M) Check for statas

Journal of

Materials Chemistry C

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: Z. wang, Z. Wang,
Y. Zhou, P. Gu, G. liu, K. Zhao, L. NIE, Q. Zeng, J. Zhang, Y. Li, R. Ganguly, N. Aratani, L. Huang, Z. Liu, H.
Yamada, W. Hu and Q. zhang, J. Mater. Chem. C, 2018, DOI: 10.1039/C8TC00628H.

Journal of

Materials Chemistry C

ROYAL SOCIETY
&cnmsﬂw

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
author guidelines.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the ethical guidelines, outlined
in our author and reviewer resource centre, still apply. In no
event shall the Royal Society of Chemistry be held responsible

for any errors or omissions in this Accepted Manuscript or any
consequences arising from the use of any information it contains.

rsc.li/materials-c



Page 1 of 7

Published on 03 March 2018. Downloaded by Fudan University on 03/03/2018 07:54:10.

Journal of Materials Chemistry C

View Article Online
DOI: 10.1039/C8TC00628H



Journal of-Materials Chemistry € Page 2 of 7

»

YAL SOCIETY
EGENITRY
JC8TC00628H

Journal Name

Structure Engineering: Extending the Length of Azaacene
Derivatives through Quinone Bridge
Zilong Wang,? Zongrui Wang,1? Yecheng Zhou,’ Peiyang Gu,? Guangfeng Liu,? Kexiang Zhao,? Lina

Nie,® Qingsheng Zeng,? Jing Zhang,? Yongxin Li,* Rakesh Ganguly,® Naoki Aratani,® Li Huang,® Zheng
Liu,® Hiroko Yamada,*¢ Wenping Hu,*¢ and Qichun Zhang**

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/ Increasing the length of azaacene derivatives through quinone bridges is very important because these materials could have
deep LUMO energy levels and larger overlapping in the solid state, which would have great applications in organic
semiconducting devices. Here, two fully characterized large quinone-fused azaacenes Hex-CO and Hept-CO prepared
through a novel palladium-catalyzed coupling reaction are reported. Our research clearly proved that the quinone unit can
be employed as the bridge to extend the molecular conjugation length, increase the molecular overlapping, and engineer
the molecular stacking mode. Hex-CO shows lamellar 2-D mi-stacking modes, while Hept-CO shows 1-D mt-stacking and adopts
3-D interlocked stacking mode with the adjacent molecular layers vertical to each other. With the deep LUMO energy levels
(~ -4.27 eV), Hex-CO and Hept-CO were both demonstrated as electron-transport layers. Their charge transport property
has been investigated through OFETs and theoretical calculations. Due to the different stacking modes, Hex-CO shows a
higher electron mobility of 0.22 cm? V! s than Hept-CO (7.5 x 10 cm? V- s%) in the single-crystal-based OFET. Our results
provide a new route on the structure engineering through extending the azaacene derivatives by quinone bridge, which can
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be profound in organic electronics.

Introduction

Engineering the stacking structures and molecular orbital
energy levels to improve the charge transport has a profound
significance in organic electronics. Azaacene derivatives, an
important class of polycyclic aromatic hydrocarbons, has been
demonstrated as n-type and ambipolar semiconductors in many
applications including organic light-emitting diodes?, organic
memory devices?, photoelectrochemical cells3, solar cells*, and
especially in organic field effect transistors (OFETs).5 Since
stacking modes and molecular orbital energy levels are two key
factors to affect the performance of organic electronic devices,
it is crucial to manage them through molecular engineering.
Generally, extending the conjugation of azaacenes is a good
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strategy to improve their performance because such
approaching can efficiently increase m-m interactions, change
molecular stacking modes in the solid state, and shift the
molecular orbital energy levels concurrently.® This extension
can be realized by several methods’ such as Diels—Alder
reactions, condensation reactions, and palladium-catalyzed
way. However, employing quinone as a building unit to extend
the length of azaacene derivatives and reduce their LUMO
energy levels is rarely cultured.® Such gap strongly encourages
us to investigate this type of materials and find their practical
applications.

