ELSEVIER

Synthetic Metals 88 (1997) 219-223

S@MTIRETIC
METRALS

Synthesis of soluble rare-earth metal bisphthalocyanines and their
L angmuir—Blodgett films for gas sensibility

Bingjie Liang ®*, Chunwei Yuan 2 Yu Waei 2 Yin Zhang **, Dapeng Jiang °,
Shaogong Zhang ®, Ande Lu ®

@ National Laboratory of Molecular and Biomolecular Electronics, Southeast University, Nanjing 210096, China
b Changchun I nstitute of Physics, Academia Sinica, Changchun 130022, China

Received 23 December 1996; accepted 27 February 1997

Abstract

In the present work, the synthesis of octa-4- ( 2,4-di-tert-pentyl phenoxy! ) -substituted rare-earth bisphthal ocyanine with Sm, Er and Nd as
central metal atom, respectively, is described. These compounds have improved solubility in organic solvents, and can form homogenous and
relatively stable films at the air/water interface. The Langmuir film can be transferred by vertical dipping onto substrates with Z-type
configuration. In Langmuir-Blodgett (LB) films, rare-earth bisphthal ocyanine molecules exist mainly in associated species. The absorption
increases linearly with the number of deposited layers indicating reproducible quality, and the layers adhere tenaciously to substrates and to
each other. The gas sensibility of the filmswas investigated. The LB films of Sm and Er bisphthal ocyanines have sensibility for the vapors of
NH; and NO,, but that of Nd bisphthal ocyanine exhibits sensibility and selectivity only for the vapor of NH.
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1. Introduction

Interest in the Langmuir—Blodgett (LB) technique hasled
to anumber of investigationsinto different types of materials
that can be deposited in the form of monomolecular layers.
If LB films are to be used commercially, mechanical and
thermal stability will be necessary. Recently, interest has
focused on rare-earth bisphthalocyanine, a substance well
known for its thermal and chemical stability, to produce LB
films. The conductivities of this material and its derivatives
arevery sensitiveto the presenceof certaingases, whichleads
to an interest in their use as microelectronics gas sensors.
Phthal ocyanines are known as p-type semiconductors. The
gas sensing isrealized through the charge transfer interaction
in which the gas molecule to be sensed acts as a planar -
electron acceptor forming a redox couple, and the positive
charge produced is delocalized over the phthalocyaninering
causing the increase of conductivity.

LuPc, has been described as the first molecular semicon-
ductor. The effects of NO, gas at room temperature on the
conductivity of LuPc, layers produced by evaporation have

* Corresponding author. E-mail: Ibj@seu.edu.cn
1 Present address: Department of Chemistry, Jilin Education College,
Changchun 130012, China.

0379-6779/97/$17.00 © 1997 Elsevier Science S.A. All rights reserved
PII S0379-6779(97)03857-5

been reported [1]. Rickwood [ 2] reported the electrical and
chlorine-sensing properties of ytterbium (Yb) bisphthalo-
cyanine LB thin films, after an investigation of temperature
and atmosphere affecting the gas-sensing properties of Yb
bi sphthal ocyanine.

Since gas adsorption is a surface phenomenon, it has been
suggested that ultrathin filmswith ahigher degree of surface
uniformity can enablethe gasmoleculesto absorb at or desorb
from the molecular sites more readily. Deposition of thin
films by the LB technique is a highly attractive method for
producing well-ordered thin films of known thickness. Sur-
face damage is inherent with high energy techniques such as
sputtering or evaporation. The use of LB films at elevated
temperature increases the probability of disintegration and
distortion of the layered structure. Therefore, fabricating
molecular layers by the room-temperature L B techniquewas
expected to produce better gas sensitivity in many cases [ 3].
In fact, faster response and recovery time were observed for
LB films with substituted phthal ocyanine molecules when
exposed to NO, than those reported for vacuum-evaporated
film [4].

