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Polarized absorption and emission spectra of trigonal single crystals of an Er(III) complex coordinated to a
heptadentate tripodal ligand are reported at temperatures between 8 and 298 K. The assigned energy levels below
the onset of ligand absorption (<25 000 cm-1) are fitted to a parametrized electronic Hamiltonian. TheC3 site
symmetry of the Er(III) ion requires eight parameters for a full description of the ligand field within a one-
electron operator description. This compound shows unusually large splittings of the multiplets, and the fitted
parameters imply that this heptadentate ligand imparts the largest ligand field reported for an Er(III) complex.
The ligand field was also interpreted within the angular overlap model (AOM). We derive the AOM matrix to
include bothσ and anisotropicπ bonding and show that a useful description of theC3 ligand field can be made
using only five parameters. The success of the AOM description is encouraging for applications on isomorphous
complexes within the lanthanide series and in describing the ligand field of low-symmetry complexes with less
parameters than in the usual spherical harmonic expansion.

Introduction

There is considerable interest in lanthanide ions that are
complexed with organic polydentate ligands. There is the
possibility of sensitizing the lanthanide luminescence through
energy transfer from the ligand, which may have a large
absorption cross section.1 The effectiveness of sensitization in
solution depends on the extent to which the ligand shields the
metal ion from interaction with solvent molecules. Solvent
molecules can promote to nonradiative decay from the emitting
level. This shielding is also relevant to the design of lanthanide-
based contrast agents for magnetic resonance imaging.2 In
addition, a number of such polydentate erbium(III) complexes
have recently been found to show electroluminescence in
organic-based light-emitting diodes.3,4

Recently, we have demonstrated a new synthetic route to a
series of isomorphous Ln(III) complexes with the heptadentate
ligand trensal (H3trensal ) 2,2′,2′′-tris-(salicylideneimino)-
triethylamine).5 Importantly, all the members of this series place
the lanthanide ion on aC3 crystallographic site, preserving the
inherent symmetry of the complex. While these complexes are
of relatively low symmetry, they still have the spectroscopic
advantage of being in a uniaxial space group. In this study, we
use low-temperature polarized absorption spectroscopy to assign
52 of the possible 53 energy levels lying below the onset of
ligand absorption. The assignment is aided by low-temperature
emission spectra. Luminescence is unusual in an Er(III) complex
with organic ligands, as there are many high-energy vibrations

that efficiently bridge the relatively dense f-electron ligand-field
states with radiationless relaxation pathways. In fact, we will
show that the ring vibrations are particularly effective at coup-
ling to the electronic states. The vibronic transitions on a par-
ticular electronic state are shown to be enhanced when they are
in resonance with the levels of a higher electronic state.

Experimental Section

Synthesis.Needle-shaped Er(trensal) single crystals were obtained5

with typical dimensions of 100× 100× 300µm. The Er(III) ion lies
on a C3 site of theP3hc1 space group of the Er(trensal) complex as
shown in Figure 1. Details of the synthesis and structural characteriza-
tion of this compound have been described previously.5-7 The observa-
tion of the single crystals under a microscope with crossed polarizers
reveals extinction directions parallel and perpendicular to the needle
axis, which was identified as the crystallographicc axis.

Instrumentation. Absorption spectra were recorded at 295 and 10
K on a single-beam absorption instrument.7 The light of a 150 W
halogen lamp was dispersed with a Spex 1701 single monochromator,
equipped with a 1200 lines/mm grating blazed at 500 nm (for spectra
in the range of 375-825 nm) or a 600 lines/mm grating blazed at 1.6
µm (775-2500 nm). The light was focused on the masked sample using
cassagrain optics, and the transmitted light was detected with either an
S-20 photomultiplier tube (375-825 nm) or a liquid N2-cooled InSb
diode (775-2500 nm). Overview and high-resolution scans of the
compound were made with a typical resolution of 2 cm-1 at 295 and
10 K for σ andπ polarization (the electric vector of the electromagnetic
field being perpendicular and parallel to the crystalc axis, respectively)
as well as for randomly polarized light. The sample absorbance was
calculated from the transmitted intensities of the single-beam spectra
with and without the sample.

