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A soluble binuclear phthalocyaninato copper (II) complex, Cu2[Pc(COOC8H17)6]2 (1), with
planar molecular structure and extended conjugation system, has been designed and syn-
thesized. By fusing two phthalocyanine rings side by side and introducing electron with-
drawing groups at periphery positions, the energy levels of HOMO and LUMO have been
tuned successfully into the range of an air-stable ambipolar organic semiconductor
required as revealed by the electrochemical studies. With the help of a solution-based
quasi-Langmuir–Shäfer (QLS) method, thin solid films of this compound were fabricated
and organic field effect transistors (OFETs) based on these QLS thin solid films were con-
structed. Because of the promising electrochemical properties as well as the high ordered
packing structure of the molecules in the thin solid films, the OFETs performed excellent
ambipolar operating properties, with the electron and hole mobility in air as high as
1.7 � 10�1 and 2.3 � 10�4 cm2 V�1 s�1, respectively. For comparison purpose, mononuclear
compound Cu[Pc(COOC8H17)8] (2) was comparatively studied. The QLS thin solid films of
this compound possess similar ordered structure with that of Cu2[Pc(COOC8H17)6]2 (1),
but the OFETs based on the thin solid films of this compound can only show n-type
properties under nitrogen atmosphere with an extremely small electron mobility of
1.6 � 10�4 cm2 V�1 s�1. This result suggests that extension on the conjugation system of
an aromatic compound with multiple electron withdrawing groups can tune the molecule
into an air stable ambipolar organic semiconductor.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The development of solution-processable organic semi-
conductors for the thin-film organic field effect transistors
(OFETs), which exhibit high carrier mobility and good
ambient stability, is crucial to realizing low-cost and
mechanically flexible printed electronics [1–4]. During
the past decade, intensive researches towards developing
novel semiconductor materials especially those possessing
p-conjugated electronic structure including conjugated
polymers, oligomeric thiophenes, linear fused acenes, per-
ylenes, and phthalocyanines have yielded a number of
transistors with either hole or electron as the charge car-
rier [5–14]. But ambipolar OTFTs, which allow dual opera-
tion at both p and n channel, are highly desired for
practical applications in integrated circuits like high gain
complementary metal-oxide–semiconductor inverters
and light emitting devices [15–18].

Phthalocyanines (Pcs) with planar or nearly planar
molecular structures and a large network of p-electrons
have been among the most promising semiconducting
materials for OFETs due to their excellent thermal and
chemical stabilities and good semiconducting properties.
Pcs employed as semiconductors in OFETs can be divided
into two categories based on their molecular structures.
The first group of phthalocyanines are the commercially
available unsubstituted monomeric phthalocyaninato me-
tal complexes (MPc, M = Cu, Co, Fe, Mn, Ni, Zn, etc.) [5].
Among which, CuPc is the most widely used material for
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OFETs with hole transfer mobilities in the range of
10�5–1.0 cm2 V�1 s�1 [19,20]. The second group of Pcs used
in OFETs are the substituted phthalocyanines with reason-
able solubilities in conventional organic solvents and can
be processed with solution methods, such as amino-
(tri-tert-butyl)phthalocyaninato copper [21], hydroxyde-
cyloxy-(tri-tert-butyl) phthalocyaninato copper [22], and
sandwich-type bis/tris(phthalocyaninato) rare earth dou-
ble/triple-decker complexes bearing substituents at the
peripheral positions [23]. Most of the Pcs used in OFETs
present p-type semiconducting properties with hole as
the major charge carriers. Because n-type of OFETs are
important for the implementation of complementary cir-
cuits, which have low power consumption, high operating
speeds, and an increased device lifetime, but n-type organ-
ic semiconductors have significantly lagged behind their
p-type counterparts [10,11,24]. As a result, design and
synthesis of n-type or ambipolar phthalocyanine based
semiconductors with acceptable performance and robust
air stability has become an fasinating area in the past dec-
ade. Pioneer work of Bao and co-workers in this field dem-
onstrated that the CuPc can be changed successfully into
air stable n-type semiconductor by introducing sixteen
fluorine atoms on the periphery positions of the phthalocy-
anine ring (copper hexadecafluorophthalocyanine,
F16CuPc) with mobility as high as 0.03 cm2 V�1 s�1 [25].
Since than F16CuPc becomes a widely applied n-type
semiconductor in different OFETs with different structures
[26–28]. However, because F16CuPc cannot dissolve in con-
ventional organic solvents, and therefore, the OFETs based
on this material are all fabricated by vacuum deposition
techniques. Very recently, solution processable monomeric
phthalocyaninato copper and ‘‘sandwich’’ type phthaloc-
yaninato rare earth metal complexes have been success-
fully changed into n-type or ambipolar semiconductors
by attaching electron withdrawing groups [29]. The ambi-
polar semiconductors are particularly important because
they can fabricated into ambipolar OFETs based on only
one semiconducting component, which ensures a simple
device structure and low-cost fabrication, have therefore
attracted great research interest [30,31]. However, the
ambipolar semiconductors with reasonable semiconduct-
ing properties are still rare, the design and synthesis of no-
vel ambipolar solution processable phthalocyanine
semiconductor remain a challenge for phthalocyanine
chemists and material scientists.

