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The semiconducting properties of the heteroleptic and homoleptic bis(phthalocyaninato) holmium

complexes bearing electron-withdrawing phenoxy substituents at the phthalocyanine periphery,

namely Ho(Pc)[Pc(OPh)8] (1) and Ho[Pc(OPh)8]2 (2) [Pc ¼ unsubstituted phthalocyaninate;

Pc(OPh)8 ¼ 2,3,9,10,16,17,23,24-octaphenoxyphthalocyaninate] have been investigated comparatively.

Using a solution-based Quasi–Langmuir–Sh€afer (QLS) method, the thin solid films of the two

compounds were fabricated. The structure and properties of the thin films were investigated by UV-vis

absorption spectra, X-ray diffraction (XRD) and atomic force microscopy (AFM). Experimental

results indicated that H-type molecular stacking mode with the common preferential molecular ‘‘edge-

on’’ orientation relative to the substrate has been formed, and the intermolecular face-to-face p–p

interaction and film microstructures are effectively improve by increasing the number of phenoxy

substituents of the Pc periphery within the double-decker complexes. The electrical conductivity of

Ho(Pc)[Pc(OPh)8] films was measured to be approximately 4 orders of magnitude larger than that of

Ho[Pc(OPh)8]2 films, indicating significant effect of peripheral electron-withdrawing phenoxy groups

on conducting behaviour of bis(phthalocyaninato) holmium complexes. In addition, the gas sensing

behaviour of the QLS films of 1 and 2 toward electron donating gas, NH3, was investigated in the

concentration range of 15–800 ppm. Surprisingly, contrary responses towards NH3 were found for the

QLS films of 1 and 2. In the presence of NH3, the conductivity of the films of Ho(Pc)[Pc(OPh)8] (1)

decreased while the conductivity of the films of Ho[Pc(OPh)8]2 (2) increased. This observation clearly

demonstrated the p- and n-type semiconducting nature for 1 and 2, respectively. Furthermore,

compared to the heteroleptic 1 having a hole mobility of 1.7 � 10�4 cm2 V�1 s�1, homoleptic 2 exhibits

an electron mobility as high as 0.54 cm2 V�1 s�1. Therefore, the inversion of the semiconducting nature

of the double-deckers from p- to n-type can be successfully and easily realized just by increasing the

number of peripheral phenoxy groups attached to the conjugated Pc cores.
Introduction

Organic field-effect transistors (OFETs) and chemical trans-

ducers with solution-processable organic semiconductors as

active layers have attracted a significant research interest due to

their potential applications in low-cost integrated circuits and

flexible electronics.1 Great progress has been achieved in the past

decade towards developing novel semiconductor materials
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especially those possessing p-conjugated electronic structure

with high carrier mobility and good solubility in common

organic solvents, such as conjugated polymers, oligomeric thio-

phenes, linear fused acenes, perylenes and phthalocyanines.2

Compared with highly developed p-channel organic semi-

conductors, high-performance n-channel materials in particular

those with solution processability still remains rare.3,4 Recently,

an excellent n-type OFET based on solution-processable naph-

thalene diimide-thiophene copolymers with electron mobilities

up to 0.85 cm2 V�1 s�1 was reported,5 which induces further

incentive toward the fabrication of complementary circuits with

enhanced performance and device operation.6

In the design of small molecular semiconductors, introduction

of electron-deficient substituents has been proved to be an effi-

cient way in lowering the molecular orbital energy and stabilizing

the electron transport of semicondutors.6a,7–9 As exemplified by

attaching strong electron-withdrawing groups such as F, Cl, or

CN to the conjugated phthalocyanine (Pc) of phthalocyaninato
This journal is ª The Royal Society of Chemistry 2012
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copper (CuPc), p-channel materials are able to be converted into