Other metal phthal ocyanines have been scarcely explored.
In this paper we report on the synthesis of rare-earth metal
(Sm, Erand Nd) bisphthal ocyanines, their monolayer behav-
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ior and the gas sensibility of their LB filmsfor the vapors of
NH; and NO..

2. Experimental details

All reagents and solvents were of reagent grade quality,
purchased commercially and used without further purifica-
tion unless otherwise noted.

2.1. Synthesis of 4-(2,4-di-t-pentyl phenoxy)-1,2-
dicyanobenzene (1)

In nitrogen atmosphere, 9.0 g anhydrous K,CO; were
added to asolution of 3.0 g (17.34 mmol) 4-nitro-1,2-dicy-
anobenzene and 4.1 g (17.52 mmol) 2,4-di-t-phenol in 50
ml of dry Me,SO by 3 g additions at 1 h intervals over an 3
h period. The mixture was stirred for 24 h at 40-50 °C under
nitrogen, then cooled to room temperature. Thereaction prod-
uctswere dumped into 500 ml ice-water, filtered and washed
to neutral. The rude product was recrystallized from metha-
nol, driedtoyieldto3.99 (61.6%); m.p. 99-101°C. IR (KBr
pellet cm™): 3100 W(v_cy), 608 S(ve_c), 2237
M(ven), 1536 S (Vasno,) s 1348 S(vsno,), 2950 s, 900 sh,
2800 sh, 1391 ms, 1881 s, 1358 sh, 1306 s, 1276 sh, 948 w,
776 m (the characteristic band of tert-pentyl ), 2218 sh, 1582
s, 1480 s, 818 sh (the characteristic band of 1,2.4-trisubsti-
tuted benzenyl).

2.2. Synthesis of octa-4-(2,4-di-tert-pentylphenoxy) rare-
earth metal (Sm, Er and Nd) bisphthal ocyanine (RgPc,Ln)
(i)

Il was prepared according to the method described by
Kiren [5]. | and rare-earth (Sm, Er and Nd) acetate (molar
ratio, 8:1) were heated in aglasstubeto 260 °C for 4 h under
nitrogen. After cooling, the green solid product was milled
and dissolved in chloroform. The solution was filtered and
purified by column chromatography (alumina, + mesh,
3X40cm, 10% CH;OH-CHCI solution) . The second green
band was collected and evaporated to dryness. The com-
poundswerecharacterized by elemental analysis, IRandUV—
Vis spectra.

Elemental analysis composition is shownin Table 1. Ele-
mental analysis of the green compounds is consistent with
the formulaLnPc’,.

Tablel
Elemental analysis composition 2 of rare-earth metal bisphthal ocyanines

LNCy5H22505N 16 C (%) H (%) N (%)

Ln=Sm 76.01 (75.37) 7.42 (7.45) 7.39 (7.55)
Ln=FEr 75.58 (75.77) 7.38 (7.42) 7.35 (7.49)
Ln=Nd 7617 (76.08)  7.44 (7.50)  7.40 (7.45)

@ Composition found isin parentheses.

Infrared spectroscopy has been generally used to check the
purity of phthalocyanine complexes, especialy to detect
H.Pc, which shows as a characteristic band at 1008 cm™?
[6]. Thelack of the 1008 cm ™ * peak i nthe spectrum confirms
the absence of H,Pc. IR (KBr pellet cm™*) for NdPc',: 747
w (ring deformation), 891w (Pc), 1089 s (Pcring), 1228.6
S(Vpeo) [7],1316.5w (pyrrolestretch), 1479.8 VS (Vpec_n»
Sc_cn» pyrrole stretch), 1524.8 W (vpec_n, Pyrrolestretch),
1608.9 m (vpec_c, benzene stretch) [8].

The other lanthanide (Sm, Er) phthalocyanine spectraare
similar to the Nd bisphthal ocyanine; we only observe asmall
shift to higher frequency.

