
Coordination Chemistry Reviews 250 (2006) 424–448

Review

Vibrational spectroscopy of phthalocyanine and naphthalocyanine in
sandwich-type (na)phthalocyaninato and porphyrinato rare earth complexes

Jianzhuang Jianga,∗, Meng Baoa,b, Llew Rintoulc, Dennis P. Arnoldc,∗∗
a Key Laboratory for Colloid and Interface Chemistry of Education Ministry, Department of Chemistry, Shandong University, Jinan 250100, China

b Department of Chemistry, Jinan University, Jinan 250002, China
c School of Physical and Chemical Sciences, Queensland University of Technology, GPO Box 2434, Qld. 4001, Australia

Received 3 March 2005; accepted 28 September 2005
Available online 2 November 2005

Contents

1. Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
2. Experimental techniques. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
3. Molecular structures and molecular symmetry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426
4. IR spectroscopic properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 428

428
1

31
32
32
33
34
4
34
35
5

437
437
8

41
41

42

44
44
45

6
446
447
447
447
4.1. IR spectra of M(Pc)2 [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2. IR spectra of M[Pc(OC8H17)8]2 and M[Pc(tBu)4]2 [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.2.1. IR spectra of M[Pc(OC8H17)8]2 [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.2.2. IR spectra of M[Pc(tBu)4]2 [9] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

4.3. IR spectra of M[Pc(�-OC5H11)4]2 [20] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.4. IR spectra of M(Pc)[Pc(OC8H17)8] [11] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.5. IR spectra of M(Pc)[Pc(�-OC5H11)4] [17] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.6. IR spectra of M[Nc(tBu)4]2 and M[Nc(SC12H25)8]2 [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.6.1. IR spectra of M[Nc(tBu)4]2 [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
4.6.2. IR spectra of M[Pc(SC12H25)8]2 [8] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

4.7. IR spectra of (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8] [10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5. Raman spectroscopic properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.1. Electronic absorption spectra. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2. Raman spectra of M(Pc)2 and M[Pc(OC8H17)8]2 [19] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

5.2.1. Raman spectra of M(Pc)2 and M[Pc(OC8H17)8]2 with excitation by 633 nm laser[19] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 438
5.2.2. Raman spectra of M(Pc)2 and M[Pc(OC8H17)8]2 with excitation by 785 nm laser[19] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440

5.3. Raman spectra of M[Pc(�-OC5H11)4]2 [20] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
5.4. Raman spectra of M(Pc)[Pc(�-OC5H11)4] [17] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

5.4.1. Raman spectra of M(Pc)[Pc(�-OC5H11)4] with excitation by 633 nm laser[17] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 441
5.4.2. Raman spectra of M(Pc)[Pc(�-OC5H11)4] with excitation by 785 nm laser[17] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442

5.5. Raman spectra of M[Nc(tBu)4]2 [14] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
5.5.1. Raman spectra of M[Nc(tBu)4]2 with excitation by 633 nm laser[14] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442
5.5.2. Raman spectra of M[Nc(tBu)4]2 with excitation by 785 nm laser[14] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 443

5.6. Raman spectra of M(TClPP)(Pc)[18] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
5.7. Raman spectra of M(OEP)(Nc)[15] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
5.8. Raman spectra of M(TBPP)(Nc)[16] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

6. Theoretical calculations on the IR spectra of phthalocyanine derivatives[39–41]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
7. Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Appendix A.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

∗ Corresponding author.
∗∗ Corresponding author.

0010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ccr.2005.09.009



J. Jiang et al. / Coordination Chemistry Reviews 250 (2006) 424–448 425

Abstract

This article reviews mainly the authors’ efforts in studying and understanding the IR and Raman vibrational spectroscopic characteristics of
(na)phthalocyanine in sandwich-type (na)phthalocyaninato and porphyrinato rare earth complexes. On the basis of systematic studies into the
vibrational characteristics of (na)phthalocyanine in a wide range of homoleptic and heteroleptic bis- and tris-[(na)phthalocyaninato] and mixed
(porphyrinato)[(na)phthalocyaninato] complexes of the whole series of rare earth metals, the effects of substituents, molecular symmetry, rare
earth ionic size, rare earth valence state, and excitation wavelength on the vibrational characteristics of (na)phthalocyanine in sandwich rare earth
complexes have been comparatively studied. The assignments of the IR and Raman bands of (na)phthalocyanine in these complexes have been
made on the basis of comparison with related monomeric phthalocyanine compounds. Theoretical calculations of vibrational spectra for monomeric
phthalocyanine derivatives are also helpful for the assignments. Both spectroscopic techniques reveal that the frequencies of pyrrole stretching,
isoindole breathing, isoindole stretching vibrations, aza stretching vibrations, and coupling of pyrrole and aza stretching vibrations depend onthe
rare earth ionic size, shifting to higher energy along with the lanthanide contraction due to the increased ring–ring interaction across the series.
Moreover, from the viewpoint of vibrational spectroscopy, the substitution of alkoxyl groups at the non-peripheral� positions of phthalocyanine
rings exerts more influence on the intrinsic properties of phthalocyanines compared with substituents at peripheral� positions.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Phthalocyanine; Porphyrin; Rare earth; Sandwich complex; IR spectra; Raman spectra

1. Introduction

Porphyrins and phthalocyanines are important classes of pig-
ments that have fascinated chemists for many years due to their
applications in various disciplines[1–3]. Both series can form
complexes with almost the complete Periodic Table of elements.
In particular, large metal ions such as rare earth, actinide, early
transition, and main group metals form sandwich-type com-
plexes with phthalocyanines and porphyrins[4–6].

Double-decker sandwich-type phthalocyaninato rare earth
complexes have attracted great attention owing to their potential
applications in materials science and molecular electronics and
magnetism. The search for novel advanced molecular materi-
als has stimulated intense research into substituted bis(phthalo-
cyaninato) and bis(naphthalocyaninato), heteroleptic bis(phtha-
locyaninato), mixed (porphyrinato)(phthalocyaninato), and
mixed (porphyrinato)(naphthalocyaninato) rare earth complexes
especially since the beginning of the 1990s[4–6]. The wide
range of applications arises from the specially intense�–�
interaction between the conjugated tetrapyrrole ligands in these
molecular materials. This recalls the crucial role played by prox-
imate porphyrinoid pigments in photosynthesis and may lead
to interesting molecular conductors. In this regard, rare earth
porphyrinato or phthalocyaninato sandwich double-decker com-
plexes are attractive models, and understanding their optical
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[

(SC12H25)8]2, M(TClPP)(Pc), M(OEP)(Nc), M(TBPP)(Nc),
and (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8] [M = Y, La–Lu exc-
ept Pm, H2Pc = unsubstituted phthalocyanine, H2Pc(tBu)4
= 2 (3), 9(10), 16 (17), 24(25) - tetra(tert - butyl)phthalocyanine,
H2Pc(OC8H17)8 = 2,3,9,10,16,17,24,25-octakis(octyloxy)phth-
alocyanine, H2Pc(�-OC5H11)4 = 1,8,15,22-tetrakis(3-pentylo-
xy)phthalocyanine, H2Nc(tBu)4 = 3(4),12(13),21(22),30(31)-
tetrakis(t-butyl)-2,3-naphthalocyanine, H2Nc(SC12H25)8 = 3,4,
12,13,21,22,30,31-octa(dodecylthio)-2,3-naphthalocyanine, H2
TClPP = 5,10,15,20-tetra(4-chloro)phenylporphyrin, H2OEP =
2,3,7,8,12,13,7,18-octaethylporphyrin, H2TBPP = 5,10,15,20-
tetra(4-t-butyl)phenylporphyrin][7–20] (Fig. 1) and our work
follows the precedent studies of Aroca, Homborg, and Tran-Thi
[21–38]. To benefit the assignments of vibrational modes in
the experimental spectra, we have also calculated from theory
the vibrational characteristics of monomeric phthalocyanine
derivatives[39–41].

Despite the existence of a large number of reports on the topic
of phthalocyanine vibrational characteristics accumulated in the
past several decades, there has been no review article that sys-
tematically generalizes the research achievements in this field.
In this review, we seek to summarize our research results on the
IR and Raman vibrational characteristics of (na)phthalocyanine
compounds, in particular in various kinds of sandwich-type rare
earth complexes. We hope that this compilation of the vibrational
properties of (na)phthalocyanine in these fascinating sandwich-
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roperties may provide insight into how the electronic pro
rties of cofacial dimeric species influence the initial stages

he charge separation process.
Vibrational (IR and Raman) spectroscopy is a versatile te

ique for studying the intrinsic properties of the phthalocyan
ompounds. In the past several years, we have carried
xtensive and systematic studies into the vibrational (IR a
aman) characteristics of (na)phthalocyanine in a wide rang
omoleptic and heteroleptic bis- and tris-[(na)phthalocyanina
nd mixed (porphyrinato)[(na)phthalocyaninato] complexes

he whole series of rare earth metals. This includes M(P2,
[Pc(tBu)4]2, M[Pc(OC8H17)8]2, M[Pc(�-OC5H11)4]2, M(Pc)

Pc(OC8H17)8], M(Pc)[Pc(�-OC5H11)4], M[Nc(tBu)4]2, M[Nc
f

-

t

f
]

ype rare earth complexes will interest many scientists in
ndustrial and theoretical fields.

. Experimental techniques

The various series of homoleptic and heteroleptic bis
halocyaninato) and tris(phthalocyaninato), homoleptic bis
hthalocyaninato), mixed (porphyrinato)(phthalocyanina
nd mixed (porphyrinato)(naphthalocyaninato) rare earth
lexes were prepared according to published proced

42–66]. Their sandwich nature has been well establis
hrough elemental analysis, a range of spectroscopic met
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Fig. 1. The schematic molecular structures of homoleptic and heteroleptic bis(phthalocyaninato), bis(naphthalocyaninato), tris(phthalocyaninato), mixed (porphyri-
nato)(phthalocyaninato), and mixed (porphyrinato)(naphthalocyaninato) rare earth complexes and the structures of the macrocyclic ligands.

and single crystal X-ray diffraction. In our work, IR spectra were
recorded in KBr pellets with 2 cm−1 resolution using a BIORAD
FTS-165 spectrometer. Resonance Raman spectra were recorded
on a few grains of the solid samples with ca. 4 cm−1 resolution
using a Renishaw Raman Microprobe, equipped with a Spectra
Physics Model 127 He–Ne laser excitation source emitting at a
wavelength of 632.8 nm, and a Renishaw diode laser emitting
at 785 nm, and a cooled charge-coupled device (CCD) camera.
An Olympus BHZ-UHA microscope fitted with three objective
lenses (×10,×20,×50) was attached, and we use the×10 objec-
tive, which gives a spot size on the sample of about 5�m. Laser
power at the sample is approximately 0.08 mW. This technique
is very convenient, and unless the sample is particularly prone
to fluorescence, spectra of excellent quality are obtainable in
approximately 3 min.

3. Molecular structures and molecular symmetry

First we present a brief description of the molecular structures
and symmetry properties of the various kinds of sandwich-type
(na)phthalocyaninato and porphyrinato rare earth complexes,

especially the (na)phthalocyaninato-metal fragment, because of
the close relationship between the vibrational properties and
molecular symmetry.

According to the single crystal X-ray diffraction struc-
tural analyses of unsubstituted and substituted homoleptic
bis(phthalocyaninato) rare earth complexes M(Pc)2 (M = Y, La,
Ce, Pr, Nd, Er, Lu), Lu[Pc(SC6H13)8]2 [Pc(SC6H13)8 =
2,3,9,10,16,17,24,25-octakis(hexylthio)phthalocyanine], and
Yb[Pc(15C5)4]2 [4,67,68], their static symmetry isD4 or
D4d depending on the twist (skew) angle between the two
macrocyclic rings, which ranges from 38◦ to 45◦. For the
non-structurally characterized homoleptic rare earth complexes
M[Pc(OC8H17)8]2, D4 or D4d group symmetry is also reason-
ably assumed due to the symmetrical location of eight octyloxy
groups on the phthalocyaninato rings. For M[Pc(tBu)4]2, the
actual samples contain more than one isomer due to the random
location of the fourtert-butyl groups, leading to lower symme-
try. This is clearly revealed by the larger number of vibrational
modes observed in the IR and Raman spectra of M[Pc(tBu)4]2
compared with those of M(Pc)2 and M[Pc(OC8H17)8]2
[9,19].
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The homoleptic bis(phthalocyaninato) rare earth complexes
M[Pc(�-OC5H11)4]2 were prepared according to the published
procedure[69a]. However, due to theC4h symmetry of the
Pc(�-OC5H11)4 ligand and the double-decker structure, a mix-
ture of two stereoisomers havingS8 and D4 symmetry was
actually obtained. The former isomer, which is the major prod-
uct, can be separated by recrystallization due to its higher
crystallinity and the IR and Raman spectroscopic character-
istics of the series ofS8 isomers have been studied. Accord-
ing to the molecular structure of the bis(phthalocyaninato)
yttrium complex Y[Pc(�-OC5H11)4]2, the static symmetry
of these double-decker molecules in the solid state isS8
[69a].

There is also no crystallographic report on the molecular
structure of heteroleptic bis(phthalocyaninato) rare earth
compounds containing peripherally octa(alkoxy)-substituted
phthalocyanine ligand. However, according to the recent work
on the molecular structure of 2,3,9,10,16,17,24,25-tetrakis(15-
crown-5)phthalocyanine-containing heteroleptic bis(phthalocy-
aninato) europium compound Eu(Pc)[Pc(15C5)4] [H2Pc
(15C5)4 = 2,3,9,10,16,17,24,25-tetrakis(15-crown-5)phthaloc-
yanine][69b], the skew angle between the two phthalocyanine
macrocyclic ligands is very close to 45◦. The equilibrium geom-
etry of Eu(Pc)[Pc(15C5)4] is thereforeC4v. This should also be
true for the alkoxy-substituted analogues M(Pc)[Pc(OC8H17)8].
Structurally characterized heteroleptic bis(phthalocyaninato)
r bsti
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modes, respectively.

Γvib = 22A1 (IR, R) + 19A2 + 22B1 (R) + 20B2 (R)

+ 41E (IR, R)

A1 and E modes are both IR- and Raman-active. B1 and B2
modes are Raman-active and A2 modes are vibrationally inac-
tive. On the other hand, for the corresponding 57-atom fragment
with C4 symmetry, there are 70 IR-active and 81 Raman-active
modes that dominate the IR and Raman spectra among the 165
total normal vibrational modes.