In fact, in the arena of acenes, quinones have been widely
employed as intermediates to construct oligoacenes through
nucleophilic substitution reactions® with TIPS-alkynyllithium1©
or phenyllithium,! followed by reduction, or through directly
reducing the quinones into benzene rings.’2 Such a strategy
should be also promising to build larger azaacenes or quinone-
fused azaacenes. Normally, quinone units can be introduced
into the backbone of azaacene derivatives through Diels—Alder
reactions,13
cyclohexanehexone and diamine compounds,’* and direct
oxidization of azaacenes.!> However, all of these methods have
some disadvantages: either the limited choices of reactants or
the harsh oxidation conditions. To address these issues, we here
reported a new method (namely, palladium-catalyzed reaction)
to prepare quinone-embedded large azaacene derivatives. Two
novel quinone-embedded large azaacene derivatives Hex-CO
and Hept-CO with six and seven six-membered rings fused in
one row are synthesized through this method. The stacking

condensation reactions between

J. Name., 2013, 00, 1-3 | 1
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modes of azaacene derivatives can be engineered by adjusting
the conjugation length through the quinone bridge. Hence,
though Hept-CO with 1-D m-stacking mode in the crystal does
not show very high mobility in the OFET devices, Hex-CO does
exhibit much better electron-transporting ability due to the
engineered 2-D m-stacking mode.

Results and Discussion
Synthesis

The synthetic route to prepare Hex-CO and Hept-CO is shown
in Scheme 1. Compounds 1%, 217 and 417 were synthesized
according to the reported procedures. The active dichloride
quinone compounds 2 and 3 can react with the diamine
compound 1 through double Buchwald—Hartwig reactions
giving 5 (74%) and 6 (85%) in good yields. After oxidizing 5 and
6 with active MnO,, the target compounds Hept-CO and Hex-
CO can be obtained. Note that the same reaction between 1 and
4 did not produce 7, instead, 8 was obtained, which might be
due to the high reactivity of the ketone in 4. Since compound 8
is not the target molecule, it will not be further discussed in the
following part. The as-prepared new compounds were
confirmed by 'H NMR, 13C NMR, HR-MS and single crystal X-ray
diffraction (Fig. S1-Fig. S15).
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Scheme 1. Synthetic route of Hept-CO and Hex-CO. Conditions: (a) CHCl;, Hunig's base,
Pd,(dba)s;, AcOH, RuPhos, 70 °C, 48 h; (b) MnO,, CH,Cl,, RT.

Single-crystal X-ray structure

The flake-like black crystals of Hept-CO were obtained by
placing a chlorobenzene solution in methanol atmosphere for
about one week. These crystals are good enough for single-
crystal X-ray diffraction analysis. Fig. 1a and 1b show that Hept-
CO has a planar backbone. The molecular stacking structures
(Fig. 1c—1e) indicate that Hept-CO molecules form dimers firstly
(marked with green color in Fig. 2c and 2d) through a strong -
T interaction with a mean short distance of 3.275 A. Then, these
1-D n-stacking stripes are constructed by these dimers through

2| J. Name., 2012, 00, 1-3
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mild r-it interactions (3.396 A, Fig. 1c and 1d). Subsequently,
these 1-D stripes aggregate themselve3CtogeithérCBYCEORRER
interactions to form 2-D layers (Fig. 1d). Finally, a 3-D stacking
structure was built by the interlocking of adjacent 2-D layers
(Fig. 1e and 1f), in which the adjacent molecular layers are
vertical to each other. This interlocked 3-D stacking
arrangement deviates the packing pattern of Hept-CO from the
ideal lamellar 2-D m-stacking mode, which will hinder the
effective charge transport to a considerable extent.
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Fig. 1. Single-crystal X-ray structure of Hept-CO (Hydrogen and solvent molecules
(MeOH) are removed for clarification): (a) top view and (b) side view of the
molecule configuration (color scheme: C, gray; N, blue; Si, yellow; O, red); (c) 1-D
molecular stacking structure: side view along the long axis of the conjugation
backbone; (d) 2-D molecular stacking layer: side view perpendicular to long axis of
the conjugation backbone; (one dimer is shown in green color); (e) and (f): the

final 3-D molecular interlocked stacking structure.

The rod-like single crystals of Hex-CO were obtained by placing
a chloroform solution in methanol atmosphere for about three
days. In the structure of Hex-CO, the backbone possesses a
planar configuration (Fig. 2a and 2b). The molecular stacking
modes also indicate that Hex-CO molecules form dimers firstly
(marked with green color in Fig. 2c and 2d) through a strong -
TU interaction with a mean short distance of 3.310A, which is
larger than that of Hept-CO. This suggests that the neighboring
molecules tend to form dimers. The asymmetry and the strong
T-Tt interactions caused by the extended conjugations promote
the formation of the dimers. Subsequently, these dimers stack
together by adopting a lamellar 2-D m-stacking motif, which is
an ideal packing mode for high-performance OFETs.18 The mean
short distances between these dimers are 3.342 A and 3.371 A
(Fig. 2c), which indicates the existence of strong m-m
interactions. These factors strongly suggest that Hex-CO should
be a suitable candidate for OFET devices.

