advancing Electronics Dresden

Dresden 01062, Germany
dLeibniz-Institut für Polymerforschung Dres

Germany
eHelmholtz-Zentrum Dresden-Rossendorf, In

Research, Bautzner Landstrasse 400, Dresde
fLeibniz Institute for Solid State and Materi
gChair of Inorganic Molecular Chemistry, T

01062, Germany
hDepartment of Molecular Physics, Lodz Un

Lodz 90-924, Poland

† Electronic supplementary information
NMR spectra, 2D NMR spectra, single
orbital plots, and cartesian coordinates
CCDC 1829452 and 1870938. For ESI and
electronic format see DOI: 10.1039/c8sc05

Cite this: Chem. Sci., 2019, 10, 4025

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 4th December 2018
Accepted 27th February 2019

DOI: 10.1039/c8sc05416a

rsc.li/chemical-science

This journal is © The Royal Society of C
lycyclic hydrocarbons with
controlled aromaticity†

Ji Ma, a Ke Zhang,b Karl Sebastian Schellhammer,c Yubin Fu, a

Hartmut Komber, d Chi Xu,e Alexey A. Popov, f Felix Hennersdorf, g

Jan J. Weigand, g Shengqiang Zhou,e Wojciech Pisula, bh Frank Ortmann,c

Reinhard Berger, a Junzhi Liu *a and Xinliang Feng *a

Controlling the aromaticity and electronic properties of curved p-conjugated systems has been

increasingly attractive for the development of novel functional materials for organic electronics. Herein,

we demonstrate an efficient synthesis of two novel wave-shaped polycyclic hydrocarbons (PHs) 1 and 2

with 64 p-electrons. Among them, the wave-shaped p-conjugated carbon skeleton of 2 is

unambiguously revealed by single-crystal X-ray crystallography analysis. The wave-shaped geometry is

induced by steric congestion in the cove and fjord regions. Remarkably, the aromaticity of these two

structural isomers can be tailored by the annulated direction of cyclopenta[b]fluorene units. Isomer 1

(Eoptg ¼ 1.13 eV) behaves as a closed-shell compound with weakly antiaromatic feature, whereas its

structural isomer 2 displays a highly stable tetraradical character (y0 ¼ 0.23; y1 ¼ 0.22; t1/2 ¼ 91 days)

with a narrow optical energy gap of 0.96 eV. Moreover, the curved PH 2 exhibits remarkable ambipolar

charge transport in solution-processed organic thin-film transistors. Our research provides a new insight

into the design and synthesis of stable functional curved aromatics with multiradical characters.
Introduction

Curved p-conjugated molecules1,2 have grown to become an
important eld of research due to their fascinating intermo-
lecular packing, extraordinary chiroptical properties and
dynamic behavior resulting from their contorted conformation,
which have potential application in chiroptical sensing and
photovoltaics.3–5 To date, two distinct strategies have been
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established for the synthesis of curved polycyclic aromatic
hydrocarbons (PAHs). The most prominent way is the incorpo-
ration of non-hexagonal rings which induce the curved nature of
PAHs,6–10 such as bowl-shaped corannulene11 and saddle-shaped
[7]circulene12 (Fig. 1a). Another attractive approach to inuence
the curvature of PAHs is the incorporation of steric strain in their
skeleton periphery.13–15 For instance, the curved structures of [4]
helicene and [5]helicene result from the steric congestion of the
hydrogen atoms in the cove and ord regions, respectively
(Fig. 1a).16,17 Interestingly, the strain-induced curvature in a p-
conjugated system oen yields an unusual electronic structure
and unprecedented physical properties, such as narrowed
singlet–triplet energy gap,18 increased the two-photon absorption
cross sections,19 etc. Apart from the tunable molecular geometry
of PAHs, aromaticity is also a fundamental concept to under-
stand their physical properties and chemical reactivity. For
example, several types of pro-aromatic and antiaromatic p-
conjugated molecules have been exploited, which possess
a singlet open-shell biradical nature or display small energy
gaps.20–22 Note also that most of the reported biradicaloids adopt
a planar structure and they are thermodynamically unstable.23–25