Similar to Zr[Pc(tBu)4]2 [22,23], only frequencies corre-
sponding to the characteristic fingerprint vibrations of the
Pc macrocycle are observed and the alkyloxy or alkyl
substituent vibrations are very weak or absent in the
Raman spectra of M[Pc(OC8H17)8]2, M[Pc(�-OC5H11)4]2,
M(Pc)[Pc(OC8H17)8], M(Pc)[Pc(�-OC5H11)4], M[Pc(tBu)4]2.
Thus, the octyloxy, 3-pentyloxy, andtert-butyl groups will be
ignored in our subsequent analysis of their Raman spectra.
However, this rule cannot be applied for their IR spectroscopy.
The presence of eight octyloxy, four 3-pentyloxy, and four
tert-butyl groups on the peripheral and non-peripheral position
of one or two phthalocyanine ring(s) in homoleptic double-
decker molecules M[Pc(OC8H17)8]2, M[Pc(�-OC5H11)4]2,
M[Pc(tBu)4]2, and heteroleptic double-decker molecules of
M(Pc)[Pc(OCH ) ] and M(Pc)[Pc(�-OC H ) ] increases the
n
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t lex
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t m are
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are earth compounds containing non-peripherally su
uted 1,8,15,22-tetrakis(3-pentyloxy)phthalocyanine lig
ncluding M(Pc)[Pc(�-OC5H11)4] (M = Sm, Eu, Er) were
lso reported very recently by Jiang and co-workers[53,54].
ccording to the X-ray molecular structure analysis res

he equilibrium geometry of M(Pc)[Pc(�-OC5H11)4] has
4 point group symmetry. Molecular symmetry lower th
4 or D4d for heteroleptic bis(phthalocyaninato) rare ea
omplexes M(Pc)[Pc(OC8H17)8] and M(Pc)[Pc(�-OC5H11)4]
as been verified by their complicated IR and Raman spec
omparison with those of homoleptic counterparts M(Pc)2 and
[Pc(OC8H17)8]2 [7,9,11,17].
To assist the interpretation of the observed IR and Ra

ibrational spectra of above-mentioned homoleptic and
roleptic bis(phthalocyaninato) rare earth complexes, locaC4v
ymmetry for the fragment M(Pc) and M[Pc(OC8H17)8] in
(Pc)2, M[Pc(OC8H17)8]2, M(Pc)[Pc(OC8H17)8], and C4 for
[Pc(�-OC5H11)4] in M(Pc)[Pc(�-OC5H11)4] and M[Pc(�-
C5H11)4]2 (S8 isomer), is reasonably assumed[9,11,17,19,20].
The C4v symmetrical unsubstituted phthalocyanine m

ragment M(Pc) contains 57 atoms, so there are 63 IR-activ
05 Raman-active modes among the 165 total normal vibrat
odes. There are only 22A1 totally symmetric fundament

ibrations active in the spontaneous Raman spectra, alth
he fragment M(Pc) contains a large number of atoms and
ossesses many possible normal vibrational modes. In th
nance Raman scattering, a number of new frequencies
e attributed to the related 22B1, 20B2, and 41E type in view o

he Herzberg–Teller mechanism. The vibrational modes fo
ragment M(Pc) withC4v symmetry may be summarized as f
ows, where “IR” and “R” represent Infrared- and Raman-ac
-
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umber of IR-active modes. This is also true for M[Nc(tBu)4]2.

According to the sole report on the crystal str
ure of homoleptic tris(phthalocyaninato) lutetium comp
u2[Pc(15C5)4]3 [70], the static symmetry of the triple-deck

s approximatelyD4h because of the symmetrical molecu
tructure and the nearly 45◦ twist angle between the outer a
nner macrocyclic rings. TheD4h molecular symmetry is als
ssumed in the heteroleptic tris(phthalocyaninato) rare
omplexes (Pc)M[Pc(OC8H17)8]M ′(Pc) (M = or�= M′ = Er, Lu)
or the same reason[63]. For heteroleptic tris(phthalocyanina
are earth analogues (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8],
elatively lower group symmetry thanD4h, say C4v, is rea-
onably assumed due to the presence of eight octyloxy g
n two neighbouring phthalocyanine rings of the three in
olecule. This is verified by the complicated IR spectra

his series of heteroleptic tris(phthalocyaninato) rare earth
lexes compared with those of M(Pc)2 and M[Pc(OC8H17)8]2

9,10]. As for the bis(phthalocyaninato) rare earth analog
o assist in the interpretation of the observed IR spectr
Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8], a local C4v symmetry
or each phthalocyanine ring together with one central rare
etal atom is assumed.
The Raman spectra of the mixed (porphyrinato)(phth

yaninato) double-decker compounds of rare earth m
(TClPP)(Pc) (M = Y, La–Lu except Pm) are dominated

he phthalocyanine ligand modes when exciting laser line
33, 780, and 1064 nm are employed[13,18,38]. This is becaus

he phthalocyanine Q absorption bands located near 670 n
n closer resonance with these laser sources than are th
hyrin Q bands at ca. 550 nm, and the latter are only one-
s strong as the former. This is also true for the mixed (porp
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nato)(naphthalocyaninato) double-deckers M(Por)(Nc) (M = Y,
La–Lu except Ce; Por = OEP, TBPP)[15,16]. Good corre-
spondence in the Raman features between M(Pc)2 and cor-
responding M(TClPP)(Pc), and between M[Nc(tBu)4]2 and
M(Por)(Nc) (Por = OEP, TBPP) provides more direct evidence
that the Raman spectra of M(TClPP)(Pc) and M(Por)(Nc)
(Por = OEP, TBPP) are dominated by the phthalocyaninato-
and naphthalocyaninato-metal fragment M(Pc) and M(Nc),
respectively. The static molecular geometry of M(TClPP)(Pc)
and M(OEP)(Nc) suggests aC4v point group for both the
whole molecule and the fragment M(Pc) and M(Nc) in the
mixed ring double-deckers[15,16,18]. Even the unsubstituted
naphthalocyaninato-metal fragment with 81 atoms and 237 nor-
mal vibrational modes is a tremendous challenge for the vibra-
tional spectroscopist. For aC4v M(Nc) fragment, there will be
only 31A1 totally symmetric modes that dominate the sponta-
neous Raman spectra. The other Raman-active modes include
30B1, 30B2, and 118E, which will show a number of new
frequencies in the resonance Raman scattering in view of the
Herzberg–Teller mechanism. Despite the large number of fun-
damental vibrational modes, the Raman spectra of these mixed
ring double-decker complexes are composed of a small number
of bands[15,16]. For aC4v M(Nc) fragment there will be 31A1
and 118E IR active modes that dominate the IR spectra.

There has been no crystallographic report on the molec-
ular structure of bis(naphthalocyaninato) metal complexes.
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and co-workers found that the following three groups of charac-
teristic phthalocyanine or naphthalocyanine vibrations dominate
their IR and Raman spectra[21–24]. In the spectral region from
400 to 1000 cm−1, the vibrations are mainly composed of the
dihedral plane deformations involving the aromatic C–H groups
(wagging and torsion vibration) that are normally seen in the IR
spectra, and ring radial vibrations of the isoindole moieties and
the macrocycle that show strong Raman signals. Aromatic in-
plane C–H vibrations are responsible for the IR and resonance
Raman spectra of phthalocyanine molecules in the region of
1000–1300 cm−1, with the exception of the pyrrole ring vibra-
tion at about 1140 cm−1. Vibrational frequencies in the range
of 1300–1650 cm−1 are derived from isoindole ring stretches
and the C N aza group stretch, from which the pyrrole stretch-
ing vibrations at ca. 1330 and 1510 cm−1, andortho-substituted
benzene (or naphthalene) stretching vibrations at ca. 1560, 1590,
and 1610 cm−1 or above can be distinguished by frequency and
relative intensity.

4.1. IR spectra of M(Pc)2 [9]

Fig. 2 compares the IR spectra in the region of fundamen-
tal frequencies of 400–1800 cm−1 of three compounds M(Pc)2
(M = Nd, Tb, Lu) with resolution of 2 cm−1, typical for the
light, middle, and heavy rare earths, respectively, as well as the
s -
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e
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m r-
i the
o d sys-
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owever, according to the molecular structures of m
octaethylporphyrinato)(naphthalocyaninato) rare earth do
eckers M(OEP)(Nc) (M = Y, La–Lu except Pm), the sk
ngles between OEP and Nc macrocyclic ligands in the w
eries of rare earth compounds remain unchanged at 45◦ in order
o minimize the non-bonding interactions between the f
enzene rings of Nc and the�-ethyl groups of OEP[55,57,58].
herefore, it is reasonable to assume that the skew
etween two Nc rings in M[Nc(tBu)4]2 and M[Nc(SC12H25)8]2

s nearly 45◦. The equilibrium structures of M[Nc(tBu)4]2 and
[Nc(SC12H25)8]2 should haveD4d group symmetry whe

he skew angle is 45◦ or D4 when the skew angle slight
eviates from 45◦. Similar to M[Pc(tBu)4]2 (M = Zr, rare earth)

he actual samples of M[Nc(tBu)4]2 contain more than on
somer due to the random location of thetert-butyl groups
owever, for each substituted Nc ring and the central
arth metal atom, a localC4v symmetry should be seen a

he interpretation of the observed vibrational spectra cou
ssisted by this approximation. As in the Raman spect
[Pc(tBu)4]2, only frequencies corresponding to the charac

stic fingerprint vibrations of the Nc macrocycle were obse
nd tert-butyl vibrations were very weak or absent[14]. This

s also because both laser lines (633 and 780 or 785
sed in our experiments appear to enhance modes asso
ith the aromatic macrocycles. The situation is also true
[Nc(SC12H25)8]2 [8].

. IR spectroscopic properties

Based on their detailed studies on the vibrational spect
oth phthalocyanine and naphthalocyanine compounds, A
-

e

f

)
ed

f
a

pectrum of the unique Ce(Pc)2 complex. InTable 1, charac
eristic IR vibrational frequencies of the phthalocyanine
nd in bis(phthalocyaninato) compounds of the whole s
f lanthanides are summarized. Their interpretation is de
y analogy with the IR and Raman characteristics of s
reviously reported M(Pc)2 [21–24] and the vibrational prop
rties of metal free phthalocyanine[71], with assistance from
ur recent theoretical research into the vibrational spect
onomeric phthalocyanine derivatives[39–41]. The characte

stic frequency approximation is necessary in dealing with
bserved vibrational frequencies for such a large conjugate

em, where only a handful of vibrational modes can be give
ssignment in terms of internal coordinates, as exemplifi
able 1.

ig. 2. IR spectra of M(Pc)2 (M = Ce, Nd, Tb, Lu) in the region o
00–1800 cm−1 recorded in KBr pellets.
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Table 1
Characteristic IR bands (cm−1) of phthalocyanine for M(Pc)2

La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu Assignment

422w 432w 429w 425w 427w 427w 419w 425w 426w 425w 427w 425w 425w 426w 427w
492w 497w 493w 496w 498w 498w 498w 499w 500w 499w 500w 500w 500w 500w 501w
558w 562w 573w 560w 560w 561w 561w 561w 562w 561w 562w 560w 561w 562w 592w
620w 626w 624w 624w 625w 625w 625w 625w 626w 625w 626w 625w 625w 626w 628w Pc breathing
682w 674w 675w 676w 678w 676w 675w 674w 678w 671w 679w 679w 680w 680w 680w Pc breathing
729s 727s 724s 726s 727s 727s 724s 724s 726s 725s 728s 725s 726s 729s 727s C–H wag

742w 740w 739w 739m 740w 739w 740w 739m 741w C–H wag
753w 757w 761w 758w 760w 761w 763w 758w 762w 760w 756w 761w 758w 758w Pc ring
765w 772m 780w 780w 782w 778w 777w 778w 779w 777w 779w 780w 775w 779w 780w
808w 812m 806w 803m 809w 809w 810w 808w 810w 808w 810w 809w 809w 812w 811w
876m 884m 877w 879w 881m 881w 881m 881w 884w 883w 884w 884w 884w 885w 887m Coupling of isoindole

deformation and aza
stretching

946w 946w 943w 943w 944w 944w 941w 941w 943w 942w 942w 942w 942w 945w 943w
1007m 1007w 1003w 1002w 1006w 1005w 1000w 1004w 1004w 1002w 1003w 1005w 1009w Pyrrole-N in-plane bending
1059w 1070s 1057w 1059w 1060w 1061w 1060w 1060w 1062w 1062w 1063w 1062w 1063w 1064w 1062w Coupling of isoindole

deformation and aza
stretching

1095w 1094w 1075w 1091w 1084w 1083w 1080w 1080w 1097w 1087w 1086w 1083w C–H bend
1110s 1116s 1108s 1111s 1113s 1113s 1113s 1112s 1115s 1114s 1115s 1114s 1115s 1116s 1116s Isoindole breathing

1143w 1136w 1140w 1140w 1138w 1136w 1137w 1140w Pyrrole breathing
1158w 1162w 1156w 1157w 1161w 1159w 1160w 1158w 1160w 1160s 1159w 1160w 1160w 1159w 1161w C–H bend

1201w 1211w 1202w 1212w 1208w 1210w 1203w 1199w 1213w 1204w
1264w 1266w 1238w 1264w 1264w 1264w 1245w 1264w 1263w 1264w 1262w 1264w 1267w 1264w 1264w C–H bend
1281w 1282w 1266w 1283w 1284w 1283w 1284w 1283w 1284w 1281w 1283w 1283w 1282w 1287w C–H bend
1313s 1306w 1312s 1316s 1318s 1319s 1319s 1319s 1320s 1320s 1321s 1320s 1320s 1322s 1323s Pyrrole stretching

1329m Pyrrole stretching
1353w 1373w 1352m 1367w 1370m 1366m 1367w 1367w 1369m 1370w 1370w 1370w 1371w 1372w 1371w Isoindole stretching
1399w 1397m 1399w 1400w 1400m 1386w 1388w 1401w 1402w 1405w 1385w 1403w 1404w 1407w
1419w 1410w 1419w 1419w 1420w 1419w 1422w 1420w 1422w 1422w 1422w 1421w 1421w 1424w 1423w Isoindole stretching
1439m 1433w 1438m 1442m 1444m 1445m 1444m 1445m 1448m 1448m 1450m 1448m 1450m 1453m 1454m Isoindole stretching
1475m 1455w 1474w 1476w 1481w 1482w 1478w 1472w 1472w 1471w 1471w 1467w Isoindole stretching
1492w 1484m 1491w 1486w 1487w 1488w 1489w 1490w 1490w 1490w Isoindole stretching
1506w 1506w 1496w 1499w 1501w 1502w 1500w 1504w 1505w 1505w 1506w 1508w 1509w 1512w Coupling of pyrrole and aza

stretching
1522w 1522w 1523w 1523w 1522w 1521w 1521w 1522w 1522w 1523w 1523w 1523w 1521w 1521w Aza stretching
1541w 1541w 1543w 1541w 1541w 1543w 1543w 1540w 1541w 1542w 1541w 1542w 1542w 1541w Benzene stretching
1558w 1559w 1559w 1561w 1561w 1558w 1558w 1559w 1559w 1560w 1559w 1559w 1559w 1559w 1557w Benzene stretching
1620w 1610w 1607w 1608w 1609w 1610w 1608w 1607w 1608w 1606w 1606w 1609w Benzene stretching
1634w 1635w 1634w 1633m 1634w 1634w 1634m 1635w 1636m 1635w 1635w 1636m 1636m 1633w Benzene stretching
1650m 1646w 1647w 1698w 1649w 1649w 1650w 1645w 1648m 1650w 1647w Benzene stretching
3044w 3039w 3033w 3057w 3050w 3051w 3038w 3047w 3057w 3053w 3050w 3056w 3051w 3051w 3052w C–H stretching
3079w 3165w 3096w 3112w 3113w 3078w 3076w 3102w 3078w 3107w 3077w 3104w 3182w 3147w 3076w C–H stretching
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The simple patterns of the infrared spectra of unsubstituted
bis(phthalocyaninato) rare earth complexes M(Pc)2 (M = Y,
La–Lu except Ce and Pm) closely resemble the previously
published results on M(Pc)2 in some scattered reports (M = Y,
La, Pr, Nd, Gd, Dy, Ho, Yb, Lu)[21–29,36,37,72]. Due to
the similar molecular structure among the whole series of
bis(phthalocyaninato) lanthanide compounds, all these com-
pounds show similar IR characteristics. Four main IR absorp-
tions corresponding to the C–H wagging at ca. 730 cm−1, isoin-
dole breathing and C–H bending coupled at 1110–1116 cm−1,
pyrrole stretching at 1312–1323 cm−1, and isoindole stretch-
ing at 1439–1454 cm−1 have been found to dominate the IR
spectra of MIII (Pc)2. Among these, the most intense pyrrole
stretching absorption at 1312–1323 cm−1 is assigned to the
IR marker band of phthalocyanine monoanion-radical Pc•− by
comparison between the IR characteristics of MIII (Pc)2 and
[NBu4][M(Pc)2] [73], according to the work of Kadish et al.
[74,75]. In the region from 400 to 1000 cm−1, the remaining
weak vibrations have principal contributions from the dihedral
plane deformation involving the aromatic C–H groups (wag-
ging, torsion, and out-of-plane bending vibrations). Aromatic
in-plane C–H bending vibrations are responsible for the IR bands
of phthalocyanine molecules in the region of 1000–1300 cm−1,
with the exception of the band at about 1140 cm−1 due to the
pyrrole ring breathing, at 1110–1116 cm−1 mainly contributed
from isoindole breathing together with some C–H bending,
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of the former one, show dependence on the rare earth ionic
size. Along with the decrease of rare earth radius, the pyr-
role stretching vibrations at 1312–1323 cm−1 gradually lose
some intensity. This is the reason that the most intense absorp-
tion band is one of pyrrole stretching vibrations appearing at
1312–1319 cm−1 for the light rare earth to middle rare earth
bis(phthalocyaninato) compounds, while for heavy rare earth
analogues this vibration appears as the second most intense
absorption band at 1321–1323 cm−1 and the most intense one
locates at 728 cm−1 due to the C–H wagging vibrations. In
addition, the weak vibrational band at 876–887 cm−1 in the
IR spectra of bis(phthalocyaninato) rare earths has also been
found to be sensitive to the central rare earth size. This is in
line with the result of Isago and Shimoda on the IR investi-
gation of several bis(phthalocyaninato) rare earth compounds
M(Pc)2 (M = La, Pr, Sm, Eu, Tb, Ho, Yb)[76]. However, the
assignment of this vibrational mode has been the subject of
some controversy. Considering the location of this absorption
frequency, Aroca and co-workers assigned it to the C–H wag-
ging of the Pc ring[21,25,27]. On the basis of the metal-sensitive
nature of the band at ca. 880 cm−1, Isago attributed this band to
the rare earth metal–nitrogen (pyrrole) vibration following the
assignment for monomeric phthalocyaninato-metal complexes
by Kobayashi et al.[77] and Kenn and Malerbi[78]. The metal-
sensitive nature of this vibration revealed by our systematic
research clearly excludes the attribution of this absorption to a
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nd the weak band at 1057–1064 cm−1 due to the couplin
f isoindole deformation and aza stretching. Vibrational
uencies in the range of 1300–1650 cm−1 are derived from
yrrole stretch, benzene stretch, isoindole ring stretch,
he aza group stretch, for which the pyrrole stretching vi
ions appear at 1312–1323 cm−1. Another pyrrole stretching
elated vibration couples with the aza stretching and ap
t ca. 1510 cm−1. The ortho-substituted benzene stretch
ibrations are observed at ca. 1610 cm−1. The weak band a
352–1372 cm−1 is assigned to the isoindole stretching vib

ion because of its sensitivity to the rare earth ionic siz
ummarized inTable 1. A weak band around 3050 cm−1 is due
o the aromatic C–H stretching vibrations on the phthalocya
ings[21–29,36,37,72].

