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By comparing the far infrared (polyethylene pellets, room temperature) and mid-infrared spectra (KBr
pellets, room temperature and ca. 90 K) of pseudo trigonal planar Ce(n°-CsMes)s (1) with the correspond-
ing ones of La(n>-CsMes)s (2) and considering the low temperature paramagnetic susceptibility data of 1
the crystal field (CF) splitting pattern of 1 could be derived. The free parameters of a phenomenological
Hamiltonian were fitted to this pattern achieving an r.m.s. deviation of 8.9 cm™' for seven assignments.
The fact that the difference of the experimental energies of the barycenters of CF levels of the multiplets
2F7/2 and ZFS,Z is larger than in the gaseous free Ce>* ion (experimental “anti”-relativistic nephelauxetic
effect) could be explained by coupling effects of these multiplets via the CF, resulting in a lower spin-
orbit coupling parameter than in the case of the free gaseous Ce>* ion. The experimental CF splitting pat-
tern of 1 is compared to the results of a relativistic DV-Xa calculation on the pseudo trigonal planar
model compound Ce(1°-CsHs)s. In addition, the prediction of the energies of f — d and charge transfer

transitions of Ce(N°-CsHs)s are compared to the absorption and luminescence spectra of complex 1.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In spite of their simple 4f' configuration, the electronic struc-
tures of Ce'" compounds rarely have been the target of crystal field
(CF) analyses [2-5]. The main reason for this is that the combined
spin-orbit and CF effects produce CF levels which have to be de-
tected in the far infrared (FIR) and mid-infrared (MIR) ranges.
These ranges, however, are dominated by signals of vibrations
which are - at least at room temperature - much stronger than
those of the f — f transitions that are sought [2-5]. At low temper-
atures, these signals usually get noticeably stronger and are fre-
quently shifted in energy by 5-15cm~!, thus delivering an
additional criterion for their identification beside the common
way of comparing the FIR and MIR spectra of the Ce" compound
of interest with those of the corresponding “optically empty” La™!
compound [2-5].

In very rare cases, Ce™ compounds exhibit electronic Raman
transitions [6-8], but usually only at lower temperatures. If suit-
able single crystals are available, the polarization properties of
these transitions possibly allow their assignments to be made.
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During the latest decades, both methods were also applied
to some organometallic Ce™ complexes, but with very different
success.  [(#8 — CgHg)Ce(TpM®2)(THF)]  (Tp™® = hydrotris(3,5—
dimethylpyrazolyl)borate) exhibited no f-f transitions, neither in
the FIR/MIR nor in the Raman spectrum, even at low temperatures
[9]. Transitions were observed, however, for [(1°-CsHs);Ce(THF)],
in the MIR spectrum (450, 2135, 2220, 2465 cm™!) at low temper-
atures [10]. [(n°-CsHs)3Ce(NCCH3),] showed signals of f-f origin in
both the MIR (2128, 2152 cm™!) and Raman spectrum (320, 2129,
2154 cm™!) at ca. 30 K [11]. Ce(n>-CsMe4H); displayed a spectrum
only in the MIR range (890, 2135, 2360, 2480, 3875 cm™ ') even at
ambient temperature [12].

The last finding as well as the detection of electronic Raman
transitions in the case of SmCp*; [13] (Cp* = 1°-CsMes) and PrCp*;
[1] encouraged us to derive the experimental CF splitting pattern of
pseudo () trigonal planar CeCp*; (1) (see Fig. 1) by comparing the
FIR/MIR (pellets) and Raman spectra (oriented single crystals) of 1
with those of LaCp*s; (2).

