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ABSTRACT: An unsymmetrical zinc phthalocyanine with
ferrocenylcarborane linked to the phthalocyanine ring through
a phenylethynyl spacer was designed for organic field-effect
transistor (OFET). The unsymmetrical phthalocyanine deriva-
tives were characterized using a wide range of spectroscopic and
electrochemical methods. In particular, the ferrocenylcarborane
structure was unambiguously revealed based on the single-crystal
X-ray diffraction analysis. In-depth investigations of the
electrochemical properties demonstrated that the ferrocenylcar-
borane insertion extended the electrochemical character of
ferrocenylcarborane-substituted phthalocyanine (7). Moreover, in the anodic potential scans, the oxidative electropolymerization
of etynylphthalocyanine (6) and 7 was recorded. To clarify the effect of the insertion of ferrocenylcarborane (2) on the field-
effect mobility, solution-processed films of 2, 6, and 7 were used as an active layer to fabricate the bottom-gate top-contact OFET
devices. An analysis of the output and transfer characteristics of the fabricated devices indicated that the phthalocyanine
derivative functionalized with ferrocenylcarborane moiety has great potential in the production of high-mobility OFET.

■ INTRODUCTION

Because of the growing need in advanced technological
applications, multifunctional organic materials have received
increasing attention.1 Organic semiconducting materials are an
essential component of organic electronic devices, and
considerable effort has been expended to develop organic
field-effect transistor (OFET) materials.2 Although important
advances have been made toward high-performance OFET
device, a lot of improvement remains necessary for practical
applications. The poor charge carrier mobility is the main
drawback of organic semiconductors for use as active layers in
OFETs.3 Therefore, the synthesis of a suitable organic active
layer with high capacitance and field-effect mobility is essential
to achieve the desired OFET performance. Recent studies show
that the charge carrier mobility can be improved when an
electron-donating or -withdrawing group is combined with the
aromatic system, which enables the formation of functional
devices.2g,4

Phthalocyanines are some of the most important π-
conjugated molecules in electronics and optoelectronics.5

Associated with their large conjugated molecular structure,
phthalocyanine (Pc)-based systems have interesting properties
such as high thermal, photo, and chemical stabilities.6 These
attributes make them excellent precursors for functional
materials, which may be applied in photovoltaic cells and
OFETs.7 Improvements in solubility and control of the
molecular arrangement of phthalocyanines are important
properties for the development of OFETs. The key point of
OFET development for phthalocyanine compounds is to

design and prepare materials with excellent solubility and
high stability.7b−d,8

Meanwhile, o-carborane is a polyhedral electron-deficient
boron cluster that contains two adjacent carbon atoms with a
three-dimensional delocalization of the electrons, which has a
highly polarizable σ-aromatic character, so they can electroni-
cally interact with π-conjugated systems.9 The cluster has
electron-withdrawing character when it is bonded through
carbon vertices.10 In addition, methyl groups on boron are
electron-withdrawing when carboranes are partially methy-
lated.11 Because of their thermal stability, the incorporation of
these systems into different structures results in improved
thermally and chemically stable materials. The recent use of
carborane clusters in material science has focused on the
development of nonlinear optics,12 boron-rich dendrimers,13

photovoltaic devices,14 ion transporters,15 quantum dots,16 and
luminescent materials.17 Carborane-containing OFETs have
recently been reported.18 An excellent electron-transport
compound buckminsterfullerene and electron-withdrawing o-
carborane-including compounds have been studied for OFET
applications. A shorter distance between carborane and C60
corresponds to higher electron mobility of the FET.18

Despite numerous studies on the synthesis and OFET
properties of phthalocyanines and carboranes, to the best of our
knowledge, no prior publication has documented a compound
that includes these two units. Here, we report the synthesis,
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characterization, and OFET properties of a new phthalocya-
nine-carborane-ferrocene triad system.

■ RESULTS AND DISCUSSION

The interest of phthalocyanine-based materials lies in their
versatility as molecular building blocks, and their properties can
be tuned using different peripheral substituents. Among various
introduced substituents, carborane-substituted phthalocyanines
are rare. In this paper, we synthesize a new phthalocyanine−
carborane conjugate, which consists of an unsymmetrical
substituted zinc phthalocyanine linked to a ferrocenylcarborane

subunit by an arylene−alkynylene spacer, and their potential as
an active layer in OFETs were investigated.
Ferrocenylcarborane was prepared in two steps (Scheme 1).

