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Two new tris(phthalocyaninato) europium complexes Eu2(Pc)[Pc(OPh)8]2 (1) and
Eu2[Pc(OPh)8]3 (2) [Pc = unsubstituted phthalocyaninate; Pc(OPh)8 = 2,3,9,10,16,17,23,24-
octaphenoxyphthalocyaninate], were designed and synthesized. Introduction of different
number of electron-withdrawing phenoxy substituents at the phthalocyanine periphery
within the triple-decker complexes not only ensures their good solubility in conventional
organic solvents, but more importantly successfully tunes their HOMO and LUMO levels
into the range of air-stable ambipolar organic semiconductor required on the basis of elec-
trochemical studies over both 1 and 2, meanwhile fine controlling of aggregation mode (H
vs. J) in solution-based film for improving OTFT performance is also achieved. Measure-
ments over the OTFT devices fabricated from these sandwich compounds by a solution-
based quasi–Langmuir–Shäfer (QLS) method reveal their ambipolar semiconductor nature
associated with suitable HOMO and LUMO energy levels. Due to the H-aggregation mode
employed by the heteroleptic triple-decker molecules in the QLS film, excellent perfor-
mances with the electron and hole mobility in air as high as 0.68 and 0.014 cm2 V�1 s�1,
respectively, have been revealed for the OTFT devices of heteroleptic triple-decker 1. This
represents the best performance so far for solution-processable ambipolar single-compo-
nent phthalocyanine-based OTFTs obtained under ambient conditions. In good contrast,
homoleptic analogue 2 prefers to J-type aggregation and this results in relatively lower
electron and hole mobility, around 0.041 and 0.0026 cm2 V�1 s�1 in air, respectively, for
the devices fabricated. In particular, the performance of the devices fabricated based on
1 was found to remain almost unchanged in terms of both the carrier mobilities and on/
off ratio even after being stored under ambient for 4 months.

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

The development of solution-processable thin-film
transistors based on organic semiconductors (OTFTs)
exhibiting 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 mate-
rials especially those possessing p-conjugated electronic
structure including conjugated polymers, oligomeric thio-
phenes, linear fused acenes, perylenes, and phthalocya-
nines have yielded a number of unipolar transistors with
either hole or electron as the sole charge carrier [5–14].
However, ambipolar OTFTs which allow dual operation of
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both p and n types are highly desired for practical applica-
tion in integrated circuits like high gain complementary
metal-oxide-semiconductor inverters and light emitting
devices [15–19]. Since the first demonstration of ambipo-
lar charge transport in a bilayer OTFT of small-molecule
semiconductors [20], various approaches including blend-
ing two organic components [21], modifying gate insulator
or electrodes [22,23], and single-component organic
molecular semiconductors [24–27] have been developed
for the purpose of realizing the ambipolar OTFTs. Among
which the realization of implementing organic comple-
mentary circuitry using a single molecular semiconductor
rather than two different materials is very important due
to the significantly simplified device fabrication. As a
result, design and synthesis of soluble ambipolar organic
semiconductors with acceptable performance and robust
air stability has become the pivotal prerequisite advancing
from emerging prototypes to the wide range of applica-
tions of organic semiconductor. Extensive investigation
revealed the crucial characteristics of ambipolar single-
component organic semiconductors in high-performance,
air-stable, solution-processable OTFTs including suitable
frontier molecular orbital (FMO) energies and long-range
molecular ordering in solution-processed film [24–30].
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 [24–27]. However, searching for good
ambipolar organic semiconductors with suitable HOMO
and LUMO energies and meanwhile delicate balance
between solubility in conventional organic solvents and
efficient molecular packing behavior in solid state still
remains a great challenge in this field.