In describing the IR characteristics of naphthalocyanin
[Nc(tBu)4]2 [8], we raised a question concerning the
in of the appearance of two pyrrole stretching absorp
t 1314–1317 and 1323–1330 cm−1 for M[Nc(tBu)4]2. The
resence of only one absorption band in the same re

or analogues M[Nc(SC12H25)8]2 under the same conditio
ppears to suggest that this is due to the decreased sy

ry of the M[Nc(tBu)4]2 molecules. The fact that only o
and at 1312–1323 cm−1 is observed for the whole series

ervalent rare earth bis(phthalocyaninato) complexes M(2
uggests that this explanation is correct. The vibration
312–1323 cm−1 attributed to pyrrole stretching vibrations a
t 1439–1454 cm−1 due to the isoindole stretching in the
pectra of M(Pc)2 shift slightly and linearly to higher energ
long with the decrease of rare earth radius, clearly s

ng the rare earth size effect. Not only the frequency
lso the absorption intensity of these vibrations, espec
d

s

n

e-

t

-

–H wagging-only mode. According to our recent results on
ibrational properties of H2Pc calculated at density function
3LYP level using the 3-21G basis set[39–41], this absorptio
and is found to have primary contributions from the isoin
eformation and aza vibration, as assigned inTable 1. Another
etal-sensitive vibration mode at 1110–1116 cm−1 is also note
orthy. This intense absorption that was previously assi

o the C–H bending-only mode, is now re-assigned main
he isoindole breathing with some C–H in-plane bending
ribution, also according to our theoretical research[39–41]. In
onclusion, all the rare earth size-dependent IR absorptio
hthalocyanine in bis(phthalocyaninato) rare earth comp
hould be contributed primarily from the vibrations of pyrro
r isoindole stretching, breathing or deformation or aza str

ng involving the pyrrole or aza nitrogen atoms. This log
onclusion is reinforced by the molecular structural studies
eries of tetrapyrrole metal double-deckers, as distortion o
wo rings (Por and Pc or Nc) arises mainly from the tilting
ub-units using the bridging atoms (aza N for Pc or Nc,meso
H carbon atoms for Por) as hinge joints, which makes the

igands significantly domed[58,73]. The degree of the disto
ion (doming) of each tetrapyrrole ligand is directly depen
n the size of the metal sandwiched between the two tetr
ole rings, which in turn induces systematic frequency cha
n the corresponding vibrational modes involving the pyr
nd aza nitrogen atoms, namely pyrrole or isoindole breat
tretching and deformation, and aza stretching.

As shown inTable 1, the IR characteristics of phthalocy
ine dianion Pc2− could not be distinguished in the IR spec
f MIII (Pc)2 and thus IR spectra of bis(phthalocyaninato)
arth(III) complexes can be attributed solely to the phth
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cyanine monoanion radical Pc•−. This clearly verifies that
the unpaired electron delocalizes over the two phthalocyanine
macrocycles on the IR time scale, which accords well with the
result deduced from the Raman spectra of the same compounds
[19] and the IR and Raman spectra of bis(naphthalocyaninato)
rare earth counterparts[8].

Among the whole series of bis(phthalocyaninato) rare earth
complexes, the cerium double-decker is particularly interest-
ing. As indicated from the electronic absorption, Raman,1H
NMR, XNAFS, and electrochemical studies[62], both phthalo-
cyanine rings exist as dianions in bis(phthalocyaninato)cerium
Ce(Pc2−)2. This is despite the expectation of an interme-
diate valence state of cerium due to the strong hybridi-
sation of 4f orbital of cerium with the localized�
orbitals of conjugated phthalocyanine ligands, which dif-
fers from the situation for other analogues in the rare earth
series that have the form MIII (Pc2−)(Pc•−). This actually
is also true for the substituted bis(phthalocyaninato) and
mixed (porphyrinato)[(na)phthalocyaninato] cerium complexes
Ce(Pc′)2 [Pc′ = Pc(OC8H17)8, Pc(tBu)4], Ce(TClPP)(Pc), and
Ce(Por)(Nc) (Por = OEP, TBPP)[62]. The IR spectrum of
Ce(Pc2−)2 closely resembles those of thereduced double-
deckers of tervalent rare earths [NBu4][M(Pc)2] [73], which
also demonstrates the dianionic nature of the phthalocyanine
rings in Ce(Pc)2. As shown inFig. 2 andTable 1, significant
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Fig. 3. IR spectra of (A) Dy(Pc)2, (B) Dy[Pc(OC8H17)8]2, and (C)
Dy[Pc(tBu)4]2 in the region of 400–1800 cm−1 recorded in KBr pellets.

and Dy[Pc(tBu)4]2 having the same central metal, as shown
in Fig. 3, together with knowledge of typical bands of alkyl
groups, allows a clear identification of the IR vibrational fun-
damentals due to the octyloxy moieties (Table S1 (Supplemen-
tary data)). There are several important differences in the IR
spectra between unsubstituted and octakis(octyloxy)-substituted
bis(phthalocyaninato) rare earth complexes due to the octyloxy
substituents. In the IR spectra of M[Pc(OC8H17)8]2 (M = Y,
La–Lu except for Ce and Pm) the IR marker band of phthalo-
cyanine monoanion-radical [Pc(OC8H17)8]•−, in the region of
1311–1322 cm−1 loses some intensity to become a vibration
with medium intensity, while the one at about 1375 cm−1 gains
intensity to become a strong band. This contrasts with the obser-
vation of the most intense (or the second most intense) band
at 1312–1323 cm−1 and a very weak peak at ca. 1370 cm−1

for Pc•− in the IR spectra of M(Pc)2 (M = Y, La–Lu except
for Ce and Pm). This appears to suggest the octyloxy groups
are responsible for apparently intensifying the weak isoindole
stretching band of M(Pc)2 at ca. 1370 cm−1 to a very strong
absorption at ca. 1375 cm−1 for M[Pc(OC8H17)8]2. Aroca and
co-workers attributed the absorption at 1364 cm−1 with medium
intensity to the C–H bending vibrations oftert-butyl groups in
Pr[Pc(tBu)4]2 by comparing with the IR spectrum of Pr(Pc)2
[27]. Indeed, it is well known that symmetric C–H deforma-
tions of the –CH3 group usually give quite an intense absorption
at ca. 1380 cm−1. Therefore, the relatively intense band at ca.
1 e
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m e
ifferences exist in the pattern and characteristics of th
pectrum of Ce(Pc2−)2 compared with those of the tervale
are earth bis(phthalocyaninato) counterparts. The mark
and for phthalocyanine monoanion-radical, Pc•−, appearing a
312–1323 cm−1 as the most or second most intense absorp
and in the IR spectra of M(Pc)2 (M = Y, La–Lu except for Ce
nd Pm) was not observed for Ce(Pc)2. Instead, a significan
eak appearing at 1329 cm−1 with medium intensity is assigne

o the pyrrole stretching of the phthalocyanine dianion, P2−.
he most intense IR peak appears at 727 cm−1 due to the C–H
agging vibrations in the IR spectrum of Ce(Pc)2, while the sim-

lar vibration shows the most or second most intense absor
round the same region for MIII (Pc)2 (M = Y, La–Lu except fo
e and Pm) depending on the rare earth ionic size. More
uite a strong absorption is observed at 1070 cm−1 attributed

o the coupling of isoindole deformation and aza stretchin
he IR spectrum of Ce(Pc)2, which however is very weak in th
pectra of tervalent rare earth phthalocyaninato double-d
nalogues.

.2. IR spectra of M[Pc(OC8H17)8]2 and M[Pc(tBu)4]2 [9]

.2.1. IR spectra of M[Pc(OC8H17)8]2 [9]
Compared with those of M(Pc)2, the IR spectra of the doubl

ecker complexes M[Pc(OC8H17)8]2 display several addition
ntense bands at about 1045, 1085, 1200, 1277, 1493–
854, 2869, 2925, and 2960 cm−1 [9]. However, the characte

stic pattern of M[Pc(OC8H17)8]2 IR spectra remains relative
imple, rather simpler than those of M[Pc(tBu)4]2, revealing the
elatively higher symmetry of the former compounds. Com
son between the IR spectra of Dy(Pc)2, Dy[Pc(OC8H17)8]2,
r

0,

375 cm−1 for M[Pc(OC8H17)8]2 is mainly contributed by th
CH3 deformation due to the octyloxy side chains, together
ome small contribution from the isoindole stretching vibrati

Furthermore, one of the most intense bands at ar
25 cm−1 attributed to the aromatic C–H wagging vibratio

n the spectra of M(Pc)2, loses some intensity to become
tively weak in the spectra of M[Pc(OC8H17)8]2. Substitution
f H by OC8H17 groups in all the peripheral� positions of Pc
ings is considered to be responsible for decreasing the re
ntensity of the out-of-plane C–H vibrations. The observa
f the C–O–C stretching bands at ca. 1045 cm−1 (symmetric)
nd 1277 cm−1 (antisymmetric) seems to support this po
he relatively strong symmetric –CH2– bending and antisym
etric C–H deformations of –CH3 groups of octyloxy sid
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chains, respectively, at about 1465 and 1460 cm−1 appear in
a region in which only weak bands appear for unsubstituted
bis(phthalocyaninato) rare earth compounds. It is still unclear at
present why the weak peak attributed to the coupling of pyrrole
and aza stretching at ca. 1500 cm−1 for M(Pc)2 is replaced by
quite an intense band in the IR spectra of M[Pc(OC8H17)8]2.
Finally, the most intense bands for the latter are the four absorp-
tions at ca. 2854 cm−1 (CH2 symmetric), 2870 cm−1 (CH3 sym-
metric), 2925 cm−1 (CH2 asymmetric), and 2955 cm−1 (CH3
asymmetric) attributed to the C–H stretching vibrations of the
octyloxy side chains.

The dianion nature of phthalocyanine in Ce[Pc(OC8H17)8]2
is also revealed by its IR characteristics. The observation
of an intense absorption at 1381 cm−1 together with a very
weak band at ca. 1351 cm−1 constitute the characteristics of
[Pc(OC8H17)8]2−. In the IR spectrum of Ce(Pc)2, the char-
acteristic IR bands of phthalocyanine dianions in the region
of 1300–1400 m−1 are an intense pyrrole stretching band at
ca. 1330 cm−1 together with a very weak pyrrole and isoin-
dole stretching coupling band at about 1370 cm−1. This appears
somewhat strange at first glance but can be easily under-
stood on the basis of the characteristic IR bands of Pc•− and
[Pc(OC8H17)8]•− in M(Pc)2 and M[Pc(OC8H17)8]2, respec-
tively, in the same frequency range. The band at 1381 cm−1

is mainly attributed to the symmetric C–H deformation of –CH3
groups with some contribution from the isoindole stretching
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sity absorptions at 1091, 1200, and 1282 cm−1. The relatively
strong absorption at 752–758 cm−1 should be contributed from
vibrations related to pyrrole or isoindole stretching, breathing or
deformation or aza stretching vibrations of the Pc rings due to
its rare earth size-dependent nature. As can be seen fromFig. 3,
along with the change from unsubstituted or octakis(octyloxy)-
substituted to tetra(tert-butyl)-substituted bis(phthalocyaninato)
rare earth series, this absorption gains intensity to become a rel-
atively strong band. This fact appears to suggest that the lower
molecular symmetry of the isomers of M[Pc(tBu)4]2 is respon-
sible for the observation of this peak. Aroca attributed the peak
at 915 cm−1 in the IR spectrum of Pr[Pc(tBu)4]2 to the C–H
bending oftert-butyl groups[27]. However, systematic research
into the IR spectra of the whole series of M[Pc(tBu)4]2 com-
plexes reveals that the frequency of this absorption with medium
intensity at 914–919 cm−1 is dependent on the rare earth size,
therefore this absorption should be better assigned as primar-
ily originating from vibrations involving pyrrole or isoindole
stretching, breathing or deformation or aza stretching vibra-
tions of the Pc rings. The pyrrole ring stretching absorption at
1313–1319 cm−1 still appears as the most intense band as in the
unsubstituted bis(phthalocyaninato) rare earth compounds. In
contrast, the bands at ca. 725, 1115, and 1460 cm−1, respectively,
contributed from the C–H wagging, the coupling of isoindole
breathing and C–H bending, and the isoindole stretching that are
prominent in the spectra of the unsubstituted compounds appear
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In the IR spectra of M[Pc(OC8H17)8]2, the vibrations a

311–1322 cm−1 attributed to pyrrole stretching vibrations a
t 1493–1500 cm−1 due to the coupling of the pyrrole stretc

ng and aza stretching are sensitive to the ionic size of ce
are earth ion. However, the other two rare earth size-depe
ibrations assigned to the coupling of isoindole breathing
–H in-plane bending at 1110–1116 cm−1 and isoindole stretch

ng at 1439–1454 cm−1 in the IR spectra of M(Pc)2 could not
e clearly delineated for M[Pc(OC8H17)8]2 due to their overla
ith neighbouring absorptions.