Sonogashira cross-coupling reaction of ethynyl ferrocene with
1,4-diiodobenzene in triethylamine (TEA)/toluene mixture in
the presence of Pd(PPh3)2Cl2 as a catalyst and CuI as a
cocatalyst resulted in 4-iodo-1-ferrocenyl-ethynylbenzene (1).19

The reaction of the intermediate 1 with decaborane in the
presence of acetonitrile and toluene produced the o-carborane
compound (2) in moderate yield (38%).
The introduction of bulky substituents onto the phthalocya-

nine ring is a common method to reduce aggregation and
increase the solubility.20 In this manner, 4,5-bis(3-

Scheme 1. Synthetic Route to 1 and 2

Scheme 2. Synthetic Route to 5, 6, and 7
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diethyaminophenoxy)phthalonitrile (3) as a precursor for the
phthalocyanine synthesis was synthesized according to a well-
known method from 4,5-dichlorophthalonitrile and 3-dieth-
ylaminophenol.21 The other phthalonitrile derivative 4-(3-
hydroxy-3-methyl-1-butynyl)phthalonitrile (4) was prepared as
described in the literature.22

6 was prepared in two steps. The mixed condensation of 4-
(3-hydroxy-3-methyl-1-butynyl)phthalonitrile with 4,5-bis(3-
dietylaminophenoxy) phthalonitrile in the presence of zinc
chloride afforded the unsymmetrical 5 in 20.2% yield (Scheme
2). Then, the −C(CH3)2OH protecting group of the ethynyl
function in 5 was removed as acetone by a treatment with
sodium hydroxide in toluene to produce the terminal alkyne 6
in 72% yields.23

7 was prepared in 62% yield from the Pd-catalyzed
Sonogashira coupling between unsymmetrically ethynyl-sub-
stituted 6 and 2.
Because multiple bulky lipophilic groups were attached at the

periphery, 7 was notably soluble in common organic solvents.
Satisfactory elemental analysis results were obtained for the
newly prepared phthalocyaninato zinc derivatives after repeated
column chromatography. These newly prepared phthalocyanine
derivatives were also characterized using other spectroscopic
methods including one-dimensional (1D) and two-dimensional
(2D) NMR, Fourier transform infrared (FT-IR), mass
spectrometry (MS), and electronic absorption spectroscopy.
The detailed characterization of compounds can be found in
the Supporting Information.
In addition, compound 2 was characterized by a single-crystal

X-ray diffraction analysis (Table S1). The molecular structure
of compound 2 is shown in Figure 1 with the indicated atom-

numbering schemes. Single crystals of 2 were obtained by
slowly evaporating a saturated chloroform/methanol solution at
room temperature. 2 crystallizes in the orthorhombic Pbca
space group. The observed mean bond lengths of compound 2
Fe−C of the ferrocene moiety and B−C and B−B of the o-
carborane cage (Fe−C 2.043 Å, B−C 1.72 Å, B−B 1.773 Å) are
consistent with the reported values.24 The C−C bond length of
1,2 disubstituted o-carboranes shows large variations depending
on electronic and steric effects of substituents; in 2 the
observed C−C bond length of o-carborane cage is 1.74 Å.25

The dihedral angle between the cyclopentadienyl ring and the

C−C bond of o-carborane at the C(9) position of the
cyclopentadienyl ring plane is approximately in an orthogonal
position with 91.16° for C(7)−C(8)−C(9)−C(10). The
torsional angle of C(3)−C(4)−C(7)−C(8), which depicts
the phenyl group conformation with respect to the C−C bond
of o-Carborane, is 82.97°.
In the FT-IR spectra of 6, the disappearance of O−H bands

at 3296 cm−1 and formation of the −CC-H group absorption at
3279 cm−1 clearly indicate the deprotection of the protecting
group as acetone. The disappearance of the −CC-H band and
formation of the B−H stretching vibrations at 2575 cm−1

indicate the conversion of Pc 6 to 7.
As shown in Figure 2, the complexes 5, 6, and 7 have similar