n-channel semiconductors.10 However, these substituted CuPcs

have to be fabricated into electronic devices (such as OFETs,

chemical sensors) by means of vacuum deposition technique due

to their low solubility in common organic solvents. The devel-

opment of solution-processed n-type OFETs is still far behind

that of the vacuum deposited devices. For example, the

highest mobility of an evaporated C60 thin-film is as high as

5 cm2 V�1 s�1,11 but the devices fabricated from a C60 derivative

by a solution process exhibits much inferior mobility of 0.1 cm2

V�1 s�1.12 Very recently, a Cu[Pc(COOC8H17)8] complex

bringing electron-withdrawing octyloxycarbonyl substituents at

the phthalocyanine periphery by using solution-based self-

assembly process was reported to show n-type nature with the

carrier mobility for electron of �10�4 cm2 V�1 s�1.13 As a

consequence, designing and synthesizing novel high performance

n-type organic semiconducting materials with good solution

processability remains a great challenge.

Bisphthalocyanines represent a special class of phthalocyanine-

based molecular materials, which are sandwich complexes of rare

earth elements (LnPc2) and stable radicalmolecules.Guillaud and

co-workers reported the thermally evaporated MPc2 (M ¼ Tm,

Lu)-based OFETs with the mobility of 10�3 to 10�4 for holes

obtained in air, and 10�4 to 10�5 cm2 V�1 s�1 for electrons

observed on C18H37SiCl3 treated SiO2/Si substrates in absence of

air, respectively.14 On the other hand, the electron-withdrawing

effect of phenoxy substituents has been evidenced in cyclic vol-

tammetry experiments by Jiang et al.15 In light of these previous

works, we report in this paper a new semiconductor family of

heteroleptic and homoleptic bis(phthalocyaninato) holmium(III)

complexes, namely Ho(Pc)[Pc(OPh)8] (1) and Ho[Pc(OPh)8]2 (2)

[Pc ¼ unsubstituted phthalocyaninate; Pc(OPh)8 ¼
2,3,9,10,16,17,23,24-octaphenoxyphthalocyaninate], Scheme 1.

With a special sandwich structure and strong intermolecular p–p

interactions between the phthalocyanine rings, this class of

molecular materials are expected to be intrinsic semicondutors.16

In particular, introduction of electron-withdrawing phenoxy

substituents onto the peripheral positions of the phthalocyanine

ligand not only improves the solubility of the double-deckers in

common organic solvents, but more importantly tunes the semi-

conducting nature of the double-deckers from p-type to novel n-

type. With a hole mobility of 1.7 � 10�4 cm2 V�1 s�1, OFET

fabricated from Ho(Pc)[Pc(OPh)8] (1) was observed to have

p-type property. On the other hand, OFET made from Ho
Scheme 1 Schematic structures of bis(phthalocyaninato) holmium

complexes 1–2.

This journal is ª The Royal Society of Chemistry 2012
[Pc(OPh)8]2 (2) displayed n-type property with an electron

mobility of 0.54 cm2 V�1 s�1,which is among the highest n-type

mobility achieved thus far for solution-processed phthalocyanine-

based OFET devices. The latter result highlights the significant

effect of phenoxy substituents on the nature of bisphthalocyanine

organic semiconductor. To the best of our knowledge, the present

work also represents the first example of n-type solution-pro-

cessed bisphthalocyanine-based OFET devices.
Results and discussion

Electronic absorption spectra

Electronic absorption spectra of 1–2 in chloroform and the QLS

films were recorded and shown in Fig. 1. The spectra in chloro-

form solution are analogous to those reported for related

homoleptic and heteroleptic bis(phthalocyaninato) rare earth

compounds.15a,17–19 The spectra show the intense Soret bands in

the range of 320–360 nm, and a Q-band, the most intense, at

the 670 nm for 1, and 675 nm for 2which has been attributed to a

p–p* transition. The peaks found in the 470–490 nm region have

been associated with a free radical structure of rare earth

bisphthalocyanines.18,19 Compared to the spectra of heteroleptic

Ho(Pc)[Pc(OPh)8] in solution, the absorption spectra of Ho

[Pc(OPh)8]2 showed red-shifted absorption bands as a result of

the replacement of the second Pc ring by Pc(OPh)8. This result

implied that the optical transitions have significant contributions

from the frontier molecular orbitals delocalized mainly on the

two Pc rings, which makes them more susceptible to function-

alization by attaching electron-withdrawing groups to the
Fig. 1 UV-vis absorption spectra of compounds 1–2 (A and B) in dilute

chloroform solution (solid line) and QLS films (dash line).