.2.2. IR spectra of M[Pc(tBu)4]2 [9]
The IR spectra of the whole series of lanthanide compo

[Pc(tBu)4]2 differ considerably from the simple patterns
he IR spectra of M(Pc)2 and M[Pc(OC8H17)8]2. The presenc
f four randomly-placedtert-butyl substituents on the phtha
yanine rings multiplies the number of IR active mode
[Pc(tBu)4]2 due to the lower symmetry of most of the isom
or thetert-butyl groups, three intense vibrations are seen in
–H stretching region: –CH3 antisymmetric stretching at 29
nd 2923 cm−1 and –CH3 symmetric stretching at 2854 cm−1.
bsorptions with medium intensity observed in the rang
358–1405 cm−1 are clearly mainly due to the symmetric –C3
eformation vibrations oftert-butyl groups together with som

soindole stretching, the latter exhibiting only very weak ba
t about 1370 and 1400 cm−1 in the IR spectra of M(Pc)2. The
–C stretching of thetert-butyl groups also displays quite
trong absorption at about 1255 cm−1. The remaining bands
he region of 1000–1300 cm−1 are attributed to the aroma
n-plane C–H bending vibrations, including the medium in
l
nt

s

s only weak or medium bands in the IR spectra of M[Pc(tBu)4]2.
Similar to M(Pc)2 and M[Pc(OC8H17)8]2, the vibrations a

52–758, 914–919, and 1313–1319 cm−1 in the IR spectra o
[Pc(tBu)4]2 shift slightly to higher energy along with th
ecrease of rare earth radius. The observation of an in
bsorption at 1322 cm−1 in the IR spectrum of Ce[Pc(tBu)4]2, in
ontrast to the band at 1313–1319 cm−1 for tervalent rare eart
nalogues, is clear IR evidence of the dianion state of pht
yanine in Ce[Pc(tBu)4]2.

One significant difference in the IR spectra betw
he two substituted bis(phthalocyaninato) rare earth s
[Pc(OC8H17)8]2 and M[Pc(tBu)4]2 is the relative intensit
f the C–H stretching vibrations with respect to the Pc
tretching bands. In the IR spectra of M[Pc(OC8H17)8]2, the
ost intense bands are C–H stretching modes of the

oxy side chains. In the IR spectra of M[Pc(tBu)4]2, the mos
ntense absorptions are the pyrrole stretching vibration
313–1319 cm−1, while the most intense absorption in the
pectra of M(Pc)2 is either the pyrrole stretching vibrations
312–1323 cm−1 or the C–H wagging band at ca. 725 cm−1

epending on identity of the rare earth metal ion.

.3. IR spectra of M[Pc(α-OC5H11)4]2 [20]

Fig. 4 compares the IR spectra of Yb(Pc)2, Yb(Pc)[Pc(�-
C5H11)4], and Yb[Pc(�-OC5H11)4]2, in the region of funda
ental frequencies of 400–1800 cm−1. The IR spectra of th
ew series of rare earth compounds M[Pc(�-OC5H11)4]2 dif-

er considerably from the simple patterns of the IR spe
f M(Pc)2. They very much resemble those of M(Pc)[Pc�-
C5H11)4] except for the slight difference in the regi
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Fig. 4. IR spectra of (A) Yb(Pc)2, (B) Yb(Pc)[Pc(�-OC5H11)4], and (C)
Yb[Pc(�-OC5H11)4]2 in the region of 400–1800 cm−1 recorded in KBr pellets.

1110–1123 cm−1 attributed to the isoindole breathing coupled
with C–H bending. In the IR spectra of both M(Pc)2 and
M(Pc)[Pc(�-OC5H11)4], there is a single band, but this splits
into two absorption peaks at ca. 1110 and 1120–1123 cm−1 for
M[Pc(�-OC5H11)4]2 [9,17]. Comparable spectroscopic features
in the IR spectra between M(Pc)[Pc(�-OC5H11)4] and M[Pc(�-
OC5H11)4]2 are not surprising considering the similar equi-
librium geometry of the whole molecule,C4 for M(Pc)[Pc(�-
OC5H11)4] and S8 for M[Pc(�-OC5H11)4]2, and in particular
the same equilibrium geometry,C4, for the fragment M[Pc(�-
OC5H11)4] in both series of complexes.

The peak at ca. 743 cm−1 assigned to the C–H wagging grad-
ually loses some intensity, relatively, in the order going from
M(Pc)2 (the most intense band), to M(Pc)[Pc(�-OC5H11)4]2
(one of the two most intense bands), and to M[Pc(�-OC5H11)4]2
(the fifth most intense band). This is due to the decrease
in the number of aromatic H with increasing substitution by
3-pentyloxy groups in the non-peripheral� positions of the
phthalocyanine rings.

The most interesting point concerns the frequency of the
phthalocyanine monoanion radical IR marker band due to the
pyrrole stretching in the range 1305–1313 cm−1. When com-
pared inFig. 5, it is obvious that the frequency of the pyr-
role stretching for bis(phthalocyaninato) complexes involving

F c)
(
a

the same rare earth ion is red-shifted in the order M(Pc)2
to M(Pc)[Pc(�-OC5H11)4] to M[Pc(�-OC5H11)4]2, revealing
the diminished ring-to-ring interaction in the same order
[9,17]. However, a similar phenomenon was not found in
comparing the IR spectroscopic characteristics of M(Pc)2,
M(Pc)[Pc(OC8H17)8], and M[Pc(OC8H17)]2 [9,11]. This result
indicates, from the viewpoint of vibrational spectroscopies, that
substitution of alkoxyl groups at the non-peripheral� positions
of phthalocyanine rings exerts more influence on the intrinsic
properties of phthalocyanines than does peripheral� substitu-
tion.

4.4. IR spectra of M(Pc)[Pc(OC8H17)8] [11]

Fig. S1 (Supplementary data)shows the IR spec-
tra in the region 400–1800 cm−1 for three compounds
M(Pc)[Pc(OC8H17)8] (M = Nd, Dy, Yb), typical for the light,
middle, and heavy rare earths, respectively. It is impossible to
assign the observed frequencies to the individual unsubstituted
and substituted phthalocyanine rings, due to the coupling of
vibrational coordinates between the conjugated macrocycles.

As shown inFig. S1 (Supplementary data), the IR spectra
of the series of heteroleptic compounds M(Pc)[Pc(OC8H17)8]
differ considerably from the simple patterns of the IR spec-
tra of M(Pc)2, but resemble those of M[Pc(OC8H17)8]2, except
for the slightly increased complexity and number of vibration
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ig. 5. Plot of wavenumbers of the pyrrole stretching vibrations of (A) M(P2,
B) M(Pc)[Pc(�-OC5H11)4], and (C) M[Pc(�-OC5H11)4]2 at 1306–1323 cm−1

s a function of the ionic radius of MIII .
ands because of the reduced molecular symmetry. A
arison among the IR spectra of these three series con

he identification of the IR vibrational fundamentals due to
hthalocyanine moieties and the peripheral octyloxy groups
as proposed previously by comparing the IR spectra of M(2
nd M[Pc(OC8H17)8]2. This, in turn, makes it easier to ass

he IR bands for these heteroleptic bis(phthalocyaninato)
arth complexes. In the IR spectra of M(Pc)[Pc(OC8H17)8],

he pyrrole stretching at 1315–1322 cm−1 maintains its inten
ity as in M(Pc)2, appearing as the most intense band, ind
ore intense than in M[Pc(OC8H17)8]2. It also acts as th
hthalocyanine monoanion radical marker band. The C–H
ing of M(Pc)[Pc(OC8H17)8] at ca. 725 cm−1 is less intens

han that in M(Pc)2, but reasonably is stronger than tha
[Pc(OC8H17)8]2 due to the relative numbers of OC8H17
roups in the peripheral� positions. In the IR spectra
(Pc)[Pc(OC8H17)8], the symmetric C–O–C stretching ban
t 1045 cm−1, the C–H band at 1203 cm−1, the symmetric –CH3
eformation at 1375 cm−1, and the coupling of pyrrole an
za stretching at 1500 cm−1, all lose some intensity relativ

o those in the IR spectra of M[Pc(OC8H17)8]2. On the othe
and, the antisymmetric C–O–C stretching band at 1275 c−1

nd the CH2 bending at 1455 cm−1 have similar intensity t
hose in M[Pc(OC8H17)8]2. Thus, in the region 400–1800 cm−1,
he antisymmetric vibrational bands of the octyloxy substitu
aintain their intensity, whereas the symmetric vibrations

he contrary, lose some intensity with the decrease of the nu
f octyloxy substituents.

Consistent with our results for other series,
(Pc)[Pc(OC8H17)8] the vibrations at 1057–1063 cm−1 due

o the coupling of isoindole deformation and aza stretchin
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1315–1322 cm−1 attributed to pyrrole stretching vibrations, and
at 1497–1504 cm−1 assigned to the coupling of pyrrole and aza
stretching are sensitive to the ionic size of central rare earth ion.

4.5. IR spectra of M(Pc)[Pc(α-OC5H11)4] [17]

Fig. S2 (Supplementary data)shows typical IR spectra of
three compounds M(Pc)[Pc(�-OC5H11)4] (M = Sm, Y, Yb).
The IR spectra of this series of lanthanide compounds resem-
ble those of M[Pc(OC8H17)8]2 and in particular M[Pc(�-
OC5H11)4]2 [20]. Compared with those of the former series
and even M(Pc)[Pc(OC8H17)8], the IR spectra of M(Pc)[Pc(�-
OC5H11)4] display more fundamental absorptions due to the
even lower molecular symmetry. Both isoindole breathing at
1112–1116 cm−1 and pyrrole stretching at 1309–1317 cm−1

maintain their intensity as in M(Pc)2, appearing as the most
intense bands. As for M(Pc)[Pc(OC8H17)8]2, the isoindole
stretching of M(Pc)[Pc(�-OC5H11)4] shows weak peaks at ca.
1446–1457 cm−1 and the C–O–C stretching bands are observed
as medium and strong bands at ca. 1040 cm−1 (symmetric) and
1265 cm−1 (antisymmetric), respectively.

Unlike in M[Pc(OC8H17)8]2 and M(Pc)[Pc(OC8H17)8], with
respect to the Pc ring stretching bands, the C–H stretching bands
of the four 3-pentyloxy side chains are very weak due to the
decrease in the length of the side chains from eight to five car-
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cies of the naphthalocyanine ligand are also partially assigned
by analogy with their Raman characteristics[14], and the IR
and Raman characteristics of bis(phthalocyaninato) rare earth
counterparts[9,19], phthalocyanine[71] and naphthalocyanine
derivatives[79–84].

The IR spectra of M[Nc(tBu)4]2 differ considerably from
the simple patterns of their Raman spectra[14] and from the
IR spectra of the unsubstituted bis(phthalocyaninato) rare earth
counterparts[9], but resemble the IR spectra of bis[tetra(tert-
butyl)phthalocyaninato] rare earth compounds[9]. The com-
plexity in the pattern of the IR spectra of M[Nc(tBu)4]2 com-
pared with that of M[Pc(OC8H17)8]2 [9] again reminds us of
the lower molecular symmetry of the isomers that compose these
mixtures. As for thetert-butyl substituted bis(phthalocyaninato)
rare earth analogues M[Pc(tBu)4]2 [9], characteristic vibrational
fundamentals due to the Nc ring and thetert-butyl moieties
were clearly identified. For thetert-butyl groups, three intense
vibrations were seen for the C–H bond stretching vibrations
at 2957 cm−1, 2923 (antisymmetric stretching), and 2854 cm−1

(symmetric stretching). For the Nc ring, the C–H wagging at
ca. 750, C–H bending at ca. 1080, and pyrrole ring stretch-
ing at 1315–1317 cm−1 still appear as intense bands as in the
unsubstituted bis(phthalocyaninato) rare earth compounds. In
contrast, the intense band at ca. 1460 cm−1 contributed from
the isoindole stretching in M(Pc)2 appears only as a weak or
medium vibration in the IR spectra of M[Nc(tBu) ] . How-
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In the IR spectra of M(Pc)[Pc(�-OC5H11)4], the vibrations

t 1112–1116 cm−1 due to the isoindole breathing with so
ontribution from the C–H bending, 1309–1317 cm−1 attributed
o pyrrole stretching vibrations and 1358–1372 cm−1 assigned t
he coupling of pyrrole stretching vibrations and the symmet
–H deformation of –CH3 groups are sensitive to the size of
entral rare earth ion.

.6. IR spectra of M[Nc(tBu)4]2 and M[Nc(SC12H25)8]2

8]

.6.1. IR spectra of M[Nc(tBu)4]2 [8]
Fig. 6 compares the IR spectra of four compou

[Nc(tBu)4]2 (M = Pr, Ce, Tb, Lu). The observed IR freque

ig. 6. IR spectra of M[Nc(tBu4)2] (M = Ce, Pr, Tb, Lu) in the region o
00–1800 cm−1 recorded in KBr pellets.
4 2
ver, some weak vibrations in the IR spectra of unsubsti
is(phthalocyaninato) rare earth compounds seem to gain

ional intensity to become intense or medium intense b
n the IR spectra of M[Nc(tBu)4]2. For instance, very inten
bsorptions were observed at 1260 (C–H bending of Nc r
350–1355 (pyrrole stretching), and 1363–1367 cm−1 (naphtha

ene stretching) for M[Nc(tBu)4]2, which exhibit only very wea
ands at ca. 1282 and 1369 cm−1 in the IR spectra of M(Pc)2

9].
Confusion is evident in the literature regarding the spe

ature of the vibrations of naphthalocyanine derivatives in
egion of 1310–1370 cm−1. Campos-Vallette et al. associa
wo bands at 1340–1350 and 1350–1370 cm−1 in the IR and
aman spectra of H2Nc and Cu(Nc) with the pyrrole stretc

ng and naphthalene stretching, respectively[82–84]. How-
ver, nothing was mentioned concerning the origin of the
ively strong vibrational peak in the region of 1310–1320 cm−1

Raman) or 1320–1330 cm−1 (IR) for these two compound
n comparing the IR spectroscopic characteristics with r
ution of 2 cm−1 [8] and those with 4 cm−1 resolution [7],

ore vibrational modes have been resolved. This is typi
evealed by comparing the vibrations of M[Nc(tBu)4]2 in the
egion of 1310–1400 cm−1 (Fig. 6). Under the lower resolutio
R conditions, four absorptions at ca. 1313–1331, 1350–1
363–1367, and 1389–1394 cm−1, whose frequencies all see
ependent on the rare earth metal, were observed in the r
f 1300–1400 cm−1 [7]. With improved resolution of 2 cm−1,

he band at about 1313–1331 cm−1 is found to be composed
wo vibrations of 1314–1317 and 1323–1330 cm−1. Both the
requency and intensity of these two bands depend on the
arth metal. Along with the rare earth contraction from L
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Lu, the intensity of the former absorption decreases while the
latter one in contrast becomes more intense. In the IR spec-
tra with lower resolution, this is the reason that the unresolved
peak for the light rare earth bis(naphthalocyaninato) compounds
is dominated by the absorption band at ca. 1313 cm−1 and the
heavy rare earth bis(naphthalocyaninato) species by absorption
at 1324–1331 cm−1 [7].

According to the previous work on the vibrational spectra of
naphthalocyanine derivatives[30], it is reasonable to assign the
absorptions at 1350–1355, 1363–1367, and 1389–1394 cm−1 to
the pyrrole, naphthalene, and naphthalene stretching vibrations,
respectively. Aroca and co-workers had attributed the absorp-
tion at 1364 cm−1 to the C–H bending vibrations oftert-butyl
groups in Pr[Pc(tBu)4]2 by comparing with the IR spectrum of
Pc(Pc)2 [27]. It is impossible to exclude absolutely the contri-
bution from thetert-butyl groups on the naphthalocyanine rings
in M[Nc(tBu)4]2 to the weak absorption at ca. 1365 cm−1 in the
present case. However, it may be concluded that themajor con-
tribution to this vibrational band is the naphthalene stretching
mode based on the dependence of the frequency and the inten-
sity of this peak on the rare earth size. Partly due to the same
reason and by analogy to the assignment of the same absorptions
in bis(phthalocyaninato) rare earth analogues, the two absorp-
tions at 1314–1317 and 1323–1330 cm−1 for M[Nc(tBu)4]2
are tentatively attributed to the pyrrole stretching vibrations of
naphthalocyanine rings. The reason for the appearance of five
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tron delocalizes over the two naphthalocyanine macrocycles on
the IR vibration time scale, which accords well with the result
deduced from the Raman spectra of the same compounds[14].

4.6.2. IR spectra of M[Pc(SC12H25)8]2 [8]
The IR spectroscopic characteristics of bis[3,4,12,13,21,

22,30,31-octa(dodecylthio)-2,3-naphthalocyaninato] rare earth
complexes M[Nc(SC12H25)8]2 are similar to those of their
M[Nc(tBu)4]2 analogues except for the simplicity due to
the higher molecular symmetry of the former. Therefore,
compared with those of M[Nc(tBu)4]2, the IR spectra of
M[Nc(SC12H25)8]2 are composed of a relatively smaller number
of fundamentals[9].

