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Abstract

This article reviews mainly the authors’ efforts in studying and understanding the IR and Raman vibrational spectroscopic characteristics
(na)phthalocyanine in sandwich-type (na)phthalocyaninato and porphyrinato rare earth complexes. On the basis of systematic studies intc
vibrational characteristics of (na)phthalocyanine in a wide range of homoleptic and heteroleptic bis- and tris-[(na)phthalocyaninato] and mix
(porphyrinato)[(na)phthalocyaninato] complexes of the whole series of rare earth metals, the effects of substituents, molecular symmetry, |
earth ionic size, rare earth valence state, and excitation wavelength on the vibrational characteristics of (na)phthalocyanine in sandiVich rare ¢
complexes have been comparatively studied. The assignments of the IR and Raman bands of (na)phthalocyanine in these complexes have
made on the basis of comparison with related monomeric phthalocyanine compounds. Theoretical calculations of vibrational spectra for monom
phthalocyanine derivatives are also helpful for the assignments. Both spectroscopic techniques reveal that the frequencies of pyrrole stretcl
isoindole breathing, isoindole stretching vibrations, aza stretching vibrations, and coupling of pyrrole and aza stretching vibrations tfepend on
rare earth ionic size, shifting to higher energy along with the lanthanide contraction due to the increased ring—ring interaction across the sel
Moreover, from the viewpoint of vibrational spectroscopy, the substitution of alkoxyl groups at the non-perippesitions of phthalocyanine
rings exerts more influence on the intrinsic properties of phthalocyanines compared with substituents at pgniuisiiahs.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (SCi2H25)8]2, M(TCIPP)(Pc), M(OEP)(Nc), M(TBPP)(Nc),
and (Pc)M[Pc(O@H17)s]M[Pc(OCgH17)s] [M =Y, La—Lu exc-

Porphyrins and phthalocyanines are important classes of piggpt Pm, HPc=unsubstituted phthalocyanine,,R¢t{Bu),
ments that have fascinated chemists for many years due to their2 (3), 9(10), 16 (17), 24(25) - tetra(: - butyl)phthalocyanine,
applications in various disciplindé—3]. Both series can form H;Pc(OGH17)s=2,3,9,10,16,17,24,25-octakis(octyloxy)phth-
complexes with almost the complete Periodic Table of elementslocyanine, HPc(-OCsH11)4=1,8,15,22-tetrakis(3-pentylo-
In particular, large metal ions such as rare earth, actinide, earbgy)phthalocyanine, bNc(Bu)s =3(4),12(13),21(22),30(31)-
transition, and main group metals form sandwich-type comietrakis¢-butyl)-2,3-naphthalocyanine, Mc(SG2Hzs)s = 3,4,
plexes with phthalocyanines and porphyri#s6]. 12,13,21,22,30,31-octa(dodecylthio)-2,3-naphthalocyanipe, H

Double-decker sandwich-type phthalocyaninato rare eartiCIPP =5,10,15,20-tetra(4-chloro)phenylporphyringCHEP =
complexes have attracted great attention owing to their potenti@,3,7,8,12,13,7,18-octaethylporphyrin, , HBPP = 5,10,15,20-
applications in materials science and molecular electronics artétra(4#butyl)phenylporphyrin] 7—20] (Fig. 1) and our work
magnetism. The search for novel advanced molecular materfollows the precedent studies of Aroca, Homborg, and Tran-Thi
als has stimulated intense research into substituted bis(phthalf21-38] To benefit the assignments of vibrational modes in
cyaninato) and bis(naphthalocyaninato), heteroleptic bis(phthdhe experimental spectra, we have also calculated from theory
locyaninato), mixed (porphyrinato)(phthalocyaninato), andthe vibrational characteristics of monomeric phthalocyanine
mixed (porphyrinato)(naphthalocyaninato) rare earth complexederivative§39-41]
especially since the beginning of the 199@s6]. The wide Despite the existence of a large number of reports on the topic
range of applications arises from the specially intemser  of phthalocyanine vibrational characteristics accumulated in the
interaction between the conjugated tetrapyrrole ligands in theggast several decades, there has been no review article that sys-
molecular materials. This recalls the crucial role played by proxtematically generalizes the research achievements in this field.
imate porphyrinoid pigments in photosynthesis and may leadh this review, we seek to summarize our research results on the
to interesting molecular conductors. In this regard, rare eartlR and Raman vibrational characteristics of (na)phthalocyanine
porphyrinato or phthalocyaninato sandwich double-decker comeompounds, in particular in various kinds of sandwich-type rare
plexes are attractive models, and understanding their opticalarth complexes. We hope that this compilation of the vibrational
properties may provide insight into how the electronic prop-properties of (na)phthalocyanine in these fascinating sandwich-
erties of cofacial dimeric species influence the initial stages ofype rare earth complexes will interest many scientists in both
the charge separation process. industrial and theoretical fields.

Vibrational (IR and Raman) spectroscopy is a versatile tech-
nique for studying the intrinsic properties of the phthalocyanin€. Experimental techniques
compounds. In the past several years, we have carried out
extensive and systematic studies into the vibrational (IR and The various series of homoleptic and heteroleptic bis(ph-
Raman) characteristics of (ha)phthalocyanine in a wide range dhalocyaninato) and tris(phthalocyaninato), homoleptic bis(na-
homoleptic and heteroleptic bis- and tris-[(na)phthalocyaninatophthalocyaninato), mixed (porphyrinato)(phthalocyaninato),
and mixed (porphyrinato)[(na)phthalocyaninato] complexes ofind mixed (porphyrinato)(naphthalocyaninato) rare earth com-
the whole series of rare earth metals. This includes M(Pc) plexes were prepared according to published procedures
M[Pc(Bu)s]2, M[Pc(OCGsH17)8]2, M[Pc(a-OCsH11)4]2, M(Pc)  [42-66] Their sandwich nature has been well established
[Pc(OGH17)s], M(Pc)[Pcx-OCsH11)a], M[Nc(#Bu)4]2, M[Nc  through elemental analysis, a range of spectroscopic methods,
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Fig. 1. The schematic molecular structures of homoleptic and heteroleptic bis(phthalocyaninato), bis(naphthalocyaninato), tris(phttalocyieid (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 especially the (na)phthalocyaninato-metal fragment, because of
recorded in KBr pellets with 2 cm resolution usinga BIORAD  the close relationship between the vibrational properties and
FTS-165 spectrometer. Resonance Raman spectrawere recoraedlecular symmetry.

on a few grains of the solid samples with ca. 4@mesolution According to the single crystal X-ray diffraction struc-
using a Renishaw Raman Microprobe, equipped with a Spectriairal analyses of unsubstituted and substituted homoleptic
Physics Model 127 He—Ne laser excitation source emitting at is(phthalocyaninato) rare earth complexes M§RE) =, La,
wavelength of 632.8 nm, and a Renishaw diode laser emittin@e, Pr, Nd, Er, Lu), Lu[Pc(S§H13)s]2 [Pc(SGH13)s=

at 785 nm, and a cooled charge-coupled device (CCD) camerg,3,9,10,16,17,24,25-octakis(hexylthio)phthalocyanine], and
An Olympus BHZ-UHA microscope fitted with three objective Yb[Pc(15C5)]. [4,67,68] their static symmetry isD4 or
lenses 10, x 20, x50) was attached, and we use tht0 objec-  D4q depending on the twist (skew) angle between the two
tive, which gives a spot size on the sample of abquirb Laser macrocyclic rings, which ranges from 380 45°. For the
power at the sample is approximately 0.08 mW. This techniqu@on-structurally characterized homoleptic rare earth complexes
is very convenient, and unless the sample is particularly pronM[Pc(OCgH17)s]2, D4 Or D4g group symmetry is also reason-
to fluorescence, spectra of excellent quality are obtainable iably assumed due to the symmetrical location of eight octyloxy

approximately 3 min. groups on the phthalocyaninato rings. For M{iBt()4]2, the
actual samples contain more than one isomer due to the random
3. Molecular structures and molecular symmetry location of the fourert-butyl groups, leading to lower symme-

try. This is clearly revealed by the larger number of vibrational
Firstwe present a brief description of the molecular structuresnodes observed in the IR and Raman spectra of MERg4]»
and symmetry properties of the various kinds of sandwich-typeompared with those of M(Pg) and M[Pc(OGH17)s]2
(na)phthalocyaninato and porphyrinato rare earth complexe§9,19].



J. Jiang et al. / Coordination Chemistry Reviews 250 (2006) 424—448 427

The homoleptic bis(phthalocyaninato) rare earth complexemodes, respectively.
M[Pc(a-OCsH11)4]2 were prepared according to the published
procedure[69a]. However, due to theCs, symmetry of the Tvib = 22A1 (IR, R) + 19A2 + 22B; (R) + 2082 (R)
Pc(-OCsH11)4 ligand and the double-decker structure, a mix- +41E (IR R)
ture of two stereoisomers havingy and D4 symmetry was
actually obtained. The former isomer, which is the major prod- A and E modes are both IR- and Raman-activeaBd B
uct, can be separated by recrystallization due to its highemodes are Raman-active and fodes are vibrationally inac-
crystallinity and the IR and Raman spectroscopic charactettive. On the other hand, for the corresponding 57-atom fragment
istics of the series ofg isomers have been studied. Accord- with C4 symmetry, there are 70 IR-active and 81 Raman-active
ing to the molecular structure of the bis(phthalocyaninato)nodes that dominate the IR and Raman spectra among the 165
yttrium complex Y[Pc&-OCsH11)a]2, the static symmetry total normal vibrational modes.
of these double-decker molecules in the solid stateSgis Similar to Zr[Pc¢Bu)4]2 [22,23] only frequencies corre-
[69a]. sponding to the characteristic fingerprint vibrations of the

There is also no crystallographic report on the moleculalPc macrocycle are observed and the alkyloxy or alkyl
structure of heteroleptic bis(phthalocyaninato) rare earttsubstituent vibrations are very weak or absent in the
compounds containing peripherally octa(alkoxy)-substitutedRaman spectra of M[Pc(Q€l17)s]2, M[Pc(ax-OCsH11)4]2,
phthalocyanine ligand. However, according to the recent wortM(Pc)[Pc(OGH17)g], M(Pc)[Pc-OCsH11)4], M[Pc(:Bu)4]2.
on the molecular structure of 2,3,9,10,16,17,24,25-tetrakis(15Fhus, the octyloxy, 3-pentyloxy, andr-butyl groups will be
crown-5)phthalocyanine-containing heteroleptic bis(phthalocyignored in our subsequent analysis of their Raman spectra.
aninato) europium compound Eu(Pc)[Pc(1545)H2Pc  However, this rule cannot be applied for their IR spectroscopy.
(15C5)%=2,3,9,10,16,17,24,25-tetrakis(15-crown-5)phthaloc- The presence of eight octyloxy, four 3-pentyloxy, and four
yanine][69b], the skew angle between the two phthalocyaninerert-butyl groups on the peripheral and non-peripheral position
macrocyclic ligands is very close to43 he equilibrium geom-  of one or two phthalocyanine ring(s) in homoleptic double-
etry of Eu(Pc)[Pc(15C35] is thereforeCyy. This should also be decker molecules M[Pc(QfEl17)s]2, M[Pc(ax-OCsH11)4]2,
true for the alkoxy-substituted analogues M(Pc)[Pc§B¢)s]. M[Pc(sBu)4]2, and heteroleptic double-decker molecules of
Structurally characterized heteroleptic bis(phthalocyaninatoM(Pc)[Pc(OGH17)g] and M(Pc)[Pc&-OCsH11)4] increases the
rare earth compounds containing non-peripherally substinumber of IR-active modes. This is also true for M[NB1f)4] 2.
tuted 1,8,15,22-tetrakis(3-pentyloxy)phthalocyanine ligand According to the sole report on the crystal struc-
including M(Pc)[Pc&-OCsHi11)a] (M=Sm, Eu, Er) were ture of homoleptic tris(phthalocyaninato) lutetium complex
also reported very recently by Jiang and co-worké&54] Lux[Pc(15C5)]3 [70], the static symmetry of the triple-decker
According to the X-ray molecular structure analysis resultsjs approximatelyD4n because of the symmetrical molecular
the equilibrium geometry of M(Pc)[PefOCsH11)4] has  structure and the nearly 4%wist angle between the outer and
C4 point group symmetry. Molecular symmetry lower thaninner macrocyclic rings. Th®4, molecular symmetry is also
Dy or Dyg for heteroleptic bis(phthalocyaninato) rare earthassumed in the heteroleptic tris(phthalocyaninato) rare earth
complexes M(Pc)[Pc(OgH17)s] and M(Pc)[Pc&-OCsH11)4] complexes (Pc)M[Pc(OgH17)g]M’(Pc) (M =or# M’ =Er, Lu)
has been verified by their complicated IR and Raman spectra ifor the same reasdf3]. For heteroleptic tris(phthalocyaninato)
comparison with those of homoleptic counterparts MgRe)d  rare earth analogues (Pc)M[Pc(gMi7)s]M[Pc(OCgH17)s],
M[Pc(OCsH17)g]2 [7,9,11,17] relatively lower group symmetry thabgapn, say Cay, iS rea-

To assist the interpretation of the observed IR and Ramasonably assumed due to the presence of eight octyloxy groups
vibrational spectra of above-mentioned homoleptic and heten two neighbouring phthalocyanine rings of the three in the
eroleptic bis(phthalocyaninato) rare earth complexes, I6gal molecule. This is verified by the complicated IR spectra of
symmetry for the fragment M(Pc) and M[Pc(@17)s] in this series of heteroleptic tris(phthalocyaninato) rare earth com-
M(Pc), M[Pc(OGsH17)g]2, M(Pc)[Pc(OGH17)s], and C4 for  plexes compared with those of M(B@nd M[Pc(OGH17)s]2
M[Pc(a-OCsH11)4] in M(Pc)[Pc-OCsH11)4] and M[Pcg- [9,10]. As for the bis(phthalocyaninato) rare earth analogues,
OCsH11)4]2 (Sgisomer), isreasonably assunj@dl1,17,19,2Q] to assist in the interpretation of the observed IR spectra of

