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A new sandwich mixed (phthalocyaninato) (porphyrinato) europium triple-decker (TPP)Eu2[Pc(OPh)8]2 (1),
[TPP = dianion of 5,10,15,20-tetrakisporphyrin; Pc(OPh)8 = dianion of 2,3,9,10,16,17,23,24-octa(phenoxy)
phthalocyanine], has been synthesized and characterized by a series of spectroscopic methods including
MALDI-TOFmass spectrometry, 1HNMR spectroscopy, electronic absorption and infrared spectroscopy. The elec-
trochemical property of 1 has been studied by cyclic voltammetry. Constructing the target triple-decker by coor-
dination bonding between an europium ion and isoindole/tetrapyrrole nitrogen atoms from n-type double-
decker (Eu[Pc(OPh)8]2) and p-type porphyrin (H2TPP) units, not only ensures the good solubility in conventional
organic solvents, but more importantly successfully tunes the HOMO and LUMO levels into the range of
ambipolar organic semiconductors required on the basis of electrochemical studies over 1. Using a solution-
based quasi-Langmuir–Shäfer (QLS) method, the thin solid films of 1were fabricated. The structure and proper-
ties of the thin films were investigated by UV–vis absorption spectra, X-ray diffraction (XRD) and scanning elec-
tron microscopy (SEM). Experimental results indicated the film crystallinity and general molecular order for
(TPP)Eu2[Pc(OPh)8]2 molecules in the QLS films. Organic thin-film transistor (OTFT) fabricated from the QLS
films of 1 was revealed to show ambipolar properties that have never been revealed for devices fabricated
from a single-phthalocyanine/porphyrinmixed component using solution processable technique,with thehighly
balanced mobilities for holes and electrons of 0.04 cm2 V−1 s−1 and 0.08 cm2 V−1 s−1, respectively.

© 2013 Elsevier B.V. All rights reserved.
Research on organic semiconductors for thin-film transistors (OTFTs)
has made great progress since the first report on p-type OTFTs in 1986
[1]. Ambipolar OTFTs allowing dual operation of both p and n types are
highly desired for practical application in integrated circuits like high
gain complementary metal-oxide-semiconductor inverters and light
emitting devices [2–6]. In particular, ambipolar OTFT deviceswith high-
ly balanced carrier mobility for both holes and electrons, and solution-
processability that ensure low-cost fabrication have therefore attracted
great research interests in the past decade [7–9]. Despite great efforts
paid in this direction, OTFTs meeting the above-mentioned require-
ments still remain rare. Effective methods thus far developed for fabri-
cating ambipolar OTFTs include blending two organic components
[10,11] and modifying gate insulator or electrodes [12–14]. The first
ambipolar behavior was obtained for the OFETs as early as 1990 with
the sandwich-type bis(phthalocyaninato) rare earth double-decker
complexes (MPc2, M = Tm, Lu), which exhibited a p-type behavior in
air and a n-type behavior under vacuum [15]. However, themost attrac-
tive approach appears to be the utilization of single-component organic
semiconductor with suitable energy for both HOMO and LUMO,
balanced carrier mobility for both holes and electrons, and solution
processability. To our knowledge, the best achievement of solution-
ghts reserved.
processed ambipolar OTFT devices fabricated using single-component
phthalocyanine-based molecular material was reported by Jiang and
co-workers, with (p-fluoro)phenoxy-substituted tris(phthalocyaninato)
europium complex as semiconductor, displaying carrier mobility of 0.24
and 0.042 cm2 V−1 s−1 for holes and electrons, respectively [16].