For organic semiconductors with conjugated electronic
structure, the energy of the lowest unoccupied molecular
orbitals (LUMOs), that are necessary for ensuring effective
electron injection and stable electron transport under
ambient conditions, should locate below �4.0 eV, while
that of the highest occupied molecular orbitals (HOMOs)
should align with the work function of air-stable elec-
trodes (Au: 5.1 eV) for the purpose of diminishing the hole
injection barrier [32–34]. Hence, the key problem in
searching for good ambipolar organic semiconductors
should be tuning the energy levels of HOMO and LUMO,
and meanwhile reaching a delicate balance between solu-
bility in conventional organic solvents and efficient molec-
ular packing behavior in solid state. In the present paper,
we designed a novel bisphthalocyaninato copper complex,
Cu2[Pc(COOC8H17)6]2 (1), Scheme 1. Carboxylate groups
are introduced to the bisphthalocyanine periphery posi-
tions, which on one the hand can improve the solubilities
of this bisphhtalocyanine compound in conventional or-
ganic solvents, on the other hand they are electron with-
drawing groups and can lower the energy levels of LUMO
and are expected to tune the semiconducting nature of
phthalocyaninato copper complexes from p-type to n-type
[29]. Most importantly, the extra large p-conjugation net
work is expected to increase the energy of HOMO signifi-
cantly [35], and then makes it matches with the work func-
tion of Au electrode. Moreover, the extended p system
could enhance the p–p interactions between neighbor
molecules in solid state and thus could improve the carrier
mobility. To the best of our knowledge, this represents the
first experimental effort towards developing organic semi-
conductors based on bisphthalocyaninato metal com-
plexes. More importantly, this work proves that
extending on the conjugation system of molecule will be
powerful approach to tune the semiconducting properties
of phthalocyanines.
2. Experimental section

2.1. General methods

Electronic absorption spectra and polarized UV–vis
absorption spectra were recorded on a SHIMADZU
UV-2450. X-ray diffraction experiments were carried out
on a Rigaku D/max-gB X-ray diffractometer. MALDI-TOF
mass spectra were taken on a Bruker BIFLEX III instrument.
Substrates for the thin solid film deposition were succes-
sively cleaned with pure water, acetone, and ethanol. Elec-
trochemical measurements were carried out with a
chenhua-760 voltammetric analyzer. The cell comprised
inlets for a glassy carbon disk working electrode of
2.0 mm in diameter and a silver wire counter electrode.
The reference electrode was Ag/Ag+ (a solution of 0.01 M
AgNO3 and 0.1 M TBAP in acetonitrile), which was con-
nected to the solution by a Luggin capillary whose tip
was placed close to the working electrode. It was corrected
for junction potentials by being referenced internally to
the ferrocenium/ferrocene Fc+/Fc) couple. Typically, a
0.1 M solution of [NBu4][ClO4] in CH2Cl2 containing 0.5 M
of sample was purged with nitrogen for 10 min, and then
the voltammograms were recorded at ambient tempera-
ture. The scan rates were 20 and 10 mV s�1 for cyclic
voltammetry (CV) and differential pulse voltammetry
(DPV), respectively.
2.2. OFET device fabrication

The thin solid films were deposited by the solution-
based quasi-Langmuir–Shäfer (QLS) method [36]. Before
the film deposition, surface treatment with HMDS for
SiO2/Si substrates was performed according to literature
method [37]. OTFT devices were fabricated on a HMDS
treated Si/SiO2 (300 nm thickness, capacitance
C0 = 10 nF cm�2) substrate by evaporating gold electrodes
onto the QLS films of Cu2BPc employing a shadow mask.