1H NMR spectra. The disappearance of the peak at 1.8 ppm
indicates the conversion of 5 to 6. After the conversion of 6 to
7, in the 1H NMR spectrum of 7, it is possible to assign the
signals corresponding to the ferrocene subunit, that is, two
triplets centered at δ = 4.04 and 4.23 ppm for the substituted
cyclopentadienyl ring and a broad singlet at δ = 4.22 ppm for
the unsubstituted one.26 The proton chemical shifts of the
phenyl spacer bonded to the carborane unit are assigned at
7.41−7.45 ppm as a multiplet. In the 1H NMR spectrum of 7,
the B−H proton chemical shifts of carborane unit are not
clearly observed because of the coupling to quadrupole 11B
nuclei. When a proton spectrum is acquired with 11B
decoupling, multiple broad signals of the B−H proton
chemicals shifts are observed at 3.1−2 ppm27 (Figure 2). The
13C NMR spectra of compound 5, 6, and 7 are consistent with
the structures. In the 13C NMR spectrum of 7, we can assign
the signals to the ferrocene subunit, that is, the signals at 71.22,
68.79, and 82.88 ppm for the substituted cyclopentadienyl ring
and that at 70.40 ppm for the unsubstituted one. The 13C
chemical shifts of o-carborane unit are observed at 84.98 and
85.50 ppm.
The 11B NMR chemical shift of compound 2 was observed at

−2.34, −3.39, −8.94, −9.26, −10.46, and −11.37 ppm, and the
11B chemical shift of 7 had two broad signals at −2.05 and
−9.89 ppm.
The electronic absorption spectra of 5, 6, and 7 were

recorded in CH2Cl2. Their spectra show a typical phthalocya-
nine Soret band at ∼355 nm with medium intensity and a
notably strong Q-band at ∼685 nm with a weak vibronic
shoulder at 620 nm.28

The phthalocyanines exhibit molecular-ion peaks at m/z =
1636.446 [M]+ for 5, 1578.659 [M]+ for 6, and 1982.192 [M]+
for 7 in their mass spectra without significant fragmentation.

■ ELECTROCHEMICAL PROPERTIES

The redox properties of 2, 6, and 7 were characterized using
cyclic voltammetry (CV). The measurements were performed
in anhydrous dichloromethane (DCM) using tetra-n-butylam-
monium perchlorate (TBAP) as the supporting electrolyte. The
electrochemical data are listed in Table 1, and the
representative cyclic voltammograms of 2, 6, and 7 are shown
in Figure 3.
Ferrocenylcarborane (2) gives two reversible electrochemical

reactions at E1/2 = −1.28 V and E1/2 = 0.88 V, which are
attributed to carborane and ferrocene, respectively.24 Phthalo-
cyanine 6 shows two phthalocyanine ring-based reversible one-
electron reduction couplings at E1/2 = −0.78 V and −1.10 V
and two ring-based oxidations at 0.85 and 0.96 V. Although the
zinc metal ion cannot oxidize or reduce in this electrochemical

Figure 1. X-ray structure of 2, which shows the atom labeling and
displacement ellipsoids at the 30% probability level. (Hydrogen atoms
are omitted for clarity).
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range, all processes are attributed to the removal/addition of
one electron from/to the ligand-based orbitals of phthalocya-
nine.29 7 has cathodic-shifted two-ring reduction processes, and
the second reduction potential could not be exactly determined
because of the overlapping of the one-electron phthalocyanine
reduction and carborane unit. Reduction potentials of 7 shifts
to negative regions compared to 6 because of the electron-
withdrawing character of carborane. In anodic scans, two
oxidation processes were observed. Because of overlapping of
the one-electron phthalocyanine oxidation and ferrocene unit
the first oxidation potential could not be exactly determined. In
addition, in the anodic potential scans, oxidative electro-
polymerization of 6 and 7 was recorded (see Figure S30).21b,30

Overall, addition of ferrocenylcarborane moiety to 6 enhanced
reversible electrochemical processes.

■ OFET STUDIES

The dielectric performance of the passivation layer, which is
poly(vinyl alcohol) (PVA) in our case, must be investigated to
extract the main performance parameters from the measured
transfer and output characteristics of an OFET device.
Therefore, we first examine the insulating properties of the
PVA film, which will be used as the gate dielectric. One of the
most important performance indicators for an insulator layer is
the capacitance density. A high capacitance density is desirable

Figure 2. 1H NMR spectrum of 5, 6, 7, and 7′ (11B decoupled 1H). Residual water denoted as *.