Among various organic semiconductors, phthalocya-
nines have emerged as the important one due to their unique
electronic characteristics, high chemical, thermal, and elec-
trochemical stability as well as the easy tuning their optical
and electronic properties by introducing appropriate
peripheral substituents and central metal ions [31–33]. As
early as 1990, the sandwich-type bis(phthalocyaninato) rare
earth double-decker complexes (MPc2, M = Tm, Lu) were re-
vealed to be promising ambipolar organic architecture for
OTFTs by Guillaud and co-workers [34]. This was verified
by the late demonstration of high-mobility ambipolar or-
ganic semiconducting properties of sandwich-type
tris(phthalocyaninato) rare earth triple-decker complexes
bringing peripheral electron-withdrawing substituents
[35]. To better understand and further improve the perfor-
mance of sandwich-type phthalocyaninato rare earth semi-
conductors, establishment of the
in-depth structure-property correlations appears to be nec-
essary. As part of our continuous effort towards the
fabrication of high-performance, solution processable, air-stable
single-phthalocyanine component based ambipolar OTFTs,
in the present paper we describe the design and preparation
of two new tris(phthalocyaninato) europium complexes
Eu2(Pc)[Pc(OPh)8]2 (1) and Eu2[Pc(OPh)8]3 (2) [Pc = unsub-
stituted phthalocyaninate; Pc(OPh)8 = 2,3,9, 10,16,17,23,
24-octaphenoxyphthalocyaninate], Scheme 1. Introduction of
different number of electron-withdrawing phenoxy substit-
uents at the phthalocyanine periphery within the triple-
decker complexes not only ensures their good solubility in
conventional organic solvents [36,37], but more impor-
tantly successfully tunes their LUMO and HOMO levels into
the range of air-stable ambipolar organic semiconductors
required on the basis of electrochemical studies over both
1 and 2 [26], meanwhile fine controlling of aggregation
mode (H vs. J) in solution-processed film for improving OTFT
performance is also achieved. The TFT devices have been
prepared from heteroleptic triple-decker 1 and homoleptic
analogue 2, respectively, by means of solution-based qua-
si–Langmuir–Shäfer (QLS) method [38] and the mobilities
of electrons and holes have been determined in the present
work.

2. Experimental section

2.1. General

Eu2(Pc)[Pc(OPh)8]2 and Eu2[Pc(OPh)8]3 were prepared
from the reaction between Eu(acac)3�H2O, Li2Pc, and
Li2Pc(OPh)8, please see Electronic Supplementary Informa-
tion for the detail. All other chemical reagents were pur-
chased and used as received. Electrochemical
measurement was carried out with a BAS CV-50W voltam-
metric analyzer. The cell comprised inlets for a glassy carbon
disk working electrode of 3.0 mm in diameter and a silver-
wire counter electrode. The reference electrode was Ag/
Ag+ (0.01 mol dm�3), which was connected 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 [E1/2 (Fc+/Fc) = 0.50 V vs. SCE]. Typically, a
0.1 mol dm�3 solution of [Bu4N][ClO4] in CH2Cl2 containing
0.5 mmol dm�3 of sample was purged with nitrogen for
5 min, then the voltammogram was recorded at ambient
temperature. The scan rate was 20 m V s�1. Electronic
absorption spectra were recorded with a Hitachi U-4100
spectrophotometer. For the polarized absorption spectra
recording, a dichroic sheet polarizer was placed in front of
the QLS films with s- and p-polarized light, respectively.
The crystal data were collected on a Oxford Diffraction Gem-
ini E diffractometer with Cu Ka radiation (k = 1.5418 Å) at
150 K. CCDC for 2 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif. X-ray diffraction
experiment was carried out on a Bruker AXS D8 ADVANCE X-
ray diffractometer. AFM images were collected in air under
ambient conditions using the tapping mode with a Nanosco-
peIII/Bioscope scanning probe microscope from Digital
instruments.
2.2. Device fabrication

OTFT devices were fabricated on heavily doped silicon
wafers with a thermally grown 300 nm thick SiO2 layer



Scheme 1. Schematic structures of tris(phthalocyaninato) europium triple-decker complexes 1–2.

