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bstract

A series of cationic lanthanide(III) monoporphyrinate complexes of the general formula [Ln(Por)(H2O)3]Cl (Ln = Yb3+ and Er3+;
or = porphyrinate dianion) were prepared via the protonolysis of Ln(NR2)3 with porphyrin free bases (H2Por). An unexpected neutral oxalate-
ridged Yb porphyrinate dimer [Yb(Por)(DME)]2(�–�2:�2–O2CCO2) was isolated and structurally characterized by X-ray crystallography when
he protonolysis was carried out in an atmosphere of carbon dioxide. The coordinated aqua molecules of the cationic porphyrinate complexes
re very labile and can be easily displaced by good donor solvents such as DMF or anionic tripodal ligand L2X− (L2X− = LOMe

− and Tp
H−) to

orm the neutral complex [Ln(Por)(Cl)(DMF)2] or [Ln(Por)(L2X)], respectively. [Yb(Por)(H2O)3]Cl underwent dimerization to give the dimer
Yb(Por)(�-OH)(H2O)]2 when dissolved in basic solution and [Yb(Por)(�-Cl)(H2O)]2 in dilute HCl solution. Furthermore, [Yb(Por)(H2O)3]Cl
ehaves as a living catalyst for the cyclotrimerization of phenyl isocyanate to l,3,5-triphenyl-s-triazin-2,4,6-trione. Photoluminescence studies
howed that the porphyrinate dianion, acting as an antenna, sensitized Ln3+ (Ln3+ = Nd3+, Er3+ and Yb3) ion emission in the near-infrared region,

nd that [Ln(TDPAPP)(LOMe)] complexes exhibited excellent optical limiting capability. Protonolysis of Ln(NR2)3 with N-confused porphyrin free
ases (H2NCP) followed by the addition of the encapsulating tripodal anion, LOMe, gave lanthanide(III) N-confused porphyrinate complexes of the
eneral formula [Ln(NCP)(L )] (Ln = Yb3+ and Er3+; NCP = N-confused porphyrinate dianion), whose X-ray structures revealed an �2 agostic
OMe
nteraction between the metal center and the inner C–H bond of the NCP lig
2007 Elsevier B.V. All rights reserved.
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. Introduction

Porphyrin undoubtedly represents one of the most widely
tudied of all known macrocyclic ring systems [1]. Interest in this
aturally occurring tetrapyrrolic macrocycle is broadly based
nd derives in part from its multiple biological functions as well
s its ability to function as an excellent metal-complexing ligand.
etalloporphyrins comprise an important class of molecules

hat serve nature in a variety of ways. They are the active sites
f numerous properties whose functions range from oxygen
ransport and storage (hemoglobin, myoglobin), electron trans-
ort (cytochrome c oxidase) to energy conversion (chlorophyll)
2–4]. Indeed, there are few compounds found in nature which
an compare with the diversity of biochemical functions exhib-
ted by metalloporphyrins [5]. Additionally metalloporphyrins
ave proven to be efficient catalysts for polymerization of olefin
6], alkane hydroxylation [7], olefin epoxidation [8] and cyclo-
ropanation [9]. Therefore, porphyrin complexes of the main
roup metals, transition metals, especially of the late transition
etals have been continued to attract the attention of researchers

or over 50 years [10,11].
Lanthanide(III) porphyrinate complexes were first reported in

974 [12]. Initially, the desirable qualities of the heme moiety
rigid, well-defined structure, tight binding site in proteins and
esistance to demetallation) and the propitious electronic and
agnetic properties of trivalent lanthanide ions were chosen to

e combined in an effort to develop a potent new dipolar NMR
robe for use in biological systems [13], and this work opened
p a new area of macrocyclic ligand chemistry of these elements.
he general preparative methods of lanthanide monoporphyri-
ate complexes employ the treatment of Ln(acac)3·xH2O
acac = acetylacetonate) with porphyrin (H2Por) in high boiling
olvent 1,2,4-trichlorobenzene (TCB) at 220 ◦C for 3–4 h, which
ives the product [Ln(Por)(acac)] in 10–30% yields [14]. This
ethod limits the choice of anionic axial ligand as the coor-

inated diketonates are difficult to displace. The coordinated
iketonates can be replaced in subsequent reactions, but high
oiling solvents are again required and low isolated yields are
ypical. For example, by refluxing [Ce(Por)(acac)] with H2Por
n TCB, [Ce(Por)2] and [Ce2(Por)3] were isolated [15]. Thus,
ost of the works were on the synthesis, characterization and

roperties of lanthanide(III) homo- and hetero-leptic porphyri-
ates [15,16], and porphyrin-phthalocyanine heteroleptic [17]
ouble- and triple-decker sandwich complexes.

Currently, there is a great interest in the luminescent proper-
ies [18–23], and energy transfer mechanisms [24,25] of Er3+,
b3+ and Nd3+ polydentate complexes. These lanthanide(III)

ons which emit in the near-infrared (NIR) region, a region
here biological tissues and fluids are relatively transparent,
ave potential for chemosensor and fluoroimmuno essays appli-
ations. Direct excitation of lanthanide ions is difficult because
f the forbidden nature of their electronic transitions [26]; how-
ver, indirect excitation of an organic chromophere (antenna)

ith close interaction with lanthanide ions can make the energy

n the triplet state of the ligand transferring efficiently to the
xcited state of the lanthanide ion and sensitize lanthanide ion
mission [27]. So, the design of molecular systems with bind-

(
l
c
e
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ng ability and photosensitizing properties for the construction
f efficient photoluminescent lanthanide complexes is the key
ssue of this active area of research. A number of NIR emitting
anthanide complexes have been reported that have visible light
bsorbing antennas [28]. Some examples of these sensitizers
hat absorb in the visible region of the electromagnetic spec-
rum are fluorescein [23a,29], lissamine [30], porphyrin [31],
errocene and ruthenium complexes [32]. The ability of por-
hyrins to accumulate in malignant tumours, to absorb strongly
n the UV–vis region and be efficient photo-sensitizers [2] has
ade lanthanide(III) porphyrinate complexes ideal candidates

or luminescence imaging agents. The use of Yb3+ monopor-
hyrinate complex as luminescence contrasting agent was only
riefly studied [20].