Table 1. Electrochemical Propertiesa of the Compounds 2,
6, and 7

compound E2red E1
red E1

oxid E2oxid

2 −1.28 0.88
6 −1.10 −0.78 0.85 0.96
7 −1.26 −0.84 0.84 0.98

aFerrocene gives a redox couple at 0.60 V versus SCE.

Figure 3. Cyclic voltammograms of 2, 6, and 7 in CH2Cl2 with 0.1 M
TBAP at a scan rate of 25 mV s−1.
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in OFET applications. The frequency-dependent capacitance
measurement is a widely used technique to characterize the
capacitive behavior of an insulator. Therefore, the dielectric
behavior of the PVA film was evaluated by producing a parallel-
plate capacitor with the structure of indium tin oxide (ITO)/
PVA/Au. For this purpose, the capacitance measurements were
performed using an impedance analyzer (HP 4192A) in a
frequency range of 5 Hz−2 MHz under ambient conditions
(relative humidity (RH) ≈ 45%; 27 °C), and the results are
shown in Figure 4. Figure 4 shows a strong frequency

dispersion at low frequencies and a nearly frequency-
independent behavior in the high-frequency region. A
capacitance density of 8.75 nF/cm2 was obtained at a frequency
of 5 Hz with slightly smaller values at higher frequencies
(Figure 4).
In a p-channel OFET, when a positive voltage is applied to

the gate electrode with respect to the source electrode, a
depletion region forms, which corresponds to the high-channel-
resistance state. The charge carriers in the channel region
accumulate when the gate voltage is reversed, which
corresponds to a low-channel-resistance state. To compare
the performance of compounds 2, 6, and 7 as the active layer in
OFETs, the output and transfer characteristics of the devices
were analyzed. The variation of the drain-source current (Ids)
with the drain-source voltage (Vds) (output characteristic) for
various gate-source voltages (Vgs) between 0 and −40 V is
shown in Figure 5a−c for all investigated devices. The analysis
of the output characteristics of the devices shows that the drain-
source current for the 7-based device is 47 and 235 times higher
than those of the 2 and 6 based devices, respectively. Note that
the current Ids increases with the increase in negative VGS
voltage for all devices (Figure 5a−c). The dependence of
current Ids on negative Vgs voltage indicates the p-type behavior
of the active layers (when a negative bias voltage is applied to
the gate electrodes, holes accumulate in the channel region).
At low Vds voltages, Ids linearly increases with the applied Vds

voltage, which indicates that the lower voltage region can be
considered ohmic. In this region, the relation between Ids and
Vds is as follows.

31

μ= − −I
W
L

C V V V V( )
1
2ds i p ds th ds ds

2
(1)

where W and L are the channel width and length, respectively;
μp is the field effect mobility for p-type charge carriers; Ci is the
insulator capacitance per unit area; Vth is the threshold voltage.
For low values of the applied Vds voltage, the Vds

2 term on the
right-hand side of eq 1 is negligible. Then, the dependence of
current Ids on voltage Vds can be expressed as

μ= −I
W
L

C V V V( )ds i p ds th ds (2)

Figure 5 shows that the increase in current Ids with voltage
Vds does not continue as a straight line with further increase in
Vds; a saturation tendency of Ids is clear when Vds was increased.
In this Vds voltage region, the dependence of Ids on Vgs is more
significant than that of Vds. A reasonable explanation for the

Figure 4. Frequency dependence of the capacitance density in the
ITO/PVA/Au structure.

Figure 5. Output characteristics of the 2-, 6-, and 7-based OFETs with
PVA as the gate dielectric.
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strong Vgs dependency of current Ids at higher values of Vds is as
follows: when voltage Vds increases, the voltage difference
between the source terminal of the OFET and the points along
the channel region decreases. In this case, the width of the
channel region is no longer uniform, and its resistance
correspondingly increases, which is known as the pinch-off of
the channel. The observed saturation tendency of Ids can be
attributed to the pinch-off of the channel.
For the saturation region, the relation between IDS and VGS

is32

μ= −I
W

L
C V V

2
( )DS i gs th

2
p (3)