The C4y symmetrical unsubstituted phthalocyanine metal(Pc)M[Pc(OGH17)s]M[Pc(OCsH17)g], a local Cay symmetry
fragment M(Pc) contains 57 atoms, so there are 63 IR-active arfdr each phthalocyanine ring together with one central rare earth
105 Raman-active modes among the 165 total normal vibrationahetal atom is assumed.
modes. There are only 23Atotally symmetric fundamental The Raman spectra of the mixed (porphyrinato)(phthalo-
vibrations active in the spontaneous Raman spectra, althouglyaninato) double-decker compounds of rare earth metals
the fragment M(Pc) contains a large number of atoms and thudl(TCIPP)(Pc) (M =Y, La—Lu except Pm) are dominated by
possesses many possible normal vibrational modes. In the rethie phthalocyanine ligand modes when exciting laser lines of
onance Raman scattering, a number of new frequencies cou@83, 780, and 1064 nm are employ&d,18,38] This is because
be attributed to the related 22B0B,, and 41E type in view of  the phthalocyanine Q absorption bands located near 670 nm are
the Herzberg—Teller mechanism. The vibrational modes for thé closer resonance with these laser sources than are the por-
fragment M(Pc) withC4, symmetry may be summarized as fol- phyrin Q bands at ca. 550 nm, and the latter are only one-tenth
lows, where “IR” and “R” represent Infrared- and Raman-activeas strong as the former. This is also true for the mixed (porphyri-
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nato)(naphthalocyaninato) double-deckers M(Por)(Nc) (M =Y,and co-workers found that the following three groups of charac-
La—Lu except Ce; Por=0OEP, TBPHR)5,16] Good corre- teristic phthalocyanine or naphthalocyanine vibrations dominate
spondence in the Raman features between M(Rog cor- their IR and Raman spectf21—-24] In the spectral region from
responding M(TCIPP)(Pc), and between M[MBif)s]> and 400 to 1000 cm?, the vibrations are mainly composed of the
M(Por)(Nc) (Por=0OEP, TBPP) provides more direct evidenceadihedral plane deformations involving the aromatic C—H groups
that the Raman spectra of M(TCIPP)(Pc) and M(Por)(Nc)wagging and torsion vibration) that are normally seen in the IR
(Por=0OEP, TBPP) are dominated by the phthalocyaninatospectra, and ring radial vibrations of the isoindole moieties and
and naphthalocyaninato-metal fragment M(Pc) and M(Nc)the macrocycle that show strong Raman signals. Aromatic in-
respectively. The static molecular geometry of M(TCIPP)(Pc)plane C—H vibrations are responsible for the IR and resonance
and M(OEP)(Nc) suggests @4y point group for both the Raman spectra of phthalocyanine molecules in the region of
whole molecule and the fragment M(Pc) and M(Nc) in the1000-1300 cm?, with the exception of the pyrrole ring vibra-
mixed ring double-deckerd5,16,18] Even the unsubstituted tion at about 1140 cm'. Vibrational frequencies in the range
naphthalocyaninato-metal fragment with 81 atoms and 237 noef 1300-1650 cm® are derived from isoindole ring stretches
mal vibrational modes is a tremendous challenge for the vibraand the &N aza group stretch, from which the pyrrole stretch-
tional spectroscopist. For@s,, M(Nc) fragment, there will be  ing vibrations at ca. 1330 and 1510 chandortho-substituted

only 31A; totally symmetric modes that dominate the sponta-benzene (or naphthalene) stretching vibrations at ca. 1560, 1590,
neous Raman spectra. The other Raman-active modes includad 1610 crm or above can be distinguished by frequency and
30B;, 30Bp, and 118E, which will show a number of new relative intensity.

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 mixe4dl' IR spectra of M(Pc)z [9]
ring double-decker complexes are composed of a small number

of bands{15,16] For aCs, M(NG) fragment there will be 314 Fig. 2 compares the IR spectra in the region of fundamen-

. . tal frequencies of 400-1800 crh of three compounds M(Pg)
and 118E IR active modes that dominate the IR spectra. (M=Nd, Tb, Lu) with resolution of 2cm?, typical for the

There has been_no crystallograp_h|c report on the mOIecI'ight, middle, and heavy rare earths, respectively, as well as the
ular structure of bis(naphthalocyaninato) metal complexes, pectrum of the unique Ce(Bajomplex. InTable 1 charac-

e ) oo i Tt R vbraionl frequencies o re pclocyanine I
deckers M(OEP)(NC) (M=Y, La—Lu except Pm), the skewand in bis(phthalocyaninato) compounds of the whole series

T ) of lanthanides are summarized. Their interpretation is derived
angles between OEP and Nc macrocyclic ligands in the whol P

65 of h q . h di y analogy with the IR and Raman characteristics of some
SEries ofrare earth compounds remain unchange er reviously reported M(Pg)[21-24] and the vibrational prop-
to minimize the non-bonding interactions between the fuse(i

. rties of metal free phthalocyaniifiél], with assistance from
benzene rings of Nc and tiieethyl groups of OEHS5,57,58] ur recent theoretical research into the vibrational spectra of

;’hterefor(i, |t’\||s reasqnil/lbll\el 0 assun(;eMtklllat Sl;he : kew ang%onomeric phthalocyanine derivativi—-41] The character-
etween two Ncrings in M[NeBu)s]2 and MINC(SGaHas)slz - jgyic frequency approximation is necessary in dealing with the

Il\jl ?\leagélli The eqﬁlllblgurr]n strDuctures of M[NdBuz4]2 aﬂd observed vibrational frequencies for such a large conjugated sys-
[NC(SCi2Hzs)g]2 should haveDag group symmetry when o\ nere only a handful of vibrational modes can be given an

the skew angle is 450r D4 when the skew angle slightly ; . : X e
. o assignment in terms of internal coordinates, as exemplified in
deviates from 45 Similar to M[Pc¢Bu)s]2 (M = Zr, rare earth), Tablge 1 P

the actual samples of M[N&§u)s]> contain more than one
isomer due to the random location of ther-butyl groups.
However, for each substituted Nc ring and the central rare

earth metal atom, a localsy symmetry should be seen and

the interpretation of the observed vibrational spectra could be @ |M=tu
assisted by this approximation. As in the Raman spectra of 5
M[Pc(Bu)4]2, only frequencies corresponding to the character- g [M=Tb
istic fingerprint vibrations of the Nc macrocycle were observed %

and rert-butyl vibrations were very weak or absdt#]. This 2

is also because both laser lines (633 and 780 or 785nm) £ [M=Nd
used in our experiments appear to enhance modes associated  §

with the aromatic macrocycles. The situation is also true for S (M<ce
M[NC(SCi2Hzs)g]2 [8]. a

T T T T T T T T T T ¥ T T
400 600 800 1000 1200 1400 1600 1800
Wavenumber (cm-1)

4. IR spectroscopic properties

Based on their detailed studies on the vibrational spectra ofig. 2. IR spectra of M(Pg) (M=Ce, Nd, Tb, Lu) in the region of
both phthalocyanine and naphthalocyanine compounds, Aroc®0-1800 cm? recorded in KBr pellets.



Table 1

Characteristic IR bands (cth) of phthalocyanine for M(Pg)

La Ce Pr Nd Sm Eu Gd Tbh 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 Pcring
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 N
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 bendigg
1059w 1070s 1057w 1059w 1060w 1061w 1060w 1060w 1062w 1062w 1063w 1062w 1063w 1064w 1062w Coupling of iscindole
deformation and aza g
stretching §
1095w 1094w 1075w 1091w 1084w 1083w 1080w 1080w 1097w 1087w 1086w 1083w C—-H bend a
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 g
1158w 1162w 1156w 1157w 1161w 1159w 1160w 1158w 1160w 1160s 1159w 1160w 1160w 1159w 1161w C—H bend 2
1201w 1211w 1202w 1212w 1208w 1210w 1203w 1199w 1213w 1204w «E’
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 2
1313s 1306w 1312s 1316s 1318s 1319s 1319s 1319s 1320s 1320s 1321s 1320s 1320s 1322s 1323s Pyrrole stretching &
1329m Pyrrole stretching 'g
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 E
1419w 1410w 1419w 1419w 1420w 1419w 1422w 1420w 1422w 1422w 1422w 1421w 1421w 1424w 1423w Isoindole stretching t
1439m 1433w 1438m 1442m 1444m 1445m 1444m 1445m 1448m 1448m 1450m 1448m 1450m 1453m 1454m Isoindole stretching e
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

621
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The simple patterns of the infrared spectra of unsubstitutedf the former one, show dependence on the rare earth ionic
bis(phthalocyaninato) rare earth complexes M{PEY =Y, size. Along with the decrease of rare earth radius, the pyr-
La—Lu except Ce and Pm) closely resemble the previouslyole stretching vibrations at 1312-1323<chgradually lose
published results on M(P£)n some scattered reports (M=Y, some intensity. This is the reason that the most intense absorp-
La, Pr, Nd, Gd, Dy, Ho, Yb, Lu)21-29,36,37,72]Due to tion band is one of pyrrole stretching vibrations appearing at
the similar molecular structure among the whole series 0fl312-1319 cm? for the light rare earth to middle rare earth
bis(phthalocyaninato) lanthanide compounds, all these conbis(phthalocyaninato) compounds, while for heavy rare earth
pounds show similar IR characteristics. Four main IR absorpanalogues this vibration appears as the second most intense
tions corresponding to the C—H wagging at ca. 730¢sisoin-  absorption band at 1321-1323thand the most intense one
dole breathing and C—H bending coupled at 1110-1116'¢m locates at 728 cmt due to the C—H wagging vibrations. In
pyrrole stretching at 1312—-1323 ¢ and isoindole stretch- addition, the weak vibrational band at 876-887¢nin the
ing at 1439-1454 cm' have been found to dominate the IR IR spectra of bis(phthalocyaninato) rare earths has also been
spectra of M!(Pc). Among these, the most intense pyrrole found to be sensitive to the central rare earth size. This is in
stretching absorption at 1312-1323<chis assigned to the line with the result of Isago and Shimoda on the IR investi-
IR marker band of phthalocyanine monoanion-radic&Pay  gation of several bis(phthalocyaninato) rare earth compounds
comparison between the IR characteristics df' (Rcp and  M(Pc) (M=La, Pr, Sm, Eu, Tb, Ho, Yb}76]. However, the
[NBug][M(Pc)2] [73], according to the work of Kadish et al. assignment of this vibrational mode has been the subject of
[74,75] In the region from 400 to 1000 cm, the remaining some controversy. Considering the location of this absorption
weak vibrations have principal contributions from the dihedralfrequency, Aroca and co-workers assigned it to the C—H wag-
plane deformation involving the aromatic C—H groups (wag-ging of the Pcrindg21,25,27] On the basis of the metal-sensitive
ging, torsion, and out-of-plane bending vibrations). Aromaticnature of the band at ca. 880 th Isago attributed this band to
in-plane C—H bending vibrations are responsible for the IR bandthe rare earth metal-nitrogen (pyrrole) vibration following the
of phthalocyanine molecules in the region of 1000-1300tm assignment for monomeric phthalocyaninato-metal complexes
with the exception of the band at about 1140¢ndue to the by Kobayashi et a[77] and Kenn and Malerj78]. The metal-
pyrrole ring breathing, at 1110-1116 cimainly contributed  sensitive nature of this vibration revealed by our systematic
from isoindole breathing together with some C-H bendingresearch clearly excludes the attribution of this absorption to a
and the weak band at 1057-1064¢hdue to the coupling C—H wagging-only mode. According to our recent results on the
of isoindole deformation and aza stretching. Vibrational fre-vibrational properties of bPc calculated at density functional
quencies in the range of 1300-1650¢imare derived from  B3LYP level using the 3-21G basis §80—41] this absorption
pyrrole stretch, benzene stretch, isoindole ring stretch, andand is found to have primary contributions from the isoindole
the aza group stretch, for which the pyrrole stretching vibra-deformation and aza vibration, as assignedidble 1 Another
tions appear at 1312-1323 ¢t Another pyrrole stretching- metal-sensitive vibration mode at 1110-1116+¢ris also note-
related vibration couples with the aza stretching and appearsorthy. This intense absorption that was previously assigned
at ca. 1510cm!. The ortho-substituted benzene stretching to the C—H bending-only mode, is now re-assigned mainly to
vibrations are observed at ca. 1610¢nThe weak band at the isoindole breathing with some C-H in-plane bending con-
1352-1372 cm? is assigned to the isoindole stretching vibra- tribution, also according to our theoretical resegdB8%-41] In
tion because of its sensitivity to the rare earth ionic size agsonclusion, all the rare earth size-dependent IR absorptions of
summarized iffable 1 A weak band around 3050 cthis due  phthalocyanine in bis(phthalocyaninato) rare earth complexes
to the aromatic C—H stretching vibrations on the phthalocyaninshould be contributed primarily from the vibrations of pyrrole,
rings[21-29,36,37,72] or isoindole stretching, breathing or deformation or aza stretch-

In describing the IR characteristics of naphthalocyanine iring involving the pyrrole or aza nitrogen atoms. This logical
M[Nc(sBu)s]> [8], we raised a question concerning the ori- conclusion is reinforced by the molecular structural studies of a
gin of the appearance of two pyrrole stretching absorptionseries of tetrapyrrole metal double-deckers, as distortion of the
at 1314-1317 and 1323-1330thfor M[Nc(rBu)s]2. The  two rings (Por and Pc or Nc) arises mainly from the tilting of
presence of only one absorption band in the same regiosub-units using the bridging atoms (aza N for Pc or iNeso
for analogues M[Nc(SGH2s)s]2 under the same conditions CH carbon atoms for Por) as hinge joints, which makes the two
appears to suggest that this is due to the decreased symnigrands significantly dome{b8,73] The degree of the distor-
try of the M[Nc(Bu)4]2 molecules. The fact that only one tion (doming) of each tetrapyrrole ligand is directly dependent
band at 1312-1323cm is observed for the whole series of on the size of the metal sandwiched between the two tetrapyr-
tervalent rare earth bis(phthalocyaninato) complexes M(Pc)role rings, which in turn induces systematic frequency changes
suggests that this explanation is correct. The vibrations ah the corresponding vibrational modes involving the pyrrole
1312-1323 cm? attributed to pyrrole stretching vibrations and and aza nitrogen atoms, namely pyrrole or isoindole breathing,
at 1439-1454 cmt due to the isoindole stretching in the IR stretching and deformation, and aza stretching.
spectra of M(Pg) shift slightly and linearly to higher energy As shown inTable ] the IR characteristics of phthalocya-
along with the decrease of rare earth radius, clearly showine dianion P& could not be distinguished in the IR spectra
ing the rare earth size effect. Not only the frequency bubf M"'(Pc) and thus IR spectra of bis(phthalocyaninato) rare
also the absorption intensity of these vibrations, especiallgarth(lll) complexes can be attributed solely to the phthalo-
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cyanine monoanion radical Pt. 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 counterpari8].