As the acac anion of [Ln(Por)(acac)] complexes was very
ifficult to be displaced by other molecules under mild con-
itions, it was very unfavorable for the modification of final
roducts. Therefore, the luminescent properties and application
f these lanthanide ions in porphyrinate dianion coordinated
omplexes were not fully explored. Recently, [Ln(Por)(acac)]
ave been used to extract zwitterionic amino acids and applied
n CD chirality sensing [33]. The photovoltaic properties
nd charge transfer process of [Dy(TATBP)(acac)] complexes
H2TATBP = meso-tetraalkyl-tetrabenzoporphyrin) were inves-
igated by surface photovoltage spectroscopy, which reveals
hat these ligands and complexes are all p-type semiconduc-
or [34]. Application of [Ln(Por)(acac)] complexes (Ln = Er3+,
b3+ and Nd3+) as emitting materials in NIR light-emitting
iodes (LEDs) has also been reported [35]. Synthetic routes
or the preparation of lanthanide monoporphyrinate com-
lexes with non-diketonate anionic axial ligands have been
eveloped in recent years. Lanthanide-alkyl monoporphyrinate
omplex [Ln(OEP)(R)] [H2OEP = octaethylporphyrin; Ln = Lu,
; R = CH(SiMe3)2] was prepared via the protonolysis of
nR3 with H2OEP in toluene [36], and lanthanide-halide
onoporphyrinate complexes [Ln(Por)(X)(S)] [X = Cl or I;
= dimethoxyethane or bis(2-methoxyethyl) ether] either via

he protonolysis of LnX[N(SiMe3)2]2 with H2Por or the inter-
ction of LnX3(THF)4 with porphyrinate dianions Li2(Por) [37].
n this review, we will summarize our efforts on the studies of
he preparation, structural characterization, reactivity and NIR
hotoluminescence of lanthanide(III) monoporphyrinate com-
lexes.

. Synthesis and reactivity of cationic lanthanide(III)
onoporphyrinate complexes

.1. Synthesis and structure

Treatment of an excess amount of Ln[N(SiMe3)2]3·
[LiCl(THF)3] (Ln = Yb3+, Er3+ and Y3+), generated in situ
rom the reaction of anhydrous LnCl3 with three equivalent
f LiN(SiMe3)2 in tetrahydrofuran, with porphyrin free base

H2Por) in refluxing bis(2-methoxyethyl) ether for 48 h fol-
owed by work up in air gave the cationic monoporphyrinate
omplexes [Ln(Por)(H2O)3]Cl in high yield (Fig. 1) [38]. How-
ver, the above synthetic route did not work for lanthanide
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Yb3+) complexes were ascertained by X-ray crystallogra-
phy and are isomorphous [38a]. A perspective drawing of
[Yb(TMPP)(H2O)3]Cl is shown in Fig. 3. Crystal structure anal-
yses revealed that the lanthanide(III) ions are octa-coordinate,
Fig. 1. Synthetic scheme for the cationic

ons with large ionic radius. For instance, with lighter lan-
hanide ions, such as Nd3+ which has a larger ionic radius, the
Nd(Por)(H2O)3]Cl complex which was only observed spec-
roscopically, was rather unstable and decomposed rapidly via
e-metallation to re-generate the porphyrin free base upon expo-
ure to air and moisture.

The [Ln(Por)(H2O)3]Cl (Ln = Y3+, Er3+ and Yb3+) com-
lexes are stable in air and in most organic solvents, and can
e purified by column chromatography. Their electronic absorp-
ion spectra are characteristic of normal metalloporphyrins [13]
nd are similar to those of the cationic lanthanide monopor-
hyrinate complexes [Ln(TMPyP)(acac)]I4 [Ln = Sm3+, Eu3+,
d3+ and Tb3+; H2TMPyP = tetrakis(N-methylpyridinium-4-
l)porphyrin tetra-cation] [39]. Fig. 2 shows the typical
V–vis spectra for [Yb(TMPP)(H2O)3]Cl and tetrakis(p-
ethoxyphenyl)porphyrin (H2TMPP) in chloroform. The Soret

and was observed at ca. 425 nm, which was very close to their
orphyrin free bases. The Q bands for complexes are quite dif-
erent from free bases. The number of the absorption bands
t Q region is reduced from four to two that are centered at
54 and 593 nm. The absorbance at 554 nm is greater than that
t 593 nm. This is in agreement with Gouterman’s four-orbital
odel, which predicts that due to an increase in symmetry, the

our Q bands of the porphyrin free base will be reduced to two
pon the formation of a metalloporphyrin [40]. In the absorp-
ion spectra of regular metalloporphyrins there are two Q bands
etween 500 and 600 nm. The lower-energy band (� band) is
he electronic origin Q(0,0) of the lowest singlet excited state
1. The second band (� band) is its vibrational overtone and is
abeled as Q(l,0). The relative intensities of these bands can be a
ualitative yardstick of just how stable is the metal ion complex
o the four porphyrin nitrogen atoms. Thus, when the intensity
f � is greater than �, the metal forms a stable complex with

F
C

nide(III) complexes [Ln(Por)(H2O)3Cl].

he porphyrin, whereas when � is less than �, the metal is eas-
ly displaced by protons. The �/� relative intensity ratio for the
ationic complexes ranges from 0.12 to 0.44. The substituents
n the phenyl rings of the porphyrinate dianion have little effect
n the structure of the complexes, but have some effect on the
tability of the complexes. The halo-substituted complexes are
uch more sensitive to acid hydrolysis during chromatographic

eparation.
The structures of [Ln(Por)(H2O)3]Cl (Ln = Y3+, Er3+ and
ig. 2. UV–vis of [Yb(TMPP)(H2O)3]Cl (solid line) and H2TMPP (dot line) in
HC13 at room temperature. The concentration is 1.5 × 10−6 mol/l.
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ig. 3. (a) Perspective view of the cation of [Yb(TMPP)(H2O)3]Cl. (b) A side
iew of the molecular structure of the complex. (Reproduced from Ref. [38a]
y permission of the Royal Society of Chemistry).