Another significant difference in the IR spectra between
M[Nc(tBu)4]2 and M[Nc(SC12H25)8]2 is the relative intensity
of the C–H stretching vibrations with respect to the stretching
modes of the Nc rings. In the IR spectra of M[Nc(SC12H25)8]2,
the most intense bands are the absorptions at 2852, 2923,
and 2986 cm−1 attributed to the C–H stretching vibrations of
the eight dodecylthio groups. In contrast, in the IR spectra of
M[Nc(tBu)4]2, the most intense absorptions are those of the pyr-
role stretching vibrations at ca. 1314–1317 or 1323–1330 cm−1

depending on rare earth species, and the C–H wagging at
758 cm−1.
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elatively strong or strong absorption bands in the region
300 to 1400 cm−1 for M[Nc(tBu)4]2 is not clear at this stag
he observation of only three absorptions in the same re

or M[Nc(SC12H25)8]2 also with high resolution of 2 cm−1

ppears to suggest that it is due to the decreased symme
he M[Nc(tBu)4]2 molecules.

The vibrations at 746–753 cm−1 assigned to the C–H wa
ing, 1314–1317, 1323–1330, and 1350–1355 cm−1 attributed

o pyrrole stretching vibrations, and 1389–1394 cm−1 due to
he naphthalene stretching vibrations shift slightly and line
o higher energy along with the decrease of rare earth radi

Among the whole series of tetra(tert-butyl)-substituted
is(naphthalocyaninato) rare earth complexes, the ce
ouble-decker is particularly interesting. As indicated f

he electronic absorption, Raman, and1H NMR spec-
ra, bis(naphthalocyaninato) cerium exists in the f
eIII [Nc(tBu)42−][Nc(tBu)4•−], the same as other Nc analog

n the rare earth series[14,60,62]. It is clear that the IR cha
cteristics of bis(naphthalocyaninato) cerium correspond
ith all the other members of the series. As already noticed[8],

he datum for Ce fits well with the trend observed between
onic radius of MIII and the frequencies of the pyrrole stretch
ibration near 1315 cm−1 for the whole series of double-deck
ompounds. This is a clear IR evidence proving the terv
alence state of cerium in Ce[Nc(tBu)4]2.

Similar to their phthalocyaninato analogues, the IR cha
eristics of naphthalocyanine dianion [Nc(tBu)4]2− could not
e distinguished in the IR spectra of M[Nc(tBu)4]2 and thus

R spectra of bis(naphthalocyaninato) rare earth(III) compl
an be attributed solely to the naphthalocyanine monoa
adical [Nc(tBu)4]•−. This demonstrates that the unpaired e
of

l

t

.7. IR spectra of (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8]
10]

Fig. 7 displays the IR spectrum of the representative c
ound (Pc)Er[Pc(OC8H17)8]Er[Pc(OC8H17)8]. Characteristic

R vibrational frequencies of the phthalocyanine ligand in
eries are summarized and their interpretations are post
y analogy with the IR characteristics of M(Pc′)2 [Pc′ = Pc,
c(OC8H17)8] [9]. Due to the similar molecular structure amo

he series of tris(phthalocyaninato) rare earth complexes,
ompounds show similar IR characteristics, which can be
onably understood on the basis of those of [M(Pc)2]−, and
specially of Ce(Pc2−)2 and Ce[Pc(OC8H17)82−]2, due to the
resence of phthalocyanine dianions in bis(phthalocyani
erium compounds.

ig. 7. IR spectrum of (Pc)Er[Pc(OC8H17)8]Er[Pc(OC8H17)8] in the region o
00–1800 cm−1 recorded in KBr pellets.
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As shown inFig. 7, the all-dianion nature of phthalocya-
nine ligands in (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8] (M = Eu,
Gd, Tb, Dy, Ho, Er, Yb, Lu, Y) is demonstrated by the follow-
ing observations: (i) the absence of the very intense phthalo-
cyanine monoanion-radical (Pc′•−) marker IR bands observed
at 1312–1323 and 1311–1322 cm−1 respectively for MIII (Pc)2
and MIII [Pc(OC8H17)8]2; (ii) the appearance of quite a strong
absorption at about 1380 cm−1; and (iii) a relatively weak
peak appearing at 1329 cm−1 together with a weak band at
1312–1317 cm−1. These all correspond to the similar ones
for tetravalent Ce(Pc)2 and Ce[Pc(OC8H17)8]2. The absorp-
tion at 1329 cm−1 for Pc2− in Ce(Pc)2 is a relatively strong
peak, which loses some intensity to become a relatively weak
absorption in the triple-deckers due to the ratio Pc:Pc(OC8H17)8
of 1:2 in these triple-decker compounds, while the intensity
of the one at about 1380 cm−1 remains almost unchanged
compared with that in double-decker Ce[Pc(OC8H17)8]2.
In addition, with the change of Pc:Pc(OC8H17)8 ratio
from 1:2 in (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8] to 2:1 in
(Pc)Tm[Pc(OC8H17)8]Tm(Pc), there is no significant change
in the intensity of the Pc2− characteristic band at 1329 cm−1

and the Pc(OC8H17)82− characteristic band at ca. 1380 cm−1.
For the weak band observed in the range of 1312–1317 cm−1

for (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8], both Pc2− and
Pc(OC8H17)82− are believed to contribute due to the observation
of a similar weak absorption at 1306 and 1302 cm−1 respec-
t of
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observed due to the complete�-substitution in these double-
decker compounds[9].

Similar to Ce[Pc(OC8H17)8]2 [9], the IR spectra of the triple-
decker complexes (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8] also
display several additional intense fundamental bands at about
1047, 1080, 1203, 1275, 1494, 2854, 2870, 2924, and 2955 cm−1

in comparison with that for Ce(Pc)2. A weak peak attributed
to the coupling of pyrrole and aza stretching was observed
at 1506 cm−1 for Ce(Pc)2, while a relatively intense band
appears at ca. 1495 cm−1 in the spectra of Ce[Pc(OC8H17)8]2
[9]. In the present case, a band with medium intensity was
found at ca. 1494 cm−1. It is clear that the eight alky-
loxy groups on the phthalocyanine ring are responsible for
this vibrational mode. Further evidence derives from the fact
that no enhancement was found for the same vibration in
the homoleptic and heteroleptic analogues MIII [Pc(C7H15)8]2
(M = Eu, Gd, Y), Ce[Pc(C7H15)8]2, and MIII (Pc)[Pc(C7H15)8]
[M = Eu, Y; H2Pc(C7H15)8 = 2,3,9,10,16,17,24,25-octa(heptyl)
phthalocyanine][7].

In the IR spectra of (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8],
the weak vibration at 1312–1318 cm−1 attributed to pyrrole
stretching vibrations shifts slightly to higher energy along
with the decrease of rare earth radius, corresponding well
with the observations for bis(phthalocyaninato) rare earth
analogues[9,20] and clearly showing that the rare earth
size effect also applies in the triple-deckers. The frequency
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ively for Ce(Pc)2 and Ce[Pc(OC8H17)8]2. The appearance
wo pyrrole stretching bands between 1300 and 1330 c−1

or heteroleptic tris(phthalocyaninato) rare earth compoun
uite interesting, and is in line with the observation of
yrrole stretching absorptions, respectively, at 1314–1317
323–1330 cm−1 for M[Nc(tBu)4]2. Another intense characte

stic phthalocyanine dianion band appears at ca. 1080 cm−1 for
Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8]. This absorption corre
ponds to the similar one at ca. 1070 cm−1 in the IR spectrum
f Ce(Pc′)2 [Pc′ = Pc, Pc(OC8H17)8] and is therefore similarl
ttributed to the coupling of isoindole deformation and
tretching with some contribution also from C–H bending.

The relatively intense band at ca. 1380 cm−1 for
Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8] is assigned to C–H
endings of –CH3 groups together with contribution fro

he isoindole stretching vibrations of the three phthalo
ine ligands. The contribution of the latter mode to
bsorption is revealed by the dependence, although
ery strong, of the energy of this band on the ionic
f rare earth metal. Moreover, the aromatic C–H w
ing modes of Pc rings are responsible for one of

wo most intense bands in the spectra of unsubsti
is(phthalocyaninato) rare earth complexes M(Pc)2 at around
25 cm−1, that loses some intensity but remains relativ
trong in the spectra of (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8].
ubstitution of H by OC8H17 groups in all the periph
ral � positions of two phthalocyanine rings in t
olecule (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8] is responsible

or decreasing the relative intensity of the out-of-plane C
ibrations. This observation is in line with the finding
[Pc(OC8H17)8]2 as further loss in intensity of this band w
d

t

f another pyrrole stretching vibration appears to rem
lmost unchanged at ca. 1329 cm−1. This is strange, but is

ine with the result obtained for a series of mixed ring
arth triple-deckers M2(TClPP)2(Pc)2 and M2(TClPP)(Pc)2

H2TClPP = 5,10,15,20-tetra(4-chlorophenyl)porphyrin],
hich the characteristic Pc2− IR band varies only from 132

o 1331 cm−1 along with the lanthanide contraction fro
= Pr to Ho [51]. Moreover, the wavenumbers of bands

381–1383 and 1463–1465 cm−1 mainly contributed by th
–H bending modes of octyloxy side chains seem also to
ome small dependence on the rare earth ionic size, alth
ot as significant as that for the pyrrole stretching ban
312–1318 cm−1. Therefore, these vibrations are reason
ssigned as being coupled with the isoindole stretchin

he same region. The weaker dependence of corres
ng vibrational frequencies, say the isoindole stretchin
463–1465 cm−1 for tris(phthalocyaninato) compounds, on
are earth ionic size, compared with that at 1439–1454 c−1

or bis(phthalocyaninato) counterparts, shows that the�–�
nteractions in these heteroleptic triple-deckers are weake
n double-deckers[9].

For the purpose of comparison, the IR spectrum of he
inuclear analogue (Pc)Eu[Pc(OC8H17)8]Er[Pc(OC8H17)8]
as also recorded. The frequency of the correspon
ibrational mode for this hetero-dinuclear rare earth com
Pc)Eu[Pc(OC8H17)8]Er[Pc(OC8H17)8] at 1314 cm−1 lies just
etween those of the homo-dinuclear counterparts. This

s in line with that obtained from electrochemical studies
he same series of heteroleptic tris(phthalocyaninato) rare
omplexes, indicating again the strong delocalization betw
ings in the triple-decker complexes[85].
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The IR spectrum of symmetrical di(phthalocyaninato)-
mono[2,3,9,10,16,17,24,25-octakis(octyloxy)phthalocyaninato]
rare earth triple-decker complex (Pc)Tm[Pc(OC8H17)8]Tm(Pc)
was also recorded for comparison, and this actually resembles
but appears simpler compared with those of less symmetrical
analogues (Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8]. The differ-
ence in the Pc:Pc(OC8H17)8 ratios in these two species also
results in changes in the relative intensities of corresponding
vibrational modes. The presence of two unsubstituted Pc
rings and only one substituted Pc(OC8H17)8 ligand in this
compound naturally induces an increase in the intensity
of characteristic bands attributed to Pc rings and decrease
of those of the Pc(OC8H17)8 ring compared with those in
(Pc)M[Pc(OC8H17)8]M[Pc(OC8H17)8]. The most obvious dif-
ference is the relative intensity of the C–H stretching vibrations
with respect to the Pc ring stretching bands. In the IR spectra
of the former series, the most intense band is the absorption
at 2925 cm−1 due to the antisymmetric –CH2– stretching
vibrations of the octyloxy side chains of [Pc(OC8H17)8].
However, in the IR spectrum of the latter compound, the
most intense absorption is a band at about 1465 cm−1 due to
contribution from both C–H bending vibrations of the –CH2–
and –CH3 groups and isoindole stretching vibrations.

5. Raman spectroscopic properties
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Fig. 9. The UV–vis spectra of M[Pc(OC8H17)8]2 (M = Pr, Tb, Tm) in CHCl3.

[86]. The Q bands for these compounds appear as a strong
absorption in the range of 658–689 nm together with the weak
vibronic components at 570–596 and 595–618 nm. In addition,
a weak band related with the�-radical anion at 420–458 nm
is also observed. For the series of M[Pc(OC8H17)8]2 com-
pounds containing tervalent rare earth metals, the B absorp-
tion splits into two bands at 331–343 and 369–378 nm due
to the influence of eight octyloxy groups on the phthalocyan-
inato rings[45]. Their Q bands appear at 668–699 nm with
weak vibronic absorptions at 579–601 and 604–630 nm, respec-
tively. The weak�-radical anion band is seen at 485–513 nm.
For both series of compounds, the energies of all the absorp-
tion bands mentioned above are sensitive to the metal center. In
particular, along with the lanthanide contraction, the Q absorp-
tion band for both M(Pc)2 and M[Pc(OC8H17)8]2 blue-shifts
in the same order[45,86]. These characteristics in their elec-
tronic absorption form the basis for the systematic changes
that are observed in both the frequencies of specific bands and
the overall appearances of the Raman spectra of M(Pc)2 and
M[Pc(OC8H17)8]2 along with the change in the central metal
ionic size, as detailed below. This is also true for other homolep-
tic and heteroleptic bis(phthalocyaninato) rare earth analogues
M[Pc(�-OC5H11)4]2 and M(Pc)[Pc(�-OC5H11)4] [53,54,69a],
bis(naphthalocyaninato) rare earth compounds M[Mc(tBu)4]2
[60,61], and even mixed (porphyrinato)(phthalocyaninato) rare
earth double-decker compounds M(TClPP)(Pc)[50], and mixed
( cker
c
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.1. Electronic absorption spectra

The appearance of the Raman spectra will be shown to de
n chemical composition, ionic radius of the coordinated m

on, and the wavelength of excitation. Thus, it is importan
he outset to appreciate the changes in electronic abso
pectra that govern the selective enhancement of certain R
ctive bands. The electronic absorption spectra of M(Pc)2 and
[Pc(OC8H17)8]2 (M = Pr, Tb, Tm) which are typical repr

entatives of the UV–vis spectra for the complexes of terv
are earths in each series, are shown inFigs. 8 and 9, respec
ively [45]. All the spectra of M(Pc)2 (M = Y, La–Lu except fo
e and Pm) show a typical B band at 316–325 nm with a
eak shoulder peak at the lower energy side of 342–35

Fig. 8. The UV–vis spectra of M(Pc)2 (M = Pr, Tb, Tm) in CHCl3.
porphyrinato)(naphthalocyaninato) rare earth double-de
omplexes M(Por)(Nc) (Por = OEP, TBPP)[55,56].

The electronic absorption spectra of M(TClPP)(Pc) (M =
m, Ho), which are typical representatives of the UV–vis s

ra for the intermediate-valent cerium (between III and
nd light, middle, and heavy tervalent rare earth comple
espectively, are shown inFig. S3 (Supplementary data) [5.
n addition to the strong Pc and TClPP Soret bands respec
t 328–334 and 398–414 nm, the electronic absorption sp
f M(TClPP)(Pc) show a very weak Q band in the region
89–738 nm for M = La–Lu, which is mainly contributed fro

he major Q absorption of the phthalocyanine monoanion
al by comparing with the absorption features of M(Pc)2 [86].
his point actually is indirectly supported by the commona
f the features of the Raman spectra between M(TClPP)(Pc
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M(Pc)2 with excitation at either 633 or 785 nm[18]. This is also
the case for M(Por)(Nc) (Por = OEP, TBPP)[15,16].

Except for Ce[Nc(tBu)4]2, which shows similar elec-
tronic absorption spectrum to the rest of the tervalent rare
earth analogues, the other bis(tetrapyrrole) cerium complexes
including Ce(TClPP)(Pc) (Fig. S3 (Supplementary data)),
Ce(Pc′)2 [Pc′ = Pc, Pc(OC8H17)8, Pc(tBu)4], and Ce(Por)(Nc)
(Por = OEP, TBPP), display different electronic absorption spec-
tra from their tervalent rare earth counterparts due to the
valence state being intermediate between III and IV for the
cerium in these double-decker compounds as suggested by the
XANES results[62]. This is also reflected by the different
IR and Raman spectroscopic characteristics of these cerium
complexes from those of their tervalent rare earth counterparts
[7–9,12,13,15,16,18,19].