Scheme 1. Molecular structure of Cu2[Pc(COOC8H17)6]2 (1) and Cu[Pc(COOC8H17)8] (2).

288 Y. Shi, X. Li / Organic Electronics 15 (2014) 286–293
Electrodes with two sets of dimensions (W = 8.16 mm,
L = 145 lm, W/L = 56 and W = 28.6 mm, L = 240 lm,
W/L = 119) were used for OFET measurements. The
drain–source current (Ids) versus drain–source voltage
(Vds) characteristic was obtained with a Hewlett-Packard
(HP) 4140B parameter analyzer at room temperature.
Fig. 1. Normalized electronic absorption spectra of 1 (A) and 2 (B) in
CHCl3 (open circle) and QLS films (open square).
2.3. Materials and synthesis

Reference compound copper-phthalocyanine Cu[Pc
(COOC8H17)8] (2) was synthesized by the method of litera-
ture [38]. Hexamethyldisilazane (HMDS) was purchased
from Aldrich. All other reagents and solvents were of re-
agent grade and used as received.

Cu2[Pc(COOC8H17)6]2 (1) Copper sulphate pentahydrate
(2.03 g, 12.72 mmol), pyromellitic dianhydride (3.2 g,
14.67 mmol), urea (10 g, 167 mmol), ammonium chloride
(0.83 g, 15.51 mmol), and ammonium molybdate (0.24 g,
0.19 mmol) were ground together and then placed in a
three flask containing nitrobenzene. The flask was heated
to 185 �C and maintained at this temperature for 12 h.
The obtained solid material was boiled with hydrochloric
acid, and then treated with potassium hydroxide. The final
powder was dried at room temperature under vacuum. The
dried product was dissolved in n-octyl alcohol with p-tol-
uenesulfonic acid (100 mg, 0.53 mmol) as catalyst. The
temperature of the three necked flask was gradually in-
creased to 180–185 �C and maintained at this temperature
for 12 h. After remove the solvents under reduced pressure,
the obtained solid was finely ground and washed with
methanol until it was free of n-octyl alcohol. The residue
was purified by column chromatography on silica gel using
CHCl3/methanol (99.5:0.5) as eluent. The first green band
contains the reference 2. (33 mg, 33%) Compound 1 was
recovered from the second blue band (7 mg, 2.3%). Re-
peated chromatography followed by recrystallization from
CHCl3 and MeOH gave pure 1 as blue powder. MS (MALDI-
TOF) calculated for: C184H258Cu2N8O24, 3091.1, Found
3091.8 [M+]; Elemental analysis: calculated for C184H258-

Cu2N8O24; C 71.45%, H 8.41%, N 3.62%, found, C 71.4%, H
8.52%. N 3.65%; UV–vis (CHCl3): kmax/nm (loge), 355
(4.18), 690 (2.61), 734 (3.20), 759 (5.07), 824 (5.24).
3. Results and discussion

3.1. UV–vis absorption and polarized UV–vis spectra

The electronic absorption spectra of 1 and 2 in CHCl3

and the QLS films were recorded and shown in Fig. 1. 2 pre-
sents typical electronic absorption spectrum for mono-
meric phthalocyaninato metal complexes in solution
[29a], with the maximal absorption band around 700 nm
and a small broad band around 350 nm. But in the
spectrum of 1 in solution, a group of absorption bands
are observed at 690, 734, 759 and 824 nm, which can be



Y. Shi, X. Li / Organic Electronics 15 (2014) 286–293 289
assigned to the split Q bands caused by the D2h symmetry
of the molecule of 1 [39]. Comparing with those of 2, the
absorption bands of compound 1 have red-shifted signifi-
cantly. This can be attributed to the decreased HOMO–
LUMO energy gaps of 1 due to the remarkably extended
conjugation in its molecules [39b,40].