urrounded by four N atoms of the porphyrinate dianion and four
qua ligands in which two are disordered with site occupancy
f 0.5, and have a square antiprismatic coordination geome-
ry. The average dihedral angle between a pair of N–Yb–N
nd O–Yb–O planes is 47.6◦. The structural data are similar
o that of [Tb((�-Cl8TPP)(O2CMe)(Me2SO)2] [41], in which
he metal also adopts a square antiprismatic coordination geom-
try with the average dihedral angle between a pair of N–Tb–N
nd O–Tb–O planes being 46.7◦. The average Yb–N and Yb–O
ond lengths are 2.301 and 2.307 Å, respectively. The displace-
ent of the Yb atom from the mean planes formed by four N

toms and four O atoms are 1.082 and 1.640 Å, respectively.
he two mean planes are almost parallel to each other with a
eparation of 2.716 Å. The porphyrin ring exhibits a saddle like
istortion. As shown by the edge-on view [Fig. 3(b)], the inde-
endent solvate THF molecules and the anionic Cl atom form
cceptor hydrogen bonds with the aqua ligands.
By varying the nature of the amides, porphyrins and lan-
hanide metal ions, we could prepare neutral mono- and
i-nuclear porphyrinate complexes via the above protonolysis
eactions (Fig. 4) [42]. The dimer [Yb(TMPP)(�-OH)(H2O)]2

i
[
[
t

ry Reviews 251 (2007) 2386–2399 2389

as the first structurally characterized neutral hydroxy-bridged
inuclear lanthanide(III) bis(porphyrin) complex in which the
wo porphyrin ligands were unsupported.

The propensity for the formation of lanthanide porphyrinate
omplexes is highly dependent on the nature of the por-
hyrins and the lanthanide precursors. A possible mechanism
o account for the observations is shown in Fig. 5. It is very
ikely that the intermediate A [Ln(Por)(NR2)Cl]− which arises
rom the protonolysis of the lanthanide-amide ate complex,
Ln(NR2)3Cl]− (generated in situ from the reaction of LnCl3
ith LiNR2) with porphyrin free base H2Por was involved.
hen depending on the nature of the amides, lanthanide(III)
etal ions and the porphyrinate dianions, A could either lose
chloride group to give the intermediate B [Ln(Por)(NR2)] or

ose an amide group to give the neutral monoporphyrinate com-
lex [Ln(Por)Cl]. With (diphenyl)amide, A lost the chloride
roup to give intermediate B [Yb(Por)(NR2)] which hydrol-
sed to give the neutral dinuclear bis(porphyrin) complex. With
is(trimethylsilyl)amide, A lost the amide group to give the neu-
ral monoporphyrinate complex [Yb(Por)Cl]. With an electron
onating methoxy or methyl group at the para-position of the
eso-aryls of the porphyrin, [Yb(Por)Cl] underwent further dis-

ociation of the chloride group to give the cationic lanthanide
onoporphrinate complex [YbIII(Por)(H2O)3]+.
Furthermore, treatment of an excess amount of

b[N(SiMe3)2]3·x[LiCl(THF)3] with tetrakis(phenyl)
orphyrin (H2TPP) in refluxing bis(2-methoxyethyl)
ther solution for 48 h, after work up in air, yielded
he unexpected neutral oxalate-bridged dimer [Yb(TPP)
CH3OCH2CH2OCH3)]2(�–�2:�2–O2CCO2), whose structure
as been ascertained by X-ray crystallography (Fig. 6) [43].
lthough the origin of the oxalate dianion is not clear, yet

xperimental results suggest that the oxalate dianion was
robably derived from the reductive coupling of carbon dioxide
rom air during the work up. Reductive coupling of atmospheric
arbon dioxide to oxalates in the presence of lanthanide nitrates
as been reported [44].

.2. Reactivity and catalytic activity

The catioinic lanthanide porphyrinate complexes [Ln(Por)
H2O)3]Cl are very versatile precursor complexes for the prepa-
ation of other lanthanide monoporphyrinate complexes. The
qua molecules of the [Ln(Por)(H2O)3]Cl complexes are very
abile and can be easily displaced by other good donor sol-
ents. For instance, when dissolved in DMF, the aqua ligands
f [Yb(TPP)(H2O)3]Cl were substituted by DMF to give a
eutral species [Yb(TPP)(Cl)(DMF)2] in quantitative yield
45]. The [Ln(Por)(H2O)3]Cl complexes have a high ten-
ency to form bridging dinuclear complexes [45]. Interaction
f the complex [Yb(TPP)(H2O)3]Cl with either K2CO3 or
,4′-bipyridine in CH2C12 gave the hydroxyl-bridged dimer
Yb(TPP)(�-OH)(H2O)]2, and with 8-hydroxyquinaldine (QH)

n the presence of K2CO3 gave the bridging dinuclear complex
Yb(TPP)]2(�-OH)(�-Q) in high yield. Biphasic reaction of
Yb(TMPP)(H2O)3]Cl in CH2C12 with aqueous HC1 afforded
he chloro-bridged dimer [Yb(TPP)(�-Cl)(H2O)]2 again in good
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ig. 4. Reaction scheme of Ln(NR2)3·x[LiCl(THF)3] with porphyrin fre

2TMPP = tetrakis(p-methoxyphenyl)porphyrin].

ield. The solid-state structures of these dinuclear complexes
ere ascertained by X-ray crystallography [45]. Metathesis of

Yb(TMPP)(H2O)3]Cl with an excess amount of AgBF4 in
etrahydrofuran led to the disproportionation of Ag(I) to silver

etal and Ag(II), and the isolation of silver(II) porphyrin com-
II
lex Ag (TMPP) [38a]. The results are summarized in Fig. 7.

