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The electrochemistry of homoleptic substituted phthalocyan-
inato rare earth double-decker complexes M(TBPc)2 and
M(OOPc)2 [M = Y, La...Lu except Pm; H2TBPc =
3(4),12(13),21(22),30(31)-tetra-tert-butylphthalocyanine,
H2OOPc = 3,4,12,13,21,22,30,31-octakis(octyloxy)phthalocy-
anine] has been comparatively studied by cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) in CH2Cl2
containing 0.1 M tetra-n-butylammonium perchlorate
(TBAP). Two quasi-reversible one-electron oxidations and
three or four quasi-reversible one-electron reductions have
been revealed for these neutral double-deckers of two series
of substituted complexes, respectively. For comparison, un-
substituted bis(phthalocyaninato) rare earth analogues
M(Pc)2 (M = Y, La...Lu except Pm; H2Pc = phthalocyanine)
have also been electrochemically investigated. Two quasi-re-
versible one-electron oxidations and up to five quasi-revers-
ible one-electron reductions have been revealed for these
neutral double-decker compounds. The three bis(phthalocy-

Introduction

Bis(phthalocyaninato) rare earth compounds have been
extensively studied due to their potential applications for
electronic devices.[1,2] Their electrochemical properties, es-
pecially those of lutetium compounds, have been intensively
investigated in solutions or in aqueous LiClO4, KClO4, or
KCl in cast, Langmuir�Blodgett, or spin-coated films by
several research groups. These data are relevant to the use
in electrochromic displays and molecular electronics of
Lu(Pc)2.[1�5] As noted by Simon and co-workers,[6] the gap
between the first oxidation and first reduction processes of
molecules is a good estimate of the thermal activation en-
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aninato)cerium compounds display one cerium-centered
redox wave between the first ligand-based oxidation and re-
duction. The half-wave potentials of the first and second ox-
idations and first reduction for double-deckers of the terva-
lent rare earths depend on the size of the metal center. The
difference between the redox potentials of the second and
third reductions for MIII(Pc)2, which represents the potential
difference between the first oxidation and first reduction of
[MIII(Pc)2]−, lies in the range 1.08−1.37 V and also gradually
diminishes along with the lanthanide contraction, indicating
enhanced π−π interactions in the double-deckers connected
by the smaller, lanthanides. This corresponds well with the
red-shift of the lowest energy band observed in the electronic
absorption spectra of reduced double-decker [MIII(Pc�)2]−

(Pc� = Pc, TBPc, OOPc).

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

ergy for the conduction of electric charges in the solid-state
materials derived from these molecular precursors.

The spectroscopic properties, namely IR,[7] Raman,[8] and
electronic absorption spectra,[9] of these sandwich-type
(tetrapyrrole)metal compounds depend on the strong elec-
tronic interaction between the macrocycles, which in turn
depends on the ring-to-ring distances in the molecules.
Therefore it is worth studying systematically the electro-
chemical properties of the sandwich compounds of the
complete series of rare earths for various ligands. So far, we
have studied the molecular structures, NMR and vi-
brational spectroscopic characteristics of several series of
tetrapyrrole compounds with the whole series of lantha-
nides from La to Lu.[7�10] The groups of Konami,[11]

Iwase[12] and Homborg[13] have reported the NMR, electro-
chemical and electronic absorption properties of reduced
double-deckers of the lanthanide series, namely
[Bu4N][M(Pc)2], Li[M(Pc)2] and [N(CnH2n�1)4][M(Pc)2],
respectively. However, there is still no report on electro-
chemical investigations over the whole lanthanide series for
the neutral bis(phthalocyaninato) species. The literature on
any solution properties of the neutral unsubstituted bis-
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(phthalocyaninato) rare earth complexes is not rich due to
the limited solubility of M(Pc)2 in common organic solvents
such as CH2Cl2. Investigations of the electrochemical
properties of substituted bis(phthalocyaninato) rare earth
compounds are also scarce, being limited to M(OPPc)2

(M � Eu, Gd),[14] M(OHPc)2 (M � Eu, Gd),[14] M(OBPc)2

(M � Yb, Lu)[4d] and Lu(TBPc)2.[4c] The ligand abbrevi-
ations are given in Table 1.