Fig. 1. Molecular structures of 2 in top view (A) and side view, (B)
together with the 2D packing plot and (C) with all hydrogen atoms,
benzene rings of phenoxy groups, and solvent molecules omitted for
clarity.
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by evaporating gold electrodes onto the QLS film employ-
ing a shadow mask. These electrodes have a channel width
(W) of 28.6 mm and a channel length (L) of 0.24 mm. The
ratio of the width to length (W/L) of the channel was then
119. QLS films were prepared following the method pub-
lished previously [38]. Before depositing the QLS film, sur-
face treatment for SiO2/Si substrate was performed
according to a literature method by using HMDS [39].
The electric characteristics of the devices were measured
in air. The current–voltage characteristic was obtained
with a Hewlett-Packard (HP) 4140B parameter analyzer
at room temperature.

3. Results and discussion

3.1. Synthesis and characterization

Heteroleptic tris(phthalocyaninato) europium triple-
decker complex Eu2(Pc)[Pc(OPh)8]2 (1) and its homoleptic
analogue Eu2[Pc(OPh)8]3 (2) were prepared following the
published procedures [40–43] and characterized by a ser-
ies of spectroscopic methods including MALDI-TOF mass
and 1H NMR, Fig. S1 and S2 and Table S1 (Supplementary
material). Satisfactory elemental analysis results were also
obtained for both 1 and 2, Table S1 (Supplementary
material). Their sandwich-type triple-decker nature was
undoubtedly elucidated by single-crystal X-ray analysis
for the homoleptic species 2.

3.2. X-ray single-crystal structure

Single crystals of Eu2[Pc(OPh)8]3 (2) suitable for X-ray
diffraction analysis were obtained by diffusing methanol
onto the chloroform solution of this compound. Compound
2 crystallizes in the monoclinic system with the space
group P2/n (X-ray crystallographic data, see Table S2, (Sup-
plementary material). Each unit cell contains two kinds of
sandwich-type triple-decker molecules of 2 with very
slight structural difference. As shown in Fig. 1A and B, each
homoleptic triple-decker molecule is composed of two
crystallographically symmetrical europium ions sand-
wiched by two phthalocyanine ligands and a central com-
mon phthalocyanine ligand. The europium ion is
coordinated by eight isoindole nitrogen atoms. The twist
angles defined as the rotation angle of one coordination
square away from the eclipsed conformation of the two
squares for the {[Pc(OPh)8]Eu[Pc(OPh)8]} subunits are
35.21� and 36.88�, respectively, in these two kinds of tri-
ple-deckers. The separations between the two N4 (isoin-
dole) mean planes in the {[Pc(OPh)8]Eu[Pc(OPh)8]}
subunits are 3.05 and 3.07 Å, respectively. The
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intramolecular Eu(III) ions are separated with the distance
of 3.52 and 3.53 Å, respectively. As shown in Fig. 1C, the
neighboring triple-decker molecules are arranged in a
slipped face-to-face mode with the separation of 12.22 Å
between the nearest europium ions from different triple-
decker molecules along the a axis, indicating the absence
of p–p stacking feature between the two neighboring mol-
ecules in this direction likely due to the steric hindrance of
the bulky side groups.
Fig. 2. Cyclic voltammogram (CV) of compounds 1–2 (A–B) in CH2Cl2

containing 0.1 mol dm�3 [Bu4N][ClO4] at a scan rate of 20 m V s�1.
3.3. Electrochemical properties