The catalytic activity of the cationic lanthanide por-
hyriante complexes [Ln(TMPP)(H2O)3]Cl (Ln = Yb3+, Er3+

nd Y3+) has been briefly examined [38a]. The complex

ig. 5. Proposed mechanism for the formation of ytterbium(III) porphyrinate
omplexes.

c
i

F
(
p

es [H2TPP = tetrakis(phenyl)porphyrin; H2TTP = tetrakis(p-tolyl)porphyrin;

Yb(TMPP)(H2O)3]Cl catalysed the conversion of phenyl
socyanate to its cyclic trimers, l,3,5-triphenyl-s-triazine-2,4,6-
rione, quantatitively at 30 ◦C even at a catalyst to monomer

ole ratio as low as 1:600. A possible mechansim for the cat-
ationic species, [Yb(Por)] , generated in situ, presumably act-
ng as a Lewis acid, catalyzes the cyclotrimerization of phenyl

ig. 6. A perspective drawing of the oxalate-bridged dimer [Yb(TPP)-
CH3OCH2CH2OCH3)]2(�–�2:�2–O2CCO2). (Reproduced from Ref. [43] by
ermission of the Royal Society of Chemistry.)
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Fig. 7. Reaction scheme of [Yb(Por)(H2O)3]Cl.

socyanate [46,47]. However, the corresponding Er3+ and Y3+

omplexes did not catalyze the cyclotrimerization. This may
robably be due to the fact the Lewis acidity of Yb3+ is higher
han that of Er3+ and Y3+ ions.

. Synthesis and structure of neutral lanthanide(III)
onoporphyrinate complexes

.1. Synthesis and structure of neutral monoporphyrinate
anthanide(III) complexes containing an anionic tripodal
igand

It is a well known fact that NIR luminescence of
anthanide metal ions can be quenched by O–H vibra-
ions [48]; thus replacement of the aqua molecules of
he [Ln(Por)(H2O)3]Cl complexes (Ln = Nd3+, Yb3+ and
r3+) by ligands that do not contain the OH functional
roup should be able to enhance the NIR emission of the
anthanide ions. Klaui’s O3-tripodal ligand LOR

− [(cyclopenta-
ienyl)tris(dialkylphosphito)cobaltate] [49], and Trofimenko’s
corpionate ligands Tp

R− [hydridotris(pyrazolyl)-borate] [50]
re mono-anionic 6e donors isoelectronic with cyclopentadienyl

igands (�5-C5R5). These tripodal ligands are known to stabi-
ize metal ions in high oxidation states and should be able to
tabilize oxophilic metal ions such as Ln3+ metal ions. These
igands should be ideal ligands to displace the three coordinated

p
T
o
a

ry Reviews 251 (2007) 2386–2399 2391

qua molecules of the [Ln(Por)(H2O)3]+ complexes, stabilize
he resultant lanthanide porphyrinate complexes and enhance
heir NIR luminescence. At room temperature, the cationic lan-
hanide porphyrinate complexes [Ln(Por)(H2O)3]+ (Ln = Yb3+

nd Er3+) reacted readily with the anionic tripodal nucleophile
OR

− or Tp
H− to give the neutral complexes [Ln(Por)(LOR)] or

Ln(Por)(Tp
H)], respectively, in high yield [51a,b]. Although

e cannot isolate the unstable cationic [Nd(Por)(H2O)3]Cl
omplexes, yet [Nd(Por)(L2X)] (L2X− = LOR

− or Tp
H−) com-

lexes can be prepared in high yield by first protonolysing
he lanthanide amide with porphyrin, followed by the addition
f tripodal anions before working up in air. The results are
hown in Fig. 9 [51]. Presumably, the precursor intermediate
Nd(Por)(NR2)Cl]−, generated upon protonolysis of the lan-
hanide amide with porphyrin, underwent nucleophilic displace-

ent reaction with the tripodal anion to form the stable product
Nd(Por)(L2X)] (L2X− = LOR

− or Tp
H−) before it hydrolysed to

orm the unstable cationic complex [Nd(Por)(H2O)3]Cl. All the
eutral [Ln(Por)(L2X)] (Ln = Nd3+, Yb3+ and Er3+) complexes
re air-stable and soluble in most organic solvents, and can be
urified by column chromatography. Their absorption spectra
re similar to that of [Ln(Por)(H2O)3]Cl and are characteris-
ic of normal metalloporphyrins [13]. Elemental analyses and
ositive FAB mass spectra which exhibited the corresponding
M + l)+ molecular ion peak confirmed that the products were
:1 adducts of lanthanide monoporphyrinate and the anionic
ripodal ligand. The 31P NMR spectrum of [Ln(Por)(LOR)] com-
lex exhibited a singlet at around δ 184, −166 and 65 ppm.
or Nd3+, Er3+ and Yb3+ complexes, respectively. Recently,
Ln(Por)(LOEt)] and [Ln(Por)(Tp

H)] complexes had also been
repared by the nucleophilic displacement of halide from
Ln(Por)(X)(DME)] (Ln = Yb, Tm, Er, Ho, Nd, Pr; X = Cl, I;
ME = dimethoxyethane) by the anionic tripodal ligands LOEt

−
nd Tp

H− [37a].
The solid-state structures of [Ln(Por)(LOR)] and

Ln(Por)(Tp
H)] (Ln = Nd3+, Yb3+ and Er3+) complexes

ere ascertained by X-ray crystallography [51]. Perspective
rawings of [Yb(TMPP)(LOEt)] and [Yb(TPP)(Tp

H)] are shown
n Figs. 10 and 11, respectively [51a,b]. The corresponding
d and Er complexes are iso-structural to the Yb complexes.
elected structural data are summarized in Table 1. Structural
nalyses revealed that the lanthanide(III) ions are sandwiched
etween the porphyrin ring and the tripodal ligand. For the
Ln(Por)(LOR)] complexes, the lanthanide(III) ions are seven-
oordinated, surrounded by four N atoms of the porphyrinate
ianion and three O atoms of the three phosphito groups.
he LOR

− anion caps on the Ln3+ ion. The average Ln–N
istance is longer than the average Ln–O distance. This reflects
hat the Ln3+ ions have a higher affinity for O atom than N
tom. The average Ln–N and Ln–O distances are longer and
horter, respectively, than those of the corresponding cationic
omplex [Ln(Por)(H2O)3]Cl [42]. These data indicate that the
anthanide ions form stronger bonds with the O atoms of the
hosphito groups than with the O atoms of the aqua ligands.