The luminescence spectra of powdered samples of Er(trensal) were
measured using the 356.4 and 350.7 nm lines of an Kr+ ion laser
(Spectra Physics model 165). The sample luminescence was dispersed
with a Spex 1401 double monochromator, equipped with 1200 lines/
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mm gratings blazed at 500 nm, and detected with a photomultiplier
tube (RCA 31034A) in photon-counting mode. The signal was passed
through a preamplifier (Stanford SR445) and acquired with a photon-
counting system (Stanford SR400). The luminescence spectra were
corrected for the response of the detection system using a calibrated
tungsten band lamp with a color temperature of 2590 K.8 The spectra
were transformed into units of photon flux (cm-1 s) vs wavenumber
(cm-1).9 For absorption and luminescence experiments at 10 K, the
samples were cooled in a helium flow-tube cryostat.

Results

Absorption Spectra.An overview of the absorption spectrum
of Er(trensal) is shown in Figure 2. The overall energies and
intensities of these 4f-4f excitations are typical for Er(III)
compounds. A closer inspection, however, reveals a number of
peculiarities. First, it appears that the trensal ligand provides a
relatively strong ligand-field environment for the Er(III) ion.
This results in both the higher baricenter energies of the SLJ
multiplets as well as the larger overall ligand-field splittings
within these SLJ multiplets. Compared with those of the trigonal
Er(ODA)33- complex (ODA) oxydiacetate), for example, the
multiplet splittings are∼50-100% larger in the present
compound.10 The observed transition energies for Er(trensal)
are given in Table 1. Second, some transitions (particularly the
4I15/2 f 4F7/2 transition) show lines in addition to the electronic
origins which are due to vibronic transitions. This is unusual
as it is expected that the symmetry-allowed electronic transitions
would be much more intense than the vibronic ones.

Luminescent Transitions.The 4f-4f luminescence is not a
common phenomenon for Er(III) that is coordinated with organic
ligands. This is due to the high-vibrational energies of the
organic ligands. Nonradiative relaxation is proportional to the
energy of the highest energy vibrations present in the com-

pound.11,12 Spectroscopic studies on various rare-earth-doped
compounds lead to the following rule of thumb: energy gaps
between neighboring 4f states, corresponding to less than 6
quanta of the highest energy vibration present in the compound,
occur nonradiatively via multiphonon relaxation. Emission,
however, will be a competing relaxation mechanism, if more
than∼6 quanta are required.13,14 Typical vibrational energies
of organic ligands are comparable to the largest splitting between
neighboring 4f SLJ multiplets in Er(III), i.e.,∼3000 cm-1 (see
Figure 2). The4S3/2 f 4I15/2 luminescence in the title compound,
at temperatures of 77 K and below, is therefore a remarkable
observation (Figure 3). With an energy difference of 2833 cm-1,
the4S3/2(1)-4F9/2(5) gap is the second largest energy difference
between SLJ multiplets in this compound, followed by 2496
cm-1 for the 4F9/2(1)-4I9/2(5) gap. No emission could be ob-
served from the4F9/2 multiplet at temperatures as low as 7 K.
The largest energy gap is 5952 cm-1, between the first excited-
and the ground-state multiplets (4I13/2(1)-4I15/2(8)). No experi-
ments were undertaken in this work to study this transition.

Ligand-Field Calculations. In C3 symmetry the energy levels
of the Er(trensal) complex are split into the 182 Kramers
doublets of the f11 configuration, of which 53 fall into the
transparent region of the crystal. Of these 53 possible transitions
we observe all but one. Their assignments can be made on the
basis of the polarization properties of their spectra. For electric
dipole allowed transitions, the selection rules are the same as
those for the other trigonal groupsD3 and C3V. The Kramers
doublets transform either as theΓ4 and Γ5 pair (hereafter
abbreviated asΓ4,5) or as theΓ6 andΓ6 (Γ6) pair of irreducible
representations using the BetheΓ notation.15 In the Er(trensal)
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Figure 1. Molecular structure of Er(trensal): (a) viewed along thec
axis showing the labels of the atoms, coordinating atoms are shown in
black; (b) approximately edge-on to the N2-Er-O bidentate ring
showing the angle that this makes with the trigonal axis.

Figure 2. Unpolarized overview absorption spectrum of Er(trensal)
recorded at a temperature of 10 K. The Er(III) SLJ multiplets are
indicated. At 25 000 cm-1 the onset of the ligand absorption occurs.
Overtone vibrations of H2O are visible at 5000 and 7500 cm-1. The
bad signal-to-noise ratio around 12 000 cm-1 is due to lack of sen-
sitivity of the detectors (S-20 PMT and InSb diode) in this spectral
range.