Comparing the molecular packing modes between Hex-CO and
Hept-CO, it can be easily concluded that adjusting the length of
the azaacene derivatives through the quinone bridge is a
practical tool to engineer the molecule packing structure in the
solid state.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Single-crystal X-ray structure of Hex-CO: (a) Top view and (b) side view of
the molecule configuration (color scheme: C, gray; N, blue; Si, yellow; O, red. The
CH30OH solution molecules and H atoms are omitted for clarity); Molecular stacking
structures (one dimer is shown in green color): (c) side view perpendicular to long
axis of the conjugation backbone and (d) side view along the long axis of the
conjugation backbone.
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Fig. 3. (a) Cyclic voltammetry curves of Hex-CO and Hept-CO (Electrolyte: 0.1M

nBuyNPF, Scanning speed: 50 mV/s); (b) UV-vis absorption spectra of Hex-CO and Hept-

CO in CH,Cl,. Concentration: 10-°° M, room temperature.
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absorption peaks between 400 nm and 700 nm are found. Fheir
onset absorptions at 666 hm for Hex-COP&MdL6 68 HwtisH Peptt
CO suggest that their optical band gaps are around 1.86 eV. This
value is similar to that of the reported TIPS-azapentacenes,®
which suggests that the aromaticity breaks at quinone units.
According to the optical band gaps and LUMO energy values,
the HOMO energies can be calculated to be -6.13 eV for Hex-CO
and -6.12 eV for Hept-CO.

The frontier molecular orbitals are theoretically investigated by
quantum chemistry calculations performed with the
Gaussian09 package using density functional theory (DFT)
calculation at the B3PW91/6-31G(d) level as shown in Fig. 4.20
The electron distributions in HOMOs of Hex-CO and Hept-CO
are mainly delocalized on the azatetraacene parts. Although
electron distributions in LUMOs are delocalized on the
azatetraacenes species and the quinone units, they cannot pass
through the quinone bridges to the other side. This suggests
that quinone units have a significant contribution in lowering
the LUMO levels of azaacene derivatives while the extended
lengths on the other side of quinone bridges almost have no
contribution to molecular orbital energy levels. This conclusion
can be supported by the results of the photophysical study and
electrochemical experiments (Table 1).
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Fig. 4. The electron density distribution of HOMOs and LUMOs of Hex-CO and Hept-CO
by DFT calculation.

The LUMO energy levels and optical band gaps of Hex-CO and
Hept-CO were studied by cyclic voltammetry (CV) and UV-vis
absorption (UV), respectively. As shown in Fig. 3a, the CV curves
of Hex-CO and Hept-CO are same to each other with the onset
potentials of -0.53V and -1.03V for Hex-CO; and -0.54V and -
1.04V for Hept-CO. The calculated LUMO and LUMO+1 energy
levels from these data are -4.27 eV and -3.96 eV for Hex-CO; -
4.26 eV and -3.97 eV for Hept-CO. The deep LUMO energy levels
suggest that these materials are good n-type semiconductor
candidates. The UV-vis absorption spectra of Hex-CO and Hept-
CO are also similar to each other as shown in Fig. 3, where three

This journal is © The Royal Society of Chemistry 20xx

Table 1. Photophysical, electrochemical, DFT calculation data and energy levels of Hex-
CO and Hept-CO.

Eonset, Eonset, EHOMO, EHOMO, }\onset,

Compd. red! red? DFT opt abs
(V) (V) (ev) (ev) (nm)

Hex-CO -0.53 -1.03 -5.65 -6.13 666
Hept- 54 104 560 612 668

co
ELumo, ELumos1,

o o ELumo, Gaporr Gapopt

\Y) V \Y)

(eV) (eV) orr (€V) (ev) (ev)

Hex-CO -4.27 -3.96 -3.64 2.01 1.86
Hggt' 426 397 360  2.00 1.86
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Charge transport behavior
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Fig. 5. X-ray diffraction patterns of spin-coating thin films of (a) Hex-CO and (b) Hept-CO
at different annealing temperatures; (c, d) Representative output and (e, f) transfer
characteristics of organic thin-film field effect transistors based on Hex-CO (c, e) and
Hept-CO (d, f) at their optimized temperature (Hex-CO, 80 °C; Hept-CO, 80 °C).