If sufficient CF levels are detected, the free parameters of a phe-
nomenological Hamiltonian can be fitted to the experimentally de-
rived CF splitting pattern. The parameters obtained allow the
insertion of CeCp*s3 into empirical spectrochemical and relativistic
nephelauxetic series [14] and the set-up of the experimentally ori-
ented non-relativistic molecular orbital (MO) scheme of 1 (in the f
range [15]), which can be compared with the results of a previous
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Fig. 1. Molecular structure of CeCp*; in the crystal (adapted from PrCp*; [1]).

non-relativistic SW-Xa calculation on the i trigonal planar model
complex Ce(n°-CsHs)s [16]. Likewise, the predicted CF splitting
pattern of Ce(n°-CsHs); [17] (relativistic DV-Xo approximation)
as well as the predictions of the energies of f — d and charge trans-
fer transitions [17] can be compared with the experimental find-
ings of 1.

2. Experimental

Small single crystals of dark green 1 [18] and yellow 2 [19] were
synthesized at University of California, Irvine, according to the lit-
erature. The absorption spectra in the FIR (polyethylene pellets),
MIR (KBr pellets) and NIR/vis (unoriented single crystals, KBr pel-
lets) ranges were recorded by means of the instruments Vertex
70 (Bruker), FT-IR 1720 (Perkin-Elmer) and Cary 5e (Varian),
respectively. The latter two can be combined with a transfer cryo-
stat Helitran LT-3-110 (Air Products) and the Cary 5e apparatus
additionally with a bath cryostat, using liquid N, or liquid He as
coolant. For running the Raman spectra (powdered material and
single crystals sealed in glass tubes), the recently developed Sen-
terra instrument (Bruker) equipped with a microscope and lasers
with excitation lines at 785, 632.8 and 532 nm was available. Para-
magnetic susceptibility was determined on a Quantum Design
vibration sample SQUID magnetometer.

3. Phenomenological Hamiltonian, symmetry considerations
and selection rules

The energy levels within f! configuration in D3, symmetry can
be written in terms of the atomic free ion (Hg) and crystal field
(Hcr) Hamiltonian as follows:

H= HFI + HCF. where
Hp = asolaf [4, p. 67], and
Her(Day) = BACP + BeCY + BSCY® + BE(C) + CP)) [4, p. 242].

{4r presents the radial part of the spin-orbit interactions, while
aso is its angular part. The CF interaction for the above symmetry is
represented by the BZ parameters and the tensor operators Cg’” (4,
p. 170].

A CF of D3, symmetry splits the ground multiplet Fs, of Ce'
compounds into the CF levels 1I';, 1T, and 1T, respectively,
and the excited multiplet 2F7,2 (3.5 {4¢ higher) into 21", 317, 2T
and 2Tg [4, p. 265]. In case of powdered or dissolved material

the selection rules of Table 1 hold for induced electric dipole tran-
sitions between these levels.

4. Results and discussion
4.1. Derivation and simulation of the CF splitting pattern

In Fig. 2, the FIR spectra of compounds 1 and 2 are presented.
Obviously, the spectra are very similar, but because of the more
concentrated pellet of 1, some shoulders and weak signals are
more pronounced. This probably also holds for the weak signal at
94 cm™!, which does not appear in the FIR spectrum of 2, but could
be observed in the case of SmCp*; [13].

At room temperature, the MIR spectrum of 1 shows in the range
750-1000 cm~! a broad asymmetric band with the minimum at ca.
882 cm~! beside two sharper signals at 803 and 946 cm™! (see
Fig. 3). At low temperatures, the two sharper signals get somewhat
stronger and are weakly shifted to 806 and 947 cm~' (and addi-
tional shoulders at 801 and 943 cm™' appear), whereas the
above-mentioned broad band increases considerably and the min-
imum is shifted to 866 cm~! (besides, two additional shoulders can
be observed at 870 and 876 cm™!) (see Fig. 3). These findings sug-
gest that the former signals are of vibrational and the latter of elec-
tronic origin. This is additionally supported by the nonexistence of
the f — f band and the nearly identical band shapes and energies of
the vibrational signals in the low temperature MIR spectrum of 2
(see Fig. 3). The most plausible explanation for the shoulder at
876 cm™! and the electronic band at 866 cm~! would be that they
correspond to transitions initiating at the CF ground state and the
first excited level which are separated by approximately 10 cm™!,
whereas the shoulder at 870 cm™! is produced by the superposi-
tion of the bell-shaped signals of the above-mentioned two elec-
tronic transitions and, like in the case of 2, a vibrational signal.