Therefore, the development of novel stable polycyclic hydro-
carbon (PH)-based radicals for functional applications in organic
electronics still remains challenging, mostly due to the lack of
efficient synthetic methods and appropriate building blocks.26

We herein demonstrate two novel curved PHs by extension of
a bischrysene27,28 (Fig. 1a) system with two cyclopenta[b]uorene
Chem. Sci., 2019, 10, 4025–4031 | 4025
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Fig. 1 (a) Representative curved p-systems. (b) The resonance structures of p-extended stable wave-shaped PHs 1 and 2 reported in this work
(p-QDM and m-QDM units are highlighted in red color; the flanked indeno[1,2-b]fluorene (IF1) and indeno[2,1-b]fluorene (IF2) in 1 and 2 are
highlighted in blue color). The substituents are omitted in the resonance structures for clarity and the benzene rings in cyan color denote Clar's
aromatic sextet rings.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

9.
01

.2
6 

0:
58

:5
5.

 
 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
units, which show unprecedented wave-shaped structures. As
shown in Fig. 1b, isomer 1 was obtained rstly by annulation of
two cyclopenta[b]uorene units into the bischrysene backbone; as
a result, two para-quinodimethane (p-QDM) units are embedded
in its carbon skeleton. Compound 1 presented a closed-shell
electronic structure with weak antiaromaticity from the experi-
mental and theoretical results (vide infra). Its structural isomer 2,
which contains two meta-quinodimethane (m-QDM) units, was
subsequently synthesized by tuning the annulated direction of
cyclopenta[b]uorene moieties into bischrysene (Fig. 1b).
Compound 2 adopts a remarkable wave-shaped geometry based
on the single crystal structure analysis, in which the curvature
induced by the steric strain from the cove and ord regions yields
a torsion angle of 22.1� and 31.8�, respectively. Interestingly,
compared with the antiaromatic PH 1 (Eoptg ¼ 1.13 eV), compound
Scheme 1 Synthetic route of the wave-shaped PHs 1 and 2. Reagents an
phenyl)boronic acid, Pd(PPh3)4, 2 M K2CO3, toluene/ethanol, 100 �C, 12
20 h, 7: 91%, 12: 88%; (d) Pd(PPh3)4, 2 M K2CO3, toluene/ethanol, 100 �C
4 h;(ii) BF3$OEt2, DCM, rt, 1 h, 9: 87%, and 14: 88%; (f) DDQ, toluene, 80 o

TfOH ¼ trifluoromethanesulfonic acid; DCM ¼ dichloromethane; B2pin2

4026 | Chem. Sci., 2019, 10, 4025–4031
2 possesses amoderate singlet tetraradical character (y0¼ 0.23; y1
¼ 0.22) associated with a narrow optical energy gap of 0.96 eV,
which results in the rst case of a curved tetraradicaloid reported
to date.25,29,30 Moreover, tetraradicaloid 2 exhibits high stability
with a half-life (t1/2) as long as 91 days under ambient conditions
and unique ambipolar charge-transport behavior in solution-
processed organic eld-effect transistors.

Results and discussion
Synthesis and structural characterization

The synthetic routes are shown in Scheme 1. Firstly, the
fused bischrysene 4 was obtained through the oxidative cyclo-
dehydrogenation of 11,110-dibromo-5,50-bichrysene (3) in the
presence of DDQ/TfOH in 72% yield. The monoboronic ester 7
d conditions: (a) DDQ/TfOH, DCM, �78 �C, 1 h, 72%; (b) (4-(tert-butyl)
h, 6: 65%, 11: 68%; (c) Pd(PPh3)2Cl2, B2pin2, KOAc, 1,4-dioxane, 90 �C,
, 36 h, 8: 61%, 13: 66%; (e) (i) Mesitylmagnesium bromide, dry THF, rt,
C, 8 h, 1: 76%, 2: 67%. DDQ ¼ 2,3-dichloro-5,6-dicyanobenzoquinone;
¼ bis(pinacolato) diboron; THF ¼ tetrahydrofuran.