5402 Inorganic Chemistry, Vol. 40, No. 21, 2001 Flanagan et al.



complex, the ground state is aΓ4,5 Kramers doublet and
transitions will be electric dipole allowed to otherΓ4,5 states
in both σ and π polarization.Γ4,5 T Γ6 transitions are elec-
tric dipole allowed inσ polarization only whileΓ6 T Γ6 tran-

sitions are electric dipole allowed inπ polarization only. The
low-temperature absorption spectrum will then contain spec-
tral features that are weak or absent inπ polarization, iden-
tifying them as transitions to aΓ6 upper state. A low-temper-
ature absorption spectrum is critical in making the assignments,
as there are three components of the4I15/2 multiplet that are
within ∼110 cm-1 of the ground state. These low-lying states
cause spectral congestion as they are populated at higher
temperature.

Once the spectra are assigned, levels of the correct symmetry
are calculated using a conventional electronic Hamiltonian, for
f-electron systems, that includes both atomic and ligand-field
parameters. The main atomic parameters are an average ener-
gy or offset term,Eav, the electron repulsion parameters,Fk (k
) 2, 4, 6), and a spin-orbit coupling constant,úso. It was found
that the “minor” atomic parameters16 R, â, γ, Ti (i ) 2, 3, 4, 6,
7, 8), Pk (k ) 2, 4, 6), andMj (j ) 0, 2, 4) have little influ-
ence on the fit over the range of levels being studied. A num-
ber of different sets of these minor parameters result in near
identical fits. When allowed to vary, these parameters wan-
der significantly from generally accepted values. This behavior
is because the calculation is fitted to the observable transi-
tions, which represent only the lowest one-third of the pos-
sible 182 energy levels. To circumvent this, in this work the 15
minor parameters were all fixed at the values found for
Er(ODA)33- 10 although other sets, for example, that were
found for Er(III):LaCl3 worked equally as well.17 The only
exception was the parameterR where a slightly reduced value
of 17.5 cm-1 was used. The ligand field was expanded in
terms of the one-electron spherical tensor operatorCkq, which
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Table 1. Experimental Energy Levels and Transition Line Strengths for Er(trensal)

energy (cm-1) obsd intens (10-42 esu2 cm2) energy (cm-1) obsd intens (10-42 esu2 cm2)

multiplet irrepa obsd calc Sσ [D2] Sπ [D2] multiplet irrepa obsd calc Sσ [D2] Sπ [D2]
4I15/2 Γ4,5 0 0 0.005b 4F9/2 Γ6 15 302 15 307 15.8 1.4

Γ4,5 54 54 0.235 Γ4,5 15 328 15 317 16.4 4.2
Γ6 102 102 0.176 Γ4,5 15 382 15 395 63.0 6.8
Γ4,5 110 110 0.202 Γ6 15 538 15 552 100.2 7.2
Γ6 299 299 0.033 Γ4,5 15 562 15 569 14.5 21.1
Γ4,5 568 567 1.000 4S3/2 Γ4,5 18 395 18 420 1.3 3.8
Γ6 610 612 0.753 Γ6 18 469 18 484 92.0 5.9
Γ4,5 642 641 0.229 2H11/2 Γ4,5 19 157 19 186 34.3 12.1

4I13/2 Γ4,5 6594 6590 21.9 14.9 Γ6 19 165 19 194 87.0 7.2
Γ6 6611.5 6613 10.4 1.8 Γ4,5 19 193 19 200 83.6 29.9
Γ4,5 6620.5 6630 34.1 31.4 Γ4,5 19 371 19 359 143.5 32.7
Γ4,5 6690 6706 32.8 11.5 Γ6 19 379 19 386 121.0 8.3
Γ4,5 6909 6937 19.0 0.0 Γ4,5 19 412 19 404 56.2 20.1
Γ6 6928 6949 132.7 10.6 4F7/2 Γ4,5 20 530 20 516 4.6 20.1
Γ4,5 6939 6967 12.2 0.0 Γ4,5 20 613 20 615 2.5 25.3

4I11/2 Γ4,5 10 290.5 10 270 17.2 2.1 Γ6 20 679 20 665 6.5 1.9
Γ6 10 300.5 10 279 1.1 0.0 Γ4,5 20 738 20 741 1.7 4.9
Γ4,5 10 315.5 10 302 2.5 0.0 4F5/2 Γ4,5 22 244 22 234 3.7 13.6
Γ4,5 10 444 10 449 0.0 14.6 Γ6 22 261 22 240 4.2 2.5
Γ6 10 448.5 10 459 27.5 14.8 Γ4,5 22 353 22 326 1.6 11.9
Γ4,5 10 509.5 10 466 0.0 0.0 4F3/2 Γ4,5 22 607 22 604 0.8 7.2