Table 1. Abbreviations for ligands

Abbreviation Ligand
H2Por general porphyrin
H2TBPP 5,10,15,20-tetrakis(4-tert-butylphenyl)porphyrin
H2OEP 2,3,7,8,12,13,17,18-octaethylporphyrin
H2Pc phthalocyanine
H2TBPc 2(3),9(10),16(17),24(25)-tetra-tert-butylphthalocyanine
H2OOPc 2,3,9,10,16,17,24,25-octakis(octyloxy)phthalocyanine
H2OPPc 2,3,9,10,16,17,24,25-octakis(pentyloxy)phthalocyanine
H2OHPc 2,3,9,10,16,17,24,25-octakis(heptyl)phthalocyanine
H2OBPc 2,3,9,10,16,17,24,25-octakis(butyloxy)phthalocyanine
H2(2,3-Nc) 2,3-naphthalocyanine (linearly annulated tetrabenzo-

phhthalocyanine)
H2(2,3-TBNc) 3(4),12(13),21(22),30(31)-tetra-tert-butyl-2,3-naphthalo-

cyanine

We report here on two series of substituted bis(phthalo-
cyaninato)lanthanide compounds, M(OOPc)2 and
M(TBPc)2, whose solubility in CH2Cl2 is significantly im-
proved due to the introduction of extended or bulky sub-
stituents onto the Pc rings (Scheme 1). The electrochemical
characterization of these substituted bis(phthalocyaninato)
compounds of the whole series of lanthanides has been
achieved using a glassy carbon disk working electrode. For
comparison, the corresponding unsubstituted analogues
M(Pc)2 have also been prepared and investigated electro-
chemically. These unsubstituted counterparts also show re-
cognizable and reproducible electrochemical features under
the present conditions although the cyclic and differential
pulse voltammograms are not resolved as clearly as those
of the substituted analogues M(TBPc)2 and M(OOPc)2. By
comparison between the electrochemical characteristics of
unsubstituted and substituted bis(phthalocyaninato) com-

Scheme 1. Bis(phthalocyaninato) rare earth complexes R1 � R2 �
H, M(Pc)2 (A); R1 � R2 � H, tert-C4H9, M(TBPc)2 (B); R1 �
R2 � OC8H17, M(OOPc)2 (C)
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pounds of the whole series of lanthanides, the effects of
ionic radius of the rare earth metal and substituents (tert-
butyl and octyloxy groups) on the electrochemical proper-
ties of double-decker compounds have been studied.

More redox couples can be revealed by using the glassy
carbon disk due to the decreased interaction or affinity be-
tween the highly charged electrochemically generated com-
plexes and the electrode.[12b,15] The same methodology has
been applied here to render possible the first observation
by DPV of the fifth one-electron reduction of M(Pc)2 in
solution.[15]

Results and Discussion

Electrochemical Characteristics of Bis(phthalocyaninato)
Rare Earth Complexes M(Pc)2 (M � Y, La...Lu except
Pm)

The electrochemical behavior of all the double-decker
sandwich complexes M(Pc)2 was first investigated by cyclic
voltammetry (CV) and then differential pulse voltammetry
(DPV) in CH2Cl2. The half-wave redox potentials vs. SCE
are summarized in Table 2. Figure 1 shows the cyclic vol-
tammograms and differential pulse voltammograms of
Y(Pc)2 as a typical representative of this series of rare earth
compounds. The cyclic voltammograms of other com-
pounds in the same series are similar. Within the electro-
chemical window of CH2Cl2 and according to the CV and
DPV results, all the double-decker compounds of tervalent
rare earths except Lu undergo two quasi-reversible one-
electron oxidations and up to five quasi-reversible one-elec-
tron reductions under the present conditions. The separ-
ation of the reduction and oxidation peak potentials for
each process is 60�95 mV. Since the oxidation state of the
central tervalent rare earth ion does not change (except for
M � Ce), these processes are due to successive removal or
addition of electrons from or to the ligand-based orbitals
that are represented by the redox states illustrated in
Scheme 2, where oxidations are labeled as Oxd1 and Oxd2

and the reductions as Red1 to Red5.
The electrochemistry of the unsubstituted double-deckers

in CH2Cl2 seen here differs from that previously reported.
For instance, only three or at most four reductions were
observed for Lu(Pc)2 in CH2Cl2 or benzonitrile (PhCN)
containing TBAPF6.[4] However, under our experimental
conditions, the neutral bis(phthalocyaninato) compounds
of tervalent rare earths undergo up to five one-electron re-
ductions according to both the CV and, more clearly, the
DPV results.