2.3. Preparation of monolayer of rare-earth metal (Sm, Er
and Nd) bisphthalocyanine

Rare-earth metal bisphthal ocyanine was dissolvedinchlo-
roform. A givenamount (350 wl) of 20X 10~ %M RgPc,Ln—
CHCI; solution was spread on a freshly distilled water
subphase (about pH 6.0) at 15 °C. A Wilhelmy plate was
used to measure changes in the surface tension. After com-
plete evaporation of the solvent, the monolayer was com-
pressed by the use of amobile Teflon barrier at aspeed of 15
mm/min. Film pressure versus area/ molecule curves were
recorded simultaneously.

2.4, Preparation of LB films of rare-earth metal (Sm, Er
and Nd) bisphthalocyanine

The optical absorption of the films deposited onto clear
quartz substrates was determined using a Shimadzu 2100
UV-Vis spectrophotometer.

Measurement of conductivity in the presence of different
gasmixtureswasperformed by depositing the phthal ocyanine
films onto a glass substrate which possessed an interdigital
Al electrode pattern on its surface. Contact to both electrons
was made using air-drying Ag paste. The resulting device
was positioned in a purpose-built glass sample chamber
through which a variety of gaseswere introduced.

The Al interdigital electrode consists of 50 finger pairs of
electrodes having awidth of 50 wm, spaced 50 p.m from the
adjacent electrode. The finger overlap distance was 10 mm.

These substrateswereinitially well washed with detergent,
followed by freshly distilled water, methanol and chloroform
using ultrasonic wavesfor 15 min each; then they weredried
and immediately used.

The LB filmswere kept at a surface pressure of 20, 18 and
12 dyn/cm (Sm, Er and Nd bisphthal ocyanine, respectively)
for 30 min. When stability wasreached, they weretransferred
onto the substrate by the vertical dipping method with Z-type
configuration at a substrate up—down speed of 5 mm/min.

Deposition was Z-type with the substrate being passed
through a clean water surface in one compartment and with-
drawn through the monolayer in the other compartment. The
deposition of a Z-type multilayer film has been established
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Fig. 1. LB film deposition of the Z-type: (a) molecules floating on the
aqueous subphase following evaporation of volatile solvent; (b) molecules
aligning as they are compressed by a moving barrier; (c) insertion of a
suitable substrate; (d) transfer of floating layers withdrawal of a suitable
substrate.

which yield deposition ratios of unity. LB film depositions
of Z-typeare shownin Fig. 1.

3. Resultsand discussion
3.1. Monolayer behavior

Surface pressure versus area i sotherms of rare-earth metal
(Sm, Er and Nd) bisphthalocyanine are shown in Fig. 2.
Stable, reproducible LB films of these complexes were
formed with a high collapse pressure, up to 63 dyn/cm for
SmPc’,, 56 dyn/cm for ErPc’, and 38 dyn/cm for NdPc',.
Values for the average area per molecule of rare-earth metal
bi sphthal ocyanine obtained by extrapolating the steeply ris-
ing part of the curve to zero pressure are approximately 125,
150 and 55 A2, respectively. The limiting molecular areas of
LnPc’, are not equal regarding the central metal ions. The
limiting molecular areaisuseful in guessing theconfiguration
of the Pc molecule at the air/water interface. A full structure
determination has not been carried out for LnPc’,, and there-
fore it is difficult to be precise about the molecular dimen-
sions. However, it is possible to make reasonabl e estimates.
The area per molecule calculated by Liu et al. [ 7] isapprox-
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Fig. 2. Surface pressure vs. area isotherms of rare-earth metal bisphthalo-

cyanines; —— ——, NdPc',; - - -, SmPc’,; , ErPc’s.

imately 164.8 A2 if the molecules of LnPc’, are densely
stacked in aface-to-face orientation and edge-on to the water
surface. Since the calculated area per moleculeislarger than
the limiting molecular areas obtained by the experiment, we
suggest that the Pc plane istilted to the water surface.