4I9/2 Γ4,5 12 321 12 283 4.8 1.7 Γ6 22 734 22 736 3.1 1.6
Γ6 12 532 12 531 1.5 0.0 2H9/2 Γ4,5 24 434 24 424 16.5 2.2
Γ4,5 12 589 7.2 0.10 Γ6 24 619 24 645 10.0 1.2
Γ6 12 768 12 728 21.5 2.4 Γ4,5 24 628 24 672 5.0 3.9
Γ4,5 12 806 12 774 11.3 2.0 Γ4,5 24 798 24 782 2.7 2.8

Γ6 24 841 24 836 11.7 2.9

a The Γ4,5 andΓ6 refer to the (Γ4, Γ5) and (Γ6, Γ6) Kramers doublets of theC3 double group.15 b Intensities given for the4I15/2 multiplet are the
relative intensities of the unpolarized4I15/2 r 4S3/2 luminescent transitions.

Figure 3. Detail of the4I15/2 T 4S3/2 spectral region. All spectra are
recorded at 10 K. The absorption spectra are shown inσ and π
polarization with a spectral resolution of 0.06 nm. The luminescence
spectrum was recorded at random polarization on a powder sample
with a spectral resolution of 0.2 nm. The energy-level structure of the
4I15/2 ground-state multiplet, assigned from the luminescence spectrum
(bottom), as well as the experimentally assigned ligand-field levels of
the4S3/2 states (top) are shown. The dotted lines indicate the electronic
origins in both the absorption and luminescence spectra. The asterisks
indicate unidentified artifacts.
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in C3 symmetry can be expressed as18

where Re(x) and Im(x) denote the real and imaginary parts of
the complex numberx. The number of nonzero crystal field
coefficients,Bkq, is determined by symmetry. As discussed
below, the coordinate system can be chosen to make Im(B43)
vanish, so that forC3 symmetry there are six nonzero values:
B20, B40, B43, B60, B63, andB66. Two of the values (B63 andB66)
can have both real and imaginary parts, making a total of eight
crystal field parameters.

The Angular Overlap Model (AOM) Ligand Field. In the
most general ligand field there are 27 nonzero real and imaginary
parts of the crystal field parametersBkq (k ) 2, 4, 6;q ) 0,. . .,
k), and these can be related to the 27 independent matrix
elements of the ligand field in the real f-orbital basis〈u|V|V〉.
This number of independent parameters is equal to the number
of upper diagonal elements in a 7× 7 matrix minus 1 because
the trace of the matrix (the spherical termB00) is absorbed into
Eav. Urland19 has provided the relationships betweenBkq and
〈u|V|v〉, and this is given in Table 3 of ref 19. However, we
require a way to specify theπ bonding in the〈u|V|v〉 matrix.
TheF(f) matrix given in Table 2 of Urland19 is only for axially
symmetrical ligands. For anisotropic ligands, whereeπx * eπy,
we must have a way of specifying thexL and yL axes of the
ligand. This is usually done by including the third Euler angle
ψ into the rotational transformation matrix between ligand and
metal axes.20 When these are then substituted as the directional
cosines in Table 1 of Urland,19 after some algebraic manipula-
tion, one obtains theF(f) matrix with xL and yL ligand axes
defined in terms ofψ. We give a portion of this matrix in Table
2 for σ, πx, andπy bonding only. The angles in this table are
the usual AOM angles,θj, φj, andψj, which can be defined as
follows.20 We take the metal-centeredxM, yM, andzM axes that
are initially coincident with a fixedX, Y, andZ molecular axis

system and rotate them onto thexL, yL, andzL axis system of
the jth ligand. First, thexM, yM, andzM axes are rotated about
the Y axis away fromZ by the angleθj. The xM, yM, andzM

axes are then rotated about theZ axis byæj to makezM andzL

collinear. Finally,xM andyM are rotated aboutzM by ψj to align
xM andyM with xL andyL.

Discussion

The fitting of the ligand-field energy levels in Er(trensal) pre-
sents a challenge due to the lowC3 point group symmetry and
the limited data available in the optical window below 25 000
cm-1. This means both that many parameters are required to
describe the ligand field and that some compromises have to
be made in the specification of the atomic parameters. However,
it was possible to obtain an excellent description of the energies
and wave functions of the ground-state multiplet and a fair
agreement with the excited-state levels, where most of the
experimental features are reproduced. We outline our approach
below.