The effect of rare earth ion size is clearly demonstrated
by the slight shift in the negative direction of the half-wave
potentials of the first oxidation and first reduction of MIII-
(Pc)2 with decreasing rare earth ion radius. Moreover, a
linear correlation exists between the potentials of the first
oxidation and first reduction and the tervalent rare earth
ionic radii (Figure 2). The half-wave potentials of the se-
cond oxidation also depend on the ionic radius of the cen-
tral rare earth metal (Figure 2). However, the slope of this



P. Zhu, F. Lu, N. Pan, D. P. Arnold, S. Zhang, J. JiangFULL PAPER

Table 2. Half-wave redox potentials of M(Pc)2 (V vs. SCE) in CH2Cl2 containing 0.1  TBAP

Oxd2 Oxd1 Red1 Red2 Red3 Red4 Red5 ∆E°1/2
[a] ∆E°�1/2

[b]

La �1.34 �0.61 �0.27 �1.10 �1.31 �1.55[c] �1.85[c] 0.34 1.37
Ce �1.04[d] �0.55[d] �0.09[e] �1.10[f] �1.31[c] [f] 0.49[g] 1.19
Pr �1.34 �0.58 �0.22 �1.15 �1.39 �1.68[c] �1.80[c] 0.36 1.37
Nd �1.49[c] �0.56 �0.15 �1.12 �1.34 �1.63[c] �1.74[c] 0.41 1.27
Sm �1.56 �0.56 �0.14 �1.11 �1.33 �1.60[c] �1.74[c] 0.42 1.25
Eu �1.59 �0.55 �0.12 �1.07 �1.29 �1.54[c] �1.70[c] 0.43 1.19
Gd �1.57[c] �0.52 �0.11 �1.08 �1.30 �1.53[c] �1.72[c] 0.41 1.19
Tb �1.60[c] �0.51 �0.09 �1.08 �1.32 �1.53 �1.66[c] 0.42 1.17
Dy �1.50 �0.47 �0.07 �1.09 �1.30 �1.57[c] �1.83[c] 0.40 1.16
Y �1.61 �0.47 �0.06 �1.11 �1.35 �1.66[c] �1.81[c] 0.41 1.17
Ho �0.47 �0.04 �1.10 �1.36 �1.70[c] �1.88[c] 0.43 1.14
Er �1.63 �0.47 �0.06 �1.09 �1.35 �1.60[c] �1.75[c] 0.41 1.15
Tm �1.54 �0.45 �0.05 �1.07 �1.29 �1.54[c] �1.75[c] 0.40 1.12
Yb �1.64[c] �0.44 �0.02 �1.09 �1.32 0.42 1.11
Lu �1.60[c] �0.40 �0.02 �1.10[c] �1.33[c] �1.58[c] 0.42 1.08

[a] ∆E°1/2 is the energy required to put a second electron in the semi-occupied HOMO of the neutral double-decker radical M(Pc)2 or to
remove one electron of the two from the HOMO of the reduced double-decker species [M(Pc)2]�: ∆E°1/2 � Oxd1 � Red1. [b] ∆E°�1/2 is
the potential difference between the first oxidation and first reduction processes, i.e. the HOMO�LUMO gap of [M(Pc)2]�: ∆E°�1/2 �
Red1 � Red2. [c] Recorded by DPV. [d] This process involves an intermediate cerium CeX species, where  is between  and . [e] Involves
a cerium-centered redox process. [f] Involves a CeIII species. [g] For Ce(Pc)2: ∆E°1/2 � Oxd2 � Oxd1.

Figure 1. Cyclic voltammetry (A) and differential pulse voltamme-
try (B) of Y(Pc)2 in CH2Cl2 containing 0.1  [Bu4N][ClO4] at scan
rates of 20 and 10 mV s�1, respectively

line is opposite to those of the first oxidation and first re-
duction waves (see below). The half-wave potentials of the
second, third and fourth reductions for M(Pc)2 are indepen-
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Scheme 2. The one-electron redox processes of M(Pc)2

Figure 2. Half-wave potentials of redox processes of M(Pc)2 as a
function of the ionic radius of MIII

dent of the size of the central rare earth ions. This is also
true for the half-wave potentials of the fifth reduction of
MIII(Pc)2 revealed here by DPV.