Cyclic voltammetrical (CV) measurement revealed sim-
ilar redox behavior for these two triple-decker complexes
in CH2Cl2 with three reversible one-electron reduction
couples and three or four one-electron oxidations observed
in the range from �1.7 to + 1.8 V, Table 1 and Fig. 2.
According to the first oxidation half-wave potential, +0.59
and +0.68 V for 1 and 2, respectively, the HOMO energy le-
vel is therefore estimated to be �5.03 and �5.12 eV for 1
and 2 [44]. This, obviously, matches well with the work
function of gold (�5.1 eV) and therefore ensures the facili-
tation of the hole injections from the Au electrodes to the
phthalocyanine-based semiconductors. Nevertheless, the
LUMO energies are approximately �4.02 and �4.03 eV for
1 and 2 deduced from their first reduction half-wave
potentials, �0.42 V for 1 and �0.41 V for 2, Table 1, which
just locate within the range required for air-stable n-type
OTFT materials [24,45]. These results reveal the air-stable
ambipolar organic semiconducting nature of these two tri-
ple-decker compounds and their potential in OTFT devices.
In addition, compound 2 is very slightly easier to reduce
than 1, by about 0.01 V for Ered1 and Ered2, and 0.03 V for
Ered3, but slightly more difficult to oxidize, by 0.09, 0.05
and 0.02 V for Eoxd1, Eoxd2 and Eoxd3, respectively, in accor-
dance with the presence of additional peripheral electron-
withdrawing phenoxy substituents on 2.
3.4. OTFTs characterization

OTFT devices were fabricated with a top-contact device
configuration on hexamethyldisilazane (HMDS)-modified
SiO2 (300 nm)/Si substrates using the QLS technique. Gold
(Au) was used as drain and source electrodes. All the TFT
measurements were performed under ambient atmo-
sphere. Experimental data were analyzed using standard
field-effect transistor equations: Ids = (W/2L)lC0(Vg�Vth)2,
where Ids is the source-drain current, Vg is the gate voltage,
C0 is the capacitance per unit area of the dielectric layer,
and Vth is the threshold voltage, and l is the mobility n
the saturation region [46]. The mobility (l) and threshold
Table 1
Half-wave redox potentials of Eu2(Pc)[Pc(OPh)8]2 (1) and Eu2[Pc(OPh)8]3 (2) (V v
HOMO and LUMO levels of compounds 1 and 2.

Complex Red3/V Red2/V Red1/V Oxd1/V Oxd2/V

1 �1.17 �0.79 �0.42 0.59 0.89
2 �1.14 �0.78 �0.41 0.68 0.94

a Calculated from empirical formula of HOMO = �(Oxd1 + 4.44 eV); LUMO = �
b DE�1=2 = Oxd1–Red1, i.e. the HOMO LUMO gap of corresponding molecule.
voltage (Vth) can then be calculated from the slope and
intercept of the linear part of the Vg vs. (Ids)1/2 plot (at
Vds = 40 or �40 V), respectively. As summarized in
Table S3 (Supplementary material) and shown in Fig. 3A,
the devices based on the QLS film of heteroleptic triple-
decker 1 measured in air present carrier mobility not only
for hole but also for electron with average value of 0.68 and
0.014 cm2 V�1 s�1 for 1, respectively, revealing the typical
ambipolar semiconductor nature of the this compound.
This is also true for the devices fabricated from homoleptic
analogue 2 but with significantly lower electron and hole
mobilities in the range of 0.041–0.0026 cm2 V�1 s�1,
Fig. 3B. It is worth noting that the devices fabricated from
1 seem to exhibit the best ambipolar performance in terms
of the charge mobilities for both electron and hole among
the solution-processed phthalocyanine-based semiconduc-
tors reported thus far [35]. This is hard to imagine for de-
vices with amorphous-like thin film nature that have
been fabricated from small molecular organic semiconduc-
s. SCE) in CH2Cl2 containing 0.1 mol dm�3 [Bu4N][ClO4] together with the

Oxd3/V Oxd4/V EHOMO/eVa ELUMO/eVa DE�1=2=Vb

1.30 – �5.03 �4.02 1.01
1.32 1.55 �5.12 �4.03 1.09

(Red1 + 4.44 eV) [19].