The analysis of the experimentally obtained output character-
istics shows that the 7-based device exhibits better performance
than the 2- and 6-based devices. An Ids current of 9.6 × 10−5 A
at a gate-source voltage of −40 V was observed for the 7-based
OFET device, whereas the maximum value of Ids for the 2- and
6-based devices was 2.0 × 10−6 A and 4.1 × 10−7 A,
respectively. The improvement in Ids for the 7-based OFET
device is attributed to the presence of the carborane conjugate,
which was linked to a ferrocenylcarborane subunit via an
arylene−alkynylene spacer.
The field-effect mobility and threshold voltage are considered

important parameters that characterize an OFET. These
parameters can be obtained using various methods. In this
work, the mobility values of all devices were extracted from a
plot of the square root of Ids versus Vgs by fitting data to eq 3.
The recorded transfer characteristic of the investigated devices
is shown in Figure 6 on a log scale as a function of Vgs for a

constant Vds of −20 V. From the slopes of the transfer
characteristic of the devices, using eq 3, the field-effect mobility
was determined.
The 7-based device has a field effect mobility of 4.7 × 10−1

cm2/V s, which was 6 and 17 times larger than those of the 2-
and 6-based devices. The obtained mobility values for the 2-
and 6-based OFET are 6.9 × 10−2 and 2.7 × 10−2 cm2/V s,
respectively. The observed field effect mobility, particularly in
compound 7, was higher than those of similar devices in the
literature.7a,33 For efficient charge-carrier injection, a good
matching of the energy level between the organic semi-
conductor and the electrode and a large π-orbit overlap are

necessary. It is also well-established that the molecular
orientation of the Pc molecules in the solid state is of great
interest, because it is believed to strongly affect the carrier
mobility in electronic devices. As mentioned above, on the one
hand, it is well-documented in literature that the charge-carrier
mobility in OFETs critically on the nanomorphology of the
active layer, molecular ordering degree, and π−π stacking
extent. On the other hand, numerous studies in recent years
have shown that the incorporation of carborane unit into
organic π-systems stabilizes the lowest unoccupied molecular
orbital level by direct contribution to orbital delocalization, as
well as by inductive electron-withdrawing effect. A detailed
literature survey indicates that the introduction of novel
electron accepting auxiliary, such as o-carborane, into the π-
system of organic molecules improves their electron transfer
ability and can be utilized as electron transfer mediator in
electrocatalytic reductions. Therefore, it can be concluded that
the incorporation of o-carborane as an electron-accepting and/
or transporting auxiliary into Pcs affects the electron trans-
porting properties of Pcs, thereby modulating the charge carrier
mobility in phthalocyanine-based OFET devices.18a,34 An
overall evaluation of the experimental data reveals that the
ferrocenylcarborane subunit has a strong effect on the charge
carrier mobility in OFET applications.

■ EXPERIMENTAL SECTION
Materials, Instruments, and Methods. All NMR spectra were

recorded on Agilent VNMRS 500 MHz at 25 °C, and chemical shifts
were referenced internally using the residual solvent resonances.
Matrix-assisted laser desorption time-of-flight mass spectrometry
(MALDI-TOF-MS) was performed on Bruker Daltonics Ultraflex
MALDI TOF mass spectrometer. IR spectra were recorded on a
PerkinElmer Spectrum One FT-IR (ATR sampling accessory)
spectrophotometer; electronic spectra were recorded on a Scinco S-
3100 spectrophotometer. The elemental analysis was performed on a
Costech ECS 4010 CHNS elemental analyzer. All reagents and
solvents were of reagent-grade quality obtained from commercial
suppliers. Electrochemical measurements were performed using a
Gamry 600 potentiostat/galvanostat. Electrochemical behaviors were
performed by CV with a glassy carbon working, a platinum wire
counter, and a saturated calomel (SCE) reference electrode. Typically,
a 0.1 M solution of TBAP in CH2Cl2 containing the sample was
purged with nitrogen for 20 min, and then the voltammograms were
recorded at room temperature at 25 mV scan rate. 1,19 3,21b and 421a,22

were synthesized according to literature procedures.
Single crystal of 2 was obtained by slow evaporation of saturated

chloroform/methanol solution of 2 at room temperature. Single crystal
of 2 was mounted on a MicroMount (MiTeGen). Crystallographic
data of the compounds were recorded on a Bruker D8 VENTURE
single-crystal X-ray diffractometer equipped with PHOTON 100
CMOS detector at 292 K, using graphite monochromatized Mo Kα
radiation (λ = 0.710 73 Å). All of the data were corrected for
absorption effects using the multiscan technique. The structures were
solved by direct methods and refined on F2 by full matrix least-squares
using SHELXL 2014.35 All the hydrogen atoms were added to their
geometrically ideal positions. All non-hydrogen atoms were refined
with anisotropic displacement parameters. The crystal and instru-
mental parameters used in the unit-cell determination and data
collection are summarized in Table S1. Crystallographic figures were
drawn using Mercury software.36