Among the whole series of bis(phthalocyaninato) rare earth
complexes, the cerium double-decker is particularly interest-
ing. As indicated from the electronic absorption, Ranmh,
NMR, XNAFS, and electrochemical studig®], both phthalo-
cyanine rings exist as dianions in bis(phthalocyaninato)cerium
Ce(P&),. This is despite the expectation of an interme- 400 600 800 1000 1200 1400 1600 1800
diate valence state of cerium due to the strong hybridi-
sation of 4f orbital of cerium with the localizedr
orbitals of conjugated phthalocyanine ligands, which dif-Fig- 3. IR spectra of (A) Dy(Pg) (B) Dy[Pc(OGHi7)s]2, and (C)
fers from the situation for other analogues in the rare eartfPY[Pe(Buklz in the region of 400-1800 cnd recorded in KBr pellets.
series that have the form 'MPZ~)(P¢~). This actually
is also true for the substituted bis(phthalocyaninato) andnd Dy[Pc(Bu)s]> having the same central metal, as shown
mixed (porphyrinato)[(na)phthalocyaninato] cerium complexedn Fig. 3, together with knowledge of typical bands of alkyl
Ce(P¢), [Pd =Pc(OGH17)s, PcBu)4], Ce(TCIPP)(Pc), and groups, allows a clear identification of the IR vibrational fun-
Ce(Por)(Nc) (Por=0EP, TBPF)G2]. The IR spectrum of damentals due to the octyloxy moietidable S1 (Supplemen-
Ce(P&), closely resembles those of theduced double- tary data). There are several important differences in the IR
deckers of tervalent rare earths [NBiM(Pc)2] [73], which  spectrabetween unsubstituted and octakis(octyloxy)-substituted
also demonstrates the dianionic nature of the phthalocyanin@is(phthalocyaninato) rare earth complexes due to the octyloxy
rings in Ce(Pg). As shown inFig. 2 and Table 1 significant ~ substituents. In the IR spectra of M[Pc(gKi7)g]2 (M =Y,
differences exist in the pattern and characteristics of the IFLa—Lu except for Ce and Pm) the IR marker band of phthalo-
spectrum of Ce(Pc), compared with those of the tervalent cyanine monoanion-radical [Pc(@817)g]®~, in the region of
rare earth bis(phthalocyaninato) counterparts. The marker IR311-1322cm! loses some intensity to become a vibration
band for phthalocyanine monoanion-radical P@ppearingat  with medium intensity, while the one at about 1375¢ngains
1312-1323 cm?! as the most or second most intense absorptiofntensity to become a strong band. This contrasts with the obser-
band in the IR spectra of M(PglM =Y, La—Lu except for Ce vation of the most intense (or the second most intense) band
and Pm) was not observed for Ce(Rdnstead, a significant at 1312-1323cm' and a very weak peak at ca. 1370t
peak appearing at 1329 crhwith medium intensity is assigned for P~ in the IR spectra of M(Pg)(M=Y, La—Lu except
to the pyrrole stretching of the phthalocyanine dianior?Pc for Ce and Pm). This appears to suggest the octyloxy groups
The most intense IR peak appears at 727 taiue to the C—-H  are responsible for apparently intensifying the weak isoindole
wagging vibrations in the IR spectrum of Ce(Reyhile the sim-  stretching band of M(Pg)at ca. 1370cm! to a very strong
ilar vibration shows the most or second most intense absorptiodbsorption at ca. 1375 crh for M[Pc(OGgH17)g]2. Aroca and
around the same region for'l{Pc), (M=, La—Lu except for ~ co-workers attributed the absorption at 1364 ¢with medium
Ce and Pm) depending on the rare earth ionic size. Moreoveintensity to the C-H bending vibrations ef+-butyl groups in
quite a strong absorption is observed at 1070tmttributed  Pr[Pc¢Bu)s]> by comparing with the IR spectrum of Pr(Rc)
to the coupling of isoindole deformation and aza stretching if27]. Indeed, it is well known that symmetric C-H deforma-
the IR spectrum of Ce(Pg)which however is very weak in the tions of the —CH group usually give quite an intense absorption
spectra of tervalent rare earth phthalocyaninato double-deckat ca. 1380 cm’. Therefore, the relatively intense band at ca.
analogues. 1375 cnm? for M[Pc(OGgH17)g]2 is mainly contributed by the

—CHg deformation due to the octyloxy side chains, together with
some small contribution from the isoindole stretching vibrations.

Transmittance (arb. units)
w

A

Wavenumber (cm-1)

4.2. IR spectra of M[Pc(OCgHj7)g]> and M[Pc(tBu)y4]> [9] Furthermore, one of the most intense bands at around
725cm ! attributed to the aromatic C—H wagging vibrations
4.2.1. IR spectra of M[Pc(OCsH;7)s]2 [9] in the spectra of M(Pg) loses some intensity to become rel-

Compared with those of M(Pg)the IR spectra of the double- atively weak in the spectra of M[Pc(@B17)g]2. Substitution
decker complexes M[Pc(Q€l17)g]2 display several additional of H by OCgH17 groups in all the peripherdd positions of Pc
intense bands at about 1045, 1085, 1200, 1277, 1493-1500ngs is considered to be responsible for decreasing the relative
2854, 2869, 2925, and 2960 ch[9]. However, the character- intensity of the out-of-plane C—H vibrations. The observation
istic pattern of M[Pc(O@H17)g]2 IR spectra remains relatively of the C—O-C stretching bands at ca. 1045 értsymmetric)
simple, rather simpler than those of M[F®()4]2, revealingthe and 1277 cm! (antisymmetric) seems to support this point.
relatively higher symmetry of the former compounds. Compar-The relatively strong symmetric —-GH bending and antisym-
ison between the IR spectra of Dy(RPcPy[Pc(OGH17)g]2, metric C—H deformations of —CHgroups of octyloxy side
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chains, respectively, at about 1465 and 1460tmppear in  sity absorptions at 1091, 1200, and 1282<¢niThe relatively
a region in which only weak bands appear for unsubstitutegtrong absorption at 752—-758 cfshould be contributed from
bis(phthalocyaninato) rare earth compounds. It is still unclear atibrations related to pyrrole or isoindole stretching, breathing or
present why the weak peak attributed to the coupling of pyrroleleformation or aza stretching vibrations of the Pc rings due to
and aza stretching at ca. 1500cthfor M(Pc), is replaced by its rare earth size-dependent nature. As can be seerfigrs,
quite an intense band in the IR spectra of M[PcgBI&)s] 2. along with the change from unsubstituted or octakis(octyloxy)-
Finally, the most intense bands for the latter are the four absorsubstituted to tetradrr-butyl)-substituted bis(phthalocyaninato)
tions at ca. 2854 cmt (CH, symmetric), 2870 cm! (CHz sym-  rare earth series, this absorption gains intensity to become a rel-
metric), 2925 cm? (CH, asymmetric), and 2955cm (CHz  atively strong band. This fact appears to suggest that the lower
asymmetric) attributed to the C—H stretching vibrations of themolecular symmetry of the isomers of M[B()4]> is respon-
octyloxy side chains. sible for the observation of this peak. Aroca attributed the peak

The dianion nature of phthalocyanine in Ce[Pcgbigy)s].  at 915cnt?! in the IR spectrum of Pr[PdBu)s]. to the C—H
is also revealed by its IR characteristics. The observatiotending ofers-butyl groupg27]. However, systematic research
of an intense absorption at 1381 thtogether with a very into the IR spectra of the whole series of M[Bif)s]» com-
weak band at ca. 1351 cth constitute the characteristics of plexes reveals that the frequency of this absorption with medium
[Pc(OGH17)g]%". In the IR spectrum of Ce(Pg)the char- intensity at 914-919 crt is dependent on the rare earth size,
acteristic IR bands of phthalocyanine dianions in the regiortherefore this absorption should be better assigned as primar-
of 1300-1400m?! are an intense pyrrole stretching band atily originating from vibrations involving pyrrole or isoindole
ca. 1330cm! together with a very weak pyrrole and isoin- stretching, breathing or deformation or aza stretching vibra-
dole stretching coupling band at about 1370¢nThis appears  tions of the Pc rings. The pyrrole ring stretching absorption at
somewhat strange at first glance but can be easily undef-313-1319 cm! still appears as the most intense band as in the
stood on the basis of the characteristic IR bands 6f Rmnd  unsubstituted bis(phthalocyaninato) rare earth compounds. In
[Pc(OGH17)g]*~ in M(Pc) and M[Pc(OGH17)g]2, respec-  contrast, the bands atca. 725, 1115, and 1460'craspectively,
tively, in the same frequency range. The band at 1381cm contributed from the C—H wagging, the coupling of isoindole
is mainly attributed to the symmetric C—H deformation of 4CH breathing and C—H bending, and the isoindole stretching that are
groups with some contribution from the isoindole stretchingprominentin the spectra of the unsubstituted compounds appear
vibrations. asonly weak or medium bands inthe IR spectra of M{iB@)y] 2.

In the IR spectra of M[Pc(OgH17)s]2, the vibrations at Similar to M(Pc}» and M[Pc(OGH17)g]2, the vibrations at
1311-1322 cm? attributed to pyrrole stretching vibrations and 752—758, 914-919, and 1313-1319¢hin the IR spectra of
at 1493-1500 cm! due to the coupling of the pyrrole stretch- M[Pc(:Bu)4]> shift slightly to higher energy along with the
ing and aza stretching are sensitive to the ionic size of centralecrease of rare earth radius. The observation of an intense
rare earth ion. However, the other two rare earth size-dependeabsorption at 1322 crit in the IR spectrum of Ce[Pd§u)4]», in
vibrations assigned to the coupling of isoindole breathing andontrast to the band at 1313—1319chior tervalent rare earth
C-Hin-plane bending at 1110-1116 thand isoindole stretch- analogues, is clear IR evidence of the dianion state of phthalo-
ing at 1439-1454 cm' in the IR spectra of M(Pg)could not  cyanine in Ce[PaBu)g]>.

be clearly delineated for M[Pc(Q€l17)g]2 due to their overlap One significant difference in the IR spectra between

with neighbouring absorptions. the two substituted bis(phthalocyaninato) rare earth series
M[Pc(OCGsH17)g]2 and M[Pc(Bu)s]- is the relative intensity

4.2.2. IR spectra of M[Pc(tBu)4]> [9] of the C—H stretching vibrations with respect to the Pc ring

The IR spectra of the whole series of lanthanide compoundstretching bands. In the IR spectra of M[Pc(§Mz7)s]2, the
M[Pc(Bu)4]. differ considerably from the simple patterns of most intense bands are C—H stretching modes of the octy-
the IR spectra of M(Pg)and M[Pc(OGH17)s]2. The presence loxy side chains. In the IR spectra of M[PB()4]2, the most
of four randomly-placeders-butyl substituents on the phthalo- intense absorptions are the pyrrole stretching vibrations at
cyanine rings multiplies the number of IR active modes in1313-1319 cm?, while the most intense absorption in the IR
M[Pc(tBu)4]2 due to the lower symmetry of most of the isomers. spectra of M(Pg) is either the pyrrole stretching vibrations at
For therert-butyl groups, three intense vibrations are seen in thd312-1323 cm! or the C-H wagging band at ca. 725th
C—H stretching region: —C¢lantisymmetric stretching at 2957 depending on identity of the rare earth metal ion.
and 2923 cm? and —CH symmetric stretching at 2854 crh
Absorptions with medium intensity observed in the range o#.3. IR spectra of M{Pc(a-OCsHjj)4]2 [20]

1358-1405 cm? are clearly mainly due to the symmetric —-gH

deformation vibrations oferz-butyl groups together with some Fig. 4 compares the IR spectra of Yb(Bc)Yb(Pc)[Pck-
isoindole stretching, the latter exhibiting only very weak bandSOCsH11)4], and Yb[Pcf-OCsH11)4]2, in the region of funda-

at about 1370 and 1400 crhin the IR spectra of M(Pg) The  mental frequencies of 400-1800ct The IR spectra of this
C-C stretching of theert-butyl groups also displays quite a new series of rare earth compounds MEe€ICsH11)4]2 dif-
strong absorption at about 1255¢th The remaining bands in  fer considerably from the simple patterns of the IR spectra
the region of 1000-1300cm are attributed to the aromatic of M(Pc). They very much resemble those of M(Pc)[Rc(
in-plane C—H bending vibrations, including the medium inten-OCsH11)4] except for the slight difference in the region
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A the same rare earth ion is red-shifted in the order M{Pc)
= to M(Pc)[Pcx-OCsH11)4] to M[Pc(a-OCsH11)4]2, revealing
g W the diminished ring-to-ring interaction in the same order
= .. .
sl B [9,17]. However, a similar phenomenon was not found in
8 comparing the IR spectroscopic characteristics of M{Pc)
§ M(Pc)[Pc(OGH17)g], and M[Pc(OGH17)]2 [9,11]. This result
gl ¢ indicates, from the viewpoint of vibrational spectroscopies, that
E substitution of alkoxyl groups at the non-periphetglositions
5 of phthalocyanine rings exerts more influence on the intrinsic
= \WW properties of phthalocyanines than does periph@gralibstitu-

tion.