The pioneering work by Checcoli and co-workers reported 5,10,
15,20-tetraphenylporphyrin as a p-type organic semiconductor with a
hole mobility as high as 0.007 cm2V−1 s−1[17]. Recently, the solution-
basedOTFTs for a sandwich-type bis(phthalocyaninato) europiumcom-
plex Eu[Pc(OPh)8]2 have been revealed to show good n-type device
characteristics with the electron mobility of 0.54 cm2 V−1 s−1 in our
preliminary studies [18]. With this background in mind, we focus our
attention on exploring high-performance ambipolar semiconducting
materials with a balanced charge-carrier mobility for both hole and
electron through suitable molecular design as well as efficient self-
assembly process. In this communication, a new sandwich mixed
(phthalocyaninato) (porphyrinato) europium triple-decker (TPP)Eu2

[Pc(OPh)8]2 (1), [TPP = dianion of 5,10,15,20-tetrakisporphyrin;
Pc(OPh)8 = dianion of 2,3,9,10,16,17,23,24-octa(phenoxy)phthalocy-
anine], was synthesized (Scheme 1). The material design strategy in
this study grows out of previous research using n-type double-decker
(Eu[Pc(OPh)8]2) and p-type 5,10,15,20-tetraphenylporphyrin (H2TPP)
as the building blocks for constructing a new semiconductor [17,18].
The OTFT devices have been prepared from triple-decker 1 by means
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Scheme 1. Synthesis of the sandwich mixed (phthalocyaninato) (porphyrinato) europium (TPP)Eu2[Pc(OPh)8]2 (1).

Fig. 1.Cyclic voltammogram(CV) of (TPP)Eu2[Pc(OPh)8]2 in CH2Cl2 containing 0.1 mol L−1

[Bu4N][ClO4] at a scan rate of 20 mV.

80 X. Zhang, Y. Chen / Inorganic Chemistry Communications 39 (2014) 79–82
of solution-based quasi-Langmuir–Shäfer (QLS) method [19] and the
balanced mobilities for both electrons and holes have been determined
in the present work.

The mixed (phthalocyaninato) (porphyrinato) europium complex
(TPP)Eu2[Pc(OPh)8]2 was prepared according to the published proce-
dures [20–23]. A mixture of Eu[Pc(OPh)8]2, metal free porphyrin
H2TPP and Eu(acac)3·nH2O in the presence of TCB was heated to reflux
for 2 h under a slow stream of nitrogen (Scheme 1). Repeated chroma-
tography followed by recrystallization fromCHCl3 and CH3OHgave pure
compound as a black green powder in good yield of 42.5%. UV–vis
[CH2Cl2; λmax, nm (log(ε), M−1 cm−1)]: 360(6.16), 412(6.03),
628(5.72) 720(5.45); 1H NMR (400 MHz, CDCl3): δ 12.943 (s, 4H, Por-
Ph-Ho

endo), 12.289 (s, 8H, Pc-Hα), 9.697 (s, 8H, Pc*-Hα), 8.945–8.965 (d,
16H, Pc-Ph-Ho), 8.836–8.854 (d, 4H, Por-Ph-Hm

endo), 8.355–8.394 (t, 16H,
Pc-Ph-Hm), 8.204–8.244 (t, 4H, Por-Ph-Hp), 8.088–8.127 (t, 8H, Pc-Ph-
Hp), 7.887–7.907 (d, 16H, Pc*-Ph-Ho), 7.796–7.835 (t, 16H, Pc*-Ph-Hm),
7.511–7.548 (t, 8H, Pc*-Ph-Hp), 6.961–6.996 (t, 4H, Por-Ph-Ho

exo), 5.209–
5.224 (t, 4H, Por-Ph-Hm

exo), 3.406 (s, 8H, Por-Hβ). MALDI-TOF MS: an
isotopic cluster peaking at m/z 3417.63, Calcd for C204H123Eu2N20O16,
[M]+,3416.83; Main IR (KBr) νmax(cm−1): 2922, 2785, 2704 (alkyl C–H
stretching), 1587 (benzene stretching), 1485 (pyrrole Stretching),1448
(isoindole stretching), 1398 (isoindole stretching), 1325(pyrrole
stretching), 1072 (coupling of isoindole deformation and aza stretching),
1020 (pyrrole-N in-plane bending), 883, 750 (Ar–H out-of-plane bend-
ing), 686 (benzene C–H stretching). In addition, the target complex 1
exhibited good solubility in common organic solvents, making it possible
to fabricate it into devices by solution processing.