This journal is © The Royal Society of Chemistry 2019
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was meanwhile obtained in 59% yield in two steps by Suzuki
cross-coupling from 2,5-dibromoterephthalaldehyde (5) and
followed by the palladium-catalyzed Miyaura-borylation with
B2pin2. Subsequently, a Suzuki coupling reaction between 4 and
7 afforded the key intermediate tetraaldehyde 8 in 61% yield.
Treatment of 8 with mesitylmagnesium bromide gave the cor-
responding tetraol compound, which was further subjected to
an intramolecular Friedel–Cras alkylation mediated by BF3-
$OEt2 to provide the precursor 9. Finally, the dehydrogenation
of 9 by treatment with DDQ in dry toluene at 80 �C afforded PH 1
as a dark-brown solid in 66% yield with three steps from 8.
Following a similar synthetic strategy, compound 2 was ach-
ieved as a deep-green solid starting from 4,6-dibromoisoph-
thalaldehyde (10). Both PHs 1 and 2 are highly stable and can be
puried by chromatography using silica columns without argon
protection. Compounds 1 and 2 were rstly characterized by
high-resolution MALDI-TOF mass spectroscopy (Fig. S1†). They
have good solubility in common organic solvents, such as DCM,
chloroform, THF, toluene, etc.
VT NMR spectra and magnetic properties of 2

PH 1 shows a well-resolved 1H NMR spectrum at 303 K
(Fig. S2†), which can be well assigned with the help of 2D NMR
spectra such as COSY, ROESY and HSQC (Fig. S4–S6†). Its solid
powder does not display any electron paramagnetic resonance
(EPR) signal, thus supporting its closed-shell nature. In addi-
tion, variable-temperature (VT) 1H NMR experiments of 1 and 2
were performed to investigate the dynamic behavior in view of
their helical structure (Fig. S11–S14†). For 1, the peaks d, e,
b and g in the cove region became broad as the temperature
increased (in degassed C2D2Cl4), and the rest of the signals
slightly changed (Fig. S11†). This dynamic behavior points to
a racemization in the cove regions in 1.28 Compared with 1, its
structural isomer 2 displays broadened resonances in the
aromatic region between 7.5 and 9.5 ppm at 298 K (Fig. 2a).
Moreover, these signals became sharper with increasing
temperature, and this allowed the assignment of the 1H reso-
nances of 2 at 363 K with the help of 2D NMR spectra (Fig. S7–
S10†). As the temperature was raised further to 423 K in o-
C6D4Cl2 (Fig. 2a), the aromatic resonances became broadened
again; especially the signals of protons l and m eventually
Fig. 2 (a) VT 1H NMR experiment of 2 in o-C6D4Cl2. (b) EPR spectru
measurement of a powdered sample of 2 from 5 to 400 K, experimenta
Bowers equation with ge ¼ 2.00 as a red line.

This journal is © The Royal Society of Chemistry 2019
disappeared. When the sample was cooled back to 298 K, all the
proton NMR signals were recovered. These results indicate that
a thermally accessible triplet state is populated at high
temperatures of 2. Initiated by the dynamic process observed in
the VT 1H NMRmeasurements, the isomerization process in the
quadruple helicenes 1 and 2, which incorporates the [4]helicene
and pentagon-embedded [7]helicene substructures (Fig. 1b),
was also evaluated and the detailed analyses are illustrated in
the ESI (Fig. S28–S30†). Moreover, the EPR measurement of 2
displays an unresolved signal (Fig. 2b), and the intensity
increases by elevating the temperature (Fig. S15†), indicating
the existence of thermally populated paramagnetic species.
Superconducting quantum interfering device (SQUID)
measurement was also carried out with a powdered sample of 2
in the range of 5–400 K (Fig. 2c). The result shows increasing
susceptibility above 150 K, and careful tting of the data by
using the Bleaney–Bowers equation gives a 2J/kB of �1049 K
(�2.08 kcal mol�1). All these experimental results conrm that
PH 2 displays a singlet open-shell ground state.
Ground-state geometry, bond length analysis and aromaticity
evaluation