Fig. 3. Output characteristics (Ids vs. Vds) and transfer characteristics (|Ids|1/2 vs. Vg) of ambipolar OTFT device based on QLS films of 1 (A) and 2 (B) deposited
on HMDS-treated SiO2/Si (300 nm) substrate with Au top contacts measured in air. Current–voltage output plots with various Vg for p-channel (a) and for n-
channel (b) and the transfer characteristics of OTFTs at Vds = �40 V for p-channel (c) and Vds = +40 V for n-channel (d).
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tor based on solution deposition method [47,48], suggest-
ing the great potential of sandwich-type tri(phthalocyani-
nato) europium complexes for applications in low-cost
and large-area organic electronics. Nevertheless, the OTFTs
of 1 exhibit negligible variation in both electron and hole
mobilities after 4 months stored under ambient without
exclusion of light or humidity, Fig. S3 (Supplementary
material), indicating the good stability of the devices in air.

For the purpose of clarifying the far larger charge mobil-
ities of heteroleptic triple-decker 1 relative to its homolep-
tic analogue 2, analysis over the internal film structure of
both compounds have been conducted on the basis of
thin-film XRD, and AFM techniques (vide infra). Before that,
however, we measured the electronic absorption and
polarized UV–vis spectra to obtained an insight into the
molecular packing mode of the triple decker molecules.
Fig. 4. UV–vis absorption spectra of compounds 1–2 (A,B) in dilute
chloroform solution (solid line) and QLS films (dash line).
3.5. Electronic absorption and polarized UV–vis spectra

As shown in Fig. 4, compounds 1 and 2 in CHCl3 display
intense Q band at 651 and 664 nm, respectively, which
takes dramatic blue-shift in comparison with that of
monomeric phthalocyaninato metal complexes as exam-
plified by 2,3,9,10,16,17,23,24-octaphenoxyphthalocyani-
nato zinc complex at 680 nm in CHCl3 [39], indicating the
intense intramolecular p–p interaction among the three
face-to-face stacked phthalocyanine rings in the triple-
decker molecule for both compounds [31–33]. However,
after being fabricated into the QLS films, the main Q band
was broadened and blue-shifted to 640 nm for 1 but red-
shifted to 673 nm for 2, indicating the formation of
H-aggregation-type and J-aggregation-type molecular
packing structure in the QLS films of 1 and 2, respectively,
on the basis of exciton theory [49] and previously pub-
lished results [40–43,50–53]. This is also supported by
the orientation angle (dihedral angle) revealed for the



Fig. 5. X-ray diffraction patterns of the QLS films of compounds 1–2 (A,B)
on glass substrate.
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phthalocyanine ring with respect to the substrate (66.3�
for 1 and 42.3� for 2) according to polarized UV–vis
measurement [48], Fig. S4 and Table S4 (Supplementary
material). Obviously, the much more effective intermolecular
face-to-face interaction in the H-aggregates for heteroleptic
triple-decker 1 than that in the J-aggregation of homoleptic
triple-decker analogue 2 is able to provide the p electrons
(as well as holes) with an extensive area for delocalization,
which in turn is responsible for the much larger carrier
mobilities revealed for the devices fabricated from the for-
mer compound than the latter one [54,55].
Fig. 6. AFM images of the QLS films of compounds 1-2 (A
3.6. Film microstructures and morphologies