he three mean planes (C5 of the cyclopentadienyl ring, N4
f the porphyrinate ligand and O3 of the phosphito groups)
re almost parallel to one another. The dihedral angles formed
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Fig. 8. Proposed mechanism for the
etween the C5 and O3 mean planes, O3 and N4 mean planes,
nd C5 and N4 mean planes range from 0.5◦ to 4.8◦. The angle
ormed between the Ln···Co line and the normal of the N4 plane
s in between 2.3◦ and 3.0◦.

a
a
a

able 1
tructural comparison of Nd3+, Er3+ and Yb3+ complexesa

ompound Ln–N(Por)av Ln–Oav

d(TTP)(LOMe) 2.450 2.389
r(TPP)(LOEt) 2.370 2.261
b(TMPP)(LOEt) 2.352 2.269
d(TPP)(Tp

H) 2.438
r(TPP)(Tp

H) 2.373
b(TPP)(Tp

H) 2.356
Er(TMPP)(H2O)3]Cl 2.329 2.391
Yb(TMPP)(H2O)3]Cl 2.301 2.307

a All the measurements are in Å.
b Distance to the N4 mean plane formed by the four nitrogen atoms of the porphyri
c Distance to the O3 mean plane formed by the three oxygen atoms of the LOR liga
d Distance to the N3 mean plane formed by the three nitrogen atoms of the Tp

H lig
e Distance to the O4 mean plane formed by the four oxygen atoms (two of which a
trimerization of phenyl isocyanate.

H
For the [Ln(TPP)(Tp )] complexes, the lanthanide(III) ions
re also seven-coordinated, surrounded by seven nitrogen
toms, four from the porphyrinate dianion and three from the
nionic tripodal ligand [51b,d]. The average bond length of

Ln–N(Tp
H)av d1

b d2

1.299 1.677c

1.201 1.540
1.153 1.540

2.602 1.302 1.891d

2.518 1.195 1.800
2.495 1.172 1.780

1.11 1.650e

1.082 1.640

nate.
nd.
and.
re disordered with half-site occupancy) of the aqua ligands.
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Fig. 9. Synthetic scheme for the preparation of n
n–N(porphyrin) is shorter than that of Ln–N(tripodal ligand).
he mean plane N4 formed by the four nitrogen atoms of the
orphyrin dianion is almost parallel to the mean plane N3 formed
y the three nitrogen atoms of the anionic tripodal ligand, with

a
m
s
t

Fig. 10. A perspective drawing of [Yb(TMPP)(LOEt)]. (Reproduced fro
l lanthanide(III) monoporphyrinate complexes.
dihedral angle of 0.4◦. The distance of the metal ion to the N3
ean plane is about 0.6 Å longer than that to N4 mean plane,

o the metal ion is much closer to the N4 mean plane. The dis-
ance of the metal ion to the N4 mean plane is longer than that

m Ref. [51a] by permission of the Royal Society of Chemistry.)
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are typical for lanthanide monoporphyriante complexes. The
absorption bands at 421, 550 and 588 nm and emission peaks at
648 nm (t = 12.9 ns and Φem = 0.11 × 10−3) of [Yb(TPP)(Tp

H)]
can be assigned to the intra-ligand � → �* transitions of the
ig. 11. Perspective views of [Yb(TPP)(Tp
H)]: (a) side view; (b) top view.

Reproduced from Ref. [51b] by permission of Wiley-VCH.)

f the corresponding [Ln(porp)(H2O)3]Cl and shorter than that
f [Ln(porp)(LOEt)].

The decrease in Ln–N distance in the series
d3+ > Er3+ > Yb3+ is in agreement with the lanthanide contrac-

ion and reflects a decrease in ionic radii: 1.12 > 1.03 > 1.01 Å
52]. The data show clearly that due to the larger radius of
d3+ ion, the distances between Nd3+ and porphyrin ring are

onger than those of Er3+ and Yb3+ complexes. This may be the
eason why [Nd(Por)(H2O)3]Cl complexes are so unstable as
ompared with the Er3+ and Yb3+ analogs. Since the lanthanide
ons are too large to fit into the cavity of the porphyrinate
ing, the porphyrinate ring adopts a domed conformation
o maximize the Ln–N interactions. The structures further
how that the sterically bulky anions provide a congested
nvironment around the metal center. This would minimize
etal–solvent interactions which could reduce the quantum

ield for luminescence.
When [Yb(porp)(H2O)3]Cl was reacted with sterically

ulky nucleophiles such as hydridotris(3,5-dimethylpyrazol-
-yl)borate (Tp

Me−), it gave the �-OH bridged dimer
Yb(TPP)(�-OH)(H2O)]2 [45] instead of the expected neutral
omplex [Yb(TPP)(Tp

Me−)]. This implies that there is a compe-
ition between the formation of dimers and adducts. When the
xternally added ligand is sterically hindered, dimerization is
referred even though the N and O atoms in these ligands have
trong coordinating ability to the metal ions.

.2. Synthesis of diethyI malonate appended
onoporphyrinate lanthanide(III) complexes

Interaction of an excess amount of Ln[N(SiMe3)2]3·
[LiCl(THF)3] (Ln = Yb3+, Er3+ and Nd3+) with the porphyrin
ree base, 5-[2-(5,5′-ethoxycarbonyl)-pentoxy]phenyl-
0,15,20-triphenylporphyrin [o-DEM(H)–C4–O–TPPH2]
53] in refluxing bis(2-methoxy-ethyl) ether gave purple
ir stable lanthanide porphyrinate complexes, [Ln(o-

EM–C4–O–TPP)(H2O)], which were quite stable toward
oisture and could be purified by column chromatogra-

hy on silica gel (Fig. 9) [54]. Spectroscopic evidence and
lemental analyses supported the formulation of [Ln(o-

F
a

try Reviews 251 (2007) 2386–2399

EM–C4–O–TPP)(H2O)] for the complexes and that the
orphyrin o-DEM(H)–C4–O–TPPH2 behaved as a tri-
eprotonated hexadentate ligand with the appended diethyl
alonate group coordinated to the lanthanide ion as an anion.
he structure of these complexes can be considered as a
even co-ordinated species with four N of the porphyrinate
nd three O (two from the appended diethyl malonate anion
nd one from water) co-ordinated to the metal centre. When
issolved in DMF, the coordinated aqua molecule of [Ln(o-
EM–C4–O–TPP)(H2O)] was displaced by DMF. This is

upported IR and mass spectral data. The stability of the
Ln(o-DEM–C4–O–TPP)(H2O)] complexes which we believe,
an only be attributed to the coordination of the appended
iethyl malonate anion. This makes us believe that the second
igand is crucial for the preparation of stable monoporphyrinate
anthanide complexes particularly for those metals with large
onic radii.