The single crystals of 2 were grown by slow evaporation from
solutions in ethyl acetate/n-hexane, which are suitable for X-ray
crystallographic analysis. PH 2 crystalizes in the space group
P21/n. As shown in Fig. 3b, the twisted conjugated carbon
skeleton of crystal 2 adopts a novel wave-shaped conformation
with a length of 2.27 nm, which is induced by the combination
of quadruple helical substructures. The [4]helicene substruc-
tures and [7]helicene analogues in 2 are induced by the steric
strain from the cove and ord regions with torsion angles of
22.1(3)� for C1–C5–C6–C7 and 31.8(3)� for C11–C12–C13–C14,
which are larger than that of the cove region in [4]helicene
(19.9�) and that of the ord region in pristine [5]helicene (27.9�)
respectively.16,17 According to the distribution of the bond
lengths, the C–C bonds (1.44–1.46 Å) in the cove and ord
regions (red one in Fig. S20†) are signicantly longer than the
normal range for the bond order observed in aromatic systems
(1.40 � 0.02 Å) owing to the repulsive forces of congested
hydrogen atoms. The crystal of 2 displays unique intermolec-
ular p–p interactions in the packing pattern,15 and the
m of a powdered sample of 2 recorded at 250–370 K. (c) SQUID
l data plotted as black “B” and fitted curve according to the Bleaney–

Chem. Sci., 2019, 10, 4025–4031 | 4027
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Fig. 3 Top view and side view of the X-ray crystallographic structure
of (a) compound 9 (precursor for PH 1) and (b) tetraradicaloid 2; the
hydrogen atoms are omitted for clarity. Selected bond lengths (Å) and
calculated NICS(1)av values in the rings A-I of (c) 1 and (d) 2. Calculated
ACID plots of (e) 1 and (f) 2. Isovalue is 0.05, and the blue and red
arrows indicate diamagnetic and paramagnetic ring current flows,
respectively.
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enantiomers are alternately assembled in a layer-by-layer
manner along the b-axis and tightly arrange themselves in an
offset stacking array (Fig. S18b†); the enantiomers in each
molecular layer are lying on the ac plane in an orderly way with
slipped p–p stacking along the a-axis (Fig. S18c†). Conse-
quently, the crystal of 2 has unconventional intermolecular p–p
interactions in the packing pattern. Notably, the chrysene units
(highlighted in blue color in Fig. 3d) in 2 connect with each
other by three single C–C bonds (1.45–1.46 Å, green one in
Fig. 3d). This suggests that the curved geometry results in less
conjugation of the whole molecule compared with the reported
planar PHs.19,20 Consequently, the communication of the radi-
cals which are distributed along the wave-shaped structure can
be minimized.25,29,30 In the cyclopenta[b]uorene-fused systems,
the length of the most critical bond a (Fig. S21†) is an indication
of the degree of biradical character.31,32 For 1, the calculated
length of bond a (1.370 Å) (Fig. 3c, UCAM-B3LYP/6-311G**) is
signicantly shorter than that of the parent IF1 (1.380 Å)
(Fig. S21†),33,34 implying that the closed-shell resonance form
contributes much more to the electronic ground state.
Comparably, the intermediate value (1.405(3) Å) of bond a in 2
indicates the large contribution of the open-shell resonance
structure in its ground state (Fig. 3d). However, the bond length
of a in 2 is shorter than that of the parent IF2 (1.437 Å)
(Fig. S21†),35,36 which is consistent with its relatively smaller
open-shell character (y0 ¼ 0.23; y1 ¼ 0.22). Numerous attempts
to crystallize PH 1 unfortunately failed under different condi-
tions and only resulted in extremely thin crystal lms. DFT
calculations (UB3LYP/6-31G*) clearly predict that compound 1
also adopts a wave-shaped conformation in the ground state
(Fig. S23†). Alternatively, a single crystal of its tetrahydro-
4028 | Chem. Sci., 2019, 10, 4025–4031
precursor 9 was obtained by slow evaporation of its DCM/
methanol solution. Interestingly, compound 9 contains cis
and trans conformers in the crystal structure (Fig. S22†), in
which the trans isomer adopts the wave-shaped conformation
as shown in Fig. 3a.