In the range 2000-2600 cm™! three asymmetric signals at 2170,
2360 and 2490 cm™~! appear in the room temperature MIR spec-
trum of 1 (see Fig. 4). At low temperatures, the minima of these
signals are shifted to 2148, 2346 and 2470 cm~! with accompany-
ing shoulders at 2155, 2360 and 2475 cm™! (see Fig. 4). None of
these signals are present in the low temperature MIR spectrum
of 2 and are thus of electronic origin. Again, these findings are cor-
related with transitions initiating from the CF ground state and a
first excited level lying some 10 cm™! higher.

An additional weak and broad signal with the minimum at ca.
3675 cm~! can be detected in the MIR spectrum of 1 recorded at
ambient temperature. At low temperatures, this signal increases
and splits into two components at 3682 and 3693 cm™!, thus again
confirming the existence of a first excited level approximately
10 cm~! above the CF ground state. As before, none of these signals
appear in the corresponding spectrum of 2 (see Fig. 5).

In case of the similarly trigonal planar Ce(1°>-CsMe4H); [20] the
energetic sequence 1I'g~ 1I'g < 1I'; <« 2I'g < 2Tg < 217 <« 317 of
CF levels was concluded from MIR measurements [12]. The same
sequence will probably hold for the higher, energetically well sep-
arated CF levels of 1. Hence the levels 1177, 21, 21'g, 2I'7 and 31"

Table 1

Selection rules for transitions of induced electric dipole character of powdered or
solved f" systems (n odd) which are exposed to a CF of D3, symmetry (from Ref. [4], p.
255).

Dsp Iy Ig Ty
Iy -2 + +
I'g + — +
Iy 4 1> &

@ + allowed, — forbidden.
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Fig. 2. FIR spectra of LnCp*; in the range 50-650cm~' (room temperature,
polyethylene pellets): (a) Ln = La; (b) Ln = Ce.

(c)

transmission (a.u.)

8CIICI BE;D Q(IJO 9%0
wavenumber (cm’1)

Fig. 3. MIR spectra of LnCp*; in the range 750-1000 cm™! (KBr pellets): (a) Ln = Ce,
room temperature; (b) Ln = Ce, ca. 90 K; (c) Ln = La, ca. 90 K.
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Fig. 4. MIR spectra of LnCp*s in the range 2000-2600 cm~' (KBr pellets): (a)
Ln = Ce, room temperature; (b) Ln = Ce, ca. 90 K; (c) Ln = La, ca. 90 K.

of compound 1 are correlated with the CF energies of 876, 2155,
2360, 2475 and 3693 cm™!, respectively (see Figs. 2-5).

The symmetries of the CF ground and first excited state, how-
ever, are uncertain at the present stage. Ce(nS—CSMe4H)3 and
Ce(Nn>-CsH,t-Bu)s have a CF ground state of I'g, and a first excited
level of I'g symmetry [12], whereas a non-relativistic SW-Xa [16]
and a relativistic DV-Xa [17] calculation for the y trigonal planar
model complex Ce(1°-CsHs)s; resulted in a reversed sequence (vide
infra).