J. Mater. Chem., 2012, 22, 22142–22149 | 22143
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conjugated Pc cores.6a,20 In comparison with that of chloroform

solution, the main Q band for the QLS films of the double-

deckers was broadened and blue-shifted from 670 to 647 nm

(23 nm) for 1, from 675 to 667 nm (8 nm) for 2. According to the

exciton theory and previously published results,18,19,21 this blue

shift indicates the formation of H-aggregates for both 1 and 2 in

QLS films due to the face-to-face p–p interaction between

bis(phthalocyaninato) rare earth double-deckers, which is

believed to be a promising structural feature for charge-carrier

transport.22 In addition, a remarkable red-shift of the Q band in

QLS films of 2 compared to 1 was observed upon phenoxy

functionalization, which is attributed to LUMO energetic

stabilization arising from both the stronger electron-withdrawing

ability and enhanced molecular ordering of the sixteen phenoxy

substituents versus eight phenox substituents.6aThis conclusion is

further confirmed by thin-film XRD, AFM and OFET

measurement (vide infra).
X-Ray diffraction patterns

For most of the applications, the properties of the devices are

closely related to the structure of solid films.23 The quality of the

thin solid films can be assessed using X-ray diffraction technique,

which is helpful for understanding the microstructure–function

relationship between molecular ordering in organic thin films

and charge transport properties.9 Compounds 1–2 deposited on

glass substrate give distinct diffraction peaks in their low angle

region, Fig. 2, indicating that the molecules in the films are
Fig. 2 X-Ray diffraction patterns of compounds 1–2 (A and B) QLS

films on glass substrate. The inset of (A) and (B) shows schematic

arrangement of 1 and 2 in QLS films, respectively.

22144 | J. Mater. Chem., 2012, 22, 22142–22149
uniformly oriented relative to the substrate plane.9,23 The XRD

pattern of QLS films of 1 and 2 exhibits the (001) Bragg peak at

2q ¼ 4.74� and 4.98�, respectively, corresponding to a periodic

spacing distance of 1.86 and 1.77 nm. As a consequence, orien-

tation angles of phthalocyanine ring with respect to the substrate

of 77� and 68� are estimated for 1 and 2 based on the diagonal

dimension of Eu[Pc(OPh)8]2 (1.91 nm) taken from single crystal

X-ray diffraction result.15a A slipped co-facial stacking mode was

achieved for either 1 or 2 in the QLS films (the inset of Fig. 2A

and B), which is consistent with their aggregation behaviours

deduced from the electronic absorption spectroscopy. In addi-

tion, a high-order diffraction is found at 0.35 nm for Ho

[Pc(OPh)8]2 (2) films, which can be attributed to the p–p stacking

distance among tetrapyrrole rings of double-decker molecules.24

Such effective co-facial p–p stacking should be expected to

decrease the barrier to charge transport, which in turn contrib-

utes to the excellent electron mobility revealed for the devices

fabricated with 2 (vide infra). In the case of the films of 1, only

(001) diffraction peak is observed without the presence of an

obvious p–p stacking feature, which would negatively impact on

the carrier mobility, as discussed further below.
AFM surface topography

AFM provides more information on the aspect of the QLS films

and therefore allows us to correlate the morphology and elec-

trical properties. Fig. 3 compares the morphologies of the QLS

films for double-deckers 1 and 2 deposited on the SiO2/Si

substrate. The surface of the QLS films of 1 presents a rod-like

morphology of ca. 500–600 nm in length and 200–300 nm in

width, giving a root mean square (rms) roughness value of 37.6,

Fig. 3A, whereas that of 2 exhibits a granular structure with the

average diameter of ca. 200–250 nm, Fig. 3B. A rms roughness

value of 1.58 is achieved, indicating an especially smooth film of 2

covering the substrate. The more uniform grain size and much

lower rms value for the QLS films of 2 compared to those of 1 is

expected to cause fewer traps and/or defects localized around

grain boundaries, and thus improving the carrier mobility.6c,25
Current–voltage (I–V) characteristics