After being fabricated into QLS films, compound 1
shows a maximal absorption band at 775 nm, which
blue-shifted about 49 nm with respect to that in solution.
This can be ascribed to the formation of ‘‘face-to-face’’
stacked ‘‘H-type’’ aggregates in QLS films following the
exciton theory and previous results [41,42]. The orienta-
tion angle h (Fig. S3 in Supplementary material) measured
by polarized UV–vis absorption spectra is about 55.4� [43],
Fig. S2a and Table S1 in Supplementary material, which is
larger than 54.7�, the magic angle which is used to distin-
guish ‘‘H-type’’ aggregation from ‘‘J-type’’ aggregation, and
suggests that the molecules of 1 in QLS films form ‘‘H-type’’
aggregates. The QLS film of compound 2 show also a signif-
icantly blue-shifted maximal absorption band at about
649 nm comparing with that of solution. Beside this
blue-shifted absorption band, a minor band at about
734 nm, which red-shifted about 30 nm with respect to
that in solution, was also found in the spectrum of com-
pound 2 in QLS film. This absorption characteristic is
caused by Davydov splitting, and implying the presence
of ‘‘herringbone’’ structure in the QLS film of compound 2
[44–47]. The polarized UV–vis absorption spectra revealed
that the orientation angle of compound 2 in QLS film is
about 61.1�, which is also larger than the magic angle. Be-
cause of the special ‘‘herringbone’’ packing model as re-
vealed by the absorption spectrum, this larger orientation
angle is no more an indication of ‘‘H-type’’ aggregates, it
just means that the plan of phthalocyanine rings of com-
pound 2 are more perpendicular to the surface of the sub-
strate than that of compound 1. A schematic presentation
for the arrangement of the molecules of 1 and 2 in QLS
films are shown in Fig. S3 in Supplementary material.
Obviously, the much more effective intermolecular
‘‘face-to-face’’ interactions in the H-aggregates of co-planar
binuclear phthalocyanine 1 than that in the herringbone-
arranged structure of mononuclear phthalocyanine 2 are
able to provide the p electrons (as well as holes) with an
extensive area for delocalization, which may benefit the
charge carrier moving in the thin solid films and promote
the performance of corresponding OFETs [48,49].
3.2. Electrochemical properties

The electrochemical behavior of the binuclear com-
pound 1 was investigated by cyclic voltammetry (CV)
Table 1
Half-wave redox potentials of 1 and 2 (V vs. SCE) in CH2Cl2 containing 0.1 [NBu4]

Compound Oxd1 Red1 Red2

1 +0.62 �0.2 �0.87
2b +1.14 �0.49 �0.81

a DE0
1=2 is the potential difference between the first oxidation and first reduct

b Cited from Ref. [29].
and differential pulse voltammetry (DPV). The results are
summarized in Table 1. Compound 1 presents one one-
electron oxidation and two one-electron reductions in
the range of �2.0 to 2.0 V. All these processes can be attrib-
uted to successive removal from, or addition of one elec-
tron to the ligand-based orbitals since the reduction of
the central copper cation in this compound does not occur
in this potential range [50]. The electrochemical properties
of compound 2 are also investigated in the same condition.
The results are the same with that reported in literature
[29a]. One one-electron oxidation and two one-electron
reductions within the electrochemical window of CH2Cl2

are observed.
As shown in Table 1, the first oxidation of 1 happens at

+0.62 V, the HOMO energy level of 1 is therefore estimated
to be �5.06 eV [51], which increases for about 0.52 eV with
respect to that of compound 2 and matches very well with
the work function of gold (�5.1 eV), and therefore,
ensures the facilitation of the hole injections from Au elec-
trodes to the phthalocyanine-based semiconductors. Never-
theless, the LUMO energy of 1 is approximately �4.24 eV
deduced from the first reduction potentials, which de-
creases for about 0.29 eV with respect to that of 2 and just
locates within the range required for air-stable n-type or-
ganic semiconductors [33,34]. This result reveals air-stable
ambipolar organic semiconducting nature for compound 1
and its potential application in ambipolar OFET devices.
3.3. Film deposition and structure characterization