400 660 860 1600 1500 1400 1é00 1800
Wavenumber (cm-') 4.4. IR spectra of M(Pc)[Pc(OCsH;7)s] [11]
Fig. 4. IR spectra of (A) Yb(P B) Yb(Pc)[Pc&-OCsH , and (C .
YE[PC(O(-OC5?-|11)4]2 in t(he) regigngc)nf(40)0—18(00)c[n% Secocr}c‘i)edlli)r?]KBr pell(et)s. Fig. S1 (Supplementary dataphows the IR spec-
tra in the region 400-1800cm for three compounds
1110-1123 cm? attributed to the isoindole breathing coupled M(Pc)[Pc(OGH17)s] (M=Nd, Dy, Yb), typical for the light,
with C—-H bending. In the IR spectra of both M(Pcand  middle, and heavy rare earths, respectively. It is impossible to
M(Pc)[Pce-OCsH11)4], there is a single band, but this splits assign the observed frequencies to the individual unsubstituted
into two absorption peaks at ca. 1110 and 1120-1123'dor and substituted phthalocyanine rings, due to the coupling of
M[Pc(e-OCsH11)4]2[9,17]. Comparable spectroscopic features Vibrational coordinates between the conjugated macrocycles.
in the IR spectra between M(Pc)[ReQCsH11)4] and M[Pcgx- As shown inFig. S1 (Supplementary datahe IR spectra
OCsH11)4]2 are not surprising considering the similar equi- of the series of heteroleptic compounds M(Pc)[Pc{B¢)s]
librium geometry of the whole molecul€y for M(Pc)[Pc- differ considerably from the simple patterns of the IR spec-
OCsH11)4] and Sg for M[Pc(a-OCsH11)4]2, and in particular ~ tra of M(Pc), but resemble those of M[Pc(Q817)s]2, except
the same equilibrium geometrg,, for the fragment M[Paf- for the slightly increased complexity and number of vibration
OCsH11)4] in both series of complexes. bands because of the reduced molecular symmetry. A com-
The peak at ca. 743 c assigned to the C—H wagging grad- parison among the IR spectra of these three series confirms
ually loses some intensity, relatively, in the order going fromthe identification of the IR vibrational fundamentals due to the
M(Pc), (the most intense band), to M(Pc)[ReQCsH11)4]2 phthalocyanine moieties and the peripheral octyloxy groups that
(one of the two most intense bands), and to MiRE(CsH11)4], ~ Was proposed previously by comparing the IR spectra of M(Pc)
(the fifth most intense band). This is due to the decreas@nd M[Pc(OGH17)g]2. This, in turn, makes it easier to assign
in the number of aromatic H with increasing substitution bythe IR bands for these heteroleptic bis(phthalocyaninato) rare
3-pentyloxy groups in the non-peripheral positions of the earth complexes. In the IR spectra of M(Pc)[PcgBier)s],
phthalocyanine rings. the pyrrole stretching at 1315-1322thmaintains its inten-
The most interesting point concerns the frequency of théity as in M(Pc), appearing as the most intense band, indeed
phthalocyanine monoanion radical IR marker band due to thgore intense than in M[Pc(Q€l17)s]2. It also acts as the
pyrrole stretching in the range 1305-1313¢mWhen com-  phthalocyanine monoanion radical marker band. The C—H wag-
pared inFig. 5, it is obvious that the frequency of the pyr- ging of M(Pc)[Pc(OGH17)g] at ca. 725cm? is less intense
role stretching for bis(phthalocyaninato) complexes involvingthan that in M(Pg), but reasonably is stronger than that in
M[Pc(OCgH17)g]2 due to the relative numbers of @817
groups in the peripheraB positions. In the IR spectra of
M(Pc)[Pc(OGH17)g], the symmetric C—O-C stretching bands
at 1045 cnm, the C—H band at 1203 cm, the symmetric —CH
deformation at 1375cmt, and the coupling of pyrrole and
aza stretching at 1500 cth, all lose some intensity relative
to those in the IR spectra of M[Pc(@B17)g]2. On the other
hand, the antisymmetric C—-O—C stretching band at 1275cm
and the CH bending at 1455cm' have similar intensity to
those in M[Pc(OG@H17)s]2. Thus, in the region 400-1800 cth
the antisymmetric vibrational bands of the octyloxy substituents
1305' A — maintain their intensity, whereas the symmetric vibrations, on
98 100 102 104 106 108 the contrary, lose some intensity with the decrease of the number
lonic Radius (pm) of octyloxy substituents.

Fig. 5. Plot of wavenumbers of the pyrrole stretching vibrations of (A) M{Pc) Consistent with our results for other series, for
(B) M(PC)[PC()L-OQ,H]_]_)4], and (C) M[PC()L-OO5H11)4]2 at 1306—1323 cmt M(PC)[PC(OQH]_?)S] the V|brat|0n5 a-t 1057-1063 CTiLl due
as a function of the ionic radius of M. to the coupling of isoindole deformation and aza stretching, at
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1315-1322 cm! attributed to pyrrole stretching vibrations, and cies of the naphthalocyanine ligand are also partially assigned
at 1497-1504 cm* assigned to the coupling of pyrrole and azaby analogy with their Raman characteristdgl], and the IR

stretching are sensitive to the ionic size of central rare earth iorand Raman characteristics of bis(phthalocyaninato) rare earth
counterpart$9,19], phthalocyaning71] and naphthalocyanine

4.5. IR spectra of M(Pc)[Pc(a-OCsH;1)4] [17] derivatives79-84]
The IR spectra of M[NaBu)4]2 differ considerably from

Fig. S2 (Supplementary datajows typical IR spectra of the simple patterns of their Raman spedtra] and from the
three compounds M(Pc)[ReOCsH11)a] (M=Sm, Y, Yb). IRspectra of the unsubstituted bis(phthalocyaninato) rare earth
The IR spectra of this series of lanthanide compounds resenfounterpartg9], but resemble the IR spectra of bis[teteat
ble those of M[Pc(OgH17)g]> and in particular M[Paf- buty!)phthalocyanmato] rare earth compourjs The com-
OGsH11)4]2 [20]. Compared with those of the former series Pl€xity in the pattern of the IR spectra of M[NB()4]> com-
and even M(Pc)[Pc(OE17)s], the IR spectra of M(Pc)[Pa¢  Pared with that of M[Pc(OgH17)s]2 [9] again reminds us of
OCsH11)4] display more fundamental absorptions due to thethe lower molecular symmetry of the isomers that compose these
even lower molecular symmetry. Both isoindole breathing afnixtures. As for theers-butyl substituted bis(phthalocyaninato)
1112-1116cm® and pyrrole stretching at 1309-1317¢h  rare earth analogues M[I?B(J)4]2_[9],characterlsncwbrguqnal
maintain their intensity as in M(Pg) appearing as the most fundamentals due to the Nc ring and the:-butyl moieties
intense bands. As for M(Pc)[Pc(@B17)s]2, the isoindole Were clearly identified. For thess-butyl groups, three intense
stretching of M(Pc)[P&{-OCsH11)4] shows weak peaks at ca. Vibrations were seen for the C—H bond stretching vibrations
1446-1457 cm! and the C—O—C stretching bands are observedt 2957 cm*, 2923 (antisymmetric stretching), and 2854¢m
as medium and strong bands at ca. 1040t(symmetric) and ~ (Symmetric stretching). For the Nc ring, the C-H wagging at
1265 cnt! (antisymmetric), respectively. ca. 750, C-H bending at ca. 1080, and pyrrole ring stretch-

Unlike in M[Pc(OGsH17)s]2 and M(Pc)[Pc(OGH17)g], with ing at 1315—13}7 cmt still appear as intense bands as in the
respect to the Pc ring stretching bands, the C—H stretching bang§substituted bis(phthalocyaninato) rare earth compounds. In
of the four 3-pentyloxy side chains are very weak due to th&ontrast, the intense band at ca. 1460 ¢montributed from
decrease in the length of the side chains from eight to five cafhe isoindole stretching in M(Pgjppears only as a weak or
bons. medium vibration in the IR spectra of M[N&u)s]2. How-

In the IR spectra of M(Pc)[PatOCsH11)4], the vibrations ~ €Ver, some weak vibrations in the IR spectra of unsubstituted
at 1112-1116 cm' due to the isoindole breathing with some Pis(phthalocyaninato) rare earth compounds seem to gain addi-
contribution from the C—H bending, 1309-1317chattributed tional intensity to become intense or medium intense bands
to pyrrole stretching vibrations and 1358—1372drassignedto N the IR spectra of M[NaBu)s].. For instance, very intense
the coupling of pyrrole stretching vibrations and the symmetricaPPSOrptions were observed at 1260 (C—H bending of Nc ring),
C—H deformation of —Chigroups are sensitive to the size of the 13501355 (pyrrole stretching), and 1363-1367 &fmaphtha-

central rare earth ion. lene stretching) for M[NaBu)a]2, \{vhich exhibitonly very weak
bands at ca. 1282 and 1369chin the IR spectra of M(Pg)
9].

4.6. IR spectra of M[Nc(tB d M[Nc(SC1oH [

/8] spectra of MINe(tBu)] and MINe(SC12Hs)s]2 Confusion is evident in the literature regarding the specific

nature of the vibrations of naphthalocyanine derivatives in the
4.6.1. IR spectra of MINc(tBu)4]> [8] region of 1310-1370 crt. Campos-Vallette gt al. associated
Fig. 6 compares the IR spectra of four compoundsiWO bands at 1340-1350 and 1350—'13703:rm the IR and
M[Nc(:Bu)a] (M=Pr, Ce, Tb, Lu). The observed IR frequen- _Raman spectra of #Nc and Cg(Nc) with the pyrrole stretch-
ing and naphthalene stretching, respectiviE?—-84] How-
ever, nothing was mentioned concerning the origin of the rela-
M = Ce tively strong vibrational peak in the region of 1310-1320¢m
(Raman) or 1320-1330cm (IR) for these two compounds.
In comparing the IR spectroscopic characteristics with reso-
M = Br lution of 2cnT! [8] and those with 4cm! resolution[7],
more vibrational modes have been resolved. This is typically
revealed by comparing the vibrations of M[MB()4]2 in the
region of 1310-1400 cm (Fig. 6). Under the lower resolution
IR conditions, four absorptions at ca. 1313-1331, 1350-1355,
M=Lu 1363-1367, and 1389-1394 cfy whose frequencies all seem
dependent on the rare earth metal, were observed in the region
o o B0 TP o e e a0 of 1300-1400 cm? [7]. With improved resolution of 2 cr,
the band at about 1313-1331 this found to be composed of
Wavenumber (cm) two vibrations of 1314-1317 and 1323-1330¢mBoth the
Fig. 6. IR spectra of M[NaBus)2] (M=Ce, Pr, Th, Lu) in the region of frequency and intensity of these two bands depend on the rare
400-1800 cm? recorded in KBr pellets. earth metal. Along with the rare earth contraction from La to

Transmittance(arb.units)




J. Jiang et al. / Coordination Chemistry Reviews 250 (2006) 424—448 435

Lu, the intensity of the former absorption decreases while théron delocalizes over the two naphthalocyanine macrocycles on
latter one in contrast becomes more intense. In the IR spethe IR vibration time scale, which accords well with the result
tra with lower resolution, this is the reason that the unresolvedleduced from the Raman spectra of the same compdidtis
peak for the light rare earth bis(naphthalocyaninato) compounds
is dominated by the absorption band at ca. 1313tand the 442 IR spectra of M[Pc(SC12Has)s ]2 [8]
heavy rare earth bis(naphthalocyaninato) species by absorption The IR spectroscopic characteristics of bis[3,4,12,13,21,
at 1324-1331 cm’ [7]. 22,30,31-octa(dodecylthio)-2,3-naphthalocyaninato] rare earth
According to the previous work on the vibrational spectra ofcomplexes M[Nc(S&H>s)g]> are similar to those of their
naphthalocyanine derivativg30], it is reasonable to assign the M[Nc(:Bu)s], analogues except for the simplicity due to
absorptions at 1350-1355, 1363-1367, and 1389-1394tm  the higher molecular symmetry of the former. Therefore,
the pyrrole, naphthalene, and naphthalene stretching vibrationspmpared with those of M[NdBu)s]», the IR spectra of
respectively. Aroca and co-workers had attributed the absorgv[Nc(SCyoH2s)g]2 are composed of a relatively smaller number
tion at 1364 cm! to the C—H bending vibrations eérr-butyl  of fundamental§9].
groups in Pr[PaBu)a]> by comparing with the IR spectrum of  Another significant difference in the IR spectra between
Pc(Pc} [27]. It is impossible to exclude absolutely the contri- M[Nc(:Bu)s]> and M[Nc(SG2H2s)s]- is the relative intensity
bution from therers-butyl groups on the naphthalocyanine rings of the C—H stretching vibrations with respect to the stretching
in M[Nc(/Bu)4]2 to the weak absorption at ca. 1365¢chinthe  modes of the Nc rings. In the IR spectra of M[Nc(SB2s)s]2,
present case. However, it may be concluded that#ijer con-  the most intense bands are the absorptions at 2852, 2923,
tribution to this vibrational band is the naphthalene stretchingand 2986 cm® attributed to the C—H stretching vibrations of
mode based on the dependence of the frequency and the intefe eight dodecylthio groups. In contrast, in the IR spectra of
sity of this peak on the rare earth size. Partly due to the sam@I[Nc(sBu)a],, the mostintense absorptions are those of the pyr-
reason and by analogy to the assignment of the same absorptioige stretching vibrations at ca. 1314-1317 or 1323-1330'cm
in bis(phthalocyaninato) rare earth analogues, the two absorgtepending on rare earth species, and the C—H wagging at
tions at 1314-1317 and 1323-1330¢mfor M[Nc(rBu)a]2 758 cnti.
are tentatively attributed to the pyrrole stretching vibrations of
naphthalocyanine rings. The reason for the appearance of five,; ;p spectra of (Pc)M[Pc(OCsH;7)sIM[Pc(OCsH;7)s]
relatively strong or strong absorption bands in the region fronho]
1300 to 1400 cm? for M[Nc(sBu)a]. is not clear at this stage.

The observation of only three absorptions in the same region Fig. 7 displays the IR spectrum of the representative com-

for M[Nc(SCioHos5)g]2 also with high resolution of 2cmt pound (Pc)Er[Pc(O§H17)s]ErPc(OGH17)s]. Characteristic

appears to suggest that it is due to the decreased symmetry @ \;iprational frequencies of the phthalocyanine ligand in this

the M[Nc(Bu)a]> molecules. . series are summarized and their interpretations are postulated
The vibrations at 746—753 cmh assigned to the C—H wag- by analogy with the IR characteristics of M(Pc[Pc = Pc,

ging, 1314-1317, 1323-1330, and 1350-1355 tattributed Pc(OGH17)s] [9]. Due to the similar molecular structure among
to pyrrole stretching vibrations, and 1389-1394 émnlue_ 0 the series of tris(phthalocyaninato) rare earth complexes, these
the naphthalene stretching vibrations shift slightly and “”ea”ycompounds show similar IR characteristics, which can be rea-
to higher energy along with the decrease of rare earth radius. sonably understood on the basis of those of [M§Pc) and
Among the whole series of tetrafs-butyl)-substituted _ especially of Ce(Pc), and Ce[Pc(OgH17)s2 ]2, due to the

bis(naphthalocyaninato) rare earth complexes, the ceriufgresence of phthalocyanine dianions in bis(phthalocyaninato)
double-decker is particularly interesting. As indicated fromceriym compounds.

the electronic absorption, Raman, arfti NMR spec-

tra, bis(naphthalocyaninato) cerium exists in the form
Cé'"[Nc(rBu)sZ~][Nc(rBu)s® ], the same as other Nc analogues
in the rare earth serigd4,60,62] It is clear that the IR char-
acteristics of bis(haphthalocyaninato) cerium correspond well
with all the other members of the series. As already notiggd

the datum for Ce fits well with the trend observed between the
ionic radius of M'" and the frequencies of the pyrrole stretching
vibration near 1315 cm' for the whole series of double-decker
compounds. This is a clear IR evidence proving the tervalent
valence state of cerium in Ce[NBU)4]2.