The Structure of the Complex. Referring to Figure 1, we
define a molecular coordinate system with theZ axis collinear
with the C3 axis, theY axis perpendicular to the N1-Er-N2
plane, and theX axis completing a right-handed coordinate
system. Thepositionsof the seven coordinating atoms can then
be defined by the three independent bond lengths (Er-N1, Er-
N2, Er-O) and the three anglesθN2, θO, andæO. θN2 andθO

are the angles by which the atoms N2 and O, respectively, are
rotated away from theZ axis.φO is the angle by which the O
atom must be rotated about theZ axis to be moved into theXZ
plane. Aπ-bonding anisotropy of N2 and O is expected with
respect to the aromatic plane. The further two anglesψN2 and
ψO describe the orientations of these planes. The five angles
θN2, θO, φO, ψN2, andψO necessary for an AOM description of
the geometry18 are given in Table 3.

Rationalizing the Ligand Field in Terms of the AOM
Model. In principle, the crystal field parameters,Bkq, can be
expressed as a function of the angular coordinatesθj, φj, and
ψj of the ligands and the bonding parameterset(j) (t ) σ, πx,
πy) using the methods of Urland.19 In what follows, we have
usedσ(j), πx(j), and πy(j) to denoteeσ(j), eπx(j), and eπy(j),
respectively. By the use of the explicit fixed geometry of Er-
(trensal) from the structural data (Table 3) theσ(j) and πy(j)
parameters are allowed to vary to see if theBkq values that were
obtained from fitting the experimental energy levels could be
reproduced.

(18) Goerller-Walrand, C.; Binnemans, K. InHandbook on the Physics
and Chemistry of Rare Earths; Gschneidner, K. A., Eyring, L., Eds.;
North-Holland: Amsterdam, 1996; Vol. 23, pp 121-283.

(19) Urland, W.Chem. Phys.1976, 14, 393.
(20) Scha¨ffer, C. E.Struct. Bonding (Berlin)1968, 5, 68.

Table 2. The Df(θ, φ, ψ) Matrix

HCF ) B20C20 + B40C40 + B60C60 +
Re(B43)(C4-3 - C43) + i Im(B43)(C4-3 + C43) +
Re(B63)(C6-3 - C63) + i Im(B63)(C6-3 + C63) +

Re(B66)(C6-6 + C66) + i Im(B66)(C6-6 - C66) (1)
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There are a number of reasons why this may be of interest.
First, we wish to see how far theBkq parameters can be ration-
alized in terms of local metal-ligand bonding. Second, we wish
to see if reasonable AOM parameters can lead toBkq values
that are useful as rough starting values for a ligand-field fit in
general. Third, this approach can also be used to check the con-
sistency of the fittedBkq values with regard to sign ambiguities.
In addition, the AOM may prove to have some predictive value
in the Ln(trensal) series. This is because the AOM uses the
actual molecular geometry of the problem rather than just its
molecular symmetry. In the present case we require only five
AOM parameters to reasonably describe the problem (three
σ-bonding parameters for the three independent bonding atoms
and twoπ-bonding parameters for N2 and O atoms), whereas
the crystal field approach requires the eight parameters:B20,
B40, Re(B43), B60, Re(B63), Im(B63), Re(B66), and Im(B66).

However, the inherent advantage of the AOM in treating a
low symmetrybut knowngeometry with a smaller number of
parameters introduces additional problems if the axes are not
determined by symmetry. In Er(trensal) theZ axis is defined as
collinear with the 3-fold axis, but the positions of theX andY
axes are arbitrary within the plane perpendicular to this. The
choice of how theX andY axes are defined changes the phase
of theBkq(q*0) values, so that a general choice will introduce
a nonzero Im(B43). We define an additional angleφ that theX
axis makes with the N2-Er-N1 plane. There exists a value of
φ ((φ + 120°) and (φ + 240°)) in which Im(B43) ) 0. We stress
again that in theC3 point group this value is not determined by
symmetry. If the molecular geometry was such thatφO ) -60°
and there were noπ-bonding anisotropy, then the molecule
would haveC3V symmetry and theX axis would be confined to
the mirror plane by symmetry (φ ) 0). This results in allBkq

being real. However, for the actualC3 geometry in the present
case,φ will be a complicated function of both the geometry
andthe bonding parameters. It is important to specify this angle,
φ, otherwise the crystal field and AOM calculations are
effectively using different coordinate systems and the parameters
cannot be directly compared. Not only will Im(B43) be nonzero
but the phase ofall Bkq(q*0) will also change.