The potential difference between the first oxidation and
first reduction process, ∆E°1/2, for all double-decker com-
pounds M(Pc)2 spans a relatively narrow range, 0.34�0.43
V, which accords well with previously reported results for
bis(phthalocyaninato)lutetium compounds.[4] This potential
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difference is important for molecular materials because it
predicts electrical properties such as the thermal activation
energy for conduction in the condensed phases derived
from these molecular precursors.[6] As with Lu(Pc)2, the un-
substituted bis(phthalocyaninato) rare earth compounds
should be good molecular semi-conductors based on the
small potential difference between their first oxidation and
first reduction.

X-ray crystallographic studies of bis(phthalocyaninato)
rare earth compounds show that the two isoindole N4

planes are very close to each other (2.68�3.11 Å).[1a] This
proximity of the two conjugated π-systems in a face-to-face
configuration causes the monomer molecular orbitals to
split, which can be demonstrated by studying the redox be-
havior and the optical properties (UV/Vis, near-IR and
MCD spectra). Figure 3 shows a qualitative scheme for the
frontier orbitals of M(Pc)2 derived from the highest occu-
pied and lowest unoccupied molecular orbitals (HOMO
and LUMO) of M(Pc)2.[16,17] The LUMO of mono(metal-
lophthalocyanines) is doubly degenerate (eg) and can accept
up to four electrons; this is also true for the LUMO of the
bis(phthalocyaninato) rare earth compounds. The HOMO
of the homoleptic phthalocyaninato double-deckers results
from a splitting of the 4au π-HOMO of the mono(phthalo-
cyanines) due to the interactions between the rings. Thus,
in the neutral complexes consisting of a tervalent metal ion
sandwiched between (formally) a dianion and an anion rad-
ical, the HOMO is semi-occupied. These neutral bis(phthal-
ocyaninato) compounds of tervalent rare earths are thus
expected to be reducible by a total of five electrons as con-
firmed by the above-described electrochemical measure-
ments. This orbital proposal is well supported by the optical
properties, especially in the near-IR range of M(Pc)2.[18]

The bis(phthalocyaninato) tervalent rare earth complexes

Figure 3. Frontier orbitals of M(Pc)2
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are known to be neutral radicals, the HOMO being semi-
occupied. The absorption band at ca. 920 nm in the elec-
tronic spectrum, which shows an A-Faraday-type band in
the MCD spectrum, is attributed to the electronic transition
from the semi-occupied HOMO to the degenerate LUMO.
The absorption to even lower energy at ca. 1400 nm is due
to the transition from the second HOMO to the semi-occu-
pied HOMO.[18] This energy represents the extent of elec-
tronic coupling between the macrocycles, since the electron
correlation energy term vanishes due to the semi-occu-
pation of the HOMO. This absorption band becomes in-
creasingly blue-shifted with the lanthanide contraction, in-
dicating that decreasing rare earth ionic size induces in-
creasing ring-to-ring interaction and more profound split-
ting between the HOMO and second HOMO of double-
deckers (Figure 3), and thus there is an increase in the en-
ergy of the HOMO and a decrease in that of the second
HOMO. This is why the half-wave potentials of the second
oxidation (Oxd2) are shifted slightly in a more positive di-
rection with decreasing rare earth ion radius, whereas those
for the first oxidation and first reduction of MIII(Pc)2, Oxd1

and Red1, are shifted slightly in the negative direction in
the same order.

According to the orbital scheme depicted in Figure 3,
∆E°1/2 (0.34�0.43 V) represents the energy for putting a
second electron in the semi-occupied HOMO of the neutral
double-decker radical M(Pc)2 or to remove one electron of
the two from the HOMO of the reduced double-decker
species [M(Pc)2]�. In other words, it is the energy for pair-
ing the two electrons in the HOMO of [M(Pc)2]�, and it
remains almost unchanged for the whole series of lantha-
nides. The corresponding energy for removing one electron
of the two from the HOMO of Ce(Pc)2, 0.49 V, is slightly
higher compared to that for [M(Pc)2]� because of the
smaller ionic size of the intermediate valence state of cerium
and, thus, the more intense ring�ring interaction in
Ce(Pc)2. This is also true for substituted bis(phthalocyanin-
ato)cerium complexes (Tables 3 and 4).