The reproducibility of theisothermisexcellent andislim-
ited only by the accuracy with which known amounts of
LnPc’, can be applied to the trough. Hysteresisis also mini-
mal during successive compressions and expansions of the
floating monolayer. It isinstructive to use polarized light to
support the stacking hypothesis for our films (as will be
published in aforthcoming article [9] ). Theisotherm shows
that the monolayer can be compressed to a fully condensed
close-packed film.

3.2. UV-Vis spectroscopic characterization

Fig. 3 shows a typical absorption spectrum of rare-earth
metal bisphthalocyaninein LB films. The Q-band splitsinto
two maximum pesksat 686 and 718 nm, and &l so the shoul der
peak splitsinto 620 and 660 nm.

Thesingle-crystal structure of Nd bisphthal ocyaninewith-
out substitutes was analyzed by Kasuga et al. [10]. Other
lanthanide sandwich compounds have essentially the same
structure [11] in which the rare-earth ion occupies a central
position between two parallel but staggered (45°) phthalo-
cyanine ligands. While one of the phthal ocyanine macrocy-
cles is dightly saucer-shaped toward the rare-earth ion, the
other is planar. The structure of the title complex is similar
to this except that eight substituents of 2,4-di-tert-pentyl-
phenoxy have been symmetrically connected to the two
macrocycles. Thus, we can suppose that the structure of the
title complex molecule is similar to the structure of the lan-
thanide bi sphthal ocyanine mol ecule without substitutes. The
structure of our compound is shown in Fig. 4.

Because the two phthal ocyanine macrocycles of the com-
plex are dightly different to each other, the conjugated
bands of the two rings are not same. As mentioned above,
w—* transitions observed in the el ectroni c absorption spec-
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Fig. 3. UV-Vis spectrum of rare-earth metal bisphthalocyaninein LB films.
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Fig. 4. Structure of rare-earth metal bisphthal ocyanine.

trum can be separated into two pairs. Bands of 660 and 718
nm are assigned into m—mr* transitions of two phthal ocyanine
macrocycles, respectively. The 718 nm peak corresponds to
the planar phthalocyanine m—m™ transitions, while the 686
nm peak corresponds to the saucer-shaped phthal ocyanine
macrocycle. Conjugativity of the saucer-shaped phthalocya-
nine macrocycle decreased because it is slightly out of plane
compared with the planar one. Therefore, theabsorption band
is shifted to the blue direction. The weak peaks at 620 and
660 nm are due to the existence of a small amount of asso-
ciated speciesin LB films.

Molecules are arranged closer compared with molecules
in chloroform solution; the transannular effect and position
resistance may take place among molecules in LB films.
These effects|ead to the characteristic band at 686 nm, which
is obviously enhanced and is explained by rare-earth metal
bisphthal ocyanine molecules existing mainly in associated
species and the amount of monomers being considerably
reduced in the LB film.

Fig. 5 shows how the absorbance value, measured at 686
nm, varies with the number of layers. The absorption
increases linearly with the number of deposited layers.
Though the molecule is not of the classical amphiphilictype,
astraight line plot isobtained indicating reproduciblequality,
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Fig. 5. Absorbance value, measured at 686 nm, vs. number of LB film layers.
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and the layers adhere tenaciously to substrates and to each
other.

3.3. Gassensibility

For LB films without exposure to gases, a linear depend-
ence of conductance on film thickness is obtained, which
suggests that the conduction processis primarily abulk phe-
nomenon rather than a surface effect.

The response and recovery curves of the LB films of rare-
earth metal bisphthalocyanine in different environments are
shown in Figs. 6 and 7.