5.2. Raman spectra of M(Pc)2 and M[Pc(OC8H17)8]2 [19]

5.2.1. Raman spectra of M(Pc)2 and M[Pc(OC8H17)8]2

with excitation by 633 nm laser [19]
The Raman spectra of La(Pc)2 and Dy[Pc(OC8H17)8]2 with

excitation at 633 nm were of poor quality due to strong fluores-
cence.Figs. 10 and 11, respectively, compare the Raman spectra

F f
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of three compounds M(Pc)2 and M[Pc(OC8H17)8]2 for M = Pr,
Tb, and Tm under excitation by 633 nm light. The Raman spec-
tra for both series of compounds are fairly simple, revealing the
high molecular symmetry of these compounds. In particular, the
Raman spectra for the peripherally octa(octyloxy)-substituted
bis(phthalocyaninato) rare earth complexes appear to be as sim-
ple as, or even simpler than, the corresponding unsubstituted
counterparts M(Pc)2, indicating that only frequencies corre-
sponding to the characteristic fingerprint vibrations of the Pc
macrocycle in M[Pc(OC8H17)8]2 were observed. Side chain
vibrations were very weak or absent under excitation with a
laser line of 633 nm, and this is also true when using laser
excitation at 785 nm. The observed Raman spectroscopic bands
of phthalocyanine for these homoleptic bis(phthalocyaninato)
complexes were partially assigned (Table 2) based on the pre-
vious description of normal modes for phthalocyaninato and
especially bis(phthalocyaninato) metal derivatives[12–16,71].
Due to the similar electronic structure and electronic absorp-
tion properties among the whole series of bis(phthalocyaninato)
rare earth compounds, all members of each series MIII (Pc)2 and
MIII [Pc(OC8H17)8]2 (M = Y, La–Lu except Ce and Pm) show
similar Raman characteristics.

With laser excitation at 633 nm, which is nearly in res-
onance with the Q band absorptions of both series of
bis(phthalocyaninato) rare earth complexes, respectively, at
658–689 and 668–699 nm, Raman bands in the range of
1 a-
t . For
M m
a -
s
a dence
o the
l
d
r um
b , and
1 The
p ound
1 ith
m r
o gion
t s
o n-
t solved
s for
t pyr-
r eak on
t eak.
ig. 10. Raman spectra of M(Pc)2 (M = Pr, Tb, Tm) in the region o
00–1800 cm−1 with excitation at 633 nm recorded on a few grains of the s
ample.
ig. 11. Raman spectra of M[Pc(OC8H17)8]2 (M = Pr, Tb, Tm) in the region of
00–1800 cm−1 with excitation at 633 nm recorded on a few grains of the solid
ample.
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300–1600 cm−1 derived from isoindole ring stretching vibr
ions and the aza group stretching are selectively intensified

III (Pc)2, the weak bands at ca. 574–577 and 812–817 c−1

nd a band at 678–680 cm−1 with medium or strong inten
ity are attributed to phthalocyanine breathing[12,13,39–41],
nd the wavenumbers of all these modes show a depen
n the rare earth size, slightly blue-shifting along with

anthanide contraction. The medium band at ca. 740 cm−1 is
ue to aromatic phthalocyanine C–H wagging[12,13]. In the
ange of 1000–1300 cm−1, there are several weak or medi
ands lying at ca. 1006, 1030, 1103, 1174, 1196, 1215
301 cm−1, which are assigned to aromatic C–H bending.
yrrole breathing presents two bands in the region of ar
140 and 1500 cm−1. The former comprises a single peak w
edium intensity at ca. 1138–1145 cm−1 whereas the latte

verlaps with the aza stretching vibration in the same re
o form a broad band at 1495–1525 cm−1 for the whole serie
f compounds MIII (Pc)2. For the double-deckers with early la

hanide metals, the aza stretching band appears as an unre
houlder on thehigher energy side of the peak. In contrast,
he double-deckers with medium and late lanthanides, the
ole breathing band appears as an unresolved shoulder p
he lower energy side of the more intense aza stretching p
he intense band in the range 1409–1423 cm−1 and the wea
and in the range 1444–1451 cm−1 are attributed to isoindo
tretching vibrations. The former intense band discussed a
ogether with the aza stretching band at 1512–1525 cm−1 show
ependence on the rare earth radius, also shifting to h
nergy along with the rare earth contraction. This is not
rising considering the blue-shifted trend of the Q absorp
t 658–689 nm in the same order.
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Table 2
Characteristic Raman bands (cm−1) of phthalocyanines for M[Pc(OC8H17)]2 (M = Y, La–Lu except Pm and Dy) (λex = 633 nm)

La Ce Pr Nd Sm Eu Gd Tb Y Ho Er Tm Yb Lu Assignment

561w 564w 562m 562w 562w 565w 564w 564w 568w 568w 568w 568w 568w 568w Pc breathing
628w 625w 629w 629w 629w 634w 634w 632w 628w 629w 628w 628w 628w 636a Pc breathing
683s 681s 684vs 684s 684s 684s 684s 686s 684s 684s 686s 686s 686s 686s Pc breathing

741m 741m 741m 741m 742m 744m 744m 744w 745m 745w 745w 745w 747m 745m C–H wag
753w 750w 755w 756w 755w 756w 756w 756w 757w 756w 756m 758m 758m 758m
767w 771w 771w 771w 770w 771w 771w 771w 771w 771m 771w CN aza stretching
782w 780w 783w 783w 784w 783w 784w 784w 785w 785w 784w 787w 787w 787w CN aza stretching
866w 866w 867w 867w 867w 867w 867w 866w 866w 867w 867w 867w 867w 867w Coupling of isoindole

deformation and aza
stretching C–H bend

1067w 1073w 1069w 1064w 1075w 1080w 1078w 1080w 1080w 1081w 1081w 1081w 1080w 1078w
1135m 1135w 1135w 1135w 1132w 1130w 1130w 1128w 1130w 1132w 1130w 1132w 1132w 1132w Pyrrole breathing
1174m 1173s 1173m 1173m 1173w 1173w 1173w 1173w 1174w 1174w 1174w 1174w 1174w 1176w C–H bend
1205m 1199m 1205m 1205w 1205m 1205m 1205m 1205m 1205m 1205m 1205m 1205m 1205m 1205m C–H bend
1316m 1299w 1312w 1312w 1319w 1321m 1321w 1321m 1321m 1321m 1321m 1322m 1322m 1322m CC pyrrole and benzene

stretching
1335w 1350w 1336w 1339w 1338w Isoindole stretching

1371w 1371w 1371w 1373w 1373w 1373w Isoindole stretching
1400m 1408m 1400m 1400m 1405s 1408s 1408s 1411s 1411s 1412s 1412s 1414m 1415s 1415m Isoindole stretching

1434m 1431w 1431w 1432w 1432w 1432w 1432w 1432w 1432w 1432w Isoindole stretching
1444w 1461w 1440w 1443w 1441w 1440w 1441w 1440w 1442w 1443w 1443w 1445w 1444w Isoindole stretching

1457w 1457w 1457w 1457w 1457w 1457w Isoindole stretching
1504vs 1501vs 1506s 1507vs 1513vs 1515vs 1516vs 1519vs 1521vs 1521vs 1522vs 1524vs 1525vs 1527vs Coupling of pyrrole and aza

stretching
1600w 1599w 1599w 1597w 1599w 1597w 1596w 1594w 1597w 1596w 1594w 1597w 1599w 1590w Benzene stretching

a Shoulder band.
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Fig. 12. Plot of wavenumber of the coupling of pyrrole and aza stretching scatter-
ing of (A) M[Pc(OC8H17)8]2 and (B) M(Pc)2 at 1504–1527 cm−1 with excitation
at 633 nm as a function of the ionic radius of MIII .

As shown in Fig. 11, the Raman spectroscopic frequen-
cies of the phthalocyanine core in M[Pc(OC8H17)8]2 can be
similarly assigned by analogy with those of unsubstituted coun-
terparts M(Pc)2. The spectra observed for M[Pc(OC8H17)8]2
are even simpler than those of corresponding M(Pc)2. This
is probably due to the fact that the excitation at 633 nm is
slightly further away from resonance with the main Q bands
of M[Pc(OC8H17)8]2 (668–699 nm) than with those of M(Pc)2
and benefits the assignments of the frequencies. For instance,
unlike for the series of MIII (Pc)2, a very good linear corre-
lation can be established between the frequency of the cou-
pled pyrrole and aza stretching modes of MIII [Pc(OC8H17)8]2
at 1504–1527 cm−1 and the tervalent rare earth ionic radii,
as shown inFig. 12. In addition, the band positions of the
Pc breathing modes at 561–568 and 683–686 cm−1, the C N
stretch at 782–787 cm−1, the coupled CC pyrrole and benzene
stretching at 1312–1322 cm−1 and the isoindole stretching at
1400–1415 cm−1 show dependence on the rare earth ionic size.
They all shift to higher energy along with the rare earth contrac-
tion as for their unsubstituted analogues.

The tervalent yttrium double-deckers are noteworthy. The
wavenumbers of some above-mentioned bands for both
YIII (Pc)2 and YIII [Pc(OC8H17)8]2 deviate from the linear rela-
tionship established for the other tervalent rare earth complexes
(for example, seeTable 2), due probably to the intrinsic differ-
ence between yttrium and the lanthanides, namely the absence
o xes
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Fig. 13. Raman spectra of M(Pc)2 (M = Pr, Tb, Tm) in the region of
500–1800 cm−1 with excitation at 785 nm recorded on a few grains of the solid
sample.

most of the bands found for the other complexes, however the rel-
ative intensities are different. For example, a strong band appears
at 1173 cm−1 for Ce[Pc(OC8H17)8]2 (Table 2) corresponding to
C–H bending, but for the other complexes, only a weak band
in the same region is observed. Moreover, the marker Raman
band of Pc2− and [Pc(OC8H17)8]2− at 1499 and 1501 cm−1,
respectively, with contributions from pyrrole CC, aza C N and
isoindole stretches, is observed as the strongest scattering in the
Raman spectra of Ce(Pc)2 and Ce[Pc(OC8H17)8]2. As noted
above, a similar strong band due to Pc•− and [Pc(OC8H17)8]•−
has been found to upshift to 1502–1509 and 1504–1527 cm−1

in the Raman spectra of MIII (Pc)2 and MIII [Pc(OC8H17)8]2.

5.2.2. Raman spectra of M(Pc)2 and M[Pc(OC8H17)8]2

with excitation by 785 nm laser [19]
Strong fluorescence occurred when trying to record the

Raman spectra of M(Pc)2 (M = La, Ce, Lu) using excitation at
785 nm, so these data do not appear. Using the excitation laser
line at 785 nm that is far away from resonance with the Q absorp-
tion bands, as shown inFig. 13, the macrocyclic ring deformation
and ring radial vibrations between 500 and 1000 cm−1 in the
Raman spectra of M(Pc)2 are selectively intensified. This is in
good accordance with the result of Ostendorp and Homborg
[36]. The Pc breathing at 675–679 cm−1 and the aromatic C–H
wagging at ca. 739 cm−1 are the most intense bands. The band
l −1 d
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w
a
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s ato)
f f electrons. This is also true for these two yttrium comple
hen using laser excitation emitting at 785 nm.
As can be expected from the previous studies[12,13,18],

oth Ce(Pc)2 and Ce[Pc(OC8H17)8]2 show different Rama
pectroscopic characteristics from those of the rest o
are earth series, which is related to the different electr
bsorption spectra of these cerium complexes. As indic
bove, both phthalocyanine rings exist as dianions in Ce2
nd Ce[Pc(OC8H17)8]2, despite the valence state interme
te between III and IV for the cerium[62]. These com
lexes therefore differ from other analogues that have the
(Pc′2−)(Pc′•−) [Pc′ = Pc, Pc(OC8H17)8]. A comparison of th
aman spectra of Ce(Pc)2 and Ce[Pc(OC8H17)8]2 with those o

he rest of the series shows that these cerium complexes c
d

in

ocating at 1327–1329 cm with medium intensity is assigne
o the pyrrole C C stretching vibrations coupled with benze

C stretching vibrations and the weak one at about 1342 c−1

o the isoindole stretching vibrations. Similar to those exc
ith 633 nm laser line, the bands of the coupled pyrrole CC and
za C N stretching vibrations in the region of 1507–1521 cm−1

verlap to form a broad, unresolved envelope. The vibra
f M(Pc)2 at 675–679 cm−1 assigned to the Pc breathings
407–1422 cm−1 attributed to the isoindole stretching vib

ions, and at 1508–1521 cm−1 due to the coupling of aza a
yrrole stretching vibrations are found to shift to higher en
long with the ionic radius contraction.

Under the same laser line excitation of 785 nm, the Ra
pectra for the octa(octyloxy)-substituted bis(phthalocyanin
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Fig. 14. Raman spectra of M[Pc(OC8H17)8]2 (M = Pr, Tb, Tm) in the region of
500–1800 cm−1 with excitation at 785 nm recorded on a few grains of the solid
sample.

rare earth analogues M[Pc(OC8H17)8]2 basically exhibit the
same spectroscopic features as corresponding unsubstituted
counterparts M(Pc)2 (Table S2 (Supplementary data)). How-
ever, this time a systematic but rather more dramatic change
can be seen in the appearance of the Raman spectra across the
series. Along with the decrease in the ionic size from La to Lu,
the band at 1502–1528 cm−1 contributed from the coupling of
the pyrrole and aza stretching vibrations gradually loses some
intensity, changing from a very strong scattering for the light rare
earth compounds to a medium and weak one for the heavy rar
earth complexes. In the same order, the band at ca. 1060 cm−1

assigned to the C–H bendings in contrast gradually gains inten
sity to change from a weak band to an intense band. A simila
change in the intensity of the latter band at ca. 1050 cm−1 due
to the C–H bending was also observed in the Raman spectr
of MIII (Pc)2 under the same laser line excitation. However, the
change in the intensity of the former band for MIII (Pc)2 was not
so significant. All these results can be clearly exemplified by
the Raman spectra of the Pr, Tb, and Tm complexes of the tw
series shown inFigs. 13 and 14.

When exciting the Raman spectrum of Ce[Pc(OC8H17)8]2
with the 785 nm laser line, similar to the case using the 633 nm
laser line, a Raman spectrum with different characteristics from
those of the rest of the rare earth series was obtained. The inten
band at 1498 cm−1 with contribution from both pyrrole CC and
aza C N stretches together with isoindole stretching vibrations
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Fig. S4 (Supplementary data)compares the Raman spectra
of three compounds M[Pc(�-OC5H11)4]2 for M = Eu, Y, and
Lu under excitation by 633 nm light. As for the IR spectra, the
Raman spectra for M[Pc(�-OC5H11)4]2 appear relatively more
complicated than those of the homoleptic analogues M(Pc)2
and M[Pc(OC8H17)8]2. In addition, unlike the IR spectra, the
Raman spectra of M[Pc(�-OC5H11)4]2 show different character-
istic appearances from those of M(Pc)[Pc(�-OC5H11)4]2 under
the same laser line excitation, due to the difference in the Q
absorption between the two series of complexes[17]. Because
of the similar electronic structure among the whole series of
bis(phthalocyaninato) rare earth compounds and the gradual and
systematic change in the Q absorptions of the same series[69a],
M[Pc(�-OC5H11)4]2 (M = Y, Pr–Lu except for Pm) show similar
spectroscopic characteristics with gradual change in their Raman
appearance. Along with the decrease in the ionic size from Pr
to Lu, the resolution in the Raman spectrum of double-decker
compounds gradually increases (Fig. S4 (Supplementary data))
[20]. This result is contrary to that for the Raman spectra of
M(Pc)[Pc(�-OC5H11)4] [17].