. Photophysical properties of lanthanide(III)
onoporphyrinate complexes

.1. Near-infrared sensitization

The electronic absorption, excitation and emission spectra
f lanthanide monoporphyrinate complexes in solution at room
emperature in the UV–vis region are almost identical and are
haracteristic of intra-ligand transitions of normal prophyrinate
omplexes. The absorption bands (Soret and Q bands) and emis-
ion peaks in the visible region are typical of the intra-ligand
→ �* transitions of the porphyrinate ligand. The visible emis-

ion has a decay time of about 10–15 ns and can be assigned
o S1 → S0 ligand centered singlet (1LC) fluorescence. Fig. 12
hows the absorption, emission (excited at 414 nm) and excita-
ion (monitored at 648 nm) spectra of [Yb(TPP)(Tp

H)], which
ig. 12. Room temperature absorption (– – –), emission (···) (excited at 414 nm)
nd excitation (—) (monitored at 648 nm) spectra of [Yb(TPP)(Tp

H)] in CHC13.
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orphyrinate ligand. Other than the visible emission, all Nd3+,
b3+ and Er3+ monoporphyrinate complexes also exhibit Ln3+

on emission in the NIR region. For the Nd3+ monoporphyrinate
omplexes, the emissions at 875 and 1068 nm can be assigned
o 4F3/2 → 4F9/2 and 4F3/2 → 4F11/2 transitions of Nd3+, respec-
ively. For the Yb3+ and Er3+ monoporphyrinate complexes,
he emissions at 1515 and 976 nm can be assigned to the
I13/2 → 4I15/2 transition of Er3+ and 2F5/2 → 2F7/2 transition
f Yb3+, respectively. These NIR emissions are very similar to
hose reported for Nd3+, Er3+ and Yb3+, and the lifetime values
re in good agreement with literature values [23a,55]. The NIR
uminescence lifetime is about 20 �s for Yb3+ complexes and
50–825 ns for Nd3+ complexes, and is much longer than the life-
ime of the porphyrinate emission. Due to the limitation of our
quipment, we were unable to measure the excitation (monitored
t 1540 nm) spectrum and the NIR luminescence lifetime of Er3+

omplexes. The NIR sensitization process was carefully exam-
ned using [Ln(TPP)(L2X)] (Ln = Nd3+ and Yb3+; L2X = LOR

−
nd Tp

H) complexes as modeled complexes. Fig. 13 shows the
IR emission and the excitation spectrum of [Yb(TPP)(Tp

H)].
xcitation bands of [Yb(TPP)(Tp

H)] in chloroform solution at
98 K (monitored at 980 nm) are observed at 560 and 596 nm,
hich almost coincide with its visible absorption bands at 550

nd 588 nm. This clearly shows that the excitation of the Yb3+

on is originated from the � → �* transitions of the porphyri-
ate antenna and excitation of porphyrin is the photophysical
athway leading to the observable NIR luminescence. Photo-
hysical studies showed that the porphyrinate antenna transfers
ts absorbed visible energy of the Q band to the excited state
f the metal ion, which then relaxes through emission in the
IR region. This is consistent with the results of a recent tran-

ient absorption study on the electronic structure and lifetime
f the emitting states of [Ln(Por)(L2X)] complexes (Ln = Yb,
2X = LOEt and Tp

H; Ln = Nd, L2X = Tp
H) [37a]. Fig. 14 shows
simple, widely accepted photophysical model for the descrip-
ion of the sensitization process [23,28]. In this process, the
orphyrin absorbs the light and is excited to its singlet state (S1).
he energy is then transferred to its triplet state (T1), which is,

ig. 13. Room temperature absorption (– – –), NIR emission (···) (excited at
20 nm) and excitation (—) (monitored at 980 nm) spectra of [Yb(TPP)(Tp

H)]
n CHC13.
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ig. 14. Schematic energy diagram of [Ln(Por)(Tp
H)] complexes. The arrows

ndicate the excitation mechanism of lanthanide ions by the porphyrin sensitizer
S0 → S1 transition followed by intersystem crossing and energy transfer).

n part, being transferred to the excited state of lanthanide ion
Ln3+)* and produce the luminescence at last.

It is known that OH oscillators, e.g. in bound water molecules,
H-containing solvents, could quench the luminescence [48].

n order to investigate the effect of coordinated aqua molecule
n luminescence efficiency, we investigated the NIR emission
f the [Yb(Por)(H2O)3]Cl and [Ln(TPP-C4-DEM)(H2O)]
omplexes in different solvents [3,8b,54]. The results showed
hat the emission intensity was quite weak in methanol and
cetone, and quite strong in DMF. The emission enhancement
f [Ln(Por)(H2O)3]Cl and [Ln(TPP–C4–DEM)(H2O)] com-
lexes in DMF could only be attributed to the substitution of
oordinated H2O by DMF. Displacement of the coordinated
qua molecules by tripodal anions also enhanced the NIR
mission of the metal ions. For example, the NIR emission
ntensity of [Yb(TPP)(Tp

H)] is more than six times stronger
han that of [Yb(TPP)(H2O)3]Cl in CHCl3 under the same
onditions [51b]. Solvent effect on the NIR luminescence of
Ln(TPP)(LOR)] and [Ln(TPP)(Tp

H)] was also observed. The
mission intensity was found to decrease as the polarity of the
olvent increases. The complex exhibits the strongest emission
n benzene > chloroform > tetrahydrofuran > DMF > methanol
51b–d].