The electrical conductivity characterization of the QLS films of

1–2 based on a direct current–voltage (I–V) measurement was

performed on insulating SiO2 substrates with the ITO interdigi-

tated electrodes. As shown in Fig. 4, two devices fabricated from

the QLS films of 1–2 exhibit similar Ohmic behavior at low bias
Fig. 3 AFM images of nanostructures of compounds 1–2 (A and B).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Representative I–V characteristics for the QLS films of 1–2.

Fig. 5 The time-dependent current plots for (A) HoPc[Pc(OPh)8] (1),

and (B) Ho[Pc(OPh)8]2 (2) films exposed to NH3 at varied concentration

in the range of 15–800 ppm (exposure: 2 min, recovery: 5 min), while the

bottom rectangular pulses for each current plot represent the NH3

concentration as a function of time.
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voltage. However, the response significantly decreases along with

the increase in the number of phenoxy groups of the macrocycles

from 2 to 1. The devices exhibited the value of current in the

order of 10�5 A for heteroleptic Ho(Pc)[Pc(OPh)8] (1) and 10�9 A

for homoleptic Ho[Pc(OPh)8]2 (2) under the bias of 10 V

measured in air. The conductivity estimated is of the order of

�10�4 and �10�8 S cm�1 for the QLS films of 1 and 2, respec-

tively. Thus, there is a significant dependence on number of

peripheral substituents for semiconducting films: Ho(Pc)

[Pc(OPh)8] (1) is about ten thousand times more conductive than

Ho[Pc(OPh)8]2 (2). This trend in performance is consistent with

the previously reported electrical behaviour of MPc and MPcF16

(M ¼ Cu, Zn) films since addition of electron-withdrawing

substituents on a metallo phthalocyanine macrocycle decreases

the electron density of the conjugated cycle and increases the

oxidation potential of the macrocycle.26,27 This difference in the

conductivity could also partly arise from different morphologies

of the layers and from the presence of traps and/or defects (such

as dopants). Much more traps and/or defects localized around

grain boundaries in the QLS films of 1 than those of 2, would be

easier for trapping or creation of charge carriers, the concen-

tration of which may be higher in the films of 1.26,28
Responses of Ho(Pc)[Pc(OPh)8] and Ho[Pc(OPh)8]2 to NH3

By comparing the first oxidation and the first reduction poten-

tials of Ho(Pc)[Pc(OPh)8] and Ho[Pc(OPh)8]2 reported in litera-

ture: Eox1 ¼ 0.56 and 0.61 V; Ered1 ¼ 0.12 and 0.16 V vs. SCE,

respectively,15a it can be seen that Ho[Pc(OPh)8]2 is more easily

reduced than Ho(Pc)[Pc(OPh)8]; on the other hand, Ho(Pc)

[Pc(OPh)8] is more easily oxidized than Ho[Pc(OPh)8]2. To assess

the applicability of differences in redox properties to gas sensing,

the QLS films of 1–2 were exposed to different concentrations of

electron-donating gas NH3 (15–800 ppm) in an Ar atmosphere,

with a duty cycle where the dynamic exposure period is fixed at 2

min and the recovery period at 5 min, at room temperature. Their

conductivity variations are recorded, as shown in Fig. 5. As can

be seen in Fig. 5A, the conductivity of compound 1 decreased

during exposure and increased during recovery, exactly as

expected for a p-type semiconductor, which is consistent with the

sensing behavior reported previously on the unsubstituted

analogue LuPc2.
26 Upon exposure to the electron-donating gas,
This journal is ª The Royal Society of Chemistry 2012
NH3, the hole concentration near the surface of p-type semi-

conductor was expected to be reduced since NH3 traps majority

charge carriers, resulting in the decrease in conductivity.