Fabrication of OFET Devices and Their Characterization.
Bottom-gate top-contact OFET devices were fabricated on ITO-
coated glass substrates. Commercially available PVA (Mw = 80 000 to
120 000) was used as gate insulator for all OFET devices investigated.
After the cleaning of the ITO substrate by ultrasonic treatment in
isopropyl alcohol, acetone, and deionized water, respectively, the gate
dielectric was deposited from a solution of 40 mg/mL PVA in

Figure 6. Transfer characteristics of the 2-, 6-, and 7-based OFET
device.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b03097
Inorg. Chem. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b03097/suppl_file/ic7b03097_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b03097


deionized water by spin-coating procesess at 1200 rpm during 90 s.
After the depositon of gate dielectric, the samples were dried at 140 °C
for 120 min, following a procedure described by Sun et al.37 Then, on
the top of the gate dielectrics, a solution of Pc compound 2, 6, and 7 in
DCM with a concentration of 3 × 10−3 M as active layer was spun.
The thickness of the active layer was fixed at 180 nm. The thickness of
the Pc films was measured by elipsometric technique. The error in the
measurement of the thickness of the Pc films is estimated at ∼1%.
After the deposition of active layer, to remove the remaining solvent in
the film, films of the Pc compound were dried in a vacuum oven at 130
°C for 30 min. The substrate was immediately placed in a vacuum
system for the deposition of source-drain contacts after the deposition
of the active layer. Gold source-drain electrodes (400 nm) were then
deposited onto the active layer through a shadow mask with a channel
length (L) of 80 μm and a width (W) of 4 mm. The transfer and
output characteristics of the fabricated devices were measured in
atmospheric conditions using a Keithley 617 programmable electro-
meter and a Keithley 2400 source-meter.
Synthesis. 1-p-Iodophenyl-2-ferrocenyl-o-carborane (2). Deca-

borane (500 mg, 4.10 mmol) was dissolved in 20 mL of acetonitrile
and toluene mixture (1:1) under nitrogen atmosphere. The mixture
was stirred under reflux for 2 h. After this cooled to room temperature,
1 (2.05 mmol) was added, and the mixture was additionally refluxed
for 2 d. After this cooled to room temperature, insoluble products
were removed by filtration, and the solvent was evaporated. The
residue was purified by column chromatography on a silica gel using
hexane as eluent.
Yield: 420 mg (38%); 1H NMR (500 MHz, CDCl3, 25 °C), δ

7.47−7.45 (d, 2H), 7.09−7.07 (d, 2H), 4.21 (s, 5H), 4.18 (t, 2H), 4.02
(t, 2H), 3.51−1.82 (b, 10H) ppm. 13C NMR (126 MHz, CDCl3, 25
°C), δ 137.17, 132.33, 130.78, 96.89, 85.19, 84.36, 82.78, 71.15, 70.50,
68.79 ppm. 11B NMR (CDCl3, 25 °C), δ −2.34, −3.39, −8.94, −9.26,
−10.46, −11.37 ppm.
2,3,9,10,16,17-Hexakis(3-dietylaminophenoxy)-23(3-hydroxy-3-

methyl-1-butynyl)- phthalocyaninato zinc(II) (5). A dimethylami-
noethanol (2 mL) solution of 3 (454 mg, 1 mmol), 4 (70 mg, 0.33
mmol), and ZnCl2 (91 mg, 0.67 mmol) was stirred at reflux under
nitrogen atmosphere for 12 h. The reaction was allowed to cool to
room temperature, and the crude was precipitated in methanol/water
mixture. The resulting green precipitate was collected by filtration and
washed with water, then methanol. The product was dissolved with
CHCl3, then dried over Na2SO4. After it dried, the resulting crude
product was purified by two consecutive column chromatographies on
silica gel using first CH2Cl2/MeOH (50:1) and then CH2Cl2/MeOH
(100:1) as eluents, affording 5 as a green solid in the second fraction.
Yield: 110 mg (%20); 1H NMR (500 MHz, CDCl3 + one drop of