The NIR emission intensity of the lanthanide porphyri-
ate complexes follows the trend Yb3+ > Nd3+ > Er3+. The
rend is consistent with observations on other luminescent lan-
hanide complexes and reflects the fact that the efficiency of
on-radiative decay increases as the energy of the lumines-
ent state decreases (energy gap law). The emission yields
f the [Ln(TPP)(LOR)] and [Ln(TPP)(Tp

H)] complexes are
enerally higher than other Yb3+, Nd3+ and Er3+ complexes
37a,56]. The enhanced emission yields for the [Ln(TPP)(LOR)]
nd [Ln(TPP)(Tp

H)] complexes are believed to arise because
he coordination environment provided by the porphyrinate
n combination with the tripodal anion (LOR or Tp

H) effec-
ively shield the Ln3+ ion from interacting with solvent (C–H)
ibrational modes which enhance the rate of non-radiative
ecay [57]. This premise is supported by the observation that

em of [Yb(TPP)(Tp

H)] only increases from 0.032 in CHCl3
o 0.034 in CDCl3 [37a]. Recent studies on electrolumines-
ence (EL) devices fabricated by doping [Ln(TPP)(LOR)] or
Ln(TPP)(Tp

H)] complexes into polymer blends showed that
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he [Ln(TPP)(LOR)] or [Ln(TPP)(Tp
H)] complexes can serve as

harge-transport material, the center for electron–hole recombi-
ation and the NIR emitter [58].

.2. Optical limiting property

With the rapid development of laser technology, the damage
aused by exposure to sudden intense laser pulses to human eyes,
ptical sensors, and optical components has driven the search for
ffective optical limiters that possess fast response speeds and
elatively high linear transmissions [59,60]. Optical limiters are
aterials that are transparent at normal light intensities while

paque to very bright light [61–63]. Over the last decade, interest
as focused on materials with weak ground-state absorption and
trong excited-state absorption, which achieve optical limiting
y a mechanism known as reverse saturable absorption (RSA).
n ideal material would have low ground-state absorption over
wide spectral bandwidth and strong excited-state absorption

cross the same region [64]. Metalloporphyrins are among the
ost effective optical limiters [64–69] because their ground-

tate absorption is mostly confined to a few narrow regions
Soret and Q bands), allowing high transmission in the spectral
indow between these bands. In addition, these macrocycles
resent a highly developed �-conjugation system which con-
ributes to strong excited-state absorption, high triplet yields and
ong excited line-like spectra and long luminescence lifetimes.
orphyrins and metalloporphyrins are known to have the RSA
t 532 nm.

Recent investigations on metalloporphyrins for optical
imiting have focused on the transition metals [65], phos-
horus(V) [66], and group III and IV metals [64,67]. Wang
as reported a series of pentaazadentate porphyrin-like metal
omplexes used in optical-limiting materials, where the metal
on is Sm3+ or Gd3+ [68]. Only a tetraphenylporphyrinate
uropium(III) complex was reported by Kuznetsova in optical
imiting [69]. We have examined the optical limiting capa-
ility of [Ln(TDPAPP)(LOMe)] (Ln = Gd3+, Er3+, and Yb3+;

2TDPAPP = 5,10,15,20-tetrakis(p-diphenylaminophenyl)-
1H,23H-porphyrin) complexes. From the Z-scan curves
easured in CH2Cl2 (Fig. 15), the three monoporphyrinate

anthanide complexes showed excellent optical-limiting

c
t
a
p

able 2
omparison of the optical-limiting performance of [Ln(TDPAPP)(LOMe)] complexes

aterials Optical limiting threshold (J/cm2)a Line

Yb(TDPAPP)(LOMe)] 0.17 82
Er(TDPAPP)(LOMe)] 0.093 82
Gd(TDPAPP)(LOMe)] 0.30 82

60 0.15 78

60 0.18 55
bPc(�-CP)4 0.070 62
uPcR8

c 0.30 68
Pc; M = Si, Ge, etc 0.10 84

a The optical-limiting threshold is defined as the input light fluence at which the ou
b Not reported.
c R = pentyloxy.
ig. 15. Open aperture Z-scan results for the [Ln(TDPAPP)(LOMe)] (Ln = Gd3+,
b3+ and Er3+) complexes and C60 solutions at the same linear transmittance of
2%.

ehavior [70]. Experiments with CH2Cl2 alone afforded no
etectable optical-limiting effect. When each sample was far
rom the focus (Z/Z0 = 0) and the incident irradiance upon it
as weak, the transmittance of the sample remained almost

onstant and showed a linear optical property (obeying the
eer’s law). But when the sample was close to the focus
nd the incident irradiance was strong, the transmittance of
he sample decreased quickly and the optical-limiting effect
ppeared. It is clear that [Er(TDPAPP)(LOMe)] showed the
trongest optical-limiting capability, superior even to that of
60, which was considered to be an excellent optical limiter.
he Gd and Yb complexes also exhibited good optical-limiting
roperties, comparable to those of C60. Table 2 lists the
ptical-limiting thresholds of the three monoporphyrinate
anthanide complexes, which is an important parameter in
haracterizing the merit of these optical limiters. Here, all three
onoporphyrinate lanthanide(III) complexes possessed low

ptical-limiting thresholds at 82% linear transmittance. The

omplex [Er(TDPAPP)(LOMe)] showed a lower optical-limiting
hreshold than that of the standard fullerene C60 [70,71],
nd was even comparable to those of some state-of-the-art
hthalocyanine dyes [72–74].