In the absence ofπ bonding, the angleφ is given by the
explicit formula

For the geometry of Er(trensal) given in Table 3 and setting
σ(N2) ) σ(O), one findsφ ) 4.3°. Note that eq 2 above does
not contain contributions from axial ligands, so it is also
applicable to six-, seven-, or eight-coordinateC3 complexes with

0, 1, and 2 axial ligands, respectively, as long as the ligands
have theirπ-bonding parameters equal to zero. The equivalent
expression forπ(N2) andπ(O) * 0 is much more complex,
and in practice, we numerically calculate the value ofφ that
satisfies Im(B43) ) 0. In this way, we can directly compare the
Bkq from different calculations.

The required expressions for the eightBkq in Table 4 and for
Im(B43) in terms of the AOM parameters were derived using
Mathematica. The resulting long and complicated expressions
will not be repeated here but can be used to calculateBkq

numerically. We investigated a forced “fitting” of theσ(N1),
σ(N2), σ(O), πy(N2), andπy(O) parameters to theBkq values
found experimentally and then recalculated theBkq values from
the “fitted” AOM parameters. It is of interest to know (i) if the
resulting AOM parameters have chemical significance and (ii)
if the Bkq parameters can be successfully expressed in a smaller
number of AOM parameters. The reduction of the number of
parameters may be possible because independent information
about theactual geometry of the molecule is used rather than
just the symmetry.

Table 5 contains the AOM parameters fitted to the experi-
mentalBkq values, given in Table 4, as well as the “recalculated”
Bkq values. Several comments can be made. Theσ AOM
parameters are smaller by an order of magnitude than those
typically found for transition metal complexes.21,22 This is not
surprising due to the shielded nature of the f electrons. However,
theπ parameters are of the same order as theσ parameters. Of
the resulting recalculatedBkq parameters shown in Table 5,

(21) Gerloch, M.; Slade, R. C.Ligand-Field Parameters; Cambridge
University Press: Cambridge, 1973.

(22) Lever, A. B. P.Inorganic Electronic Spectroscopy, 2nd ed.; Elsevier:
Amsterdam, 1984.

Table 3. The AOM Structural and Bonding Parameters for
Er(trensal)

ligand AOM anglesb AOM params

i θi φi ψi eσ(i) eπx(i) eπy(i)

N1 1 0 0 0 σ(N1) 0 0
N2 2 θN2 φa ψN2 σ(N2) 0 πy(N2)
N2′ 3 θN2 φ + 120° ψN2 σ(N2) 0 πy(N2)
N2′′ 4 θN2 φ + 240° ψN2 σ(N2) 0 πy(N2)
O 5 θO φ + φO ψO σ(O) 0 πy(O)
O′ 6 θO φ + φO + 120° ψO σ(O) 0 πy(O)
O′′ 7 θO φ + φO + 240° ψO σ(O) 0 πy(O)

a φ determines the orientation of thex andy axes, see text.b θN2 )
66.5,θO ) 122.07,φO ) 51.64,ψN2 ) 36.2, andψO ) 53.9°.

tan 3φ )
-σ(O) sin 3φO sin3 θO cosθO

σ(O) cos 3φO sin3 θO cosθO + σ(N2) sin3 θN cosθN

(2)

Table 4. The Parameters of the Ligand-Field Hamiltonian for
Er(trensal)

parama value (cm-1) param value (cm-1)

Eav 35 662 B20 -720
F2 98 935 B40 -44
F4 70 940 B43 -2121c

F6 49 585 B60 988
a 17.5 B63 353- i 92
úso 2371 B66 545- i 311
Nb 52 σd 20

a Other minor atomic parameters are taken from ref 10.b Number
of assigned energy levels included in the fit.c The X andY axes can
always be chosen to makeB43 real, see text.d Root-mean-squared
deviation between calculated and observed energies.

Table 5. The AOM Parameters Fitted to the Crystal Field
Parameters

params calcdAa (cm-1) calcdBb (cm-1)

σ(N1) 369 405
σ(N2) 686 624
σ(O) 264 316
πy(N2) 631 608
πy(O) 402 419
φ (°) 1.77 1.10

fitted valuesc (cm-1)c calc (cm-1) calc (cm-1)

B20 -720 -596
B40 -44 -182 -171
B43 -2121 -1921 -1894
B60 988 1036 1076
B63 353- i 92 758- i 28 702+ i 58
B66 545- i 311 326- i 571 347- i 545

a All Bkq values are included in the fit.b B20 is not included.c See
Table 4.
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reasonable agreement was found for the signs and magnitudes
except for Im(B63). The agreement withB20 is probably for-
tuitous, as it is well-known17 that this parameter depends on
long-range interactions. The last column of Table 5 contains
the AOM and the recalculatedBkq parameters without including
B20. It is noted that the AOM parameters are quite sensitive to
particular Bkq values. For example, ifB40 is small it forces
σ(N1) to also become small or even negative, because it depends
mainly on the〈z3|V|z3〉 matrix element.19