Furthermore, the difference of the redox potentials of
Red2 and Red3 for M(Pc)2 actually corresponds to the po-
tential difference between the first oxidation and first re-
duction of [M(Pc)2]�, ∆E°�1/2. The values range from 1.08
to 1.37 V across the series, and gradually diminish along
with decreasing rare earth ion radius, clearly showing a size
effect and indicating the enhanced π�π interactions in the
double-deckers with smaller lanthanides compared with
those connected by larger lanthanides (Table 2). The same
general trend is also found for the substituted bis(phthalo-
cyaninato) rare earth analogues M(TBPc)2 and M(OOPc)2

(see Table 4). As the first oxidation step and first reduction
step, respectively, involve the HOMO and the LUMO of
the molecule, the energy difference between these two redox
processes for [M(Pc)2]� corresponds to its electrochemical
molecular band gap. Thus ∆E°�1/2 should reflect the energy
necessary for the transition of an electron from the HOMO
to the LUMO of [M(Pc)2]� and therefore should correlate
with the lowest energy optical transition in the electronic
absorption spectrum of [M(Pc)2]�. In fact, the diminished
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Table 3. Half-wave redox potentials of M(TBPc)2 (V vs. SCE) in CH2Cl2 containing 0.1  TBAP

Oxd2 Oxd1 Red1 Red2 Red3 Red4 ∆E°1/2
[a] ∆E°1/2

[b]

La �1.36 0.52 0.14 �1.18 �1.43 0.38 1.32
Ce �0.91[c] �0.42[c] �0.03[d] �1.16[e] �1.41[e] �1.84[e] [f] 0.49[g] 1.13
Pr �1.39 �0.49 �0.10 �1.14 �1.37 �1.76[f] 0.39 1.24
Nd �1.46 �0.48 �0.08 �1.15[f] �1.36[f] �1.79[f] 0.40 1.23
Sm �1.48 �0.46 �0.05 �1.13 �1.36[f] �1.72[f] 0.41 1.18
Eu �1.50 �0.45 �0.03 �1.13 �1.36 �1.74 0.42 1.16
Gd �1.48 �0.42 �0.01 �1.15 �1.40[f] �2.00[f] 0.41 1.16
Tb �1.51 �0.41 �0.03 �1.20 �1.49[f] �1.88[f] 0.44 1.17
Dy �1.51 �0.39 �0.04 �1.15 �1.40[f] 0.43 1.11
Y �1.57 �0.40 �0.01 �1.14 �1.44 �1.80[f] 0.41 1.14
Ho �1.57 �0.37 �0.07 �1.20 �1.47[f] �1.89[f] 0.44 1.13
Er �1.56 �0.37 �0.05 �1.13 �1.38 �1.92[f] 0.42 1.08
Tm �1.53[c] �0.35 �0.08 �1.14 �1.40 �1.90[f] 0.43 1.06
Yb �1.55 �0.35 �0.11 �1.19 �1.50[f] �1.94[f] 0.46 1.08
Lu �1.56 �0.35 �0.10 �1.19 �1.48 �1.80 0.45 1.09

[a] ∆E°1/2 is the energy needed to put a second electron in the semi-occupied HOMO of the neutral double-decker radical M(TBPc)2 or to
remove one electron of the two from the HOMO of the reduced double-decker species [M(TBPc)2]�: ∆E°1/2 � Oxd1 � Red1. [b] ∆E°�1/2 is
the potential difference between the first oxidation and first reduction processes, i.e. the HOMO�LUMO gap of [M(TBPc)2]�: ∆E°�1/2 �
Red1 � Red2. [c] This process involves an intermediate cerium CeX species, where  is between  and . [d] Involves a cerium-centered
redox process. [e] Involves a CeIII species. [f] Recorded by DPV. [g] For Ce(TBPc)2: ∆E°1/2 � Oxd2 � Oxd1.

Table 4. Half-wave redox potentials of M(OOPc)2 (V vs. SCE) in
CH2Cl2 containing 0.1  TBAP

Oxd2 Oxd1 Red1 Red2 Red3 ∆E°1/2
[a] ∆E°�1/2

[b]

La �1.20 �0.46 �0.10 �1.31 �1.63 0.36 1.41
Ce �0.78[c] �0.33[c] �0.18[d] 0.45[e]

