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Abstract

The monolayer behavior of bis[2,3,9,10,16,17,24,25-octakis(octyloxy)phthalocyaninato] rare earth complexes M[Pc(OC8H17)8]2 (M =Eu,

Dy, Er) at the air–water interface and their ordered molecular assemblies fabricated by Langmuir–Blodgett technique have been

investigated by a series of techniques including surface pressure–area isotherms, electronic absorption spectra, polarized absorption spectra,

low-angle X-ray diffraction patterns, and transmission electron microscope (TEM). The results indicated that bis(phthalocyaninato) rare earth

molecules form well-ordered stable monolayers with a face-to-face configuration and edge-on arrangement to the water surface at the air–

water interface and lamellar multilayers on solid substrates. The orientation angle of phthalocyanine rings with respect to the quartz plate

surface in the Langmuir–Blodgett films has been determined to be 64.6-, 63.5-, and 63.3- for the Eu, Dy, and Er double-decker

complexes, respectively, by the polarized absorption spectroscopy. High-resolution TEM reveals that a series of well-ordered rodlike

aggregates of bis(phthalocyaninato) rare earth complexes, which can be considered as molecular cable arrays, were formed by self-

organization in the monolayers.

D 2005 Elsevier B.V. All rights reserved.
PACS: 68.18.Fg; 68.37.Lp; 68.47.Pe
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1. Introduction

The study of nano-sized supramolecular structures formed by

self-organization is of great interest for the development of

molecular electronics and ionic devices [1,2]. In this field, the

construction of supramolecular wires and channels capable of

transporting electrons is an attractive and challenging direction

[3].

Phthalocyanines are an important class of pigments that

have been found applications in various disciplines [4,5]. This

series of tetrapyrrole derivatives can form complexes with

almost the complete Periodic Table of elements. In particular,

sandwich-type complexes of phthalocyanines with large metal
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ions such as rare earth, actinide, early transition, and main

group metals have been obtained [6–10]. The rare earth

sandwich complexes have attracted great attention due to their

possible applications in molecular electronics, molecular

optronics, and molecular iono-electronics [11]. Because of

the conjugated p molecular structure and strong p –p
interaction between the aromatic rings, phthalocyanine deri-

vatives have been used as building blocks for ordered

molecular systems. Among various approaches used to

construct supramolecular structures for phthalocyaninato

metal complexes, Langmuir–Blodgett technique has proved

to be a versatile method [12–18]. A lot of work has been

focused on the formation, structure, and gas-sensing proper-

ties of monomeric phthalocyanine derivatives. By contrast,

the reports on the sandwich-type phthalocyaninato rare earth

complexes have been rather scarce. Thus far, several research

groups have studied and described, in scattered reports, the
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Fig. 1. The schematic molecular structure ofM[Pc(OC8H17)8]2 (M =Eu, Dy, Er)
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formation characteristics, spectroscopic, electrochemical, elec-

trical, and gas adsorption properties of pure LB films of

unsubstituted bis(phthalocyaninato) compounds with a series

of rare earth metals M(Pc)2 for M=Ce, Pr, Eu, Gd, Tb, Yb,

Lu, and Y [19–26]. The electrochromism and atomic force

microscopy of mixed LB films of Yb(Pc)2 with stearic acid

have also been reported [27,28]. It has been noted by the

researchers in this field that in spite of the improved solubility

of unsubstituted bis(phthalocyaninato) rare earth complexes in

common organic solvents compared with monomeric counter-

parts, they are still not soluble enough to ensure the

fabrication of high quality LB films [29]. Attempts have

therefore been made to further improve the solubility by

incorporating different substituents onto the peripheral posi-

tions of phthalocyanine ring. However, although the investi-

gation over the LB films of substituted bis(phthalocyaninato)

rare earth compounds has been started for quite a long time,

still little is known, in particular about the relationship

between the formation characteristics and the central rare

earth ions as well as the substituents due to the lack of

systematic work. In 1991, Liu et al. investigated the

electrochemical and electrochromic characteristics of pure

LB films of lutetium complexes of bis(phthalocyanine)

substituted with four propyloxy and/or tert-butyl groups at

the peripheral positions [29]. The latter tert-butyl-substituted

bis(phthalocyaninato) rare earth complexes M[Pc(tBu)4]2
(M =Pr, Gd, Lu) were then studied by Souto et al.,