d5-pyridine, 25 °C), δ 9.39 (s, 1H), 9.29 (d, 1H), 9.12 (s, 1H), 9.07−
9.04 (m, 5H), 8.10 (d, 1H), 7.26−7.19 (m, 6H), 6.68−6.50 (m, 18H),
3.35 (m, 24H), 1.79 (s, 6H), 1.21−1.17 (m, 36H) ppm. 13C NMR
(126 MHz, CDCl3 + one drop d5-pyridine, 25 °C), δ 159.08, 159.07,
159.03, 158.94, 158.8, 153.94, 153.85, 153.81, 153.35, 153.27, 152.78,
158.75, 134.40, 134.26, 132.07, 130.19, 130.15, 130.06, 126.11, 123.55,
122.52, 114.39, 114.27, 113.97, 113.59, 109.99, 107.37, 107.28, 107.25,
107.23, 105.51, 105.14, 105.11, 105.03, 104.98, 102.90, 102.65, 102.54,
102.50, 102.44, 96.05, 82.82, 65.33, 44.47, 31.73, 12.66 ppm. FT-IR
υmax (cm

−1): 3296.70, 3069.81, 2966.62, 2925.74, 2870.32, 1603.88,
1567.70, 1487.77, 1446.40, 1394.42, 1356.10, 1262.98, 1195.85,
1172.36, 1133.98, 1089.72, 1030.93, 989.03, 962.29, 885.23, 831.03,
787.86, 745.36, 686.31. UV/vis (CH2Cl2): λmax/nm = 686, 619, 354,
257. MS (MALDI-TOF), dithranol: m/z calcd: 1636.72; found:
1636.446 [M]+.
2,3,9,10,16,17-Hexakis(3-dietylaminophenoxy)-23etynylphthalo-

cyaninato zinc(II) (6). A dry toluene (2 mL) solution of
phthalocyanine 5 (108 mg, 0.07 mmol) and dry NaOH (3 mg,
0.075 mmol) was stirred in a 10 mL flask under reflux in nitrogen
atmosphere for 8 h. The solvent was removed at the rotary evaporator,
and the solid residue was extracted with CH2Cl2 and washed with
water. The organic phase was dried over Na2SO4. After evaporation of
the solvent the resulting crude product was purified by chromatog-
raphy on silica with CH2Cl2/methanol (50:1).

1H NMR (500 MHz, CDCl3 + 1 drop d5-pyridine, 25 °C), δ 9.49 (s,
1H), 9.30−9.28 (d, 1H), 9.09 (s, H), 9.07 (s, H), 9.05−9.04 (m, 4H),
8.18−8.16 (d, 1H), 7.23−7.19 (m, 8H), 6.68−6.50 (m, 18H), 3.38−
3.34 (m, 24H), 1.18−1.16 (m, 36H) ppm. 13C NMR (126 MHz,
CDCl3 + 1 drop d5-pyridine, 25 °C), δ 159.09, 158.93, 158.79, 154.06,
153.97, 153.90, 153.32, 153.14, 152.38, 150.97, 150.93, 150.56, 150.16,
150.13, 149.59, 149.55, 138.07, 137.81, 134.71, 134.67, 134.56, 134.21,
132.41, 130.20, 130.16, 130.07, 126.70, 122.59, 122.44, 114.45, 114.40,
114.29, 113.60, 113.55, 107.46, 107.38, 107.28, 107.22, 105.52, 105.49,
105.11, 104.97, 102.94, 102.90, 102.53, 102.42, 84.61, 78.59, 65.83,
44.49, 12.66 ppm. FT-IR υmax (cm−1): 3279.12, 3063.73, 2969.24,
2923.07, 2865.93, 1607.23, 1569.62, 1497.70, 1449.67, 1401.94,
1356.74, 1275.71, 1199.94, 1135.91, 1091.40, 1032.26, 989.25,
962.29, 885.35, 831.85, 747.32, 686,75. UV/vis (CH2Cl2): λmax/nm
= 685, 620, 355, 258. MS (MALDI-TOF), dithranol: m/z calcd:
1578.68; found: 1578.659 [M]+.