To better understand the electronic structure and evaluate
the aromaticity, nucleus independent chemical shi (NICS)
calculations and anisotropy of the induced current density
(ACID) plot were performed. The calculated NICS(1)av37 values of
1 (Fig. 3c) indicate the antiaromatic character for rings F (4.4), G
(1.9) and H (3.1). As shown in Fig. 1b, the indeno[1,2-b]uorene
(IF1) subunits in the open-shell resonance form 1–2 and closed-
shell resonance form 1 possess the same aromatic sextet rings
(Fig. S25†). This means that there is no driving force to form an
open-shell resonance structure in 1. Combined with the above
experimental results (resolved NMR results and EPR silence),
PH 1 can be regarded as a closed-shell PH with weakly anti-
aromatic feature. In addition, the value for ring E in 1 (�6.5) is
signicantly smaller than that of ring E in 2 (�1.0), indicating
that the former possesses higher aromaticity/conjugation due
to the contribution from the inner bischrysene core. In the
resonance form of 2–2, only the terminal sextets are due to
benzene rings and the rest of the sextets are contributed by the
core of the bischrysene backbone (Fig. S25†), which is different
from the parent indeno[2,1-b]uorene (IF2) where both sextets
consist of benzene rings in their biradical form (IF2-1)
(Fig. S25†). In addition, the ring E in 2 (Fig. 3d) exhibits smaller
aromatic character (NICS(1)av ¼ �1.0) compared with the
terminal benzene rings (NICS(1)av ¼ �1.24) in the biradical
form IF2-1 (Fig. S25†). This result manifests that the driving
force to form the tetraradical resonance 2–2 is smaller than that
in parent IF2 to form its biradical resonance IF2-1 (y0 ¼ 0.68),
which is also consistent with the relatively smaller biradical and
moderate tetraradical characters in 2 (y0 ¼ 0.23: y1 ¼ 0.22).
Moreover, the NICS(1)av value of ring G (�0.9) in 2 (Fig. 3d)
becomes negative compared with that of the central benzene
ring (NICS(1) av¼ 7.95) in IF2 (Fig. S25†)36 or the ring G (1.9) in 1
(Fig. 3c), further supporting the large contribution of the tet-
raradical resonance form (2–2) to the ground-state structure of 2
(Fig. 1b). In addition, compounds 1 and 2 exhibit a similar
pattern of ring current circuits (Fig. 3e and f, see more images in
Fig. S26 and S27†), that is, the anked indacene units show
clear paramagnetic ring current and the inner bischrysene core
displays obvious diamagnetic ring current, which is consistent
with the NICS calculation. Therefore, the different behavior of
the structural isomers 1 and 2 suggests that the aromaticity can
be controlled by the molecular arrangement of the quinodi-
methane units.
Optical and electrochemical properties

UV/Vis absorption spectra were recorded for 1 and 2, as illus-
trated in Fig. 4a. The grey solution of 1 in DCM exhibits an
intense broad absorption peak between 500 and 728 nm, and
two near-infrared (NIR) peaks at 873 and 1006 nm are also
observed. In contrast, compound 2 displays a green color in
DCM solution and presents intriguing absorption in the NIR
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) UV/Vis absorption of 1 and 2 recorded in dry DCM. Insets
give a magnified view and the photos of their DCM solutions. (b) Cyclic
voltammograms of 1 and 2 in a solution of Bu4NPF6 (0.1 M) in DCM
with a scan rate of 50 mV s�1 at room temperature.