Rodriguez-Mendez et al., Vertsimakha, and Arrieta et al.,

for their spectroscopic and various kinds of gas adsorption

properties [30–34]. The work on the LB films of alkoxy

group substituted bis(phthalocyaninato) rare earth compounds

has extended to those of Sm[Pc(OC3H7)8]2, Lu[Pc(OC4H9)8]2,

and Lu[Pc(15C5)4]2 [35–38]. With the provision of synthe-

sized samples from this group, several investigators tried to

make further extension of the work in this regard. Xie et al.

tried to study the gas-sensing properties of mixed LB films of

Pr[Pc(OC8H17)8]2 [39], Sm[Pc(OC8H17)8]2 [40], and Er[P-

c(OC8H17)8]2 [41,42] with stearic acid or octadecanol. Liu et

al. did preliminary work in order to know the influence of

molecular structures on the supramolecular structures formed

by LB technique using double-deckers Eu(Pc)2, Eu(Pc)

[Pc(OC5H11)8], and Eu[Pc(OC5H11)8]2 [43]. Doling et al.

reported the NO2 sensitivity of Gd[Pc(C7H15)8]2 LB film

[44].

Recently, we have started to pay attention to the

formation characteristics of sandwich bis(tetrapyrrole) rare

earth complex LB films [45–47]. The aim of the present

paper is not only to add more information on the LB film

characteristics of bis(phthalocyaninato) rare earth compounds

but also to give insight into the influence of the rare earth

ionic size as well as the length of alkoxy side chains on the

pure LB film formation of bis(phthalocyaninato) rare earth

compounds. This also represents the effort of seeking the

influence of rare earth metals in sandwich molecules on the

interaction between the sandwich molecules. Herein we

describe the spectroscopic characteristics and structures of

self assemblies of bis[2,3,9,10,16,17,24,25-octakis(octyloxy)
.

phthalocyaninato] complexes for a series of rare earth metals

M[Pc(OC8H17)8]2 (M =Eu, Dy, Er), Fig. 1, formed by LB

techniques.

2. Experimental section

Homoleptic bis(phthalocyaninato) rare earth compounds

M[Pc(OC8H17)8]2 (M =Eu, Dy, Er) were synthesized according

to the published method [48]. Based on our recent work on the

molecular structures of bis(tetrapyrrole) rare earth double-

deckers [49–51], the rare earth ion in these homoleptic

bis(phthalocyaninato) rare earth compound is believed to

occupy a central position between two parallel but staggered

(ca. 45-) phthalocyanine rings. Chloroform (chromatographic

reagent) was used as received from Beijing Chemical Reagents

without further purification.

All the monolayer measurements and LB film deposition

were carried out with a NIMA 622 Langmuir–Blodgett trough

(Great Britain) with Ehilhelmy Pt-plate kept in a clean room at

25 -C. Pure water (resistivity 18 MV cm�1) was used as

subphase. M[Pc(OC8H17)8]2 (M =Eu, Dy, Er) solution in

chloroform with concentration of 2�10�5–3�10�5 mol

L�1 was spread onto the subphase surface using a microsyr-

inge. The floating monolayer was compressed, at a rate of 10

cm2 min�1, 15–20 min after spreading when CHCl3 solvent

completely evaporated. LB films of M[Pc(OC8H17)8]2 were

deposited by using vertical dipping method with a dipping

speed of 5 mm min�1 while the surface pressure was kept at 23

mN m�1. The substrates for LB film deposition were

hydrophobic quartz plates treated following the standard

procedure of Hönig et al. [52]. The transfer ratio is often used

as a measure of the quality of deposition. It is defined as the

ratio of the area of monolayer removed from the subphase

surface to the area of substrate coated by the monolayer. The

monolayer of M[Pc(OC8H17)8]2 can be easily transferred onto

hydrophobic substrates, layer by layer to form LB multilayers.