(Ln = Gd3+, Er3+ and Yb3+) with some reported materials

ar transmittance (%) Sample thickness (mm) References

1 [70]
1 [70]
1 [70]
1 [70]
2 [71]
b [72]
10 [73]
10 [74]

tput light fluence is 50% of that predicted by linear transmittance.
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. Synthesis, structure and spectral features of
anthanide(III) N-confused porphyrinate complexes

The successful synthesis of N-confused porphyrin in 1994 by
wo independent research groups has generated a lot of curios-
ty for the possible existence of new porphyrin isomers with
nique properties [75,76]. N-Confused porphyrin (H2NCP), an
someric porphyrin, has an inverted pyrrole ring joined to the
orphyrinic conjugated system through a �-carbon, and exhibits
peripheral pyrrolic nitrogen and an inner core carbon. We

ave extended our study to N-confused porphyrins. When the N-
onfused tetraphenylporphyrin (H2NCTPP) was treated with an
xcess amount of Ln[(N(SiMe3)2)3·[LiCl(THF)3]x (Ln = Yb3+

r Er3+) under nitrogen in refluxing toluene for 12 h, followed
y addition of an excess amount of the tripodal ligand NaLOMe
o the reaction mixture at room temperature, work up in air gave
reen crystals of [Ln(NCTPP)(LOMe)] (Ln = Yb3+ or Er3+) in
5% yield [77]. These complexes are thermally and air stable
nd can be purified by column chromatography. However, when
he same reaction was carried out without the subsequent addi-
ion of LOMe

−, work up only led to the recovery of H2NCTPP
ree base. This suggests that the lanthanide N-confused porphyri-
ate intermediate was rather unstable and could be stabilized by
he tripodal anion, LOMe

−. These complexes were characterized
y elemental analyses and spectroscopic techniques. Electro-
pray ionization high resolution mass spectrum (ESI-HRMS)
f the [Ln(NCTPP)(LOMe)] complexes exhibited a peak at m/z
orresponding to the (M + 1) parent peak. The 31P{1H}-NMR
pectrum displayed a single peak at δ 82.8 and −123.2 ppm
or the Yb3+ and Er3+ complex, respectively. Their absorption
pectra in CH2Cl2 show a Soret band and a broad Q-band at 457
nd 670 nm, respectively. These spectral features resemble those
bserved for related NCP complexes of nickel(II) [78], but are
n marked contrast to those of the planar [AgIII(NCTPP)] com-
lex [79], where the Soret band is observed at 447 nm and the
-band appears with four peaks at 520, 554, 588, and 637 nm.
The solid state structures of the [Ln(NCTPP)(LOMe)]

omplexes were ascertained by X-ray crystallography and
hown to be isostructural [77]. A perspective drawing of
Yb(NCTPP)(LOMe)] is depicted in Fig. 16. The overall struc-
ure of the NCTPP dianion adopts a nonplanar geometry with
n inverted pyrrole ring tilted away from the metal and the
orphyrin plane defined by N(2)N(3)N(4). The Yb3+ ion is
ight-coordinate and is bonded to the NCTPP2− and the LOMe

−
igands. Other than coordinating to the three O atoms of the
OMe ligand, the Yb3+ ion is also bound to the three inner N
toms and forms an �2 agostic bond with the inner C–H edge
f the NCTPP ligand. The Yb center sits 1.2461 Å above the
ean plane. The distance from Yb(1) to the inner core hydro-

en is only 2.568 Å with the inner C–H distance being 0.867 Å.
ost interestingly, the solid-state geometry of C(20)–H–Yb(1)

n [Yb(NCTPP)(LOMe)] is within the bond distance of an agostic
nteraction. This seems to be in line with the effect due to the

oordinatively unsaturated and electron-deficient Yb center that
esults in stronger three-center two-electron C(20)–H···Yb(1)
ontact. Similar agostic interaction between transition metal ion
nd inner C–H bond of NCP has been observed [80]. 2-D COSY

e
r
t
T

ig. 16. A perspective drawing of [Yb(NCTPP)(LOMe)]. (Reproduced from Ref.
77] by permission of the Royal Society of Chemistry.)

H NMR and NIR emission data provide further evidence for
he presence of an �2 agostic interaction between the Yb3+ ion
nd the inner C–H bond of the NCTPP2− ligand [77].

. Summary

We have developed a convenient synthetic route for the prepa-
ation of cationic lanthanide(III) monoporphyrinate complexes
Ln(Por)(H2O)3]Cl via the protonolysis of lanthanide(III) amide
ith porphyrin free bases. The synthetic route did not work for

arge lanthanide ions. However, when the protonolysis was car-
ied out in the presence of an encapsulating agent, such as anionic
ripodal ligands (LOR

− and Tp
H−) or an acac group appended to

he porphyrinate, stable neutral lanthanide(III) monoporphyri-
nte complex was isolated even with large lanthanide(III) ions,
uch as Nd3+. The [Ln(Por)(H2O)3]Cl complexes have a high
endency to form bridging dinuclear complexes. They formed
ydroxyl-bridged dimers when reacted with base, and chloro-
ridged dimers with aqueous HCl. The aqua ligands of the
Ln(Por)(H2O)3]Cl complexes are very labile and can be easily
isplaced by anions or donor solvents. When [Ln(Por)(H2O)3]Cl
as reacted with anionic tripodal ligands, such as LOR

−
nd Tp

H− which served as 6 e donors, stable neutral lan-
hanide(III) monoporphyrinate complex of the general formula
Ln(Por)(L2X)] (L2X = LOR

− and Tp
H−) was isolated in high

ield. Photoluminescence studies of lanthanide(III) monopor-
hyrinate complexes showed that the porphyrinate anion could
ensitize NIR emission of Nd3+, Yb3+ and Er3+ ions by serv-
ng as an antenna that absorbed visible light, transferred the

nergy to the excited state of the lanthanide(III) ion, which then
elaxed through NIR emission. The NIR intensity increased as
he number of O–H oscillators within the molecules decreased.
he optical limiting property of [Ln(TDPAPP)(LOMe)] com-
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lexes was also examined. The Er3+ complex showed a lower
ptical-limiting threshold than that of the standard fullerene
60, and was even comparable to those of some state-of-the-
rt phthalocyanine dyes. We further extended our work to
-confused porphyrins and synthesized the first lanthanide(III)
-confused porphyrinate complexes [Ln(NCTPP)(LOMe)] via

he protonolysis route. X-ray structural analysis revealed that
he lanthanide(III) ion formed an �2 agostic interaction with the
nner C–H bond of the N-confused porphyrinate.
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