Similar to their phthalocyaninato analogues, the IR charac-
teristics of naphthalocyanine dianion [MB()4]%~ could not ——— T T T
be distinguished in the IR spectra of M[NB(1)4]> and thus 400 600 800 1000 1200 1400 1600 1800
IR spectra of bis(naphthalocyaninato) rare earth(lll) complexes Wavenumber (cm™)

can be attributed solely to the naphthalocyanine monoaniopig. 7. IR spectrum of (Pc)Er[Pc(QE17)s]Er[Pc(0GsH17)s] in the region of
radical [Nc¢Bu)4]® . This demonstrates that the unpaired elec-400-1800 cm? recorded in KBr pellets.
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As shown inFig. 7, the all-dianion nature of phthalocya- observed due to the compleesubstitution in these double-
nine ligands in (Pc)M[Pc(OgH17)s]M[Pc(OCgH17)s] (M=Eu,  decker compound$].
Gd, Th, Dy, Ho, Er, Yb, Lu, Y) is demonstrated by the follow-  Similarto Ce[Pc(O@H17)g]2[9], the IR spectra of the triple-
ing observations: (i) the absence of the very intense phthaladecker complexes (Pc)M[Pc(@B17)s]M[Pc(OCgH17)s] also
cyanine monoanion-radical (Pc) marker IR bands observed display several additional intense fundamental bands at about
at 1312-1323 and 1311-1322chrespectively for M!' (Pcr ~ 1047,1080, 1203, 1275, 1494, 2854, 2870, 2924, and 295% cm
and M'"'[Pc(OGsH17)s]2; (ii) the appearance of quite a strong in comparison with that for Ce(Pg)A weak peak attributed
absorption at about 1380crh and (iii) a relatively weak to the coupling of pyrrole and aza stretching was observed
peak appearing at 1329 crh together with a weak band at at 1506 cm! for Ce(Pc), while a relatively intense band
1312-1317 cm?. These all correspond to the similar onesappears at ca. 1495 crhin the spectra of Ce[Pc(QEl17)g]2
for tetravalent Ce(Pg)and Ce[Pc(OgH17)s]2. The absorp- [9]. In the present case, a band with medium intensity was
tion at 1329 cm? for P&~ in Ce(Pc) is a relatively strong found at ca. 1494cml. It is clear that the eight alky-
peak, which loses some intensity to become a relatively wealoxy groups on the phthalocyanine ring are responsible for
absorption in the triple-deckers due to the ratio Pc:Pe@)s  this vibrational mode. Further evidence derives from the fact
of 1:2 in these triple-decker compounds, while the intensitythat no enhancement was found for the same vibration in
of the one at about 1380 crh remains almost unchanged the homoleptic and heteroleptic analogue® fRc(C/H1s)g]»
compared with that in double-decker Ce[Pc@bigr)s].. (M =Eu, Gd, Y), Ce[Pc(€H1s)s]2, and M (Pc)[Pc(GH1s)s]
In addition, with the change of Pc:Pc(@i;)s ratio [M=Eu, Y; HoPc(GH15)8=2,3,9,10,16,17,24,25-0octa(heptyl)
from 1:2 in (Pc)M[Pc(O@H17)g]M[Pc(OCgH17)s] to 2:1 in  phthalocyanine]7].
(Pc)Tm[Pc(OGH17)s]Tm(Pc), there is no significant change  In the IR spectra of (Pc)M[Pc(QgEl17)s]M[Pc(OCgH17)s],
in the intensity of the Pc characteristic band at 1329crh  the weak vibration at 1312-1318 crh attributed to pyrrole
and the Pc(OgH17)gZ characteristic band at ca. 1380th  stretching vibrations shifts slightly to higher energy along
For the weak band observed in the range of 1312-131%cm with the decrease of rare earth radius, corresponding well
for (Pc)M[Pc(OGH17)s]M[Pc(OCgH17)g], both P&~ and with the observations for bis(phthalocyaninato) rare earth
Pc(OGH17)g?~ are believed to contribute due to the observationanalogues[9,20] and clearly showing that the rare earth
of a similar weak absorption at 1306 and 1302¢mespec- size effect also applies in the triple-deckers. The frequency
tively for Ce(Pc) and Ce[Pc(OgH17)g]2. The appearance of of another pyrrole stretching vibration appears to remain
two pyrrole stretching bands between 1300 and 1330'cm almost unchanged at ca. 1329t This is strange, but is in
for heteroleptic tris(phthalocyaninato) rare earth compounds iBne with the result obtained for a series of mixed ring rare
quite interesting, and is in line with the observation of two earth triple-deckers MTCIPP)(Pcy and M (TCIPP)(Pc)
pyrrole stretching absorptions, respectively, at 1314-1317 angH>TCIPP =5,10,15,20-tetra(4-chlorophenyl)porphyrin], in
1323-1330 cm? for M[Nc(7Bu)a]». Another intense character- which the characteristic Pc IR band varies only from 1329
istic phthalocyanine dianion band appears at ca. 1083dor  to 1331cnt! along with the lanthanide contraction from
(Pc)M[Pc(OGH17)g]M[Pc(OCgH17)g]. This absorption corre- M=Pr to Ho [51]. Moreover, the wavenumbers of bands at
sponds to the similar one at ca. 1070¢hin the IR spectrum  1381-1383 and 1463-1465chmainly contributed by the
of Ce(P¢), [PC =Pc, Pc(O@H17)g] and is therefore similarly C—H bending modes of octyloxy side chains seem also to show
attributed to the coupling of isoindole deformation and azasome small dependence on the rare earth ionic size, although
stretching with some contribution also from C—H bending. not as significant as that for the pyrrole stretching band at

The relatively intense band at ca. 1380¢mfor  1312-1318cm!. Therefore, these vibrations are reasonably
(Pc)M[Pc(OGH17)g]M[Pc(OCgH17)g] is assigned to C—H assigned as being coupled with the isoindole stretching in
bendings of —CH groups together with contribution from the same region. The weaker dependence of correspond-
the isoindole stretching vibrations of the three phthalocyaing vibrational frequencies, say the isoindole stretching at
nine ligands. The contribution of the latter mode to this1463—-1465 cm! for tris(phthalocyaninato) compounds, on the
absorption is revealed by the dependence, although notire earth ionic size, compared with that at 1439-1454'cm
very strong, of the energy of this band on the ionic sizefor bis(phthalocyaninato) counterparts, shows that ther
of rare earth metal. Moreover, the aromatic C—H wag-interactions in these heteroleptic triple-deckers are weaker than
ging modes of Pc rings are responsible for one of then double-deckerfo].
two most intense bands in the spectra of unsubstituted For the purpose of comparison, the IR spectrum of hetero-
bis(phthalocyaninato) rare earth complexes M{Rat)around dinuclear analogue (Pc)Eu[Pc(@:17)s]Er[Pc(OCGH17)s]
725cn!, that loses some intensity but remains relativelywas also recorded. The frequency of the corresponding
strong in the spectra of (Pc)M[Pc(@817)s]M[Pc(OCgH17)g]. vibrational mode for this hetero-dinuclear rare earth complex
Substitution of H by O@Hi7 groups in all the periph- (Pc)Eu[Pc(O@H17)s]Er[Pc(OGH17)g] at 1314 et lies just
eral B positions of two phthalocyanine rings in the between those of the homo-dinuclear counterparts. This result
molecule (Pc)M[Pc(OgH17)s]M[Pc(OCgH17)g] is responsible is in line with that obtained from electrochemical studies of
for decreasing the relative intensity of the out-of-plane C—Hthe same series of heteroleptic tris(phthalocyaninato) rare earth
vibrations. This observation is in line with the finding for complexes, indicating again the strong delocalization between
M[Pc(OCsH17)g]2 as further loss in intensity of this band was rings in the triple-decker complex’5].



J. Jiang et al. / Coordination Chemistry Reviews 250 (2006) 424—448 437

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(#Pz7)s] Tm(Pc)
was also recorded for comparison, and this actually resembles
but appears simpler compared with those of less symmetrical
analogues (Pc)M[Pc(QfEl17)g]M[Pc(OCgH17)g]. The differ-
ence in the Pc:Pc(QfEl17)s 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(gMi7)s ligand in this
compound naturally induces an increase in the intensity
of characteristic bands attributed to Pc rings and decrease a00 400 500 600 700 800
of those of the Pc(OgH17)g ring compared with those in Wavelength (nm)
(Pc)M[Pc(OGH17)g]M[Pc(OCgH17)g]. The most obvious dif-
ference is the relative intensity of the C—H stretching vibrationg™
with respect to the Pc ring stretching bands. In the IR spectra
of the former series, the most intense band is the absorptidi86]. The Q bands for these compounds appear as a strong
at 2925cnt! due to the antisymmetric —GH stretching  absorption in the range of 658—689 nm together with the weak
vibrations of the octyloxy side chains of [Pc(@17)g]. vibronic components at 570-596 and 595-618 nm. In addition,
However, in the IR spectrum of the latter compound, thea weak band related with the-radical anion at 420-458 nm
most intense absorption is a band at about 1465'cdue to  is also observed. For the series of M[Pc@bz)g]> com-
contribution from both C—H bending vibrations of the -$H pounds containing tervalent rare earth metals, the B absorp-
and —CH groups and isoindole stretching vibrations. 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 weaksr-radical anion band is seen at 485-513 nm.
For both series of compounds, the energies of all the absorp-

The appearance of the Raman spectra will be shown to depeﬁi@” _bands mentioned above are _sensitive to _the metal center. In
on chemical composition, ionic radius of the coordinated metaParticular, along with the lanthanide contraction, the Q absorp-
ion, and the wavelength of excitation. Thus, it is important atiion band for both M(P¢) and M[Pc(OGH17)s]2 blue-shifts
the outset to appreciate the changes in electronic absorptidfi the same ordef45,86} These characteristics in their elec-
spectra that govern the selective enhancement of certain Ramdfnic absorption form the basis for the systematic changes
active bands. The electronic absorption spectra of M(Bo} that are observed in both the frequencies of specific bands and

M[Pc(OGsH17)s]2 (M=Pr, Tb, Tm) which are typical repre- the overall appearances of the Raman spectra of M(&w)l

sentatives of the UV-vis spectra for the complexes of tervale¥[Pc(OCsH17)e]2 along with the change in the central metal
rare earths in each series, are showigs. 8 and 9respec-  1ONnic size, as detailed below. Thisis also true for other homolep-

tively [45]. All the spectra of M(Pe) (M =Y, La—Lu except for tic and heteroleptic bis(phthalocyaninato) rare earth analogues
Ce and Pm) show a typical B band at 316-325 nm with a verfM[Pc(a-OCsH11)4]2 and M(Pc)[Pag-OCsHa1)4] [53,54,692]

weak shoulder peak at the lower energy side of 342—358 nriS(naphthalocyaninato) rare earth compounds MfBigl]2
[60,61], and even mixed (porphyrinato)(phthalocyaninato) rare

earth double-decker compounds M(TCIPP)(B6), and mixed
(porphyrinato)(naphthalocyaninato) rare earth double-decker

Absorbance (arb. unit)
=
n
-
o

ig. 9. The UV-vis spectra of M[Pc(Q€l17)g]2 (M =Pr, Tb, Tm) in CHC}.

5. Raman spectroscopic properties

5.1. Electronic absorption spectra

complexes M(Por)(Nc) (Por=0OEP, TBPPBp,56]
7 The electronic absorption spectra of M(TCIPP)(Pc) (M =Ce,
5 Sm, Ho), which are typical representatives of the UV-vis spec-
g tra for the intermediate-valent cerium (between Il and V)
3 and light, middle, and heavy tervalent rare earth complexes,
§ respectively, are shown iRig. S3 (Supplementary data) [50]
8 In addition to the strong Pc and TCIPP Soret bands respectively
a at 328-334 and 398-414 nm, the electronic absorption spectra
2 M=Pr of M(TCIPP)(Pc) show a very weak Q band in the region of
689-738 nm for M =La—Lu, which is mainly contributed from
— T T T T the major Q absorption of the phthalocyanine monoanion radi-
300 400 500 600 700 800

cal by comparing with the absorption features of M@gR8B].
This point actually is indirectly supported by the commonality
Fig. 8. The UV-vis spectra of M(Pg{M = Pr, Tb, Tm) in CHC}. of the features of the Raman spectra between M(TCIPP)(Pc) and

Wavelength (nm)
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M(Pc), with excitation at either 633 or 785 nfh8]. Thisisalso  of three compounds M(Pgand M[Pc(OGH17)g]> for M =Pr,
the case for M(Por)(Nc) (Por=OEP, TBPRJY,16] Tb, and Tm under excitation by 633 nm light. The Raman spec-
Except for Ce[NcBu)g]z, which shows similar elec- trafor both series of compounds are fairly simple, revealing the
tronic absorption spectrum to the rest of the tervalent rardigh molecular symmetry of these compounds. In particular, the
earth analogues, the other bis(tetrapyrrole) cerium complexe®@aman spectra for the peripherally octa(octyloxy)-substituted
including Ce(TCIPP)(Pc) Hig. S3 (Supplementary daja) bis(phthalocyaninato) rare earth complexes appear to be as sim-
Ce(P¢), [Pc =Pc, Pc(O@GH17)s, PcBu)4], and Ce(Por)(Nc) ple as, or even simpler than, the corresponding unsubstituted
(Por=0EP, TBPP), display different electronic absorption speceounterparts M(Pg) indicating that only frequencies corre-
tra from their tervalent rare earth counterparts due to theponding to the characteristic fingerprint vibrations of the Pc
valence state being intermediate between Il and IV for theanacrocycle in M[Pc(OgH17)s]> were observed. Side chain
cerium in these double-decker compounds as suggested by thibrations were very weak or absent under excitation with a
XANES results[62]. This is also reflected by the different laser line of 633nm, and this is also true when using laser
IR and Raman spectroscopic characteristics of these ceriuexcitation at 785 nm. The observed Raman spectroscopic bands
complexes from those of their tervalent rare earth counterparaf phthalocyanine for these homoleptic bis(phthalocyaninato)

[7-9,12,13,15,16,18,19] complexes were partially assignethble 2 based on the pre-
vious description of normal modes for phthalocyaninato and
5.2. Raman spectra of M(Pc); and M[Pc(OCsHj7)s]> [19] especially bis(phthalocyaninato) metal derivatiy&a-16,71]
Due to the similar electronic structure and electronic absorp-
5.2.1. Raman spectra of M(Pc); and M[Pc(OCsH;7)s]> tion properties among the whole series of bis(phthalocyaninato)
with excitation by 633 nm laser [19] rare earth compounds, all members of each serlé¢md), and

The Raman spectra of La(Band Dy[Pc(OGH17)g]o with ~ M" [Pc(OGH17)s]2 (M=Y, La—Lu except Ce and Pm) show
excitation at 633 nm were of poor quality due to strong fluoressimilar Raman characteristics.
cenceFigs. 10 and 1lrespectively, compare the Raman spectra 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 668-699nm, Raman bands in the range of
1300-1600 cm?! derived from isoindole ring stretching vibra-
tions and the aza group stretching are selectively intensified. For
M=Tm M (Pc), the weak bands at ca. 574-577 and 812—-817cm
and a band at 678-680 crh with medium or strong inten-
sity are attributed to phthalocyanine breath[ig,13,39-41]