It was found that the even layers had the transfer ratio ranging

between 0.9 and 1.1, while the odd layers had a transfer ratio

close to 0 except the first one. The monolayer transferred only

in upstroke, the deposition mode is referred as Z-type [53]. To

investigate the structure using TEM method, the monolayers

were deposited onto Formvar-coated, 230 mesh copper grids

by subphase-lowering method [54].
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The electronic absorption spectra and the polarized

absorption spectra were recorded on a Hitachi U-4100

spectrophotometer. For the polarized absorption spectrum

recording, a dichroic sheet polarizer was placed in front of

the LB films with s- and p-polarized light, respectively. Low

angle X-ray diffractions were carried out on a Rigaku D/max-

gB X-ray diffractometer with Cu Ka radiation (k =0.15418
nm). The acceleration voltage is 40 kV, the tube current is

100 mA, and the scan rate is 1-/min. Transmission Electron

Microscopy (TEM) images were obtained on a Philips Tecnai

20U-TWI transmission electron microscope with resolution of

0.194 nm.

3. Results and discussion

3.1. Monolayer behavior at the air–water interface

The surface pressure versus area (p –A) isotherms for the

floating monolayers on water subphase at 25 -C are given in

Fig. 2. As illustrated in this figure, the bis(phthalocyaninato)

rare earth compounds M[Pc(OC8H17)8]2 (M =Eu, Dy, Er)

show similar mode of interface behavior. Stable monolayers

of these compounds on the air–water interface can be formed

in the pressure range of 15–28 mN m�1 and collapse at the

pressure of ca. 30 mN m�1. The limiting molecular area

obtained by extrapolating the steeply rising part of the p –A
isotherm curve to zero surface pressure is about 2.3, 2.3, and

2.4 nm2, respectively, for the bis(phthalocyaninato) com-

plexes of Eu, Dy, and Er [55]. It is obvious that the radius of

central rare earth ion gives almost no influence to the

monolayer behavior at the air–water interface and the

limiting molecular area. This is in line with the work on

either the unsubstituted bis(phthalocyaninato) or the 2(3),

9(10),16(17),24(25)-tetrakis(octyloxy) and 2(3),9(10),

16(17),24(25)-tetra(tert-butyl) substituted bis(phthalocyani-

nato) rare earth complexes [29,33]. Similar monolayer behavior

at the air–water interface has been observed forM(Pc)2 (M =Pr,

Gd, Lu) [33], M[Pc(OC3H7)4]2 (M =Er, Lu) [29], and

M[Pc(tBu)4]2 (M=Er, Lu) [29] under the same experimental
Fig. 2. p –A isotherms of Eu[Pc(OC8H17)8]2 (dotted line), Dy[Pc(OC8H17)8]2
(dashed line), and Er[Pc(OC8H17)8]2 (solid line).
conditions, without showing any rare earth ionic size discrim-

ination effect. Moreover, it is worth pointing out that the present

result on the limiting molecular area for M[Pc(OC8H17)8]2, ca.

2.3 nm2, is rationalized by comparison with the previous data,

1.2 nm2 for Sm[Pc(OC3H7)8]2 [37], and 2.0 nm2 for either

Eu[Pc(OC5H11)8]2 [36] or Gd[Pc(C7H15)8]2 [44], by taking the

length of the side chains into consideration. However, it is in

contradiction with the limiting molecular area, 2.4 nm2 obtained

for Lu[Pc(OC4H9)8]2, reported by Jones et al. [35]. Systematic

investigation on the LB film formation properties over a series

of bis(phthalocyaninato) rare earth complexes substituted with

eight alkoxy side chains, OCnH2n+1 (n=4,5,6,7,8,12,16), on

the peripheral positions is therefore on the way to clarify this

problem.