With laser excitation at 633 nm, which is nearly coinci-
dent with two of the three or four Q band absorptions of
bis(phthalocyaninato) rare earth complexes in the range of
634–716 nm, vibrational bands in the range of 1300–1600 cm−1

derived from isoindole ring stretching vibrations and the aza
group stretching are selectively intensified as expected. In the
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ith that of [Pc(OC8H17)8]•− at 1502–1528 cm−1 in the Raman
pectra of MIII [Pc(OC8H17)8]2 under the same excitation.

.3. Raman spectra of M[Pc(α-OC5H11)4]2 [20]

Since the Raman spectra of M[Pc(�-OC5H11)4]2 recorded
ith excitation at 785 nm were of poor quality, the Raman s

ering of M[Pc(�-OC5H11)4]2 was described only for laser ex
ation at 633 nm and their interpretations are proposed by
gy with the vibrational characteristics of bis(phthalocyanin
etal derivatives, in particular M(Pc)2 and M(Pc)[Pc(�-
C5H11)4] [9,17,19].
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ange of 1000–1300 cm−1, there are several medium and str
ands lying at 1109, 1161, 1177, 1239, and 1306 cm−1, which
re assigned to aromatic C–H bending. The wavenumbers
cattering are almost constant for the whole series of compo
he pyrrole breathing presents two bands in the region clo
138 and 1495 cm−1. The former one remains as a single p
ith weak or medium intensity at ca. 1126–1140 cm−1, whereas

he latter one overlaps with the aza stretching in the same re
or M[Pc(�-OC5H11)4]2 when M = Pr and Nd, a broad band
500–1506 cm−1 is observed in which the aza stretching ban

hehigher energy side appears as unresolved shoulder pea
he double-deckers M[Pc(�-OC5H11)4]2 with M = Sm to Gd, a
road scattering at 1521–1524 cm−1 can be seen in which th
yrrole breathing band appears as an unresolved shoul
he lower energy side. Along with the further decrease in
entral rare earth ionic size from Tb to Lu, two well-separ
eaks at ca.1495–1500 and 1526–1530 cm−1, respectively, con

ributed mainly from the pyrrole breathing and aza stretch
ere observed in their Raman spectra. It is noteworthy tha
avenumbers of the aza stretching band together with the b
t 1393–1405 and 1409–1426 cm−1 due to isoindole stretchin
ibrations show dependence on the rare earth radius.

.4. Raman spectra of M(Pc)[Pc(α-OC5H11)4] [17]

.4.1. Raman spectra of M(Pc)[Pc(α-OC5H11)4] with
xcitation by 633 nm laser [17]

Characteristic Raman vibrational bands of the phthalo
ine ligand in M(Pc)[Pc(�-OC5H11)4] (M = Y, Sm–Lu) have
een recorded under excitation by both laser lines, na
33 and 785 nm.Fig. S5 (Supplementary data)compares th
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Raman spectra of three compounds M(Pc)[Pc(�-OC5H11)4] for
M = Sm, Dy and Lu under excitation by 633 nm light. The
spectra for M(Pc)[Pc(�-OC5H11)4] seem to be relatively com-
plicated compared with those of M(Pc)2 and M[Pc(OC8H17)8]2
[19] due to their relatively lower symmetry. By analogy with
their homoleptic bis(phthalocyaninato) rare earth counterparts
[12,13,19], interpretations of vibrational characteristics for these
heteroleptic complexes have been proposed[17].

Similar to the case of M[Pc(�-OC5H11)4]2, with laser exci-
tation at 633 nm, which is nearly coincident with two of the
three Q band absorptions of bis(phthalocyaninato) rare earth
complexes at 616–630 and 645–662 nm, peaks in the range
of 1300–1600 cm−1 are selectively intensified. In the range of
1000–1300 cm−1, several weak or medium bands lying at 1103,
1161, 1175, 1193, 1214, and 1300 cm−1, whose wavenumbers
are almost constant for the whole series of compounds, are
attributed to the aromatic C–H bending. Noteworthy again is the
pyrrole breathing band at ca.1500 cm−1, which overlaps with the
aza stretching vibration in the same region to form a broad band
at 1499–1502 cm−1 for M(Pc)[Pc(�-OC5H11)4] from M = Sm
to Tb, in which the aza stretching band in the higher energy side
appears as unresolved shoulder peak. For the double-deckers
M(Pc)[Pc(�-OC5H11)4] with M = Dy to Er including Y, two
well-separated bands at 1506–1509 and 1513–1515 cm−1 con-
tributed mainly from the pyrrole and aza stretching vibrations,
respectively, were observed. Further decrease in the central rare
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with 633 nm laser line, the frequencies of the coupling of pyrrole
C C and aza CN stretching vibrations at 1510 cm−1 and the
aza stretching in the region around 1520 cm−1 overlap to form
a broad band, which is further covered with another intense aza
stretching vibration at 1523–1538 cm−1 and therefore appears as
a broad, unresolved envelope in the range of 1509–1522 cm−1.

Under 785 nm excitation, the vibrations at 676–681 cm−1

assigned to the Pc breathings, at 1420–1428 and 1448–
1455 cm−1 attributed to the isoindole stretching vibrations, and
at 1509–1522 and 1523–1538 cm−1 due to the coupling of aza
and pyrrole stretching vibrations are found to shift to higher
energy along with the ionic radius contraction.

5.5. Raman spectra of M[Nc(tBu)4]2 [14]

5.5.1. Raman spectra of M[Nc(tBu)4]2 with excitation by
633 nm laser [14]

Fig. 15 compares the Raman spectra obtained with exci-
tation at 633 nm of three compounds M[Nc(tBu)4]2 (M = Ce,
Gd, Lu), typical for the light, middle, and heavy rare earths,
respectively. The observed Raman bands of naphthalocya-
nine for M[Nc(tBu)4]2 were also partially assigned by anal-
ogy with the Raman characteristics of bis(phthalocyaninato)
rare earth counterparts[12,13,19]and naphthalocyanine deriva-
tives [79–84]. The naphthalene stretching vibrations around
1 eath-
i ca.
6 e
t the
d s two
p s
u as
t rare
e etch-
i lder
f ra
o unds
M ll-
s n-
s in

F t
6

arth ionic size again induces the coalescence of these two
ions, i.e. the CC pyrrole and CN aza stretching vibration
his time, the aza stretching seems to dominate the overla
cattering, showing a broad band centered at 1525–1528−1

or M(Pc)[Pc(�-OC5H11)4] (M = Tm, Yb, Lu), and the wea
yrrole stretching vibration is covered in the lower ene
ide of this broad scattering. Two bands at 1417–1425
445–1451 cm−1 are observed due to isoindole stretching vi

ions. All the three bands discussed above show depen
n the rare earth radius. Actually, a systematic change
lso be seen in the overall appearance of the Raman spe
(Pc)[Pc(�-OC5H11)4]. Along with the decrease in the ion

ize from Sm to Lu, the resolution in the Raman spectru
ouble-decker compounds gradually decreases (Fig. S5 (Sup
lementary data)). This trend is just in contrast to that obser

or the Raman spectra excited with 785 nm laser line as s
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.4.2. Raman spectra of M(Pc)[Pc(α-OC5H11)4] with
xcitation by 785 nm laser [17]

Using excitation at 785 nm whose wavelength is far a
rom resonance with the Q absorption bands of M(Pc)[P�-
C5H11)4], as shown inFig. S6 (Supplementary data), the
acrocyclic ring deformation and ring radial vibrations betw
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ood accordance with the Raman characteristics of hom
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592 cm−1 appear as the most intense band. The Nc br
ng mode in M[Nc(tBu)4]2 appears as a weak band at
81–684 cm−1, which gains intensity gradually from M = C

o Lu and shows a trend to blue-shift slightly along with
ecrease of rare earth radius. The pyrrole stretching give
eaks at ca. 1154 and 1500 cm−1. The former one remain
nchanged at ca. 1154 cm−1 as a single weak peak where

he latter one seems to be blue-shifted along with the
arth contraction. This latter peak overlaps with the aza str

ng vibration at ca. 1520 cm−1 and thus appears as a shou
or M[Nc(tBu)4]2 from M = Ce to Tm. Only in the spect
f the smallest rare earth bis(naphthalocyaninato) compo
[Nc(tBu)4]2 (M = Yb, Lu) is this vibration apparent as a we

eparated band at 1512 and 1513 cm−1, respectively. The se
itivity of this vibrational mode to the central metal radius

ig. 15. Raman spectra of M[Nc(tBu)4]2 (M = Ce, Gd, Lu) with excitation a
33 nm recorded on a few grains of the solid sample.
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the complexes suggests that it must contain significant CN
aza character and therefore is assigned to the coupling of pyr-
role C C and aza CN stretches, which is consistent with the
point of Melendres on the same vibrational mode of phthalo-
cyanine derivatives[87]. The weak bands in the region from
400 to 1000 cm−1 are assigned to the ring radial vibrations of
the isoindole moieties and the naphthalocyanine macrocycle.
One of these at 750 cm−1 is due to the aromatic naphthalocya-
nine C–H wagging, which also gains intensity along with the
decrease of rare earth size from Ce to Lu just as does that at
684 cm−1 due to the Nc ring breathing.

The bands with weak and medium intensity observed in the
1050–1280 cm−1 region are attributed to the in-plane naphthalo-
cyanine C–H bending vibrations. The remaining vibrations in the
range of 1320–1650 cm−1 are isoindole, aza group, and naph-
thalene stretches. In this group, except for the above-mentioned
band at 1503–1513 cm−1 derived from the coupling of pyrrole
C C and aza CN stretches, the CN aza group stretch exhibits
a weak shoulder band at ca. 1515 cm−1 for Ce[Nc(tBu)4]2 and
a weak separated band at 1524 cm−1 for Lu[Nc(tBu)4]2. The
most intense vibration at ca. 1592 cm−1 and a very weak shoul-
der at ca. 1625 cm−1 are assigned to the naphthalene stretches
in M[Nc(tBu)4]2 (M = Y, Ce–Lu except Nd and Pm) by analogy
with those of bis(phthalocyaninato) rare earths and monomeric
naphthalocyaninato-metal compounds[12,13,19,21]. In our pre-
liminary and previous report on the Raman spectra of sev-
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Fig. 16. Raman spectra of M[Nc(tBu)4]2 (M = Ce, Gd, Lu) Lu with excitation
at 785 nm recorded on a few grains of the solid sample.

tively intensified. This is in good accordance with the Raman
characteristics of bis(phthalocyaninato) rare earth analogues
[19]. The Nc breathing at ca. 682 cm−1 and the aromatic C–H
wagging at ca. 738 cm−1 are the most intense bands. The
intense band due to the naphthalene stretches around 1592 cm−1

under 633 nm excitation is absent, whereas the vibration at ca.
1637 cm−1 remains as a very weak band. Similar to those excited
with 633 nm laser line, the wavenumbers of the coupling of pyr-
role C C and aza CN stretches at 1508 cm−1 and the aza stretch
in the region above 1520 cm−1 overlap to form a broad band.
For the bis(naphthalocyaninato) complexes of larger rare earths
such as Ce and Pr, the contribution from coupling of pyrrole
C C and aza CN stretches dominates and the two overlapped
vibrations show a broad weak band at 1508 and 1507 cm−1,
respectively. For metals heavier than Sm, the appearance of the
two overlapped vibrations is dominated by the contribution of the
aza stretches and a relatively intense and broad band shifts from
1512 cm−1 for Sm[Nc(tBu)4]2 to 1524 cm−1 for Lu[Nc(tBu)4]2.
Obviously, the application of the 785 nm laser line makes the
intensity of this vibration stronger than using the 633 nm laser
line and its frequency is clearly also dependent on the size of the
metal ion. The broad, weak band locating at 1357–1361 cm−1

is assigned to the overlapped vibrations of pyrrole and naphtha-
lene stretching vibrations by analogy with those under 633 nm
excitation.

Under 785 nm laser line excitation, the vibrations at
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ral double-deckers M[Nc(tBu)4]2, we tentatively assigned t
ntense band at ca. 1370 cm−1 to the pyrrole vibration[12].
owever, according to its appearance with a shoulder a
340 cm−1 and the sensitivity of this wavenumber to the na
f the rare earth ion, we now revise our assignment o
road band centred at 1364–1369 cm−1, and attribute it to th
verlapped vibrations of the naphthalene stretching with s
ontributions from the pyrrole stretching vibrations. This
een verified by the corresponding characteristics of the
and in M(OEP)(Nc)[15].

Under excitation at 633 nm, the vibrations at 681–684 c−1

ssigned to the Nc breathing, 1357–1361 cm−1 due to the
aphthalene stretching vibrations, 1409–1415 cm−1 attributed

o the isoindole stretching vibrations, and 1517–1530 c−1

ontributed from the aza stretching vibrations in the Ra
pectra of M[Nc(tBu)4]2 shift slightly to higher energy alon
ith the decrease of rare earth radius. A vibration in the r
f 849–854 cm−1 seems also to show such a trend, shif
lightly from 849 cm−1 for Ce[Nc(tBu)4]2 to 853 cm−1 for
u[Nc(tBu)4]2. It seems that the present results support Shu
nd Pinzuti[71] and Janczak[88] who associated the band in t
ange of 810–830 cm−1 with the metal–ligand vibration. Any
ay, more theoretical and experimental efforts are necess
ake clear assignment of the frequencies in the region from

o 900 cm−1 to the metal–nitrogen vibration.

.5.2. Raman spectra of M[Nc(tBu)4]2 with excitation by
85 nm laser [14]

Using excitation at 785 nm, as shown inFig. 16, the macro
yclic ring deformation and ring radial vibrations between
nd 900 cm−1 in the Raman spectra of M[Nc(tBu)4]2 are selec
l

o
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81–685 cm−1 assigned to the Nc breathings, 1357–1361 c−1

ue to the naphthalene stretching vibrations, 1409–1413−1

ttributed to the isoindole stretching vibrations,
517–1530 cm−1 contributed from the aza stretch in t
aman spectra of MIII [Nc(tBu)4]2 are shifted to higher energ
long with the ionic radius contraction. A linear correlat
xists between the wavenumber of the aza stretching vibra
t ca. 1530 cm−1 and the tervalent rare earth ionic radii,
hown inFig. S7 (Supplementary data). As can be seen fro
his figure, the datum for Ce fits well with the linear relations
stablished between the ionic radius of MIII and the frequencie
f the aza stretching vibrations, demonstrating the terv
alence state of cerium in Ce[Nc(tBu)4]2 from the Rama
pectroscopic viewpoint.
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Fig. 17. Raman spectra of M(TClPP)(Pc) (M = Ce, Sm, Ho) with excitation
633 nm recorded on a few grains of the solid sample.

5.6. Raman spectra of M(TClPP)(Pc) [18]

As was noted in the previous work of Tran-Thi et
al. on the mixed (porphyrinato)(phthalocyaninato) analogues
M(TPP)(Pc)[38], the Raman spectra of these mixed ring rare
earth compounds are dominated by the phthalocyanine contri-
bution when exciting laser line of 1064 nm is employed. This
is also true for complexes M(TClPP)(Pc) under the excitation
using laser line of 633 and 785 nm because the phthalocyanin
Q absorption bands located near 670 nm are in closer resonan
with the laser source than are the porphyrin Q bands at ca
550 nm, and the latter are only one-tenth as strong as the fo
mer.

Figs. 17 and 18compare the Raman spectra for two terva-
lent rare earth compounds M(TClPP)(Pc) (M = Sm, Ho) together
with that of Ce(TClPP)(Pc), obtained with excitation at 633 and
785 nm, respectively. The spectra with excitation at both wave
lengths display similar features in the region of 500–1600 cm−1

for the whole series of tervalent rare earth double-deckers from
M = La to Lu because of the similar electronic absorption char-
acteristics of MIII (TClPP)(Pc) (M = Y, La–Lu except Ce and
Pm) [50]. The close resemblance of the characteristic feature

F tion
7

of the Raman spectra of M(TClPP)(Pc) to those of respective
M(Pc)2 [12,19]excited at the same frequency, undoubtedly ver-
ifies the dominant contribution from the phthalocyanine ring
to the Raman spectra of M(TClPP)(Pc). Groups of character-
istic phthalocyanine vibrations have thus been similarly distin-
guished and attributed[18].