Fig. 5 Solution-processed thin-film transistors of 2. (a) Schematic
illustration of the transistor. (b) Transfer characteristics for an ambi-
polar transistor based on the spin-coated film of 2. (c) Transistor
output curves of the spin-coated film of 2.
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region. For 2, an intense absorption peak in the far-red region
with a maximum at 842 nm was found along with two smaller
shoulder peaks at 775 and 623 nm, and two NIR peaks centered
at 1142 and 1394 nm were also detected. Thus, the optical
energy gaps (Eoptg ) of 1 and 2 were determined from the onset of
their UV/Vis absorptions, which are 1.13 and 0.96 eV, respec-
tively. Not only the UV/Vis absorption but also the electro-
chemical behavior of 1 and 2 exhibit apparent differences
(Fig. 4b). Compound 1 shows three reversible oxidation waves
with half-wave potentials Eox1/2 at 0.58, 0.89 and 1.43 V and
ve quasi-reversible reduction waves with half-wave potentials
Ered1/2 at �0.80, �0.88, �1.20, �1.40, and �1.56 V (vs. Ag/AgCl). In
contrast, 2manifests four quasi-reversible oxidation waves with
half-wave potentials (Eox1/2) at 0.59, 0.88, 1.19, and 1.47 V and ve
reduction waves (Ered1/2) at �0.57, �0.71, �1.16, �1.32, and
�1.50 V (vs. Ag/AgCl). Thus, the HOMO/LUMO energy levels are
estimated to be �4.86/�3.68 and �4.97/�3.95 eV for 1 and 2,
respectively, based on the onset potentials of the rst oxidation/
reduction waves. The corresponding electrochemical energy
gaps (EECg ) are estimated to be 1.18 and 1.02 eV for 1 and 2,
respectively. Furthermore, time-dependent UV/Vis measure-
ment was performed under ambient conditions to investigate
the stability of 1 and 2. There are no signicant changes of the
absorption curves for both 1 and 2 for 10 days, suggesting that
both molecules are highly stable under ambient conditions,
and the half-life (t1/2) of tetraradicaloid 2 was found to be as
long as 91 days (Fig. S16 and S17†).
This journal is © The Royal Society of Chemistry 2019
Organic eld-effect transistor (OFET)

In view of the amphoteric redox character and high stability of 1
and 2, their charge transport behavior was evaluated using
bottom-gate and top-contact eld-effect transistors (Fig. 5a).
Heavily doped silicon substrates with a 300 nm SiO2 dielectric
(with a capacitance of 11 nF cm�2) modied with octadecyl
trichlorosilane (OTS) through thermal vapor at 150 �C were used
for the device fabrication. A homogeneous layer of 1 or 2 was
spin-coated from 5mgmL�1 CHCl3 and annealed at 200 �C for 2
hours under glovebox conditions to remove the residual solvent
and to improve the lm quality. Source and drain gold elec-
trodes were thermal vapor deposited at a thickness of 50 nm.
The channel length and width were 50 mm and 1000 mm,
respectively. A Keithley 4200-SCS was used for all standard
electrical measurements in a glovebox under a nitrogen atmo-
sphere. The transfer and output curves shown in Fig. S31†
indicate the unipolar charge transport behavior of transistors
based on the spin-coated lm of 1, with an average hole mobility
(mh) of around 3.0 � 10�5 cm2 V�1 s�1. However, the transistors
fabricated from 2 exhibit an interesting ambipolar charge
transport behaviour (Fig. 5b and c). The average hole mobility
(mh) is around 6.2 � 10�4 cm2 V�1 s�1 with a crossover point at
around 10 V and the average electron mobility (me) is about 1.3
� 10�4 cm2 V�1 s�1 with a crossover point at 40 V. The ambi-
polar performance of the thin lm transistor of 2 can be
attributed to the low energy gap of 2 (0.96 eV) and small injec-
tion barriers from gold electrodes (4.9 eV) to both HOMO and
LUMO levels.38 And the hole and electron mobilities of 2 are
comparable to those of previously reported organic biradical-
based OFETs.32,39 In contrast, the electron transport of the
thin lm transistor of 1 is limited due to its relatively higher
LUMO of �3.68 eV.40 Thus, our result presents the rst case of
a solution-processed ambipolar tetraradical-based transistor
with balanced hole and electron mobilities, and the transition
from unipolar to ambipolar behaviour induced by controlled
Chem. Sci., 2019, 10, 4025–4031 | 4029
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aromaticity provides a new design strategy towards solution-
processed ambipolar PH-based transistors.
Calculated electronic structure and tetraradical character