Intensity (arb. units)

M=Tb and the wavenumbers of all these modes show a dependence
M Pr on the rare earth size, slightly blue-shifting along with the
lanthanide contraction. The medium band at ca. 740'cia
. i . . . . due to aromatic phthalocyanine C—H waggiig,13] In the
600 800 1000 1200 1400 1600 1800 range of 1000—-1300 cm, there are several weak or medium
Wavenumber (cm-1) bands lying at ca. 1006, 1030, 1103, 1174, 1196, 1215, and

Fig. 10. Raman spectra of M(BcKM=Pr. Tb, Tm) in the region of 1301cnrl, Wh!Ch are assigned to aromgtlc C-H t_)endmg. The
500-1800 cm’ with excitation at 633 nm recorded on a few grains of the solid PY'T0le breathing presents two bands in the region of around
sample. 1140 and 1500 cm'. The former comprises a single peak with
medium intensity at ca. 1138-1145thwhereas the latter
overlaps with the aza stretching vibration in the same region
to form a broad band at 1495-1525chfor the whole series
of compounds M (Pcy. For the double-deckers with early lan-
thanide metals, the aza stretching band appears as an unresolved
shoulder on théigher energy side of the peak. In contrast, for
the double-deckers with medium and late lanthanides, the pyr-
role breathing band appears as an unresolved shoulder peak on
the lower energy side of the more intense aza stretching peak.
M=Pr The intense band in the range 1409-1423trand the weak
band in the range 1444-1451chare attributed to isoindole
— stretching vibrations. The former intense band discussed above,
600 800 1000 1200 1400 1600 1800 together with the aza stretching band at 1512—-1525'cshow
Wavenumber (cm-1) dependence on the rare earth radius, also shifting to higher
Fig. 11. Raman spectra of M[Pc(@B17)s]2 (M = Pr, Tb, Tm) in the region of ~ €N€TAY along with the rare earth contraction. This is not sur-

500-1800 cmi! with excitation at 633 nm recorded on a few grains of the solid PriSing considering the blue-shifted trend of the Q absorptions
sample. at 658-689 nm in the same order.

Intensity (arb. units)




Table 2
Characteristic Raman bands (ch) of phthalocyanines for M[Pc(OgH17)]2 (M =Y, La—Lu except Pm and Dy =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 a636Pc 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 747Tm 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 =NGaza stretching
782w 780w 783w 783w 784w 783w 784w 784w 785w 785w 784w 787w 787w 787w =N @za 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-C pyr@le and benzene

=1t (9002) 0ST SM102Y K1ISTudy) uoyvuIp100) / v J2 Suvif °f

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 R
1504vs 1501vs 1506s 1507vs 1513vs 1515vs 1516vs 1519vs 1521vs 1521vs 1522vs 1524vs 1525vs 1527vs  Coupling of pyrrole attd aza
stretching

1600w 1599w 1599w 1597w 1599w 1597w 1596w 1594w 1597w 1596w 1594w 1597w 1599w 1590w Benzene stretching
a Shoulder band.

6EY



440 J. Jiang et al. / Coordination Chemistry Reviews 250 (2006) 424—448

1525
) M=T
= 1520 = "
£ S
Q A
‘%’1515- ,:_'Eu,
K]
£ 2 M=Tb
S 1510 @ =
c c
e 1 K]
] [=4
= 15054 =
\ M=Pr
1500 —T 1 1 1T 1T 71 T 17
96 98 100 102 104 106 108 110 112 114

T T T T T T T T T T T T
. = 600 800 1000 1200 1400 1600 1800
lonic radii (pm) Wavenumber (cm™7)

Fig. 12. Plotofwavenumber of the coupling of pyrrole and aza stretching scattes
ing of (A) M[Pc(OGgH17)g]2 and (B) M(Pc) at 1504—1527 crmt with excitation
at 633 nm as a function of the ionic radius of'M

ig. 13. Raman spectra of M(Bc)M=Pr, Tb, Tm) in the region of
500-1800 cmi* with excitation at 785 nm recorded on a few grains of the solid
sample.

As shown inFig. 11, the Raman spectroscopic frequen-
cies of the phthalocyanine core in M[Pc(gii7)g]> can be mpstpfthe pgndsfou.ndforthe other complexes, however the rel-
similarly assigned by analogy with those of unsubstituted coun@{ive intensities are different. For example, a strong band appears
terparts M(Pc). The spectra observed for M[Pc(@€:17)s]2 at1173 cnﬂfor Ce[Pc(OGH17)s]2 (Table 2 corresponding to
are even simpler than those of corresponding M{PThis _C—H bending, byt fqr the other complexes, only a weak band
is probably due to the fact that the excitation at 633nm gD the same region is observed. Moreover, the marker Raman
slightly further away from resonance with the main Q bandd?and of P&~ and [Pc(OGH17)s]*~ at 1499 and 1501 crt,
of M[Pc(OGsH17)s]2 (668—699 nm) than with those of M(Pc) _res_pecuvely, with coptnbunons from pyrroleC, aza GN apd _
and benefits the assignments of the frequencies. For instand@?'”d‘)'e stretches, is observed as the strongest scattering in the
unlike for the series of M (Pc), a very good linear corre- Raman spectra of Ce(Bcand Ce[Pc(OgH17)s]2. As noted
lation can be established between the frequency of the co@POVe, asimilar strong band due tdPand [Pc(OGH17)s]* "
pled pyrrole and aza stretching modes of! fPc(OGH17)s]2 _has been found to upshift to 1502-1509 and 1504-152%cm
at 1504-1527 cmt and the tervalent rare earth ionic radii, in the Raman spectra of ¥(Pc), and M" [Pc(OGH17)s]-.
as shown inFig. 12 In addition, the band positions of the
Pc breathing modes at 561-568 and 683—-686'Grthe G=N 5.2.2. Raman spectra of M(Pc); and M[Pc(OCsH;7)s]>
stretch at 782—787 cmi, the coupled EC pyrrole and benzene  with excitation by 785 nm laser [19]
stretching at 1312—-1322 cth and the isoindole stretching at ~ Strong fluorescence occurred when trying to record the
1400-1415 cm! show dependence on the rare earth ionic sizeRaman spectra of M(Pg)M = La, Ce, Lu) using excitation at
They all shift to higher energy along with the rare earth contrac785 nm, so these data do not appear. Using the excitation laser
tion as for their unsubstituted analogues. line at 785 nm that is far away from resonance with the Q absorp-
The tervalent yttrium double-deckers are noteworthy. Theionbands, as shown kfig. 13 the macrocyclic ring deformation
wavenumbers of some above-mentioned bands for botand ring radial vibrations between 500 and 1000¢érmn the
Y (Pc), and Y!" [Pc(OGsH17)g]2 deviate from the linear rela- Raman spectra of M(Pg)are selectively intensified. This is in
tionship established for the other tervalent rare earth complexegod accordance with the result of Ostendorp and Homborg
(for example, se@able 2, due probably to the intrinsic differ- [36]. The Pc breathing at 675-679 tfand the aromatic C—H
ence between yttrium and the lanthanides, namely the absena@gging at ca. 739 crt are the most intense bands. The band
of f electrons. This is also true for these two yttrium complexedocating at 1327-1329 cmt with medium intensity is assigned
when using laser excitation emitting at 785 nm. to the pyrrole GC stretching vibrations coupled with benzene
As can be expected from the previous studit?,13,18] C=C stretching vibrations and the weak one at about 1342'cm
both Ce(Pc) and Ce[Pc(OgH17)g]2 show different Raman to the isoindole stretching vibrations. Similar to those excited
spectroscopic characteristics from those of the rest of thaith 633 nmlaserline, the bands of the coupled pyrred€@nd
rare earth series, which is related to the different electroni@za G=N stretching vibrations in the region of 1507—-1521¢m
absorption spectra of these cerium complexes. As indicatedverlap to form a broad, unresolved envelope. The vibrations
above, both phthalocyanine rings exist as dianions in Ce(Pc)f M(Pc), at 675-679 cm® assigned to the Pc breathings, at
and Ce[Pc(OgH17)g]2, despite the valence state intermedi- 1407-1422 cm? attributed to the isoindole stretching vibra-
ate between Il and IV for the ceriun62]. These com- tions, and at 1508-1521 cth due to the coupling of aza and
plexes therefore differ from other analogues that have the formyrrole stretching vibrations are found to shift to higher energy
M(Pc2-)(Pd*~) [Pc = Pc, Pc(O@H17)g]. A comparison of the  along with the ionic radius contraction.
Raman spectra of Ce(R@nd Ce[Pc(OgH17)g]2 with those of Under the same laser line excitation of 785 nm, the Raman
the rest of the series shows that these cerium complexes contapectra for the octa(octyloxy)-substituted bis(phthalocyaninato)
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Fig. S4 (Supplementary datapmpares the Raman spectra
of three compounds M[PefOCsH11)4]2 for M=Eu, Y, and
M=Tm Lu under excitation by 633 nm light. As for the IR spectra, the
Raman spectra for M[PefOCsH11)4]2 appear relatively more
complicated than those of the homoleptic analogues M(Pc)
and M[Pc(OGH17)s]2. In addition, unlike the IR spectra, the
M=Tb Raman spectra of M[PefOCsH11)4]2 show different character-
istic appearances from those of M(Pc)[&¢0CsH11)4]2 under
the same laser line excitation, due to the difference in the Q
absorption between the two series of complgi6§. 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 §é¢iak
M[Pc(a-OCsH11)4]2 (M =Y, Pr—Lu except for Pm) show similar
Fig. 14. Raman spectra of M[Pc(@817)s]> (M=Pr, Tb, Tm) in the region of ~ spectroscopic characteristics with gradual change in their Raman
500-1800 crmi with excitation at 785 nm recorded on a few grains of the solid appearance. A|0ng with the decrease in the ionic size from Pr
sample. to Lu, the resolution in the Raman spectrum of double-decker

compounds gradually increasésd. S4 (Supplementary daja)
rare earth analogues M[Pc(@f17)s]> basically exhibit the [20]. This result is contrary to that for the Raman spectra of
same spectroscopic features as corresponding unsubstitutggpc)[Pce-OCsH11)4] [17].
counterparts M(Peg) (Table S2 (Supplementary dataiHow- With laser excitation at 633nm, which is nearly coinci-
ever, this time a systematic but rather more dramatic changgent with two of the three or four Q band absorptions of
can be seen in the appearance of the Raman spectra across pphthalocyaninato) rare earth complexes in the range of
series. Along with the decrease in the ionic size from La to Lug34-716 nm, vibrational bands in the range of 1300-1600'cm
the band at 1502-1528 cth contributed from the coupling of derived from isoindole ring stretching vibrations and the aza
the pyrrole and aza stretching vibrations gradually loses somgroup stretching are selectively intensified as expected. In the
intensity, changing from a very strong scattering for the light rargange of 1000-1300 cnd, there are several medium and strong
earth compounds to a medium and weak one for the heavy raggnds lying at 1109, 1161, 1177, 1239, and 1306%mwhich
earth complexes. In the same order, the band at ca. 1060 cm gre assigned to aromatic C—H bending. The wavenumbers of this
assigned to the C—H bendings in contrast gradually gains intefscattering are almost constant for the whole series of compounds.
sity to change from a weak band to an intense band. A similathe pyrrole breathing presents two bands in the region close to
change in the intensity of the latter band at ca. 1050%due 1138 and 1495 cmi-. The former one remains as a single peak
to the C—H bending was also observed in the Raman spectigith weak or medium intensity at ca. 1126—1140¢mwhereas
of M (Pc under the same laser line excitation. However, thehe |atter one overlaps with the aza stretching in the same region.
change in the intensity of the former band fol'NPcy was not  For M[Pc(-OCsH11)a]> when M = Pr and Nd, a broad band at
so significant. All these results can be clearly exemplified by1 500-1506 cm! is observed in which the aza stretching band in
the Raman spectra of the Pr, Th, and Tm complexes of the tWghepigher energy side appears as unresolved shoulder peak. For
series shown ifrigs. 13 and 14 the double-deckers M[P&{OCsH11)4]2> with M=Sm to Gd, a

When exciting the Raman spectrum of Ce[PcgBI€r)s]2  broad scattering at 1521-1524thcan be seen in which the
with the 785 nm laser |ine, similar to the case USing the 633 nr@yrro|e breathing band appears as an unresolved shoulder in
laser line, a Raman spectrum with different characteristics fronthe jower energy side. Along with the further decrease in the
those of the rest of the rare earth series was obtained. The intengéntral rare earth ionic size from Tb to Lu, two well-separated
band at 1498 cmt with contribution from both pyrrole €C and peaks at ca.1495-1500 and 1526—1530%mespectively, con-
aza G=N stretches together with isoindole StretChing VibrationStributed main|y from the pyrro|e breathing and aza Stretching,
is the marker Raman band of [Pc(H37)s]*~, which compares  were observed in their Raman spectra. It is noteworthy that the
with that of [Pc(OGH17)s]* ~ at 1502-1528 cm* inthe Raman  wavenumbers of the aza stretching band together with the bands
spectra of M' [Pc(OGgH17)s]2 under the same excitation. at 1393-1405 and 1409-1426thdue to isoindole stretching
vibrations show dependence on the rare earth radius.