Cyclic voltammetrical (CV) measurement of (TPP)Eu2[Pc(OPh)8]2 in
CH2Cl2with four reversible one-electron oxidation couples and a couple
of one-electron reductions observed the first oxidation and first reduc-
tion potential at +0.605 and −0.589 V (vs SCE), as shown in Fig. 1.
Both the HOMO and LUMO energies at −5.05 and −3.86 eV thus de-
rived for this compound just locate in the HOMO and LUMO energy
range that are necessary for good p- and n-type organic semiconductors
[24], respectively, ensuring the facilitation of both the hole and electron
injections from the Au electrodes (with the work function of−5.1 eV).
This actually reveals the potential of this triple–decker complex in
ambipolar OTFT devices.

Ordered multilayers of (TPP)Eu2[Pc(OPh)8]2 were prepared
by the QLS method. The QLS layers were then deposited onto
hexamethyldisilazane (HMDS)-treated SiO2/Si substrates. The quality
of the QLS films, it is in fact the information concerning the molecular
ordering in thefilm, could be assessedusingX-ray diffraction technique.
As shown in Fig. 2, the out-of-plane (OOP) XRD diagram of QLS films
of 1 deposited on SiO2/Si substrate shows a well-defined low-angle
diffraction peak at 2θ = 4.18°, which is ascribed to the diffractions
from the (001) plane, indicating the long-range molecular ordering
across the thickness of the QLS films [18,25]. The OOP d-spacing calcu-
lated according to the Bragg equation is about 2.11 nm, which corre-
sponds 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 (TPP)Eu2[Pc(OPh)8]2
molecule, 2.20 nm, on the basis of single crystal X-ray diffraction results
[16,26–28], the orientation angle between the phthalocyanine ring in
the triple-decker molecule and substrate surface of ca.73.5° is deduced.
Consequently, the triple-decker molecules of 1 are oriented nearly
perpendicular to the substrate surface in H-aggregation mode (inset
of Fig. 2) [29]. A higher-order diffraction is found at 0.37 nm for the
films of triple-decker 1, which can be attributed to the formation of
efficient π–π stacking with face-on orientations [28]. It is therefore
expected that (TPP)Eu2[Pc(OPh)8]2 films would be able to adopt 3-D
conduction channels that would decrease the barrier of charge trans-
port over that of the QLS films [30], and in turn contribute to the excel-
lent hole and electron mobility revealed for the devices fabricated with
1 (vide infra). Intermolecular interactions between adjacent molecules
in the QLS films were characterized by UV–vis spectroscopy. As shown
in Fig. 3, (TPP)Eu2[Pc(OPh)8]2 in CH2Cl2 solution displays intense Q
bands at 628 and 720 nm and the Soret bands at 360 and 412 nm,
which are analogous to those reported for mixed (phthalocyaninato)
(porphyrinato) rare earth complexes [31,32]. However, after being
fabricated into the QLS films, the main Q bands were broadened and



Fig. 2. X-ray diffraction pattern of the QLS films of compound 1 on SiO2/Si substrate.

Fig. 4. SEM images of the QLS films of complex 1 deposited on HMDS-treated SiO2/Si sub-
strate (the inset is a magnified image).
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blue-shifted to 625 nm and 709 nm, respectively, while the Soret band
at 412 nmwas red-shifted to 420 nm, the point-dipole model of Kasha
provides a rationale for the observed band shifts. The extreme cases are
represented by a head-to-tail arrangement of the dipoles, which results
in a red-shifted absorption band (J-aggregate), and a parallel ar-
rangement of the dipoles (H-aggregate) with a blue-shifted absorption
band. The red and blue shifted band components observed in the
present case for the QLS films of triple-decker 1 represent an intermedi-
ate case with typical H- and J-aggregate [33]. That is, the triple-decker
molecules take a “face-to-face” conformation and “edge-on” orientation
in theQLSfilms,which is in linewith theXRD result. SEMprovidesmore
information on the aspect of the QLS films of 1 and therefore allows us
to correlate themorphology and electrical properties. Fig. 4 displays the
morphology of the QLS films for triple-deckers 1 deposited on the
HMDS-treated SiO2/Si substrate. The surface of the QLS films of 1
presents a sheet-like morphology of ca. 600–800 nm in length with an
evidence of crystalline feature, which is expected to cause fewer traps
and/or defects localized around grain boundaries, and thus improving
the carrier mobility [34].