The electronic structure calculations were conducted using the
Gaussian 09 suite to further elucidate the electronic properties
and to understand the aromaticity of 1 and 2. The biradical
character (y0) and tetraradical character (y1) were evaluated
from the occupation number of the lowest unoccupied natural
orbital (LUNO) and LUNO+1, respectively, obtained from
CASSCF(4,4)/6-31G** calculations. PH 1 exhibits essentially
a lower degree of biradical or tetraradical features (1: y0 ¼ 0.08;
y1 ¼ 0.08) in the ground state and has a large singlet–triplet
energy gap (DES–T ¼ �9.55 kcal mol�1), suggesting its closed-
shell electronic structure. In contrast, PH 2 was found to
possess remarkable biradical and tetraradical characters (2: y0
¼ 0.23; y1 ¼ 0.22). A smaller singlet–triplet energy gap (DES–T ¼
�4.2 kcal mol�1) was also predicted from the calculation, which
is consistent with the experimental data of 2. As shown in
Fig. 6a, the calculated singly occupiedmolecular orbital (SOMO)
proles of a and b spins of 1 are both homogeneously distrib-
uted throughout the fused-bischrysene core, and that of 2 shows
a typical disjoint feature for the singlet open-shell molecules.25

The odd electron density of the singlet ground states32 is
depicted in Fig. 6b. In agreement with the lower radical char-
acter of 1, it shows only minor features in the molecular back-
bone which are almost not visible when plotting it at the same
isovalue as that of 2. In contrast, the odd electron density of
tetraradicaloid 2 shows pronounced features with the highest
densities located at the four carbon atoms on the cyclopenta
rings (marked with a red circle in Fig. 6b), which further implies
the resonance structure 2–2 shown in Fig. 1b. Moreover, the
delocalization of the unpaired electrons by resonance through
Fig. 6 (a) SOMOs of 1 and 2 in the singlet state. SOMOs are affected by
spin contamination. (b) Odd electron densities of 1 and 2 in the singlet
state. Corresponding closed-shell HOMOorbitals are given in the ESI.†

4030 | Chem. Sci., 2019, 10, 4025–4031
the highly twisted p-system endows 2 with thermodynamic
stability.41
Conclusions

In summary, we have demonstrated an efficient synthesis
towards the rst wave-shaped p-conjugated PH 2 with a highly
stable singlet tetraradical feature (y0 ¼ 0.23; y1 ¼ 0.22), which
exhibits a narrow optical energy gap (Eoptg ¼ 0.96 eV) and a half-
life as long as 91 days under ambient conditions. Meanwhile,
wave-shaped closed-shell PH 1 with weakly antiaromatic feature
was also achieved by tuning the annulated direction of cyclo-
penta[b]uorenemoieties. From the crystal structure of 2 as well
as supported by the DFT calculations, the curved geometry
indeed exerts a signicant role in increasing its thermodynamic
stability, enabling its application in OFETs with unique ambi-
polar charge-carrier transport properties. Our studies underline
the important effect of the curved geometry on the aromaticity
and intrinsic stability of p-extended multiradicaloids, which
offer the foundation for future explorations of these functional
molecules in organic electronics.
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M. Neuburger, M. Baumgarten and M. Juŕıček, Angew.
Chem., Int. Ed., 2016, 55, 1183.

19 Y.-C. Hsieh, H.-Y. Fang, Y.-T. Chen, R. Yang, C.-I. Yang,
P.-T. Chou, M.-Y. Kuo and Y.-T. Wu, Angew. Chem., Int. Ed.,
2015, 54, 3069.

20 Z. Zeng, X. Shi, C. Chi, J. T. L. Navarrete, J. Casado and J. Wu,
Chem. Soc. Rev., 2015, 44, 6578.

21 J. J. Dressler, M. Teraoka, G. L. Espejo, R. Kishi,
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