Pr �1.23 �0.42 �0.01 �1.31 �1.64[f] 0.41 1.33
Nd �1.25 �0.40 0.00 �1.28 �1.60[f] 0.40 1.28
Sm �1.26 �0.40 �0.01 �1.29 �1.65[f] 0.41 1.28
Eu �1.33 �0.36 �0.06 �1.29 �1.71 0.42 1.23
Gd �1.40 �0.35 �0.07 �1.27 �1.56[f] 0.42 1.20
Tb �1.38 �0.33 �0.10 �1.30 �1.60[f] 0.43 1.20
Dy �1.35 �0.32 �0.11 �1.30 �1.66 0.43 1.19
Y �1.40 �0.31 �0.12 �1.31 �1.69 0.43 1.19
Ho �1.47 �0.31 �0.11 �1.29 �1.65[f] 0.42 1.18
Er �0.30 �0.13 �1.30 �1.59[f] 0.43 1.17
Tm �1.51[f] �0.29 �0.15 �1.31[c] �1.67[f] 0.44 1.16
Yb �1.51[f] �0.28 �0.15 �1.26 �1.62 0.43 1.12
Lu �1.47 �0.27 �0.17 �1.30 �1.71 0.44 1.13

[a] ∆E°1/2 is the energy needed to put a second electron in the semi-
occupied HOMO of the neutral double-decker radical M(OOPc)2

or to remove one electron of the two from the HOMO of the re-
duced double-decker species [M(OOPc)2]�: ∆E°1/2 � Oxd1 � Red1.
[b] ∆E°�1/2 is the potential difference between the first oxidation and
first reduction processes, i.e. the HOMO�LUMO gap of
[M(OOPc)2]�: ∆E°�1/2 � Red1 � Red2. [c] This process involves an
intermediate cerium CeX species, where  is between  and .
[d] Involves a cerium-centered redox process. [e] For Ce(OOPc)2:
∆E°1/2 � Oxd2 � Oxd1. [f] Recorded by DPV.

trend observed for ∆E°�1/2 of bis(phthalocyaninato)metal
complexes along with the rare earth contraction is in good
agreement with the red-shift of the lowest electronic absorp-
tion band of [M(Pc)2]�, 682 nm for M � Sm to 705 nm for
M � Lu, along with the same order.

The cerium double-decker is particularly interesting be-
cause of its anomalous electrochemical and spectroscopic
properties. As indicated by electronic absorption, Raman
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and 1H NMR studies, both phthalocyanine rings seem to
exist as dianions in bis(phthalocyaninato)cerium,
Ce(Pc2�)2, while the valence state of the cerium ion appears
to be intermediate between  and  from XNAFS data.
This anomaly is due to the strong hybridization of the 4f
orbital of cerium with the π orbitals of conjugated phthalo-
cyanine ligands.[19] The CV and DPV studies of Ce(Pc2�)2

show five distinct redox waves that represent quasi-revers-
ible single-electron processes. The second and third re-
duction peaks at �1.10 and �1.31 V, respectively, are re-
lated to the successive addition of electrons to the ligand-
based orbitals that are represented by the redox states
[Ce(Pc)2]�/[Ce(Pc)2]2� and [Ce(Pc)2]2�/[Ce(Pc)2]3�, in
which the cerium ion seems to be tervalent, because both
potentials correspond with those of the rest of the series
MIII(Pc)2 [M � Ce] (Table 2 and Figure 2). The anomalous
reduction wave at �0.09 V thus appears to be metal-cen-
tered: [CeIII(Pc2�)2]�/[CeX(Pcn�)2], where  is between 
and , and n is an average formal charge such as to main-
tain the required net charge.[19] The anomalous (with re-
spect to the other lanthanides) electronic structure of ce-
rium and the strong hybridization of the 4f orbitals with
the ligand orbitals make the metal-centered redox process
(here either the addition, or the removal, of one electron to,
or from, a 4f orbital of the cerium ion) dependent on the
nature of the phthalocyanine rings. Therefore, the half-wave
potential of the cerium-based redox process for Ce(Pc)2 dif-
fers from that for Ce(TBPc)2 and Ce(OOPc)2 [Tables 3 and
4 (see below)], following the logical order 0.09, �0.03,
�0.18 as the ligands become more electron-donating and
thus the metal centre becomes harder to reduce. The first
and second oxidation processes at �0.55 and �1.04 V for
Ce(Pc)2 involve successive removal of electrons from the li-
gand-based HOMO that are represented by the redox
states: [CeX(Pc)2]/[CeX(Pc)2]� and [CeX(Pc)2]�/[CeX(Pc)2]2�
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(in which again a fractional average formal charge must be
assigned to the ligands to maintain the overall charge). The
cerium ion in these redox states has the same formal charge
as in [Ce(Pc)2]0 because both potentials deviate significantly
from the linear relationship established between the poten-
tials of corresponding redox processes, actually the first re-
duction and first oxidation of MIII(Pc)2, and the rare earth
ion radii (Table 2 and Figure 2).