The quality of the thin solid films, it is in fact the infor-
mation concerning the molecular ordering in the film,
could be assessed using X-ray diffraction technique. As
shown in Fig. 5A, the out-of-plane (OOP) XRD diagram of
QLS films of 1 deposited on glass substrate shows two
well-defined low-angle diffraction peaks at 2h = 4.38� and
8.70�, which are ascribed to the diffractions from the
(001) and (002) planes, respectively, indicating the long-
range molecular ordering across the thickness of the QLS
films [37,56]. The OOP d-spacing calculated according to
the Bragg equation is about 2.02 nm, which corresponds
to a periodic distance between two adjacent triple-decker
molecules of 1 along the direction of the substrate surface
normal. Judging from the diagonal dimension of the
Eu2[Pc(OPh)8]3 molecule, 2.20 nm, on the basis of single
crystal X-ray diffraction result, the orientation angle be-
tween the phthalocyanine ring in the triple-decker mole-
cule and substrate surface of ca. 66.7� is deduced. This
result is obviously in good accordance with that deduced
from polarized UV–vis spectroscopic measurement, reveal-
ing that the triple-decker molecules of 1 are oriented
nearly perpendicular to the substrate surface in a face-to-
face stack [49]. It is noteworthy that the fact that only
(00 l) diffraction peaks are observed for the films of 1 but
without giving obvious peak for the p–p stacking in the
OOP XRD diagram suggests the identical edge-on orienta-
tion employed by the molecules of 1 on the substrate with
the p–p stacking direction parallel to the substrate [26].
This, in combination with the long-range ordering nature
of the molecular stacking in the thin film state, leads to a
corresponding decrease in the barrier of charge transport
over the QLS films, which in turn contributes to the excel-
lent charge carrier mobility as revealed for the devices fab-
ricated from 1. In contrast, the QLS films fabricated from
Eu2[Pc(OPh)8]3 (2) exhibit substantial inclination in molec-
ular orientation with an estimated tilt angle of �44.1�
according to the peak at 2h = 5.76� in the OOP XRD diagram
of QLS films of 2, Fig. 5B. This defines a smaller OOP d-spac-
ing of 1.53 nm than that for 1, therefore confirming the J-
aggregate mode nature for the QLS films of 2
[50,51,57,58]. Interestingly, an additional strong peak
,B) deposited on HMDS-treated SiO2/Si substrates.
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was also observed for the QLS films of 2 at 2h = 23.66�
(corresponding to 0.37 nm), which can be attributed to
the formation of p�p stacking among tetrapyrrole rings
of triple-decker molecules with the face-on orientation
[59,60]. Obviously, as a result of the change in molecular
packing from H-aggregation for 1 to J-aggregation for 2,
the crystalline packing in the QLS films changes from an
identical edge-on configuration for the former compound
to both the face-on and edge-on characters for the latter
one. The strong face-to-face intra- and in particular inter-
molecular p–p interactions between the phthalocyanine
rings of 1 then induce the formation of the QLS films with
corresponding texture. As revealed by the atomic force
microscope (AFM), Fig. 6A, the thin film of 1 shows nano-
sized grains (ca.80–100 nm in diameter) without large
grain boundaries and special separation on the HMDS-
treated substrate surface. This is in good contrast to the
disconnected grains (100–500 nm in length) with large
gaps and cracks between aggregate domains observed for
the QLS film of 2, Fig. 6B. Unlike the situation for heterolep-
tic triple-decker compound 1, the nano-sized grain discon-
tinuity in the QLS film of homoleptic analogue 2 will surely
add negative effect on the carrier mobility for the OTFT de-
vices fabricated.
4. Conclusions

In summary, two heteroleptic and homoleptic
tris(phthalocyaninato) europium triple-decker complexes
bearing different number of peripheral electron-withdraw-
ing phenoxy substituents were designed and synthesized.
Measurements over the OTFT devices fabricated from these
two sandwich compounds by solution-based QLS method
reveal their ambipolar semiconductor nature associated
with suitable HOMO and LUMO energy levels. Due to the
J-aggregation mode employed by the homoleptic triple-
decker molecules in the QLS film, significantly lower car-
rier mobilities with the values of 0.041 and 0.0026 cm2 -
V�1 s�1 for electron and hole, respectively, have been
revealed for the TFT devices of homoleptic triple-decker,
in comparison with those of 0.68 and 0.014 cm2 V�1 s�1

for heteroleptic analogue with the H-aggregation mode in
the QLS film. The latter of which is among the highest ones
achieved so far for solution-processable single-component
phthalocyanine-based TFTs obtained under ambient condi-
tions. Most importantly, the performance of the TFT de-
vices fabricated from the heteroleptic triple-decker 1
remain stable in terms of both the carrier mobilities and
on/off ratio even after having been put in air for 4 months.
These results are helpful for further design and preparation
of ambipolar semiconductor materials with improved de-
vice performance.
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