For tetrapyrrole macrocycle derivatives, the face-on and

edge-on configurations, which are determined according to

their molecular orientation on interface, have usually been used

to describe the molecular arrangement. The configuration for

the phthalocyanine molecules at the air–water interface has

been well determined by the limiting molecular area. The

limiting area obtained for M[Pc(OC8H17)8]2 in the present case

suggests an edge-on orientation with the M[Pc(OC8H17)8]2
molecules tilted and assembled with the main molecular

symmetry axis parallel to the water subphase. Otherwise they

should occupy an area much larger than 1.6�1.6 nm, 2.6 nm2,

if the phthalocyanine rings lie in the way completely parallel to

the subphase surface, i.e. via the face-on arrangement. It is

noteworthy that the diagonal distance across a phthalocyanine

macrocyclic ring between the two oxygen atoms of the

opposite octyloxy groups without considering the hydrocarbon

side chains is approximately 1.6 nm according to our recent

work on the bis(phthalocyaninato) rare earth molecular

structures [56,57]. In other words, similar to other substituted

bis(phthalocyaninato) rare earth analogues [29,35,37],

M[Pc(OC8H17)8]2 molecules on the air–water interface form

film in a face-to-face configuration and edge-on arrangement

on the water surface. This is also consistent with the stacking

patterns observed for the substituted monomeric phthalocya-

nine derivatives [58,59].

3.2. The LB film forming properties

As indicated in the Experimental section, Z-type (upstrokes

only) LB films of M[Pc(OC8H17)8]2 were deposited on the

hydrophobic quartz plates by using vertical dipping method

with a dipping speed of 5 mm min�1 at 23 mN m�1.

Fig. 3 compares the electronic absorption spectra of

Eu[Pc(OC8H17)8]2 in CHCl3 solution and a 22 layers of LB

film. In visible region, the absorption spectrum of this com-

pound in CHCl3 solution shows an intense band at 679 nm,

corresponding to the Q band of bis(phthalocyaninato) rare

earth double-deckers [48,49]. This absorption also appears

in the LB film but shifts to the blue, 672 nm, in comparison

with that in solution. Similar blue-shift in the Q band of multi-

layers of M[Pc(OC8H17)8]2 (M =Dy, Er) LB films has also

been observed with respect to their Q absorption in CHCl3
solution. Along with the rare earth contraction, the charac-



Table 1

The orientation angle of phthalocyanine ring to the quartz plate surface in the

multilayers of LB films of M[Pc(OC8H17)8]2 (M =Eu, 22 layers; Dy, 26 layers

Er, 28 layers) determined by polarized UV-vis absorption spectroscopy

Compound 0- 45- h (-

A // A– D0 A // A– Db

Eu[Pc(OC8H17)8]2 0.1227 0.0878 1.397 0.1067 0.0963 1.108 64.6

Dy[Pc(OC8H17)8]2 0.1594 0.1047 1.522 0.1470 0.1221 1.204 63.5

Er[Pc(OC8H17)8]2 0.2150 0.1279 1.681 0.1826 0.1413 1.292 63.3

Fig. 3. Electronic absorption spectra of Eu[Pc(OC8H17)8]2] in CHCl3 solution

(solid line) and 22 layers of LB films (dashed line).
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teristic Q band for the double-decker LB films takes a blue-