Surprisingly, for Ho[Pc(OPh)8]2 (2) the result was completely

different, Fig. 5B. The conductivity increased in the presence of

NH3 and decreased in Ar. The similar behavior has already been

observed in MPcs attached with electron-withdrawing

groups.26,28 The current increase during exposure results from the

creation of n-type charge carriers in the Ho[Pc(OPh)8]2 layer

following charge transfer with the electron-donating gas NH3.

The sensing response to NH3 of 1 and 2 unambiguously confirms

that the majority carrier type inversion of the double-deckers

from p- to n-type can be realized by varying the number of

peripheral phenoxy substituents on the phthalocyanine ligands in

a double-decker molecule.

In order to quantitatively analyze the sensor responses, the

percent current change was calculated for each concentration, as

follows using eqn (1):

% current change ¼ [(I0 � If)/I0] � 100 (1)

where Io is the current value at the beginning of an exposure–

recovery cycle and If is the current value at the end of the 2 min

exposure period. That value is designated as the sensor response.

As can be seen from Fig. 6, the sensor responses of the QLS films

of 1–2 are all linear with respect to various concentrations of

ammonia in the range of both 15–100 ppm and 200–800 ppm

(Adj. R-squared > 0.97), respectively. For the QLS films of 1 and

2, the slope (in % ppm�1) of the linear fit of the percent current

change as a function of NH3 concentration, is about�0.0044 and

0.031 in the range of 15–100 ppm, and �0.0018 and 0.0089 in the

range of 200–800 ppm, respectively. By comparison with the
J. Mater. Chem., 2012, 22, 22142–22149 | 22145
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Fig. 6 Sensor response varies linearly with NH3 concentration of the

QLS films of compounds 1–2; the slope (% ppm�1, R2 $ 0.97) for each

may be used as a measure of sensor response.
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absolute value of the slope, Ho[Pc(OPh)8]2 is more sensitive to

NH3 than Ho(Pc)[Pc(OPh)8]. This experiment is in agreement

with the higher value of the reduction potential of Ho[Pc(OPh)8]2
compared to Ho(Pc)[Pc(OPh)8], as determined by voltammetry

measurement.15a Thus, starting from a smaller current arising

from the smaller conductivity, the QLS films of 2 offer a larger

relative current increase (higher sensitivity) than those of 1. This

represents a promising way of improving the sensor response of

organic materials to reducing gases.26,28,29 On the other hand, the

time-dependent current plot of the QLS films of 2 shows a more

clear separation of the different ammonia concentration levels

and relatively better reversibility than that of 1. The relatively

uniform granular nanostructure with a densely packed molecular

architecture and the lowest rms roughness value of the QLS films

of 2 in this class of materials could partly contribute to the good

sensing performance observed in our experiments. The lower

sensitivity of largely rod-like surface morphology of 1, as

compared to that of the small-granular one of 2, can then be

explained by the difference in the number of adsorption sites. For

the QLS films of 1, continuity of the conductive path may be

disrupted by a higher distribution of inter-space between the

nanorods containing structural defects, with much of the NH3

molecules adsorbed on the films having little contributions to the

conductivity, thus the % current change is much smaller than

that of 2.30 It is worth noting that, QLS films of 1–2 are very

sensitive to low concentration NH3 (15–100 ppm), which is

important for the application as NH3 sensor and/or detector in

industrial wastes control.30
OFET properties

To further investigate themajority carrier type and corresponding

mobility of these double-deckers, typical top-contact/bottom-

gate configuration OFET devices, in which the source and drain

electrodes are vacuum-deposited on the top of the QLS films of

1–2, have been fabricated. OFETproperties were evaluated under
22146 | J. Mater. Chem., 2012, 22, 22142–22149
positive or negative gate bias in air/N2 to explore the majority

charge carrier type, device performance, and environmental

stability. Experimental data were analyzed using standard field-

effect transistor equations: Ids¼ (W/2L)mC0(Vg�Vth),
2where 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 m is the mobility in the saturation region.31

The mobility (m) and threshold voltage (Vth) can then be calcu-

lated from the slope and intercept of the linear part of the Vg vs.