There is the question of whether the relatively large AOM
π-bonding parameters represent actualπ bonding or whether
they are artifacts of the fitting process. Previous studies on the
role of π bonding in lanthanide complexes have seen similar
trends to that observed here.23,24 In a study of Cs2NaMCl6 epa-
solites, a consistent fit of AOM parameters was obtained for a
series of six lanthanides. Theeσ/eπ ratio was found to be∼2.5,
which is about half the ratio typically found for transition metal
chlorides.22 The even smaller ratio found here may be due to
the largerπ bonding from the aromatic nature of the ligand.

Vibronic Activity. In some multiplet groups, transitions are
observed that cannot be assigned to electronic transitions (Figure
4). Comparison with the Er(trensal) Raman spectrum shows a
close resemblance of many of the dominant nonelectronic
features in the absorption spectra with the Raman active
vibrations of the compound. Surprisingly, these vibronic transi-
tions do not necessarily build on the electronic origins of the
excited multiplet under investigation but can originate from the
electronic origins of the next lower lying multiplet, as is
especially evident for the4I15/2 f 4F7/2 transition (Figure 4).
Particularly active are the vibrations in the range 1200-1650
cm-1 when they coincide with the energy of a higher energy
electronic transition. This may correspond to stretching vibra-
tions within the three bidentate rings that couple strongly to
the electronic states of the Er(III) ion. This is unusual, but it
appears to be a property of this particular ligand, which imparts
a very large ligand field as discussed below.

We have also observed similar vibronic activity in other
members of the Ln(trensal) series. These features are not due

to impurities as the vibronic transitions differ in energy follow-
ing the different 4f energy levels. It is also noted that in other
complexes, with closely related ligands that do not bind in this
heptadentate fashion, these vibronic transitions do not occur.25

Ligand-Field Strength. A relative measure of the ligand-
field strength is given by the parameterNv/(4π)1/2.26

For the Er(trensal) complex, this value is 1122 cm-1 and is,
to our knowledge, the largest value reported for an Er(III) com-
plex. This is clearly reflected in the large ligand-field splittings
that are observed, for example, the 641 cm-1 splitting of the
4I15/2 ground-state multiplet. The next largest value ofNv/(4π)1/2

appears to be for the tris(bis(trimethylsilyl)amido)erbium(III)
complex at 1027 cm-1.26 Other values ofNv/(4π)1/2 in trigonal
Er(III) complexes include Er(ODA)3

3- (708 cm-1), Er(C2H5-
SO4)3‚9H2O (480 cm-1), and Er(III):LaCl3 (319 cm-1).10 Note
that theBkq parameters in ref 10 are expressed in terms of the
unit tensor operators and must first be converted to be expressed
as in eq 1.18 It is anticipated that for earlier members of the
lanthanide series, the ligand-field strength will be even higher,
as the larger metal size will experience relatively strong bonds.

Intensity Calculations. The absorption intensities for indi-
vidual ligand-field transitions are comparable with those
observed for Er(III) coordinated with other organic ligands, such
as ODA.10 The parity forbidden 4f-4f transitions gain their
intensity mainly from an admixture of low-lying opposite-parity
states, such as the Er(III) 5d states. The onset of the ligand-
centered transitions occurs at∼ 25 000 cm-1, as shown in the
overview absorption spectrum of Figure 1, and appears to have
no significant influence on the 4f-4f transition intensities. When
the general intensity parametrization scheme of Reid and
Richardson is followed,27 the presentC3 complex requires 18
intensity parameters for systems with ligands with isotropic
polarizability and 27 intensity parameters for systems with
anisotropic polarizability. The trigonal Eu(III) complexes of
ODA and DBM ligands28 have previously been shown to require
the anisotropic polarizability to simulate the f-f intensities. In
this case, the anisotropy was thought to be due to bonds and
aromatic rings of atoms not directly bound to the Eu(III) ion.28

The present system provides an interesting case where the
anisotropy is in the bonding of the ligands. However, the
Eu(III) complexes were a particularly favorable system to
study,28 in that the ground state was relatively pure and a small
subset of intensity parameters could be used. The ground state
in the present case is quite mixed, and after many trial
calculations, we found that the best agreement with experimental
results was obtained when the ground-state multiplet was
weighted more in the fit to force a more accurate ground-state
wave function. The quality of the fit can be seen in the
agreement in the calculated and observed energies for the4I15/2

ground-state multiplet (Table 1) and the intensity calculation
of the4I15/2 r 4S3/2 luminescence spectrum shown in Figure 7.
This simulation only required the use of isotropic parameters.