shift, from 672 nm for Eu[Pc(OC8H17)8]2, to 669 nm for Dy

[Pc(OC8H17)8]2, and 666 nm for Er[Pc(OC8H17)8]2. This cor-

responds well with the findings that the Q band of the double-

deckers in CHCl3 solution also shifts to the blue, from 679 nm

for Eu[Pc(OC8H17)8]2, to 676 nm for Dy[Pc(OC8H17)8]2, and

672 nm for Er[Pc(OC8H17)8]2, along the same order of

decreasing the rare earth ionic size [48]. It is worth pointing

out that this appears to be the first report dealing with the blue

shift of Q band in pure LB films of bis(phthalocyaninato) rare

earth complexes using pure water as subphase, which is just in

contrast to the results reported thus far. Under the similar

experimental conditions, Q absorption of either unsubstituted or

substituted bis(phthalocyaninato) rare earth complexes, for

example Lu(Pc)2 [25] and Eu[Pc(OC5H11)8]2 [43], were found

to shift to the red in their pure LB films compared with that in

solution. These results seem to suggest that the wavelength of Q

band in the LB films of bis(phthalocyaninato) rare earth

complexes is related with the species and length of side chains

incorporated onto the peripheral positions of phthalocyanine

ligand. It is therefore interesting to systematically study the

characteristics of LB films over a series of bis(phthalocyani-

nato) rare earth complexes substituted with different length of

alkoxy side chains.

Polarized UV-vis absorption spectroscopy of LB films has

been found an useful method to determine the orientation of

phthalocyanine rings in LB films [35,47]. It is well known

that the polarization direction of the p –p* transition band for

phthalocyanine molecules is parallel to the molecular plane.

When the polarized direction of light is parallel to the

direction of the excitation dipole moment of the molecule, an

intense absorbance can be observed. Otherwise, a weak

absorbance will be recorded. The polarized UV-vis absorption

spectra of multilayers of M[Pc(OC8H17)8]2 (M =Eu, Dy, Er)

LB films on quartz substrate were recorded with incidence

angle of 0- and 45-, respectively. On the basis of method

developed by Yoneyama et al. [60], the orientation angle of

phthalocyanine rings of bis(phthalocyaninato) rare earth
complexes to the quartz plate surface in the LB films can

be determined by the following equation.

cos2h ¼
D0 � 1þ D0sin

2b
� �

Db

1� 2sin2b
� �

Db � 1þ Dbsin
2b

� �
D0

Where h is the orientation angle of Pc rings. The dichroic

ratio D is defined as A// /A–, where A// and A– are the

absorbances of the film obtained with s- and p-polarized light,

respectively. D0 and Db are the dichroic ratios when the

angles of incidence are 0- and 45-, respectively. b =sin�1

(sinbV/n) when bV=45-, n is the refractive index of the LB

films and a value of 1.148 is taken in the present calculation

[54]. The results are organized in Table 1. As can be seen, the

orientation angles of phthalocyanine rings of bis(phthalocya-

ninato) rare earth complexes to the quartz plate surface in the

LB films have been determined to be 64.6-, 63.5-, and 63.3-,
respectively, for the Eu, Dy, and Er compounds. They are

bigger in comparison with those reported for the unsubstituted

analogues Eu(Pc)2 and Lu(Pc)2, 51- and 53- [43,61]. Again,

it is worth mentioning that the central rare earth ionic size

seems to exert negligible effect on the LB films of

bis(phthalocyaninato) rare earth complexes from the point of

orientation of phthalocyanine rings with respect to the quartz

plate surface.

Fig. 4 shows the beautiful low angle X-ray diffraction

patterns of the 8 layers of LB films of M[Pc(OC8H17)8]2
(M =Eu, Dy, Er), revealing the excellent molecular ordering of

double-deckers in these LB films. According to the (001)

Bragg peaks of these LB films, the periodic spacing distance

(d) of Eu[Pc(OC8H17)8]2, Dy[Pc(OC8H17)8]2, and Er[Pc

(OC8H17)8]2 LB films were calculated to be 2.54, 2.60, and

2.47 nm, respectively. Due to the structures of the Z type LB

films of bis(phthalocyaninato) rare earth complexes, the value

of d calculated from the low-angle X-ray diffraction is actually

the thickness of the monolayer.

Based on the structural investigation over the bis(phthalo-

cyaninato) rare earth complexes [56,57], the thickness of

M[Pc(OC8H17)8]2 molecule is calculated to be ca. 0.55 nm

while its macrocycle diameter (actually the distance between the

two oxygen atoms of the opposite octyloxy groups) is

approximately 1.6 nm without considering the hydrocarbon

side chains. The length of a straightened octyloxy side

chain is about 1.0 nm according to the CPK model.