Intensity (arb. units)

T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800
Wavenumber (cm™)

5.3. Raman spectra of M[Pc(a-OCsHjj)4]2 [20]
5.4. Raman spectra of M(Pc)[Pc(a-OCsHjp)4] [17]

Since the Raman spectra of M[leeQCsH11)4]2 recorded
with excitation at 785 nm were of poor quality, the Raman scat5.4.1. Raman spectra of M(Pc)[Pc(a-OCsHjj)4] with
tering of M[Pc-OCsH11)4]2 was described only for laser exci- excitation by 633 nm laser [17]
tation at 633 nm and their interpretations are proposed by anal- Characteristic Raman vibrational bands of the phthalocya-
ogy with the vibrational characteristics of bis(phthalocyaninatonine ligand in M(Pc)[Pa{-OCsH11)4] (M =Y, Sm—-Lu) have
metal derivatives, in particular M(Pc)and M(Pc)[Pcg-  been recorded under excitation by both laser lines, namely
OCsH11)4] [9,17,19] 633 and 785nmFig. S5 (Supplementary datapmpares the
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Raman spectra of three compounds M(Pc){POCsH11)4] for  with 633 nm laser line, the frequencies of the coupling of pyrrole
M=Sm, Dy and Lu under excitation by 633 nm light. The C=C and aza EN stretching vibrations at 1510 cth and the
spectra for M(Pc)[Pe(-OCsH11)4] seem to be relatively com- aza stretching in the region around 1520¢naverlap to form
plicated compared with those of M(Ba@nd M[Pc(OGH17)s]2 a broad band, which is further covered with another intense aza
[19] due to their relatively lower symmetry. By analogy with stretching vibration at 1523—1538 chand therefore appears as
their homoleptic bis(phthalocyaninato) rare earth counterparta broad, unresolved envelope in the range of 1509-1523 cm
[12,13,19]interpretations of vibrational characteristics forthese  Under 785 nm excitation, the vibrations at 676-681¢m
heteroleptic complexes have been propdd&dl assigned to the Pc breathings, at 1420-1428 and 1448—
Similar to the case of M[Pa¢OCsH11)4]2, with laser exci- 1455 cnt? attributed to the isoindole stretching vibrations, and
tation at 633nm, which is nearly coincident with two of the at 1509-1522 and 1523—-1538chdue to the coupling of aza
three Q band absorptions of bis(phthalocyaninato) rare earthnd pyrrole stretching vibrations are found to shift to higher
complexes at 616-630 and 645-662nm, peaks in the rangmergy along with the ionic radius contraction.
of 1300-1600 cm? are selectively intensified. In the range of
1000-1300 cm?, several weak or medium bands lying at 1103,
1161, 1175, 1103, 1214, and 1300chwhose wavenumbers > Raman spectra of MINc(tBus]z [14]
are almost constant for the whole series of compounds, ar

§£51. R t M|[Nc(tB ith excitation b
attributed to the aromatic C—H bending. Noteworthy again is th%33 . lzrsn;n[;%c ra of MNc(tBu)4] with excitation by

pyrrole breathing band at ca.1500 chawhich overlaps with the Fig. 15 compares the Raman spectra obtained with exci-

aza stretching vibration in the same region to form a broad banﬁi;ltion at 633nm of three com _

- pounds M[xB()4]> (M=Ce,
at 1499-1502 cm* for M(PC)[Pce-OCsHa1)4] from M=Sm 54 Lu), typical for the light, middle, and heavy rare earths,
to Th, in which the aza stretching band in the higher energy S'd?espectively. The observed Raman bands of naphthalocya-
appears as unresolved §Eoul<ier peak. Fpr lthg' dOUbIe'deCk?ﬁﬁe for M[Nc(Bu)4]> were also partially assigned by anal-
M(T;C)[PC@'O%H“)“] with M=Dy to Er inclu Ingrg, wo ogy with the Raman characteristics of bis(phthalocyaninato)
well-separated bands at 1506-1509 and 1513-1515 con- rare earth counterpaiftt2,13,19]and naphthalocyanine deriva-

tributed_mainly from the pyrrole and aza stretching Vibrations’tives [79-84] The naphthalene stretching vibrations around
respectively, were observed. Further decrease in the central r 92cnt! appear as the most intense band. The Nc breath-

earthionic size again induces the coalescence ofthesetwovibrﬁ)]-g mode in M[Nc(Bu)s]» appears as a weak band at ca
tions, i.e. the &C pyrrole and &N aza stretching vibrations. 681-684 cm, which gains intensity gradually from M= Ce
This time, the aza stretching seems to dominate the overlappgg | | and shows a trend to blue-shift slightly along with the

scattering, showing a broad band centered at 1525-1528 cm d - : :
N ecrease of rare earth radius. The pyrrole stretching gives two
for M(Pc)[Pce-OCsHa1)a] (M=Tm, Yb, Lu), and the weak oo ot ca 1154 and 1500ch The former one remains

pyrrole stretching vibration is covered in the lower energy nchanged at ca. 1154 chas a single weak peak whereas
iff Oidthlls br?ad scgattermcgi]aTwo .baf‘dds Iat 141751425ba”ﬁ1e latter one seems to be blue-shifted along with the rare
. 5-145lcm-areo Servec ue tolisoindole stretching vibra-g , vy ¢ontraction. This latter peak overlaps with the aza stretch-
tions. All the three bands discussed above show dependenﬁgg vibration at ca. 1520 crt and thus appears as a shoulder
on the rare earth radius. Actually, a systematic change coullq)% M[Nc(Bu)a] from M=Ce to Tm. Only in the spectra

ﬁ/llsg bePseercl)in tl_r|1e ove;:eltll appge;]rarr:ce dOf the Rgmarr: Spe?tracﬂ the smallest rare earth bis(haphthalocyaninato) compounds
(PC)[Pc-OGsH11)4]. Along with the decrease in the ionic [Nc(7Bu)s]2 (M= Yb, Lu) is this vibration apparent as a well-

3|zebflror&1 Slin to Lu, the Criesolugonllln ;he Raman sgegtrum %eparated band at 1512 and 1513¢énrespectively. The sen-
ouble-decker compounds gradually ecreabig S5 (Sup- sitivity of this vibrational mode to the central metal radius in
plementary datd) This trend is just in contrast to that observed

for the Raman spectra excited with 785 nm laser line as shown

in Fig. S6 (Supplementary dataand to that observed for
the homoleptic counterparts M[RcOCsH11)4]2 when excited
with the 633 nm laser lin20]. - M=ty
c

5.4.2. Raman spectra of M(Pc)[Pc(a-OCsH 1)4] with _;
excitation by 785 nm laser [17] s M= Gd

Using excitation at 785 nm whose wavelength is far away 2
from resonance with the Q absorption bands of M(Pc)iPc( g
OCsH11)4], as shown inFig. S6 (Supplementary datathe £
macrocyclic ring deformation and ring radial vibrations between M= M
500 and 1000cm are selectively intensified. This is in = = . . .
good accordance with the Raman characteristics of homolep- 400 600 800 1000 1200 1400 1600 1800
tic bis(phthalocyaninato) rare earth analog[%36] The Pc Wavenumber (cm-1)

breathing at 676-681 cm and the aromatic C—H wagging at Fig. 15. Raman spectra of M[N&u)s]2 (M= Ce, Gd, Lu) with excitation at
ca. 745 cm! are the most intense bands. Similar to those excite®33 nm recorded on a few grains of the solid sample.
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the complexes suggests that it must contain significasitl C
aza character and therefore is assigned to the coupling of pyr-
role G=C and aza €N stretches, which is consistent with the

point of Melendres on the same vibrational mode of phthalo- 2 m=to
cyanine derivative$87]. The weak bands in the region from 5
400 to 1000 cm! are assigned to the ring radial vibrations of £
the isoindole moieties and the naphthalocyanine macrocycle. ; M=Gd
One of these at 750 cnt 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 M=Ce
684 cnm ! due to the Nc ring breathing.
The bands with weak and medium intensity observed in the — T T T T T
1050-1280 cm? region are attributed to the in-plane naphthalo- 400 600 80O 1000 1200 1400 1600 1800
. ; . : . . . . Wavenumber (cm™)
cyanine C—H bending vibrations. The remaining vibrationsinthe
range of 1320-1650 cnt are isoindole, aza group, and naph- Fig. 16. Raman spectra of M{N&u)a]» (M= Ce, Gd, Lu) Lu with excitation
thalene stretches. In this group, except for the above-mentionexd 785 nm recorded on a few grains of the solid sample.
band at 1503-1513 cn derived from the coupling of pyrrole
C=C and aza €N stretches, the €N aza group stretch exhibits tively intensified. This is in good accordance with the Raman
a weak shoulder band at ca. 1515¢nfor Ce[Nc¢Bu)s]» and  characteristics of bis(phthalocyaninato) rare earth analogues
a weak separated band at 1524 ¢énfor Lu[Nc(:Bu)s]o. The  [19]. The Nc breathing at ca. 682 cthand the aromatic C—H
most intense vibration at ca. 1592 thand a very weak shoul- wagging at ca. 738cnt are the most intense bands. The
der at ca. 1625 cmt are assigned to the naphthalene stretcheitense band due to the naphthalene stretches around 15942 cm
in M[Nc(zBu)s]2 (M =Y, Ce—Lu except Nd and Pm) by analogy under 633 nm excitation is absent, whereas the vibration at ca.
with those of bis(phthalocyaninato) rare earths and monomerit637 cnt ! remains as a very weak band. Similar to those excited
naphthalocyaninato-metal compouifiti3,13,19,21]Inour pre-  with 633 nm laser line, the wavenumbers of the coupling of pyr-
liminary and previous report on the Raman spectra of sevrole G=C and aza EN stretches at 1508 cm and the aza stretch
eral double-deckers M[NdBu)4]», we tentatively assigned the in the region above 1520 cm overlap to form a broad band.
intense band at ca. 1370cto the pyrrole vibration12]. For the bis(naphthalocyaninato) complexes of larger rare earths
However, according to its appearance with a shoulder at cauch as Ce and Pr, the contribution from coupling of pyrrole
1340 cnt! and the sensitivity of this wavenumber to the natureC=C and aza EN stretches dominates and the two overlapped
of the rare earth ion, we now revise our assignment of thevibrations show a broad weak band at 1508 and 1507¢cm
broad band centred at 1364-1369¢mand attribute it to the respectively. For metals heavier than Sm, the appearance of the
overlapped vibrations of the naphthalene stretching with somewo overlapped vibrations is dominated by the contribution of the
contributions from the pyrrole stretching vibrations. This hasaza stretches and a relatively intense and broad band shifts from
been verified by the corresponding characteristics of the sanE512 cnt for Sm[Nc¢Bu)4]» to 1524 cnt for Lu[Nc(rBu)g] .
band in M(OEP)(Nc]15]. Obviously, the application of the 785 nm laser line makes the
Under excitation at 633 nm, the vibrations at 681-684tm intensity of this vibration stronger than using the 633 nm laser
assigned to the Nc breathing, 1357-1361¢éntue to the line and its frequency is clearly also dependent on the size of the
naphthalene stretching vibrations, 1409—-1415tmttributed  metal ion. The broad, weak band locating at 1357-1361%cm
to the isoindole stretching vibrations, and 1517-1530tm is assigned to the overlapped vibrations of pyrrole and naphtha-
contributed from the aza stretching vibrations in the Ramarene stretching vibrations by analogy with those under 633 nm
spectra of M[Nc{Bu)s]» shift slightly to higher energy along excitation.
with the decrease of rare earth radius. A vibration in the range Under 785nm laser line excitation, the vibrations at
of 849-854cm?! seems also to show such a trend, shifting681-685 cm! assigned to the Nc breathings, 1357-1361¢tm
slightly from 849cnm® for Ce[Nc¢Bu)s]> to 853cnt! for  due to the naphthalene stretching vibrations, 1409-1413cm
Lu[Nc(rBu)4]2. It seems that the present results support Shurvelttributed to the isoindole stretching vibrations, and
and Pinzut[71] and Janczalg88] who associated the band inthe 1517-1530cm! contributed from the aza stretch in the
range of 810-830 cnt with the metal-ligand vibration. Any- Raman spectra of M[Nc(:Bu)s]» are shifted to higher energy
way, more theoretical and experimental efforts are necessary tdong with the ionic radius contraction. A linear correlation
make clear assignment of the frequencies in the region from 808xists between the wavenumber of the aza stretching vibrations

to 900 cnt! to the metal-nitrogen vibration. at ca. 1530cm! and the tervalent rare earth ionic radii, as
shown inFig. S7 (Supplementary data)s can be seen from

5.5.2. Raman spectra of M[Nc(tBu)4]» with excitation by this figure, the datum for Ce fits well with the linear relationship

785 nm laser [14] established between the ionic radius df'Nnd the frequencies

Using excitation at 785 nm, as shownhiyg. 16 the macro- of the aza stretching vibrations, demonstrating the tervalent
cyclic ring deformation and ring radial vibrations between 400valence state of cerium in Ce[NBu)4]> from the Raman
and 900 cm in the Raman spectra of M[Nd§u)4]» are selec-  spectroscopic viewpoint.
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of the Raman spectra of M(TCIPP)(Pc) to those of respective
M = Ho M(Pc) [12,19]excited at the same frequency, undoubtedly ver-
ifies the dominant contribution from the phthalocyanine ring

to the Raman spectra of M(TCIPP)(Pc). Groups of character-
istic phthalocyanine vibrations have thus been similarly distin-
M =Sm guished and attributefd 8].

According to our theoretical resear¢@9-41] the weak
band at about 570 cnt and medium intense scattering at ca.
M=Ce 800cnT?! are assigned to the central macrocycle (Pc) breath-
ing vibrations. The intense band at 1340¢is contributed
from the G=C stretching of the pyrrole groups and the©
bonds of the benzene rings, also according to our calculations.
The medium intense vibration at ca. 1307—1318 émlso con-
tains the contribution from stretching vibrations of both the
Fig. 17. Raman spectra of M(TCIPP)(Pc) (M=Ce, Sm, Ho) with excitation C=C bonds of pyrrole rings and the=C bonds in the benzene
633 nm recorded on a few grains of the solid sample. rings.

We now move to the cerium compound Ce(TCIPP)(Pc), in
which both the porphyrin and phthalocyanine rings exist as dian-
ions despite the XANES results suggesting a valence state inter-
As was noted in the previous work of Tran-Thi et me.diate between and_ IV for the cerid®R]. T_his compour!d,
al. on the mixed (porphyrinato)(phthalocyaninato) analogue%vhICh can bestbe described as Ce(TCIRRPC™), showsaFilf-

erent Raman spectrum from those of the rest of the series. The

M(TPP)(Pc)[38], the Raman spectra of these mixed ring rare | imilarity in th b Ce(TCIPPY(PC) displaved
earth compounds are dominated by the phthalocyanine contrf-°S€ SiM! arity in the spectra between Ce( )(Pc) displaye

bution when exciting laser line of 1064 nm is employed. This'" Fig. 17 an_d Ce(Pg) [19] und_er the same I_aser excitation,
g ploy 633 nm, again reveals the dominant contribution &P the

is also true for complexes M(TCIPP)(Pc) under the excitation A
using laser line of 633 and 785 nm because the phthalocyanife? 'a" charagtenstlcs of Ce(TCIPP)(Pc). The marker Rama”
g b 4 nd of P& in the Raman spectrum of Ce(TCIPP)(Pc) is

Q absorption bands located near 670 nm are in closer resonan £ d at 1492 ¢t as the st ¢ ttering. This is i
with the laser source than are the porphyrin Q bands at cgpserved a cht as the strongest scatiering. This 1S in

trong contrast to the very weak *Pcmarker Raman band
550 nm, and the latter are only one-tenth as strong as the for; .
mer 4 g observed for M'(TCIPP)(Pc) at 1510-1519 cmh. It is worth

Figs. 17 and 1&ompare the Raman spectra for two terVa_mentioning that the Pc marker Raman band of Ce(TCIPP)(Pc)

1 . . .
lent rare earth compounds M(TCIPP)(Pc) (M = Sm, Ho) togethef”lt 1492 cnm! downshifts about 8 cm!t compared with that in

with that of Ce(TCIPP)(Pc), obtained with excitation at 633 andce(PC) but corresponds well with that in the triple-deckers
785 nm, respectively. The spectra with excitation at both wave'—VIZ(F)Or)Z(PC)_"’_mOI M(Por)(Pc) [12]. .
lengths display similar features in the region of 500-1600tm When exciting the R_aman spectrum of Ce(TC_IPP)(Pc_) with
for the whole series of tervalent rare earth double-deckers fro 85_’””‘ laser line, the intense band at 151 &with contri-
M =La to Lu because of the similar electronic absorption char- gtlo_n ffom both pyrrple QC and aza N stretches together
acteristics of M!'(TCIPP)(Pc) (M=Y, La—Lu except Ce and with |s_c>|nd0]e stretchmg vibrations is the ma_rker Raman band
f P, which upshifts 19 cm! compared with the band at
492 cnt! under excitation at 633 nm.