2,3,9,10,16,17-Hexakis(3-dietylaminophenoxy)-23-etynylphenyl-
(2-ferrocenyl-o-carborane)phthalocyaninato zinc(II) (7). A dry
toluene/TEA (2:1) mixture (15 mL) was subjected to deoxygenation
with nitrogen and poured over a mixture of 6 (50 mg, 0.032 mmol), 2
(20.1 mg, 0.038 mmol), Pd(PPh3)4 (1.9 mg, 0.0016 mmol), and CuI
(0.6 mg, 0.003 mmol). The mixture was stirred under nitrogen for 16
h at 80 °C. The product was purified by two consecutive column
chromatographies on silica gel using first CH2Cl2/MeOH (30:1) and
then CH2Cl2/MeOH (100:1) as eluents, affording 7 as a green solid.

Yield: 39 mg (62%); 1H NMR (500 MHz, CDCl3 + one drop of d5-
pyridine, 25 °C), δ 9.50 (s, 1H), 9.33 (d, 1H), 9.12 (s, 1H), 9.08
(s,1H), 9.05−9.03 (m, 4H), 8.15 (d, 1H), 7.45−7.41 (m, 4H), 7.24−
7.10 (m, 6H), 6.69−6.50 (m, 18H), 4.23 (t, 2H), 4.22 (s, 5H), 4.04 (t,
2H), 3.36 (m, 24H), 3.1−2(b, 10H), 1.21 (m, 36H) ppm. 13C NMR
(126 MHz, CDCl3 + one drop d5-pyridine, 25 °C), δ 160.81, 159.06,
159.00, 158.98, 158.85, 158.79, 154.36, 153.81, 153.63, 153.54, 153.43,
153.26, 153.15, 153.10, 153.07, 150.70, 150.53, 150.40, 150.35, 150.20,
150.17, 149.61, 149.58, 149.55, 149.53, 140.45, 134.61, 134.50, 134.44,
134.43, 134.35, 134.32, 132.97, 130.14, 130.05, 124.01, 121.52, 119.61,
116.90, 114.31, 114.18, 114.13, 113.80, 113.73, 110.33, 107.48, 107.30,
107.21, 105.44, 105.42, 105.10, 105.08, 105.03, 102.80, 102.73, 102.50,
102.47, 102.46, 93.07, 89.72, 85.49, 84.97, 82.87, 71.22, 70.40, 68.79,
44.45, 12.67 ppm. 11B NMR (CDCl3, 25 °C), δ −2.05, −9.89 ppm.
FT-IR υmax (cm−1): 3076.92, 2969.93, 2936.26, 2870.32, 2575.82,
1609.90, 1569.96, 1498.65, 1403.14, 1275.92, 1200.98, 1135.26,
1091.32, 1033.13, 886.85, 749.34. UV/vis (CH2Cl2): λmax/nm =
688, 621, 356, 260. Elemental analysis (%) calcd for
C112H116B10FeN14O6Zn: C 67.82, H 5.89, N 9.89; found: C 67.54,
H 6.01, N 9.98.

■ CONCLUSION

Multifunctional materials offer great opportunities for the
development of organic semiconducting devices. Existing
aromatic systems, which have high π-electron delocalization,
provide applications in the OFET technology. Here, we have
reported the synthesis of an unsymmetrical phthalocyanine
derivative functionalized with the ferrocenylcarborane moiety.
The semiconducting performance of the compounds as an
active layer in OFETs was investigated, which produces
bottom-gate top-contact OFET devices using the transfer and
output characteristics of the devices. This work has
demonstrated the possibility of using an unsymmetrical
phthalocyanine derivative functionalized with the ferrocenyl-
carborane moiety as an active layer in an OFET device with
high hole mobility and high capacitance density. The overall
evaluation of the results suggests that a thin film of 7 is a
promising material for the fabrication of OFETs with high
charge-carrier mobility and low operating voltage.
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(2) (a) Murphy, A. R.; Frećhet, J. M. J. Organic Semiconducting
Oligomers for Use in Thin Film Transistors. Chem. Rev. 2007, 107 (4),
1066−1096. (b) Mishra, A.; Ma, C.-Q.; Baüerle, P. Functional
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