OTFT devices were fabricated from (TPP)Eu2[Pc(OPh)8]2 with a top-
contact device configuration on hexamethyldisilazane (HMDS)-modi-
fied SiO2 (300 nm)/Si substrates using the QLS technique [19]. Gold
(Au) was used as drain and source electrodes. OTFT properties were
evaluated under positive and negative bias in air/N2 to explore the ma-
jority charge carrier type and device performance. Experimental data
were analyzed using standard field-effect transistor equations [35]:
Ids = (W/2 L)μC0(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
Fig. 3. UV–vis absorption spectra of compound 1 in dilute dichloromethane solution
(5 × 10−7 mol L−1, solid line) and QLS films (dash line).
layer, Vth is the threshold voltage, W and L are the channel width and
length, respectively, and μ is the mobility in the saturation region. The
mobility (μ) can then be calculated from the slope of the linear part of
the Vg vs. (Ids)1/2 plot (at Vds = –20 or +20 V), respectively. The QLS
films of (TPP)Eu2[Pc(OPh)8]2 (1) exhibit both p-type and n-type charac-
teristicswith the carriermobility up to 0.04 cm2 V−1 s−1 for holes in air
and 0.08 cm2 V−1 s−1 for electrons in N2, and the on/off ratio of ~105,
as shown in Fig. 5. This seems to exhibit the best balanced-mobility
for both electron and hole in terms of the ambipolar performance
among the solution-processed phthalocyanine-based semiconductors
reported thus far, suggesting the great potential of sandwich-type
mixed (phthalocyaninato) (porphyrinato) rare earth complexes for
applications in low-cost ambipolar organic electronics. It is worth
noting that we did not observe n-channel transistor behavior of 1 in
air, perhaps due to relative high LUMO energy of 1, that still does not
meet the requirement for an air-stable n-type OTFTs, which demands
the value of LUMO energy lower than −4.0 eV to against the air-
derived electron traps [36,37] The design and synthesis of air-stable
ambipolar semiconducting materials based on new sandwich-type
tetrapyrrolato rare earth complexes with higher balanced-mobility are
being developed in our lab.

In conclusion, we demonstrate a strategy for designing high-
performance, solution-processable ambipolar, phthalocyanine-based
OTFT materials with balanced-mobility for both hole and electron,
which is based on constructing a triple-decker complex composing of
both the good n-type bisphthalocyanines and the p-type porphyrin
units. The suitable HOMO and LUMO energy levels associated with an
intense intermolecular π–π stacking interaction in the film and highly
organized film microstructures ensure the single-phthalocyanine/
porphyrinmixed complex, (TPP)Eu2[Pc(OPh)8]2, with the high and bal-
anced mobilities for holes and electrons of 0.04 cm2 V−1 s−1 and
0.08 cm2 V−1 s−1, respectively. Such highly balanced-mobility values
encourage chemists to design and prepare new molecules with opti-
mized electronic structure and molecular packing for further improve-
ments of OTFT devices.
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Fig. 5. Output characteristics (Ids vs. Vds) and transfer characteristics (|Ids|1/2 vs. Vg) of ambipolar OTFT device based on QLS films of 1 deposited on HMDS-treated SiO2/Si (300 nm) sub-
strate with Au top contacts obtained in air (A and C) and in N2 (B and D). Current–voltage output plots (Ids vs. Vds) for p-channel (A) and n-channel (B) and the transfer characteristics of
OTFTs at Vds = –20 V for p-channel (C) and Vds = +20 V for n-channel (D).
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