The combinations of E(1I's)=0cm™!, E(1I'g)=10cm™! and
E(1Tg)=0cm™ !, E(1I's) =10 cm~"! with the above-mentioned se-
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Fig. 5. MIR spectra of LnCp*s; in the range 3500-4000 cm~' (KBr pellets): (a)
Ln = Ce, room temperature; (b) Ln = Ce, ca. 90 K; (c) Ln = La, ca. 90 K.

quence of higher energies of compound 1 are denoted as CF split-
ting patterns A and B, respectively. According to the selection rules
for induced electric dipole transitions (see Table 1), all possible
transitions initiating at 1I's and 1T'g to the remaining CF states
of the f! configuration are allowed, with the exception of the tran-
sition 1I'g — 2I'g. In contrast to the selection rules, the transition
1I'g/1T°g — 2I'g corresponds to two signals at 2346 and
2360 cm~!, thus not allowing the identification of the symmetries
of CF ground state and first excited level on the basis of the MIR
spectrum.

In order to elucidate whether CF splitting pattern A or B is the
proper one, we planned to study both the polarization properties
of electronic Raman transitions [21] of oriented single crystals
and the magnetic properties of powdered material of 1 at low tem-
peratures. The polarized Raman measurements, however, showed
instead of the desired electronic transitions only vibrational transi-
tions (comparable to those of SmCp*; [13]), partly superimposed
on broad luminescence transitions (vide infra).

In order to identify the proper CF splitting pattern on the basis
of paramagnetic susceptibility measurements, the free parameters
of the above described phenomenological Hamiltonian were fitted
to the CF splitting patterns A and B, respectively (rms values of 8.9
and 1.9 cm™! for seven assignments). Subsequently, the u2; values
at ca. 0 K were calculated on the basis of van Vleck’s formula [22]
(for both patterns, making use of the wavefunctions and eigen-
values of the two fits. In order to consider possible covalency ef-
fects, the conventional Zeeman operator was replaced in the
calculations by kL + 25 (k orbital reduction factor [23]). The calcu-
lations lead for CF splitting pattern A to uZ; values between 3.54
and 3.32 3 for orbital reduction factors between 1.0 and 0.975,
whereas CF splitting pattern B is connected with considerably low-
er values between 1.80 and 1.69 p3.

In the range 3.4-10 K, the temperature dependence of uZ; of 1 is
nearly linear and the extrapolation of this line versus T = 0 K meets
the u%; axis at 3.48 u2. Hence, CF splitting pattern A (see Table 2,
column 5) is the proper one. The corresponding parameter set is gi-
ven in Table 3.

The parameter N,/V4T = /3, ,(BS)?/(2k + 1) is considered as
a relative measure of the CF strength experienced by the central
Ln>* ion [25]. Inserting the CF parameters of 1 into this relation,
one ends up with an N, /v4m value of 1333 cm™'. In Table 4, this
value is compared to those of other Ce'! compounds. Obviously,
the central ion of complex 1 experiences the fourth highest CF
strength found to date for Ce' compounds (see Table 4). Like in
the pairs of compounds LnCp*3;/Ln(CsMe4H); (Ln=Pr, Sm) the
N,/v/4m value of 1 is lower than that of Ce(CsMe4H); (see Tables
3 and 4), which is presumably caused by the larger Ln-C distances
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Table 2

Comparison of experimental and fitted CF energies of CeCp*s; as well as results of
relativistic and non-relativistic quantum chemical calculations on the model complex
Ce(N>-CsHs)s. All values in cm™.

Multiplet  CF level E(fit)  E(exp.) E(calc)®  E(calc.)’
2F5),° 10t #1)2¢ 0 0 97 245
2Fs5) 1T +3/2 7 10 0 0
2Fs) 15 +5/2 870 876 274 832
2Fyp 2l +3/2 2150 2155 2574 2314
2Fy) 2Ig +1/2 2356 2360 3901 2553
2Fy) 215 +5/2 2483 2475 2915 2264
2F,) 3T, +7/2 3694 3693 7355 5851

2 Result of a relativistic DV-Xo calculation [17].

b Result of a non-relativistic SW-Xo calculation [16] combined with
{4r=640 cm™' [12].

¢ Dominating Russell-Saunders multiplet 2**'L;.

4 The Bethe I' notation for the double group D'y, is used. The irreps I'; are ordered
in ascending energy.

¢ Largest eigenvector component =M.