According to our theoretical research[39–41], the weak
band at about 570 cm−1 and medium intense scattering at ca.
800 cm−1 are assigned to the central macrocycle (Pc) breath-
ing vibrations. The intense band at 1340 cm−1 is contributed
from the C C stretching of the pyrrole groups and the CC
bonds of the benzene rings, also according to our calculations.
The medium intense vibration at ca. 1307–1318 cm−1 also con-
tains the contribution from stretching vibrations of both the
C C bonds of pyrrole rings and the CC bonds in the benzene
rings.

We now move to the cerium compound Ce(TClPP)(Pc), in
which both the porphyrin and phthalocyanine rings exist as dian-
ions despite the XANES results suggesting a valence state inter-
mediate between III and IV for the cerium[62]. This compound,
which can best be described as Ce(TClPP2−)(Pc2−), shows a dif-
ferent Raman spectrum from those of the rest of the series. The
close similarity in the spectra between Ce(TClPP)(Pc) displayed
in Fig. 17 and Ce(Pc)2 [19] under the same laser excitation,
633 nm, again reveals the dominant contribution of Pc2− to the
Raman characteristics of Ce(TClPP)(Pc). The marker Raman
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85 nm recorded on a few grains of the solid sample.
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and of Pc2− in the Raman spectrum of Ce(TClPP)(Pc
bserved at 1492 cm−1 as the strongest scattering. This is
trong contrast to the very weak Pc•− marker Raman ban
bserved for MIII (TClPP)(Pc) at 1510–1519 cm−1. It is worth
entioning that the Pc2− marker Raman band of Ce(TClPP)(P
t 1492 cm−1 downshifts about 8 cm−1 compared with that i
e(Pc)2 but corresponds well with that in the triple-deck
2(Por)2(Pc) and M2(Por)(Pc)2 [12].
When exciting the Raman spectrum of Ce(TClPP)(Pc)

85 nm laser line, the intense band at 1511 cm−1 with contri-
ution from both pyrrole CC and aza CN stretches togeth
ith isoindole stretching vibrations is the marker Raman b
f Pc2−, which upshifts 19 cm−1 compared with the band
492 cm−1 under excitation at 633 nm.

.7. Raman spectra of M(OEP)(Nc) [15]

As was noted above (Sections5.1 and 5.6), the Raman spect
f the mixed (porphyrinato)(phthalocyaninato) rare earth c
ounds are dominated by the phthalocyanine contribution
xciting laser lines of 1064, 633, and 780 (785) nm are emplo
t is thus reasonable to conclude that the Raman spectros
atterns of M(OEP)(Nc) as well as M(TBPP)(Nc) are also d

nated by the contributions from naphthalocyanine due to
ocation of the naphthalocyanine Q bands at even longer w
ength (around 780 nm) than those of phthalocyanine.

Figs. S8 and S9 (Supplementary data)compare the Rama
pectra of four compounds M(OEP)(Nc) (M = Ce, Pr, Gd,
nder excitation by 633 and 785 nm light, respectively.
ssignments given for the observed Raman frequencie
estricted to characteristic fundamentals based on the n
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modes for phthalocyaninato, naphthalocyaninato, and especially
bis(naphthalocyaninato) metal derivatives[12,14,30].

The Raman spectra with excitation at 633 and 785 nm
display similar features in the region of 450–1650 cm−1 for
the whole series from M = La to Lu, suggesting as expected
that the electronic structure of the Nc fragment in this series
of double-decker compounds is similar. The close resem-
blance of the characteristic features of the Raman spectra of
MIII (OEP)(Nc) to those of respective MIII [Nc(tBu)4]2 [14]
excited at the same frequency again verifies the dominant contri-
butions from the naphthalocyanine ring to the Raman spectra of
M(OEP)(Nc).

The cerium complex Ce(OEP)(Nc), in which the naphthalo-
cyanine ligand exists in the dianion form Nc2−, shows anoma-
lous spectroscopic data when compared with those of the rest
of the series. Therefore, it is reasonable to attribute the Raman
characteristics of Ce(OEP)(Nc) mainly to Nc2−. This is also the
case for Ce(TBPP)(Nc) (see below)[16]. A comparison of the
Raman spectrum of Ce(OEP)(Nc) with those of the rest of the
series shows that although Ce(OEP)(Nc) contains most of the
frequencies found in the other complexes, the relative intensi-
ties are clearly different. For instance, a strong band appears
at 1398 cm−1 for Ce(OEP)(Nc) (Fig. S8 (Supplementary data))
corresponding to isoindole stretching, but for the other com-
plexes, only a weak band at about 1400 cm−1 is observed.
The Raman spectra of MIII (OEP)(Nc) (M�= Ce) exhibit intense
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Fig. 19. Plot of wavenumber of the CN aza stretching scattering of
M(TBPP)(Nc) with excitation of 633 nm as a function of the ionic radius of
MIII . The points for CeIV (97 pm) and CeIII (114 pm) are shown with open
squares.

As mentioned above, it has been verified for Ce(TBPP)(Nc)
that the naphthalocyanine ligand can be regarded as the dian-
ion Nc2− [62]. However, the Raman spectroscopic features of
Ce(TBPP)(Nc) with excitation at 633 nm laser line seem quite
similar to those of the rest of the series. This appears difficult to
understand at first glance as significant differences exist between
the Raman characteristics of MIII (OEP)(Nc) and Ce(OEP)(Nc)
under the same laser line excitation[15] but can be ratio-
nalized by the quite similar electronic absorption features of
Ce(TBPP)(Nc) and MIII (TBPP)(Nc) especially in the region of
600–700 nm[56,62]. The marker Raman scattering of Nc2− due
to the isoindole stretching vibrations is shown as a relatively
intense vibration at 1493 cm−1 in Ce(TBPP)(Nc). For other
complexes of tervalent rare earths in this series from La to Lu, a
medium intensity, relatively broad band assigned to the coupling
of pyrrole and aza stretches was found at relatively higher energy,
1496–1507 cm−1, which is actually a good marker Raman band
of Nc•− in MIII (TBPP)(Nc). The other marker Raman band of
Nc•− due to the aza group stretches appears as a weak broad
peak at 1522 cm−1 for La(TBPP)(Nc), which moves to higher
energy along with the rare earth contraction, to 1542 cm−1 for
Lu(TBPP)(Nc). This peak should also have some contribution
from the naphthalene stretching according to its broad appear-
ance with a shoulder in the higher energy side. It is significant
that neither 97 pm (cerium ionic radius in CeO2) nor 114 pm (ter-
valent cerium ionic radius) places the frequency of the aza group
s r the
M nt
w ical
c iate
v

of
C
d e
s ue
t
b ium
s

aphthalene stretching at ca. 1598 cm−1 together with a ver
eak shoulder around 1625 cm−1, while in Ce(OEP)(Nc

he most intense peak is observed at 1550 cm−1, which is
ssigned to the naphthalene stretching vibration. More
broad and weak band centered at 1507 cm−1 in the spec

rum of Ce(OEP)(Nc) is attributed to the coupling of pyrr
C and aza CN stretches overlapped with the isoind

tretches of naphthalocyanine dianion by comparison wit
aman characteristics of MIII (OEP)(Nc) and MIII [Nc(tBu)4]2

14].

.8. Raman spectra of M(TBPP)(Nc) [16]

The Raman spectra for M(TBPP)(Nc) have been reco
nder excitation by 633 and 785 nm light, respectively. T
roups of characteristic naphthalocyanine vibrations cou
learly distinguished and the assignments for Raman spe
copic frequencies of naphthalocyanine in M(TBPP)(Nc)
ade based on the work of M[Nc(tBu)4]2 and M(OEP)(Nc

14,15].
As expected, the Raman characteristics of M(TBPP)(Nc

uite similar to those of M(OEP)(Nc)[40] with the same excita
ion. The slight shifts in corresponding vibration frequencie
he Raman spectra of M(TBPP)(Nc) and M(OEP)(Nc) are e
ttributed to the slightly different ring–ring interaction betw

he naphthalocyanine and different kinds of porphyrin ligan
he two series of compounds. The close resemblance of the
cteristic features of Raman spectra of M(TBPP)(Nc) to t
f the respective M[Nc(tBu)4]2 excited at the same frequen
gain verifies the dominant contributions from the naphth
yanine ring to the Raman spectra of the former series.
r-

tretch of Ce(TBPP)(Nc) on the linear relationship found fo
III (TBPP)(Nc) (Fig. 19). This result is entirely in agreeme
ith that derived from electronic absorption and electrochem
haracteristics of this compound, confirming the intermed
alence state of cerium in Ce(TBPP)(Nc)[62].

Under excitation at 785 nm, in the Raman spectrum
e(TBPP)(Nc), the marker Raman peak of Nc2− at 1497 cm−1

ue to the coupling of pyrrole CC and aza CN stretches is th
trongest Raman vibration. The Nc•− marker Raman band d
o the same vibrational modes in the spectra of MIII (TBPP)(Nc)
lue-shifts to 1506–1509 cm−1 and appears as a weak or med
trong band.
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6. Theoretical calculations on the IR spectra of
phthalocyanine derivatives [39–41]

As noted above, assignments of the phthalocyanine vibra-
tional bands had been made mainly from empirical comparison
of experimental results among related compounds. These empir-
ical assignments depending on the simple comparison method
unavoidably lead to some doubtful assignments. To try to obvi-
ate this problem and to assist the assignments of the vibrational
bands in the spectra of phthalocyanine-containing sandwich rare
earth complexes, theoretical studies are thus necessary, by appli-
cation of quantum chemistry calculations.

Recently, we have conducted theoretical investigations of the
fully optimized structures and electronic properties of metal-free
porphyrazine, phthalocyanine, and naphthalocyanine as well as
their magnesium complexes based on density functional theory
[41]. The infrared frequencies and intensities of H2Pc, D2Pc, and
MgPc were further calculated using the 6-31G(d) basis set at the
density functional B3LYP level[39,40]. Through comparison
between the calculation results and experimental data, detailed
assignments of N–H and N–M related vibrational modes are thus
reached and some previous problematic assignments have been
clarified.

For instance, the most intense band at 1005 cm−1 in the IR
spectrum of H2Pc has been regarded as a characteristic band of
the metal-free HPc and used as an effective marker to check the
p
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tra of metallophthalocyanines, giving additional support to this
assignment.

The other troublesome absorptions are the metal–ligand
vibrations. There is no doubt that the band at 810–830 cm−1 for
metallophthalocyanines, that is absent in metal-free phthalocya-
nine, should be assigned as the metal–ligand vibration. This is
also in line with our calculation results. According to the calcula-
tions, two degenerate vibrations predicted at 792.2 cm−1, which
are considered to correspond to the band at 810–830 cm−1 in the
IR spectra of M(Pc), are found to include M–N stretching and
isoindole breathing and deformation. Corresponding vibrational
modes for the metal-free phthalocyanine H2Pc are predicted at
771.0 and 775.3 cm−1 [39]. However, the problem arises from
the band at 888–919 cm−1 in the IR spectra of a series of metallo-
phthalocyanines M(Pc) (M = Fe, Co, Ni, Cu, Zn, Pd, and Pt),
which Kobayashi et al. attributed to the metal–ligand vibra-
tions[77]. Kenn and Malerbi also assigned the similar IR band
at 918 cm−1 for Pt(Pc) and the axially chloro-coordinated pal-
ladium phthalocyaninato compound Pd(Pc)Cl to metal–ligand
vibration[78]. Clarisse and Riou, and Janczak observed similar
vibrations at 886 cm−1 for Lu(Pc)2 and In(Pc)2 [72,88]. How-
ever, the observation of the IR band at 874 cm−1 for H2Pc makes
the attribution of these bands to metal–ligand vibrations contro-
versial [39]. On the basis of our calculations, the degenerate
vibrational modes predicted at 873.2 cm−1, which are consid-
ered to correspond to the peak at 886–919 cm−1 observed in
t –N
s efor-
m hi et
a m
i -
e
f and
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urity of synthesized metallophthalocyanine complexes[72].
his band was usually assigned to the N–H in-plane ben
IPB) or out-of-plane bending (OPB) mode as a result of c
aring the IR spectra between metal-free phthalocyanine

ts metal derivatives[71,72,77,88,89]. According to our cal
ulated results of H2Pc [39], the vibrational mode that show
he strongest absorption predicted at 1023 cm−1 should con
ribute to the absorption band at 1005 cm−1 in the IR spectrum
f H2Pc. The similar vibration mode for D2Pc was predicted
022 cm−1 with similar intensity. These results agree very w
ith the conclusion of Sammes that the band at 1005 cm−1 was
ot affected either in position or in intensity upon deuteria
f the central protons in H2Pc[90]. With the assistance of an
ated pictures, the C–N (pyrrole) in-plane bending vibrat
t the two pyrrole rings which do not contain N–H bonds w

ound to play an important role in this vibration mode. As for
–H in-plane bending mode previously assignedempirically,

hese are predicted at 1031 cm−1 for H2Pc and 946.4 cm−1 for
2Pc, respectively, according to our calculation results.

esponding bands at 1043 and 961 cm−1 in the recorded IR
pectra of H2Pc and D2Pc, respectively, should be assign
o this vibrational mode. On the basis of the present cal
ion results, we therefore re-assign the band at 1005 cm−1 in
he IR spectrum of H2Pc to the C–N (pyrrole) in-plane ben
ng mode rather than N–H vibrations. Theoretical studie
he IR spectrum of Mg(Pc) revealed that the vibration m
t 1044 cm−1, which is doubly-degenerate in nature, der

rom the coupling of C–N (pyrrole) in-plane bending mo
redicted at 1023 cm−1 and the N–H in-plane bending mo
redicted at 1031 cm−1 for H2Pc [40]. This clearly explain

he disappearance of the band at 1005 cm−1 in the IR spec
d

-

he IR spectra of M(Pc), have also been found to include M
tretching and in-plane bending vibrations and isoindole d
ation. This confirms the previous assignment of Kobayas
l. and Kenn and Malerbi that the absorption at 888–919 c−1

s due to the metal–ligand vibrations[77,78]. These two degen
rate vibrational modes predicted at 873.2 cm−1 for Mg(Pc) are

ound to correspond with the modes predicted at 857.7
22.4 cm−1 for H2Pc, respectively. The intensity of the mo
redicted at 857.7 cm−1 for H2Pc is much higher than that pr
icted at 771.0 cm−1, thus a band was observed at 874 cm−1

nstead of at ca. 810 cm−1 in the IR spectrum of H2Pc. It is thus
lear that both the bands at 888–919 and 810–830 cm−1 in the
R spectra of M(Pc) include M–N vibration, but vibration of
soindole units contributes to the appearance of the 874 c−1

and of H2Pc.
As detailed in the above-described IR spectroscopic ch

eristics for the bis(phthalocyaninato) rare earth complexe[9],
he band at 876–887 cm−1 of M(Pc)2 was found to be met
ize dependent. This gives further experimental support t
bove-discussed assignment for this vibrational mode.

. Conclusion

The IR and Raman spectra for several series of homo
is(phthalocyaninato), heteroleptic bis(phthalocyaninato)

ris(phthalocyaninato), homoleptic bis(naphthalocyanin
ixed (porphyrinato)(phthalocyaninato), and mixed (porph
ato)(phthalocyaninato) complexes of the whole serie
are earth metals have been comparatively and syste
ally studied. The assignments of the vibrational band
na)phthalocyanines in these complexes have been propo
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the basis of comparison with related monomeric phthalocyanine
compounds and assisted by quantum chemistry calculations. The
results reveal that the frequencies of pyrrole stretching, isoin-
dole breathing, isoindole stretching vibrations, aza stretching
vibrations and coupling of pyrrole and aza stretching vibra-
tions are sensitive to the rare earth ionic size, which shift to
higher energy along with the lanthanide contraction, indicating
the increased ring–ring interaction in the same order. This body
of work affords researchers in this field a large amount of com-
parative data with which to correlate new experimental results,
and we hope this compilation and systematic discussion will
assist the further development of the chemistry and technology
of these fascinating sandwich complexes.
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