(Ids)
1/2 plot (atVds¼�40 or 40 V), respectively. The QLS films of

heterolepticHo(Pc)[Pc(OPh)8] (1) exhibit p-type characteristics in

both air andN2with the carriermobility for holes up to 1.7� 10�4

cm2 V�1 s�1 with an on–off ratio of�103 and a threshold voltage

of �21 V, Fig. 7A and B. It is worth noting that a negligible hole

mobility change for the films of 1 was detected by changing the

atmosphere, which should be related to its high density of intrinsic

hole carriers in Ho(Pc)[Pc(OPh)8]. As expected, no n-channel

behavior was observed on bare SiO2 in both air andN2, due to the

unpassivated hydroxyl groups serving as electron traps,32 similar

to the OFET behavior of the unsubstituted analoguesMPc2 (M¼
Tm, Lu) reported priviously.14 As for n-type semiconductor, Ho

[Pc(OPh)8]2, we did not observe n-channel transistor behavior in

air, perhaps due to atmospheric oxidants, such as water and

oxygen.33 However, inside the nitrogen glovebox, on un-treated

substrates, n-channel behavior of 2 with the carrier mobility for

electrons as high as 0.54 cm2V�1 s�1was observed (with an on–off

ratio of �104 and a threshold voltage of 12 V), Fig. 7C and D,

which is among the highest electron mobility achieved to date for

n-channel solution-processed phthalocyanine-based semi-

conductor.2,34As a consequence,OFETmajority carrier inversion

from p- to n-type was realized just via tuning the number of

peripheral electron-withdrawing phenoxy substituents intro-

duced onto the phthalocyanine ligands for the first time.Note that

compound 2 seems to represent also the first example of solution-

processable n-type bisphthalocyanine-based semiconductor, to

the best of our knowledge.

Investigations have revealed that the energy levels of the

highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) are crucial in deter-

mining the majority charge carrier and charge carrier stability of

organic semiconductors.35,36 In the present case, the HOMO and

LUMO energy levels of 1–2 can be estimated from their half-

wave potentials of the first and second reductions (vs. SCE)

obtained by cyclic voltammetry.15a,37 As summarized in Table S1

(ESI†), both the HOMO and LUMO energy levels of �4.60 and

�3.46 eV for Ho[Pc(OPh)8]2 are lower than those of �4.56 and

�3.42 eV for Ho(Pc)[Pc(OPh)8] due to the increase in the number

of electron-withdrawing substituents for the former double-

decker than the latter one, indicating that Ho[Pc(OPh)8]2 (2) are

harder to oxidize and easier to reduce than the analogous Ho(Pc)

[Pc(OPh)8] (1).20,37,38 In addition, LUMO stabilization with a

greater magnitude in thin-film for 2 than 1 from nonsymmetric

decreases in the thin-filmHOMO and LUMO energies confirmed

by red-shift of optical band gap should be highly responsible for

the difference on the behaviors of OFETs between compounds 2

and 1. However, the fact that the n-type semiconductor property

of the QLS films of 2 was detected only under inert atmosphere

suggests that the LUMO energy of 2 in QLS films still does not

meet the requirement for an air-stable n-type OFETs, which
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Drain–source current (Ids) versus drain–source voltage (Vds) characteristic at different gate voltage (left) and transfer curve (right) for 1 (A and B)

in air and 2 (C and D) in N2, respectively, on the un-treated SiO2/Si substrates.
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demands the value of LUMO energy lower than �4.0 eV to

against the air-derived electron traps.9,39
Conclusions

In summary, the semiconducting properties of the heteroleptic

and homoleptic bis(phthalocyaninato) holmium complexes have

been comparatively investigated. Optical and electrochemical

data demonstrate that HOMO/LUMO energies can be tuned via

phenoxy group introduction onto the bisphthalocyanines. The

UV-vis absorption spectra, XRD and AFM images of QLS films

of 1 and 2 revealed more effective face-to-face p–p interactions

and organized film microstructures in the film of 2. The inverted

current responses towards NH3 for the device of Ho(Pc)