Table 2. The electrical properties of the thin-film OFET based on Hex-CO and Hept-CO at
different annealing temperatures.

Compd. (T‘,*g;“‘““g i .(,i)“[a]ws m’Vy ) Tow/ot
30 23(3.8) 446 10°

Hex-CO 80 23 (2.8) 23.1 10¢
120 0.24 (0.35) 18.0 10°
30 2328 214 10°
80 5.5(9.3) 215 10°

Hept-CO 120 20 (2.3) 7.68 104
160 1.8(2.3) 2.1 104
200 1.1(1.5) 117 10¢

[a] Maximum mobility values (in brackets) and the average values of more than 5
devices measured in vacuum.

To investigate the charge transport behaviors of Hex-CO and
Hept-CO, the bottom-gate top-contact (BGTC) organic field
effect transistors (OFETs) have been fabricated with n-
octadecyltrimethoxylsilane (OTS)-modified SiO; (300 nm, Gi=11
nF cm2) as the dielectric layer, highly n-doped silicon wafer as
the gate electrode, and gold as source/drain electrodes. Firstly,
we investigated the charge transport in spin-coated thin films
w/o annealing. The key parameters of thin-film OFETs have
been summarized in Table 2, from where, we can conclude that
without annealing their thin-film devices exhibit a slightly
different electron charge transport with the best electron
mobilities of 3.8 x 103 cm?2 V-1 51 for Hex-CO and 9.3 x 103 cm?
V15?1 for Hept-CO (Fig. 5), although these two compounds own
different single crystal structures. The slightly higher
performance of Hept-CO might ascribe to its more continuous
films than that of Hex-CO, which can be evidenced from the
results of X-ray diffraction and AFM (Fig. 5 and Fig. S17). With

4| J. Name., 2012, 00, 1-3
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annealing, the loss of the effective charge transporgpath{orthe
loss of the mobility) for Hex-CO can be dbserfed > Whidlk ear b
due to the discontinuous films caused by the molecular
aggregation. As to the film of Hept-CO, the morphology exhibits
a distinct change from granular grains to the clustered nanorods
when the temperature goes up to 120 °C, and correspondingly,
the XRD also shows an apparent peak shift from 5.18° to 6.02°,
indicating a phase change happens, which disturbs the efficient
charge transport and leads to the reduced performance.
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Fig. 6. X-ray diffraction patterns of as-casted micro crystal (a) Hex-CO and (b)
Hept-CO; (c, d) Representative output and (e, f) transfer characteristics of
organic single-crystal field effect transistors based on Hex-CO (c, e) and
Hept-CO (d, f). Inset of (c, d) is the correspondingly typical device setup.

Single-crystal based FETs of Hex-CO and Hept-CO were also
fabricated to investigate their intrinsic charge transports.2!
Through a drop-casting method, micro/nanometer-sized
crystals suitable for device fabrication were obtained (Fig. S18:
Hex-CO, sheet; Hept-CO, ribbon). The strong and sharp X-ray
diffraction peaks (Fig. 6a and 6b) indicate the high quality of the
as-prepared crystals, where the microcrystals of Hex-CO were
parallel to the substrate with the (011) lattice plane while the
microcrystals of Hept-CO employed their (001) lattice plane.
The bottom-contact single-crystal OFETs based on these
microcrystals have fabricated using stripped gold films as
source/drain electrodes to avoid the heat emission damage on
the crystals.?2 All these devices exhibit typical n-type behaviors
and Fig. 6 shows the typical output and transfer characteristics.
Based on these transfer curves, Hex-CO exhibits the best
electron mobility up to 0.22 cm? V-1 s1, which is almost two
magnitudes higher than that in thin film. In comparison, Hept-
CO exhibits the similar electron mobility (7.5 x 103 cm2 V-1 s71)
to that of its thin film. The apparently better performance of
Hex-CO over Hept-CO could be ascribed to the different
molecular stacking modes that the dimers of Hex-CO show a
lamellar 2-D m-stacking mode while the dimers of Hept-CO
shows 1-D nt-stacking and adopts 3-D interlocked stacking mode
with the adjacent molecular layers vertical to each other. The

This journal is © The Royal Society of Chemistry 20xx



Published on 03 March 2018. Downloaded by Fudan University on 03/03/2018 07:54:10.