Electrochemical Characteristics of
Bis[3(4),12(13),21(22),30(31)-tetra-tert-butylphthalo-
cyaninato] Rare Earth Complexes M(TBPc)2 (M � Y,
La...Lu except Pm)

The bis[3(4),12(13),21(22),30(31)-tetra-tert-butylphthalo-
cyaninato] rare earth complexes M(TBPc)2, which are sub-
stituted by four tert-butyl groups on the periphery of each
phthalocyanine macrocycle, are actually a mixture of iso-
mers, all of which seem to have the same electrochemical
properties. This has been confirmed by the electrochemical
behavior of other bis(phthalocyaninato)lutetium or bis-
(naphthalocyaninato) rare earth compounds, tetrasubsti-
tuted on the periphery of each (na)phthalocyanine
ring.[4c,9c]

Similar to the unsubstituted analogues, CV and DPV
have revealed two ligand-centered quasi-reversible one-elec-
tron oxidations and up to four ligand-centered quasi-revers-
ible one-electron reductions for MIII(TBPc)2. The incorpor-
ation of the four electron-donating tert-butyl groups onto
each phthalocyanine ring makes the compounds easier to
oxidize and harder to reduce. This is well demonstrated by
the lower oxidation and reduction half-wave potentials of
the corresponding redox processes of M(TBPc)2 compared
with those of M(Pc)2 (Table 3 and Figure 4). The cathodic
shift of all the processes means that only four reductions
were observed for M(TBPc)2. The fifth reduction process
observed for M(Pc)2 under the same experimental con-
ditions could not be seen. This is also the case for
M(OOPc)2 as discussed below. Moreover, since these tert-
butyl-substituted bis(phthalocyaninato) rare earth com-
plexes are more soluble in alkyl halides such as CH2Cl2
compared with M(Pc)2, the measurement of their properties
in solution is more favorable. This is verified by the im-
proved resolution of the redox couples in most of the vol-
tammograms. Figure 4 displays the CV and DPV diagrams
of Ce(TBPc)2, in which the sensitivity is seen to be better
than for M(Pc)2.

The dependence of the half-wave potentials of the redox
processes on the ionic size of the central rare earth ion is
similar for M(TBPc)2 to that for M(Pc)2 (Table 3). While
the half-wave potentials of the second, third and fourth re-
ductions of M(TBPc)2 are independent of the size of the
central rare earth ions, the potentials for the second and
first oxidations and first reduction are size-sensitive, but the
opposite slope is observed for the first process compared
with the other two.

The small electron-pairing energy for M(TBPc)2, ∆E°1/2

(0.38�0.46 V), which corresponds well with those of corre-
sponding M(Pc)2 and M(OOPc)2 (see below), indicates that
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Figure 4. CV (A) and DPV (B) of Ce(TBPc)2 in CH2Cl2 containing
0.1  [Bu4N][ClO4] at scan rates 20 and 10 mV s�1, respectively

these substituted bis(phthalocyaninato) rare earth com-
pounds should be good potential molecular semi-conduc-
tors, as expected for their unsubstituted analogues. Due to
their increased solubility in common organic solvents, by
virtue of the tert-butyl groups, these compounds would be
more easily fabricated into electronic devices by solution
fabrication methods. The similar ∆E°1/2 values for
M(TBPc)2 to those of the unsubstituted counterparts indi-
cates that the pairing energy in the HOMO of [M(TBPc)2]�

is quite similar to that for the HOMO of [Mc(Pc)2]� al-
though the redox potentials of the first oxidation and first
reduction processes of M(TBPc)2 shift cathodically due to
the introduction of electron-donating tert-butyl groups.
This is also true for M(OOPc)2.

Furthermore, according to the decreasing ∆E°�1/2 value
of M(TBPc)2 with decreasing rare earth ionic radius
(Table 3), a red-shift in the lowest energy band of reduced
tetra-tert-butyl-substituted bis(phthalocyaninato) rare earth
compounds [M(TBPc)2]� (M � Sm...Lu) should be ex-
pected to follow in the same order. In fact, the lowest
energy band for [M(TBPc)2]� shifts from 688 nm for
M � Sm to 714 nm for M � Lu. This is also true for
[M(OOPc)2]�.[9d]

As clearly shown in the CV and DPV spectra of
Ce(TBPc)2 (Figure 4) and on the basis of comparison be-
tween the electrochemical data of Ce(TBPc)2 and those of
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MIII(TBPc)2 (Table 3), the same Ce redox states apply here
as for Ce(Pc)2 [and also for Ce(OOPc)2 (Table 4)].