Table 3

Comparison of the parameter values of LnCp*; (Ln=Ce, Pr, Sm) as well as of
relativistic and non-relativistic quantum chemical calculations on the model complex
Ce(Nn°-CsHs)s. All values in cm™!

Parameter CeCp*s Ce(n’-CsHs)s® Ce(m°-CsHs)s® PrCp*s©  SmCp*3¢
P = = = 66 569 71817
F* = = = 49 886 56 751
F® = = = 33439 36292
Ca 641 806 = 746 1129

o = = = [23.1]¢ [21.6]
B = = = [-757] [-724]
y = = = [1534] [1700]
T - - - - [291]
P = = = = [13]

e = = = = [34]
T® = = = = [-193]
i = = = = [288]
g = = = = [330]
M° = = = [1.76] [2.4]
M? = = = [0.99] [1.34]
Mm* = = = [0.67] [0.91]
P? = = = [275] [341]
Pt = = = [206] [256]
P° = = = [138] [171]
B2 —2189 3472 —3587 2293 —2741
B 1615 4082 3647 811 1341
BS 896 4443 23 1051 1556
B —1741 —8868 —5806 —2146 —2626
N,|Var 1333 4228 3039 1385 1717
o 89 (7) 11.9(7) 0(4) 10.2 (18) 15.0(21)

@ Result of a relativistic DV-Xo calculation [17].

b Result of a non-relativistic SW-Xat calculation [16].

¢ From Ref. [1].

4 From Ref. [13].

€ Values in brackets held fixed on the values of LaCl5:Pr’* resp. LaCl3:Sm>* [24].
T Number of fitted energies in parentheses.

of LnCp*s; compounds [18,26,27] compared to those of
Ln(CsMe4H)s complexes [19,28,29]. The same reason presumably
holds for the decreasing CF strength going from SmCp*3; via PrCp*s
to CeCp*s (see Table 3).

The {4 value of 1 is somewhat larger than that of Ce(CsMe4H);
but lower than that of the gaseous free Ce®* ion (see Table 4).

In the frame of a first-order CF calculation (neglect of the
coupling of the multiplets 2Fs;; and ?F; via the CF) the spin-orbit
coupling parameter {4 is estimated by dividing the difference of
the experimental barycenters of both multiplets by 3.5. Because
of relativistic nephelauxetic effects it was originally assumed that
the thus calculated (4 values of Ce" compounds are lower than

Table 4

Cap Caft and N,/ /47 values of various Ce' compounds. All values in cm™'.
Compound Las Laf' N,/y/4m Ref.
ce** 643.7 643.7 - [30]
LaCls:Ce3* 627 633 341 [31]
LaCls:Ce3* 627 633 356 [32]
LaF;:Ce3* 647 665 690° [33]
Cs,NaCeClg 635 644 867 [8]
Cs,NaCeClg” 623 644 948 [34]
Ce(CsMes)s 641 679 1333 This work
Ce(CsMe4H)s 640 692 1508 [12]
Ce(n>-CsHs)sC 640 825 3039 [12]
Ce(1°-CsHs)3¢ 806 1161 4230 [17]
Y3Gas04,:Ce*" 616 690 1548 [35]
Y,05:Ce3* 620 = 1692 [36]

3 The CF parameters given in Ref. [33] were adopted from LaF5:Pr3* [33].

b Fitted to the experimental CF energies of Ref. [8].