The information concerning the molecular ordering in
the QLS films could be assessed using X-ray diffraction
(XRD) technique. Out-of-plane (OOP) h–2h XRD scan of
solution-processed films of 1 exhibits several sharp low
angle diffractions with high intensities up to fifth order,
revealing the long range molecular ordering across the
thickness of the thin films, Fig. 2 [29d]. The d-spacing value
estimated from the (001) diffraction peak is 3.22 nm,
which can be assigned to monolayer thickness of the QLS
films. Furthermore, a single family of diffraction
peaks are observed without the presence of an obvious
p–p stacking feature, which implies a very high crystalline
order for the solution-processed films where the majority
of the molecules of 1 take an edge-on orientation on the
substrate with the p–p stacking direction parallel to the
substrate, thereby favoring in-plane charge transport from
source to drain [34]. Judging from the molecular
dimensional size (the length of the octyl is not taken
into account) of compound 1, ca. 2.7 nm (length) � 1.4 nm
(width) obtained from the energy-optimized structure
of the molecule by using Gaussian 98 program at
[ClO4].

DE0
1=2

a LUMO (eV) HOMO (eV)

0.82 �4.24 �5.06
1.63 �3.95 �5.58

ion processes.



Fig. 2. X-ray diffraction patterns of the QLS films of 1(A) and 2(B) on SiO2/
Si substrate.
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B3LYP/6-31G(d) level, the molecules appear to take an
edge-on configuration on the substrate surface with the
long axis of compound 1 perpendicular to the substrate
surface. It is worth noting that the layer thickness measure
by XRD experiments is larger than the length of the mole-
cule, which can be attributed to the contribution of octyl
groups to the layer thickness [52]. This result is obviously
in good accordance with that deduced from UV–vis and
polarized UV–vis spectroscopic measurement. Moreover,
the XRD pattern displays a broad peak at the wide angle re-
gion corresponding to a d-spacing of 0.41 nm, which re-
lates to the liquid-like order of the alkyl chains [53]. It is
notable that the fact that only (00h) diffraction peaks are
observed for the QLS films of compound 1, but without giv-
ing obvious peak for the p–p stacking in the OOP XRD dia-
gram, suggests the edge-on orientation for the molecules
of 1 on the substrate with the p–p stacking direction par-
allel to the substrate [34]. This, in combination with the
long-range ordering nature of the molecular stacking in
the thin films, leads to a decrease on the energy barrier
of the in plan charge transport over the QLS films.

In the low angle range of the XRD diagram of 2, a strong
diffraction peak at 2h = 4.42� with a d spacing of 2.00 nm is
found, Fig. 3B. This can be assigned to the monolayer thick-
ness of the QLS film. Judging from the dimensional size of
the molecule of compound 2, (1.4 nm � 1.4 nm, the length
of octyl group is not taken into account), the molecule of 2
seems to take edge on configuration on the surface of sub-
strate. Due to the interdigitated octyl groups from the mol-
ecules of neighbor layer contribute also to the thickness of
monolayer, the XRD measured thickness is larger than the
molecular dimensional size. In addition, the XRD pattern
also displays several weaker higher order diffractions at
1.0, 0.67 and 0.5 nm, which are ascribed to diffraction from
the (200), (300) and (400) planes, revealing the high
molecular ordering nature of this thin film along different
directions [29d].

AFM provides more information on the aspect of the
QLS films and therefore allows us to correlate the morphol-
ogy and electrical properties. Fig. 3 compares the morphol-
ogies of the QLS films of 1 and reference compound 2
deposited on the HMDS treated SiO2/Si substrate. The
QLS film of 1 shows uniformly distributed smooth mor-
phology with one dimensional nanopores can be identified
from the texture of the image. The QLS film of 2 presents a
high uniform distributed nanosized fiber structures with
distinctive boundaries between the fibers. In combination
with the electronic absorption and XRD analysis results,
the more uniform QLS film of 1 will significantly decrease
the gaps between the grains and crack formation in the
film, and thus improving the carrier mobility [54].
3.4. OFET properties