Journal of:Materials Chemistry C

latter factor could partly hinder the efficient charge transport
since the electrons are confined in one-dimensional channels.?3

49-62
@0 C0L © Lo =01 OOt
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I ergce e
I 17-23
17-19
SRUSeTIRCYL  ( GREPT et DR DL wo0n

Fig 7. Hoping route of (a) Hex-CO and (b) Hept-CO in the crystal (the hydrogen atoms
are omitted for clarification); The intermolecular electronic couplings of hole transfer
(V4) and electron transfer (V) for the center molecule (a) 49 and (b) 17 are calculated at
DFT/B3LYP/6-31G(d) level, which were obtained through a direct evaluation of the
coupling element between frontier orbitals using the unperturbed density matrix of the
dimer Fock operator.26

Table 3. The electronic couplings for the hopping pathways of Hex-CO and Hept-CO.

center-

Compd. Pathway center/A Vh/meV Ve/meV
49-50 9.59 8.03 33.10
49-51 6.42 1.24 64.91
Hex-CO
49-62 9.20 23.63 61.71
49-63 15.20 0.08 13.71
17-19 5.62 51.62 96.54
Hept-CO
17-23 8.68 -22.30 -51.14

To further understand how the molecular structures affect their
OFET performance, theoretical calculations based on single-
crystal structures with the Marcus electron transfer theory and
an incoherent random walk model have been carried out to
evaluate hole and electron mobilities.?* The reorganization
energies of hole and electron were calculated to be 240.0 meV
and 222.9 meV for Hex-CO and 243.8 meV and 212.0 meV for
Hept-CO, respectively, at the DFT/B3LYP/6-31G(d) level. The
transfer integrals were also calculated as shown in Fig. 7, Fig.
S19, and Fig. S20, as well as summarized in Table 3, Table S2,
and Table S3. Very large electron transfer integrals can be
observed inside the dimers (64.91 meV for Hex-CO and 96.54
meV for Hept-CO), The electron transfer integrals between the
dimers in the m-it stacking directions are also very large (61.71
meV and 33.10 meV for Hex-CO, and -51.14 meV for Hept-CO),
which are similar and even higher than that of the classic n-type
semiconductor 5,7,12,14-tetraazapentacene (TIPS-TAP) (-57.12
meV).2> These large transfer integrals are coincident with the
strong m-m interactions caused by the large conjugation of Hept-
CO and Hex-CO. For the comparison of Hex-CO and Hept-CO,
although they both have large electron transfer integrals, the
lamellar 2-D m-stacking mode of Hex-CO dimers make it more
beneficial for the efficient charge transport than Hept-CO,
resulting in a higher electron mobility of Hex-CO.

Conclusions

This journal is © The Royal Society of Chemistry 20xx

Two new quinone-embedded large azaacene derjyatives Hex:
CO and Hept-CO have been synthesized iPgdb ey eIk ERFSEEH
palladium-catalyzed coupling reactions. The single crystal
structure analysis indicates that Hex-CO shows lamellar 2-D m-
stacking modes while Hept-CO shows 1-D ni-stacking and adopts
3-D interlocked stacking mode with the adjacent molecular
layers vertical to each other. The quinone units offer Hex-CO
and Hept-CO deep LUMO energy levels of -4.27 eVand -4.26 eV,
respectively. The theoretical study shows that the electron
reorganization energy of Hex-CO and Hept-CO are calculated to
be 222.9 meV and 212.0 meV, respectively. Hex-CO and Hept-
CO have very high largest transfer integrals for electron
transport: 61.71 meV for Hex-CO and -51.14 meV for Hept-CO
respectively, excluding that inside the dimers (64.91 meV for
Hex-CO and 96.54 meV for Hept-CO), which might benefit for
electron transport. The thin-film OFET devices based on Hex-CO
and Hept-CO show the best electron mobilities up to 3.8 x 103
cm? V-1 sl and 9.3 x 103 cm? V1 s, respectively, while the
devices based on their single crystals exhibit the electron
mobility of 0.22 cm? V-1 s'1 for Hex-CO and 7.5 x 103 cm? V-1 51
for Hept-CO. All these results suggest that the quinone unit can
be used as the bridge to lower the molecular orbital energy
levels, extend the molecular length, increase the molecular
overlapping, and engineer the molecular stacking mode in the
crystals. We believe that extending the length of azaacene
derivatives through quinone bridges should be a promising way
to achieve high-performance organic semiconductors in OFETs
and other organic electronic devices.
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A novel quinone bridged large azaacene exhibits electron mobility of 0.22 cm® V' s™ through

molecular stacking structure engineering.
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