Intensity (arb.units)

T T T T T T T T T T T T
600 800 1000 1200 1400 1600 1800
Wavenumber (cm-)

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

Pm) [50]. The close resemblance of the characteristic feature

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

As was noted above (Sectiobd and 5.5, the Raman spectra
of the mixed (porphyrinato)(phthalocyaninato) rare earth com-
pounds are dominated by the phthalocyanine contribution when
exciting laserlines of 1064, 633, and 780 (785) nm are employed.
It is thus reasonable to conclude that the Raman spectroscopic
patterns of M(OEP)(Nc) as well as M(TBPP)(Nc) are also dom-
M=Ce inated by the contributions from naphthalocyanine due to the
location of the naphthalocyanine Q bands at even longer wave-
length (around 780 nm) than those of phthalocyanine.

Figs. S8 and S9 (Supplementary datajnpare the Raman
spectra of four compounds M(OEP)(Nc) (M =Ce, Pr, Gd, Yb)

Wavenumber (cnt’) under excitation by 633 and 785nm light, respectively. The

Fig. 18. Raman spectra of M(TCIPP)(Pc) (M=Ce, Sm, Ho) with excitation assignments given for the observed Raman frequencies are
785 nm recorded on a few grains of the solid sample. restricted to characteristic fundamentals based on the normal

Intensity (arb. units)

T T T T T
600 800 1000 1200 1400 1600 1800
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modes for phthalocyaninato, naphthalocyaninato, and especially 1545

bis(haphthalocyaninato) metal derivatijég,14,30] |
The Raman spectra with excitation at 633 and 785nm 1540 -

display similar features in the region of 450—1650¢nfor =

the whole series from M=La to Lu, suggesting as expected g 1535 J

that the electronic structure of the Nc fragment in this series 5

of double-decker compounds is similar. The close resem- £ 1530

blance of the characteristic features of the Raman spectra of E

M'""(OEP)(Nc) to those of respective "MNc(:Bu)s]o [14] g oo

excited at the same frequency again verifies the dominant contri-
butions from the naphthalocyanine ring to the Raman spectra of
M(OEP)(Nc). 1520 — T T T T T T
The cerium complex Ce(OEP)(Nc), in which the naphthalo- % 100 Im‘f d.1.08 nz 118
cyanine ligand exists in the dianion form X¢ shows anoma- onic radii (pm)
lous spectroscopic data when compared with those of the reBtg. 19. Plot of wavenumber of the =N aza stretching scattering of
of the series. Therefore, it is reasonable to attribute the Rame{WTBPP)(NC) with excitation of 633 nm as a function of the ionic radius of
M. The points for C& (97 pm) and C¥ (114 pm) are shown with open
characteristics of Ce(OEP)(Nc) mainly to%c This is also the Squares
case for Ce(TBPP)(Nc) (see belojtf]. 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 As mentioned above, it has been verified for Ce(TBPP)(Nc)
frequencies found in the other complexes, the relative intensihat the naphthalocyanine ligand can be regarded as the dian-
ties are clearly different. For instance, a strong band appeaien N2~ [62]. However, the Raman spectroscopic features of
at 1398 cnt? for Ce(OEP)(Nc) Fig. S8 (Supplementary daja) Ce(TBPP)(Nc) with excitation at 633 nm laser line seem quite
corresponding to isoindole stretching, but for the other comsimilar to those of the rest of the series. This appears difficult to
plexes, only a weak band at about 1400¢nis observed. understand atfirst glance as significant differences exist between
The Raman spectra of M(OEP)(Nc) (M= Ce) exhibit intense  the Raman characteristics of MOEP)(Nc) and Ce(OEP)(Nc)
naphthalene stretching at ca. 1598¢dntogether with a very under the same laser line excitati¢h5] but can be ratio-
weak shoulder around 1625ci while in Ce(OEP)(Nc) nalized by the quite similar electronic absorption features of
the most intense peak is observed at 1550%nwhich is  Ce(TBPP)(Nc) and M (TBPP)(Nc) especially in the region of
assigned to the naphthalene stretching vibration. Moreove600-700 nnj56,62] The marker Raman scattering ofNadue
a broad and weak band centered at 1507trm the spec- to the isoindole stretching vibrations is shown as a relatively
trum of Ce(OEP)(Nc) is attributed to the coupling of pyrrole intense vibration at 1493cnt in Ce(TBPP)(Nc). For other
C=C and aza €N stretches overlapped with the isoindole complexes of tervalent rare earths in this series from Lato Lu, a
stretches of naphthalocyanine dianion by comparison with thenedium intensity, relatively broad band assigned to the coupling
Raman characteristics of MOEP)(Nc) and M'[Nc(rBu)s],  of pyrrole and aza stretches was found at relatively higher energy,

[14]. 1496-1507 cm?, which is actually a good marker Raman band
of Nc*~ in M"(TBPP)(Nc). The other marker Raman band of
5.8. Raman spectra of M(TBPP)(Nc) [16] Nc*~ due to the aza group stretches appears as a weak broad

peak at 1522 cm! for La(TBPP)(Nc), which moves to higher

The Raman spectra for M(TBPP)(Nc) have been recordednergy along with the rare earth contraction, to 1542 tifor
under excitation by 633 and 785 nm light, respectively. Thred.u(TBPP)(Nc). This peak should also have some contribution
groups of characteristic naphthalocyanine vibrations could bé&om the naphthalene stretching according to its broad appear-
clearly distinguished and the assignments for Raman spectrance with a shoulder in the higher energy side. It is significant
scopic frequencies of naphthalocyanine in M(TBPP)(Nc) arghat neither 97 pm (ceriumionic radius in C@or 114 pm (ter-
made based on the work of M[N&u)4]2 and M(OEP)(Nc) valentcerium ionic radius) places the frequency of the aza group
[14,15] stretch of Ce(TBPP)(Nc) on the linear relationship found for the

As expected, the Raman characteristics of M(TBPP)(Nc) art"' (TBPP)(Nc) Fig. 19. This result is entirely in agreement
quite similar to those of M(OEP)(N¢#0] with the same excita- with that derived from electronic absorption and electrochemical
tion. The slight shifts in corresponding vibration frequencies incharacteristics of this compound, confirming the intermediate
the Raman spectra of M(TBPP)(Nc) and M(OEP)(Nc) are easilwalence state of cerium in Ce(TBPP)(N62].
attributed to the slightly different ring—ring interaction between Under excitation at 785nm, in the Raman spectrum of
the naphthalocyanine and different kinds of porphyrin ligand inCe(TBPP)(Nc), the marker Raman peak ofNat 1497 cn®
the two series of compounds. The close resemblance of the chatue to the coupling of pyrrole-€C and aza €N stretches is the
acteristic features of Raman spectra of M(TBPP)(Nc) to thosstrongest Raman vibration. The Ncmarker Raman band due
of the respective M[NeBu)s]» excited at the same frequency, to the same vibrational modes in the spectra 8f(WBPP)(Nc)
again verifies the dominant contributions from the naphthaloblue-shifts to 1506—1509 cm and appears as aweak or medium
cyanine ring to the Raman spectra of the former series. strong band.
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6. Theoretical calculations on the IR spectra of tra of metallophthalocyanines, giving additional support to this
phthalocyanine derivatives [39—41] assignment.
The other troublesome absorptions are the metal-ligand

As noted above, assignments of the phthalocyanine vibravibrations. There is no doubt that the band at 810—-830'dior
tional bands had been made mainly from empirical comparisometallophthalocyanines, that is absent in metal-free phthalocya-
of experimental results among related compounds. These empirine, should be assigned as the metal-ligand vibration. This is
ical assignments depending on the simple comparison methadso in line with our calculation results. According to the calcula-
unavoidably lead to some doubtful assignments. To try to obvitions, two degenerate vibrations predicted at 792.2%which
ate this problem and to assist the assignments of the vibrationate considered to correspond to the band at 810-8308 amthe
bands in the spectra of phthalocyanine-containing sandwich ral&® spectra of M(Pc), are found to include M—N stretching and
earth complexes, theoretical studies are thus necessary, by appieindole breathing and deformation. Corresponding vibrational
cation of quantum chemistry calculations. modes for the metal-free phthalocyaningRd are predicted at

Recently, we have conducted theoretical investigations of th&71.0 and 775.3 crt [39]. However, the problem arises from
fully optimized structures and electronic properties of metal-freehe band at 888—-919 cmin the IR spectra of a series of metallo-
porphyrazine, phthalocyanine, and naphthalocyanine as well gghthalocyanines M(Pc) (M=Fe, Co, Ni, Cu, Zn, Pd, and Pt),
their magnesium complexes based on density functional theomyhich Kobayashi et al. attributed to the metal-ligand vibra-
[41]. The infrared frequencies and intensities gfd, D,Pc,and  tions[77]. Kenn and Malerbi also assigned the similar IR band
MgPc were further calculated using the 6-31G(d) basis set at that 918 cn® for Pt(Pc) and the axially chloro-coordinated pal-
density functional B3LYP leve]39,40] Through comparison ladium phthalocyaninato compound Pd(Pc)Cl to metal-ligand
between the calculation results and experimental data, detailadbration[78]. Clarisse and Riou, and Janczak observed similar
assignments of N—H and N-M related vibrational modes are thugibrations at 886 cm! for Lu(Pc) and In(Pc) [72,88] How-
reached and some previous problematic assignments have bearer, the observation of the IR band at 874 ¢rfor H,Pc makes
clarified. the attribution of these bands to metal-ligand vibrations contro-

For instance, the most intense band at 1005tin the IR versial [39]. On the basis of our calculations, the degenerate
spectrum of HPc has been regarded as a characteristic band efbrational modes predicted at 873.2cthwhich are consid-
the metal-free HPc and used as an effective marker to check thesred to correspond to the peak at 886-919tmbserved in
purity of synthesized metallophthalocyanine complej&d.  the IR spectra of M(Pc), have also been found to include M—N
This band was usually assigned to the N—H in-plane bendingtretching and in-plane bending vibrations and isoindole defor-
(IPB) or out-of-plane bending (OPB) mode as a result of com+mation. This confirms the previous assignment of Kobayashi et
paring the IR spectra between metal-free phthalocyanine aral. and Kenn and Malerbi that the absorption at 888—919'cm
its metal derivativeg71,72,77,88,89] According to our cal- is due to the metal-ligand vibratiofi&7,78] These two degen-
culated results of bPc[39], the vibrational mode that shows erate vibrational modes predicted at 873.2¢rfor Mg(Pc) are
the strongest absorption predicted at 1023 ¢rahould con-  found to correspond with the modes predicted at 857.7 and
tribute to the absorption band at 1005chin the IR spectrum  822.4cnt?! for HyPc, respectively. The intensity of the mode
of HyPc. The similar vibration mode fordPc was predicted at predicted at 857.7 ¢t for HoPc is much higher than that pre-
1022 cnm ! with similar intensity. These results agree very well dicted at 771.0 cmt, thus a band was observed at 874¢m
with the conclusion of Sammes that the band at 1005'%cwas  instead of at ca. 810 cnt in the IR spectrum of bPc. It is thus
not affected either in position or in intensity upon deuteriationclear that both the bands at 888—-919 and 810-830dmthe
of the central protons in #Pc[90]. With the assistance of ani- IR spectra of M(Pc) include M—N vibration, but vibration of the
mated pictures, the C-N (pyrrole) in-plane bending vibrationssoindole units contributes to the appearance of the 874cm
at the two pyrrole rings which do not contain N—H bonds wereband of BPc.
found to play an important role in this vibration mode. As forthe  As detailed in the above-described IR spectroscopic charac-
N-H in-plane bending mode previously assigretbirically,  teristics for the bis(phthalocyaninato) rare earth compl§gs
these are predicted at 1031 thfor HoPc and 946.4cm! for  the band at 876-887 cmh of M(Pc), was found to be metal
D,Pc, respectively, according to our calculation results. Corsize dependent. This gives further experimental support to the
responding bands at 1043 and 961¢nin the recorded IR  above-discussed assignment for this vibrational mode.
spectra of HPc and DBPc, respectively, should be assigned
to this vibrational mode. On the basis of the present calcula?. Conclusion
tion results, we therefore re-assign the band at 1005'cim
the IR spectrum of BHPc to the C—N (pyrrole) in-plane bend-  The IR and Raman spectra for several series of homoleptic
ing mode rather than N—H vibrations. Theoretical studies obis(phthalocyaninato), heteroleptic bis(phthalocyaninato) and
the IR spectrum of Mg(Pc) revealed that the vibration modéris(phthalocyaninato), homoleptic bis(naphthalocyaninato),
at 1044 cmv!, which is doubly-degenerate in nature, derivesmixed (porphyrinato)(phthalocyaninato), and mixed (porphyri-
from the coupling of C—N (pyrrole) in-plane bending mode nato)(phthalocyaninato) complexes of the whole series of
predicted at 1023 cm and the N—H in-plane bending mode rare earth metals have been comparatively and systemati-
predicted at 1031 cmt for HyPc [40]. This clearly explains cally studied. The assignments of the vibrational bands of
the disappearance of the band at 1005¢rn the IR spec- (na)phthalocyanines in these complexes have been proposed on
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the basis of comparison with related monomeric phthalocyaningg] M. Bao, R. Wang, L. Rintoul, Q. Liu, D.P. Arnold, C. Ma, J. Jiang,
compounds and assisted by quantum chemistry calculations. The Polyhedron, in press. _ _
results reveal that the frequencies of pyrrole stretching, isoin2% M- Bao, R. Wang, L. Rintoul, D.P. Amold, J. Jiang, Vib. Spectrosc., in
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