To determine the type of major carrier and the corre-
sponding mobility of 1, typical top-contact/bottom-gate
configuration OFET devices, in which the source and drain
electrodes are vacuum-deposited on the top of the QLS thin
films of 1, have been fabricated. OFET properties were eval-
uated under positive or negative gate bias in air to explore
the majority charge carrier type, device performance, and
environmental stability. Experimental data were analyzed
using standard field-effect transistor equations:

Ids ¼ ðW=2LÞlC0ðVG � VTÞ2 ð1Þ

where Ids is the source–drain current, VG the gate voltage,
C0 the capacitance per unit area of the dielectric layer,
and VT the threshold voltage [55]. The mobilities were
determined in the saturation regime from the slope of
plots of (Ids)1/2 versus VG. As shown in Fig. 4, the devices
based on the QLS film of 1 measured in air showed ambi-
polar characteristics with the electron and hole mobilities
of 1.7 � 10�1 cm2 V�1 s�1 (on/off ratio: 5 � 103) and
2.3 � 10�4 cm2 V�1 s�1 (on/off ratio: 1 � 103), respectively.
In particular, the electronic or hole mobility of 1 only de-
creased slightly after exposure to air and remained stable
for more than four weeks, which should be attributed to
molecular packing effects as well as low-lying LUMO en-
ergy level (Fig. S6 in Supplementary material). As for refer-
ence 2, only n-channel transistor behavior with a relatively
lower electron mobility of 1.6 � 10�4 cm2 V�1 s�1 and an
on/off ratio of 1 � 102 [29a] was obtained in N2 (Fig. S5
in Supplementary material). As a consequence, the changes
of major charge-transport characteristics from electron to
both electron and hole were successfully realized by
extending p-systems of the CuPc-based molecules. The
present result represents not only the first example of
solution-processed, air-stable binuclear phthalocyanine-
based ambipolar OFET, but more importantly provides an
efficient way to enhance the performance of air-stable
n-channel organic semiconductors.



Fig. 3. AFM images of the QLS film of 1 (A) and 2 (B) on SiO2/Si substrate.

Fig. 4. Output characteristics (Ids vs. Vds) (A and B) and transfer characteristics (|Ids|1/2 vs. Vg) (a, Vds = 10 V; b, Vds = �20 V) of ambipolar OFET devices (A and
a for n-channel; B and b for p-channel) based on QLS thin films of 1 deposited on HMDS-treated SiO2/Si (300 nm) substrate with Au top contact model
measured in air.
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4. Conclusion

In summary, a soluble planar binuclear phthalocyanina-
to copper (II) complex, having more extended conjugation
system has been designed and synthesized. The absorption
spectra as well as the electrochemical data demonstrated
that the HOMO/LUMO energies can be tuned successfully
into the range of the requirement for an air stable ambipo-
lar organic semiconductor. The OFET devices fabricated
from the thin solid films of this binuclear phthalocyaninato
copper (II) complex by solution-based QLS method per-
formed air stable ambipolar properties with the carrier
mobilities as high as 1.7 � 10�1 cm2 V�1 s�1 for electrons
and 2.3 � 10�4 cm2 V�1 s�1 for holes, which have been
significantly improved with respect to that of the OFET de-
vice based on the mononuclear phthalocyaninato copper
counterpart. This improvement can be ascribed to the ex-
tended p conjugation system and the connected electron
withdrawing carboxylate groups in this binuclear phthalo-
cyanine compound, which lower the energy of LUMO and
increase the energy of HOMO efficiently. To the best of
our knowledge, this represents the first example of air-sta-
ble ambipolar OFET device based on co-planar binuclear
phthalocyanine derivatives fabricated by solution process-
ing. The good OFET performance proves that co-planar
binuclear phthalocyanine derivatives are very promising
candidates of ambipolar semiconductors. This research
not only provides a novel ambipolar organic semiconduc-
tor, but also reveals an efficient way to adjust the frontier
molecular orbital energies to match the requirement of a
good ambipolar organic semiconductor. Further efforts
towards the design and synthesis of new co-planar
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compounds and the optimization of the device fabrication
are in progress in our lab.
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