Itisobserved that:

(1) The conductance increases sharply with time at first
when the sensor is made of Sm or Er bisphthalocyanine LB
film contacting NO, gas. The conductivity increaseisamost
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Fig. 6. Response and recovery curves of the LB films of rare-earth metal
bi sphthal ocyanines in the vapor of 100 ppm NH3: A, SmPc’,; O, NdPc',;
<&, ErPc’,.
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certainly the result of electrophilic attack of the extensive -
orbital system of the Pc molecule by the NO,. The gas is
chemisorbed on certain molecular sites and becomes nega-
tively charged. This produces an increase in hole concentra-
tion and, hence, in the conductivity of the Pc molecule. The
effect has been shown to be a surface phenomenon with
kinetics governed by the Elovich rate eguation, d6/
dr=aexp(—b6) [12]. Then, the conductance increases
slowly with time to the maximum response. The conduction
process is a bulk phenomenon; the permeation of the gas to
the bulk of the LB film appears to be necessary.

(2) When NO, gasisremoved, the recovery also showsa
rapid decrease, followed by a dower decrease of conduc-
tance. Activeadsorption siteson thefilm surfacesareactually
giving the fairly rapid initial recovery, and it is much more
difficult for the gasto desorb in the bulk of the film.

(3) Theirreversibility of NO, on bisphthal ocyanine film
(failureto return to baseline after NO, isremoved) at indoor
temperature may be attributed to its strong electronegativity
and the bulk effect.

(4) The LB films of Sm and Er bisphthalocyanines have
sensibility for vapors of NH; and NO,, but the LB films of
Nd bisphthal ocyanine exhibit gas sensibility and selectivity
only for the vapor of NH.

Chemisorption of agas capable of inducing donor—accep-
tor interaction produces an ionized state and deforms the
energy band structure. Metal phthal ocyanines have two pos-
sible sites for gas adsorption: one is the central metal itself
and the other is the mr-electron system. The electrochemical
oxidation of different phthalocyanines can therefore vary
according to the metal used. It seemsthat the chemical prop-
erties of the two sites may change considerably and may in
turn reflect the adsorption properties of the phthalocyanine
towards oxidative gases.

Ammoniaiselectron donor gas, which usually reducesthe
conductivity of Pc filmsand crystals and readily reversesthe
effects of electron acceptor gases. The effect of ammoniaon
the electrical conductivity of substituted CuPc LB films has
been explored [13,14]. Copper tetracumylphenoxy Pc and
copper tetra-2,4-di-t-amylphenoxy Pc LB films show con-
ductivity increases on exposure to NH. In this paper, when
Sm, Er and Nd bisphthalocyanine LB films contact the NH,
the conductance increases sharply with time at first, and then
the conductance increases slowly with time to the maximum
response. The possibility that may reflect cumulative chem-
i sorption onto an n-typematerial conflictswith acceptor NO,,
and the mechanism leading to the conductivity increase in
ammoniais not understood. Nd bisphthal ocyanine LB films
have no sensibility for the vapor of NO.. It appears that the

conduction phenomenon depends not only on the metal atom,
but on the type of substituent as well.

4. Conclusions

The monolayer and deposition behaviors of rare-earth
metal (Sm, Er and Nd) bisphthalocyanine derivatives
(LnPc’,) were studied. LnPc’, molecules existed mainly in
associated speciesin LB films and the amount of monomo-
lecules was considerably reduced. Though the LnPc’, mole-
culeis not of the classical amphiphilic type, the absorption
increased linearly with the number of deposited layersindi-
cating reproducible quality and layers which adhered tena-
ciously to substrates and to each other. During the course of
our work program on the characterization of phthal ocyanine
LB films, it was discovered that the conductivity of LnPc’,
(Ln=3Sm, Er) LB films was very sensitive to the presence
of NO, and NH,. In particular, the conductivity of NdPc',
LB filmsincreased on exposure to NH; only. It appears that
the conduction phenomenon depended on the central metal
atom.

Further studies are needed to understand the mechanism
|eading to the conductivity increasein ammoniaand to deter-
mine the gas sensing properties at higher temperatures.
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