[Pc(OPh)8] (1) and Ho[Pc(OPh)8]2 (2) unambiguously demon-

strated the p- and n-type semiconducting nature for 1 and 2,

respectively. Correlatively, the sensitivity of 2 to NH3 is much

higher than that of 1. Furthermore, OFET of 1 shows carrier

mobility of 1.7 � 10�4 cm2 V�1 s�1 for holes and that of 2

displays carrier mobility as high as 0.54 cm2 V�1 s�1 for elec-

trons. The latter is among the highest n-type mobility achieved

thus far for solution-processed phthalocyanine-based OFET

devices. In particular, the majority carrier inversion from p- to

n-type was successfully and easily realized just by tuning the

number of peripheral electron-withdrawing phenoxy groups in

the double-decker molecules. The good performance proves that
This journal is ª The Royal Society of Chemistry 2012
these bis(phthalocyaninato) rare earth double-deckers are very

promising organic semiconductors. The design and synthesis

of air-stable n-type semiconducting materials based on new

sandwich-type tetrapyrrolato rare earth complexes with good

solubility in organic solvents are being developed in our lab.

Experimental

Chemicals

Bis(phthalocyaninato) rare earth(III) complexes 1–2 were

synthesized according to a previously published procedure.15a All

other reagents and solvents were of reagent grade and used as

received.

Characterization

Electronic absorption spectra were recorded on a Hitachi U-4100

spectrophotometer. X-Ray diffraction experiment was carried

out on a Rigaku D/max-B X-ray diffractometer. AFM images

were collected in air under ambient conditions using the tapping

mode with a NanoscopeIII/Bioscope scanning probe microscope

from Digital instruments.

Electrical measurements

The fundamental electrical measurements for the QLS films

of 1–2 deposited onto interdigitated electrodes array were
J. Mater. Chem., 2012, 22, 22142–22149 | 22147
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performed using a Keithley 6517 electrometer with an incorpo-

rated DC voltage supply. The electrometer is controlled by self-

made software via the GP-IB board. Current–voltage (I–V)

curves were registered in the �10 to 10 V voltage range with 1 V

increments, starting and finishing at 0 V bias to avoid irreversible

polarization effects. On the other hand, the NH3-sensing prop-

erties of samples have been examined by exposing the corre-

sponding films to different concentrations of ammonia and

measuring the current changes of the films at a constantly

polarized voltage of 5 V. All experiments have been conducted at

least twice to ensure reproducibility. The interdigitated electrode

array is composed of 10 pairs of ITO electrode digits (fingers)

deposited onto a glass substrate with the following dimensions:

125 mm electrode width, 75 mm spacing, 5850 mm overlapping

length, and 20 nm electrode thickness. QLS films were prepared

following the method published previously.30 In the present case,

the 20-layer QLS films of 1–2 were obtained for electrical

measurements.

Gas sources for sensing experiments

The desired ammonia concentration was produced by diluting a

mixture NH3/Ar (1000 ppm NH3, from Air Liquid, France) with

dry Ar using two mass flow controllers (total mass flow: 0.5 L

min�1). The maximum water contents in ammonia and argon

cylinders purchased were 100 ppm and 2 ppm respectively.

OTFT device fabrication

OTFT devices were fabricated on a Si/SiO2 (300 nm thickness,

capacitance C0 ¼ 10 nF cm�2) substrate by evaporating gold

electrodes onto the QLS films of 1–2 employing 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. The drain–source current

(Ids) versus drain–source voltage (Vds) characteristic was

obtained with a Hewlett–Packard (HP) 4140B parameter

analyzer at room temperature.
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