(23) Linares, C.; Louat, A.; Blanchard, M.Chem. Phys.1982, 68, 453.
(24) Urland, W.Chem. Phys. Lett.1981, 83, 116.
(25) Flanagan, M. B.; Bernhardt, P. V.; Lu¨thi, S. R.; Riley, M. J. Manuscript

to be published.
(26) Jank, S.; Amberger, H.-D.; Edelstein, N. M.Spectrochim. Acta, Part

A 1998, 54, 1645.
(27) Reid, M. F.; Richardson, F. S.J. Chem. Phys.1984, 88, 3579.
(28) Dallara, J. J.; Reid, M. F.; Richardson, F. S.J. Chem. Phys.1984, 88,

3587.

Figure 4. Detail of the4I15/2 f 4F3/2 absorption spectrum measured at
10 K in σ (upper) andπ (lower) polarization. The experimentally
assigned ligand-field levels of the4F3/2 states are shown (bottom). The
two central curves are Raman spectra that have been convoluted with
the electronic origins of the4F3/2 multiplet (upper) as well as the lower
energy neighboring2H11/2 multiplet (lower).

Nv/(4π)1/2 ) [ ∑
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Agreement with the absorption spectrum was fair as shown
by the simulation of the4I15/2 f 4I13/2 (Figure 5) and4I15/2 f
4F9/2 (Figure 6) transitions. Other multiplets showed similar
agreement except for certain transitions such as4I15/2 f 4F7/2(2)
and4F5/2(1) where discrepancies of over an order of magnitude
were found. Unfortunately, when the anisotropic intensity
parameters were included, only very marginal improvements
were seen. In this complex, we conclude that it is the accuracy
of the wave functions in our relatively primitive ligand-field fit
which is the limiting factor and that it is not possible to draw

conclusions about the necessity of including theπ-bonding
anisotropy in the calculation of the intensity of the f-f tran-
sitions in Er(trensal). It is noted that a recent study29 has shown
that multiple indistinguishable parameter sets can be found in
these types of calculations and that the local minima in the fitting
process can be numbered in the thousands.

Conclusions

The low-temperature luminescence and polarized absorption
spectra of the Er(III) complex of the heptadentate ligand trensal
have been measured and the observed f-f transitions have been
assigned. The observed energies have been fitted to an electronic
Hamiltonian with a ligand-field Hamiltonian ofC3 symmetry.
This represents one of the lowest symmetry lanthanide com-
plexes whose f-f spectrum has been reliably assigned and the
ligand field has been determined. The sign and magnitude of
the crystal field parameters can be broadly rationalized within
terms of the AOM, which has proved useful in the analysis of
the spectra. It is found that this complex shows a large ligand
field, which is the largest yet reported for an Er(III) complex.
We plan to further study other complexes in the isomorphous
series to determine the applicability in using the AOM in
f-electron spectroscopy.
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of this article, incorrect as posted on Sep 6, 2001, is correct as
posted on Oct 1, 2001.
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Figure 5. Comparison of the experimental and calculated absorption
spectra of the4I15/2(1) f 4I13/2(1...7) transitions. The experimental
absorption spectra are recorded inσ andπ polarization at 10 K with a
spectral resolution of 0.48 nm. The simulated spectra are calculated
for σ andπ polarization in the low-temperature limit. For the calculated
energies the parameters from Table 4 were used, and parameters for
the intensities are discussed in the text. A Gaussian profile was assumed
for all transitions, with a half-width at half-maximum of 1.5 cm-1 as
typically found in the experimental absorption spectra.

Figure 6. Comparison of the experimental and calculated absorption
spectra of the4I15/2(1) f 4F9/2(1...5) transitions. The experimental
absorption spectra are recorded inσ andπ polarization at 10 K with a
spectral resolution of 0.1 nm. For the simulated spectrum see caption
to Figure 5.

Figure 7. Comparison of the experimental and calculated luminescence
spectra of the4I15/2(1...8) r 4S3/2(1) transitions. The experimental
spectrum was recorded at random polarization atT ) 10 K with a
spectral resolution of 0.2 nm. For the simulated spectrum see caption
to Figure 5, except that here the spectrum is calculated for random
polarization and a half-width half-maximum of 5 cm-1 was used which
is comparable to that observed in the luminescence experiments.
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