Electrochemical Characteristics of
Bis[3,4,12,13,21,22,30,31-octakis(octyloxy)phthalo-
cyaninato] Rare Earth Complexes M(OOPc)2 (M � Y,
La...Lu Except Pm)

Very similar electrochemical behavior to that of M(Pc)2

and M(TBPc)2 has been revealed by CV and DPV methods
for bis[3,4,12,13,21,22,30,31-octakis(octyloxy)phthalocyan-
inato] rare earth complexes M(OOPc)2 (Table 4). The intro-
duction of eight octyloxy groups, which are more electron-
donating than the four tert-butyl groups, means that the
double-deckers M(OOPc)2 become easier to oxidize and
harder to reduce, therefore showing lower first and second
oxidation potentials and more negative first, second and
third reduction potentials than the corresponding ana-
logues M(TBPc)2. Due to the additional shift of corre-
sponding redox processes of M(OOPc)2 to a more negative
direction than those of M(TBPc)2, only three reduction
processes were observed within the electrochemical window
of CH2Cl2 for the former. Under similar experimental con-
ditions, only one one-electron oxidation and two one-
electron reductions were observed by Takahashi[4d] for the
butyloxy-substituted bis(phthalocyaninato) rare earth ana-
logues M(OBPc)2 (M � Yb, Lu).

As can be seen from Table 4, discussion for Ce(OOPc)2

is prevented due to the failure to record the half-wave po-
tential for the second reduction process by either CV or
DPV.

Conclusions

The five quasi-reversible one-electron reductions ob-
served within the electrochemical window of CH2Cl2 for the
unsubstituted bis(phthalocyaninato) rare earth complexes
MIII(Pc)2 (M � Ce, Pm, Yb, Lu) demonstrate again that
the LUMO of bis(phthalocyaninato) rare earth compounds
is doubly degenerate and can accept up to four electrons,
while the HOMO of the bis(phthalocyaninato) tervalent
rare earth complexes is semi-occupied and can accept one
electron. However, only three and four quasi-reversible one-
electron reductions were observed for MIII(OOPc)2 and
MIII(TBPc)2, respectively, under the same experimental
conditions, due to the shift of corresponding redox poten-
tials in a negative direction induced by the introduction of
electron-donating octyloxy or tert-butyl groups. As usual,
the Ce complexes are exceptional due to the unique oxi-
dation state of the central metal ion. One cerium-centered
redox wave could easily be distinguished from the CV and
DPV diagrams of these three bis(phthalocyaninato)cerium
compounds. Systematic studies of the electrochemical
characteristics of unsubstituted, tetra-tert-butyl- and octakis-
(octyloxy)-substituted bis(phthalocyaninato) complexes of
the whole tervalent lanthanide series clearly indicate that
the half-wave potentials, in particular the first oxidation
and first reduction processes, are all metal-ion-size-depen-
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dent. The change in the half-wave potentials of these redox
processes is apparently due to stronger inter-ligand interac-
tions and generally tighter bonding as the metal ion radius
contracts across the series. In the next paper in this series
the corresponding data for heteroleptic tris(phthalocyanin-
ato) rare earth() triple-deckers are reported and ana-
lyzed.[20]

Experimental Section

Homoleptic bis(phthalocyaninato) rare earth double-decker com-
pounds M(Pc)2, M(OOPc)2 and M(TBPc)2 were prepared accord-
ing to published procedures.[9d,14,21] CV and DPV measurements
were carried out with a BAS CV-50 W voltammetric analyzer. The
cell consists of inlets for a glassy carbon disk working electrode
(2.0 mm diameter) and a silver-wire counter electrode. The refer-
ence electrode was Ag/Ag� connected to the solution by a Luggin
capillary whose tip was placed close to the working electrode. Re-
sults are corrected for junction potentials by being referenced in-
ternally to the ferrocenium/ferrocene (Fe�/Fe) couple [E1/2(Fe�/
Fe) � �0.50 V vs. SCE]. The potentials in this paper are referenced
to the SCE. Typically, a 0.1  solution of [Bu4N][ClO4] in CH2Cl2
containing 0.5 m sample was purged with nitrogen for 10 min; the
voltammograms were then recorded at ambient temperature with
scan rates of 20 and 10 mV/s for CV and DPV, respectively.
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