Provided that M[Pc(OC8H17)8]2 molecules are densely

stacked in a face-to-face configuration in the LB films

and take the edge-on arrangement on the water surface, the
;

)



Fig. 6. Schematic representation of the molecular cables formed by aggregates

of Eu[Pc(OC8H17)8]2 molecules in LB films.

Fig. 4. Low angle X-ray diffraction patterns of the 8 layers of LB films of (i)

Eu[Pc(OC8H17)8]2, (ii) Dy[Pc(OC8H17)8]2, and (iii) Er[Pc(OC8H17)8]2.
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average molecular space would approximately be 1.9 nm2

[1.6� (1.6�cos64-+0.55� sin64-)] in the case that all the

octyloxy side chains are straightened perpendicularly to the

subphase surface. Actually, the octyloxy side chains bound

to the middle phthalocyanine ring may have some

contributions to the molecular areas. The actual molecular

area thus should be larger than 1.9 nm2. This is in line

with the limiting molecular area of M[Pc(OC8H17)8]2
obtained from the p –A isotherms as discussed above,

about 2.3 nm2. With the orientation angle of phthalocyanine

rings to the quartz plate surface in the LB films of

M[Pc(OC8H17)8]2, ca. 64- (Table 1), the thickness of the

monolayer in the LB films should approximately be 2.7 nm

(0.55�cos64-+1.6� sin64-+1.0). This is also in good

accordance with that deduced from the low angle X-ray

diffraction method, 2.47–2.60 nm, for these three double-

decker complexes.

Fig. 5 displays the high-resolution TEM images of

Eu[Pc(OC8H17)8]2 monolayer on the Formvar-coated, 230

mesh copper grids. A series of parallel rodlike nanowires can

be seen in this photograph. The widths of which are estimated

to be ca. 2.0 nm. This is approximately the Pc macrocycle
Fig. 5. The high-resolution TEM image
diameter [62]. It thus can be concluded that these rodlike

nanowires observed are of monomolecular width. In these

monomolecular wires, two types of non-covalent interactions

between the sandwich molecules, i.e. p –p interaction between

the macrocycle rings and hydrophobic interaction between the

octyloxy side chains, are considered to be responsible for the

formation of the supramolecular assemblies on the air–water

interface, which are maintained after transfer to the solid

supports. The supramolecular p–p interaction can be attested

by the result of polarized UV-vis absorption spectroscopy.

Separate monomolecular wires are collocated side by side by

the interaction of Van der Waals attraction. The schematic

parallel aggregates of Eu[Pc(OC8H17)8]2 molecules in LB films

are represented in Fig. 6. The isolated strands of molecules can

be considered as molecular cables, which contain a central

electron-transporting channel of stacked bis(phthalocyaninato)

rare earth supramolecular structures surrounded by an insulat-

ing hydrocarbon mantle [3]. These arrays of parallel molecular

cables in LB films should lead to anisotropic electron-

conducting properties and may find application in molecular

electronics. It must be pointed out that similar ordered rodlike

aggregates of monomeric phthalocyanines substituted with
s of Eu[Pc(OC8H17)8]2 monolayer.



X. Wang et al. / Thin Solid Films 496 (2006) 619–625624
eight 2-benzyloxyethoxy groups at the peripheral positions

has also been found to be formed at the air–water interface

[63–65].

4. Conclusion

A series of three bis(phthalocyaninato) rare earth complexes

M[Pc(OC8H17)8]2 (M =Eu, Dy, Er) have been found to form

stable monolayer at the air–water interface and fabricated into

multilayer films by LB technique. Comparative studies over the

monolayer behavior and the spectroscopic and structural

characteristics of their LB films for these three double-decker

complexes containing different rare earth ions reveals that the

difference in the rare earth ionic size is too small to exert

obvious effect on the structure and inter-molecular interaction

in the ordered assemblies of these bis(phthalocyaninato) rare

earth complexes. The well-ordered rodlike aggregates of

bis(phthalocyaninato) rare earth complexes formed in LB films

may find application in molecular electronics.
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