¢ Result of a non-relativistic SW-Xo calculation [16] combined with
{4r=640 cm™', from Ref. [12].

d Result of a relativistic DV-Xo calculation [17].

that of the gaseous Ce>* ion (643.7 cm~' [30]) [2]. For this reason,
Dieke found fault with the {4 values of LaCl;:Ce3* (669 cm™!; the
result of a miscalculation, the correct value is 633 cm™~! [12]) and
Yb3Gas015:Ce" (690 cm™! [35]) and declared these values as con-
sequence of a misinterpretation of IR spectra [2, p. 139]. Compound
1 and Ce(CsMe4H); have (4 values of 679 and 692 cm™!, respec-
tively (see Table 4). These on initial examination experimental
“anti”-relativistic nephelauxetic effects could be explained in [12]
by the coupling of the multiplets *Fs;; and ?F, via the CF, leading
to lower values of ¢4 than 643.7 cm™', if the phenomenological
Hamiltonian for the whole f! configuration is used (see Table 4).
In case of compounds of D3, symmetry the enlargement of {4
(compared to {4) is mainly caused by the CF parameters |B§| and
|BS|, and to a lesser content also by |B3| and |Bj| (see [12, Fig. 4]).
First of all, the CF parameter IBgl but also |B(6,| of 1 are considerably
lower than that of Ce(CsMe4H); [12, Table 3]. Hence the difference
C'ar — Car Of 1 is with 38 cm ™! noticeably lower than that of Ce(Cs.
Me,H); (52 cm™!, see Table 4).

4.2. Comparison of experimental and predicted electronic structures

Kaltsoyannis and Bursten calculated the relativistic MO scheme
of the y trigonal planar model complex Ce(1°-CsHs); on the basis
of the DV-Xa approximation [17], where the energies of the rela-
tivistic f type MOs correspond to the calculated CF splitting pattern
of this compound. According to this calculation, the CF ground
state is of I'g symmetry, and the remaining CF levels of I'g and
I'; symmetry of the ground multiplet *Fs;; have energies of 97
and 274 cm~! [17]. The energies of the CF states of the excited mul-
tiplet 2Fy, are not explicitly mentioned, but the transitions initiat-
ing from the thermally populated levels 1T, 1T's and 1T of %Fs,
and terminating at 2Ty, 2I'7, 2I's and 3I"; have energies of 2450,
2791, 3777 and 7231 cm™!, respectively (see Ref. [17], Table 2).
Hence, we add these wavenumbers to the barycenter of the CF
energies of *Fs;; (124 cm™!), and end at the calculated CF splitting
pattern of Ce(n>-CsHs); as given in Table 2, column 6. In Fig. 6, the
predicted CF splitting pattern of Ce(n°-CsHs); is compared to the
experimental ones of complex 1 and Ce(CsMe4H); [12]. Obviously,
the calculated CF splitting pattern is by a factor of ca. two larger
than the experimental ones, the predicted CF ground state is dom-
inated by M; = [+3/2> instead of |[+1/2> and the levels 2I'g and 2I";
are interchanged. Fitting the free parameters of the phenomeno-
logical Hamiltonian (vide supra) to the calculated CF splitting pat-
tern of Ce(n>-CsHs)s one arrives at the parameter set as given in
Table 3, column 3. Obviously, both the absolute values of the CF
parameters (and hence also the N, /v47 value of 4228 cm™!) and
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Fig. 6. Crystal field splitting patterns of CeCp’s: (a) Cp’ = CsHs (model complex),
result of a relativistic DV-Xa calculation [17]; (b) Cp’=Cp*, experimental; (c)
Cp’ = CsMe4H, experimental.

4¢(806 cm™ 1) are much too large. This is also reflected by the unu-
sual high difference ('4r — (4= 355 cm™ .

The eigenvalues of an energy matrix of the spin-free f' system,
into which the CF parameters of a previous parametric analysis of
the compound of interest had been inserted, were defined as the
experimentally-based non-relativistic MO scheme of this com-
pound in the f range [17].

In Fig. 7, the experimentally-based non-relativistic MO schemes
(in the f range) of complexes 1 and 2 are compared with the non-
relativistic MO scheme of the i/ trigonal planar model complex
Ce(Nn>-CsHs); calculated in the framework of the non-relativistic
SW-Xa approximation [16]. Obviously, the calculated total split-
ting of f orbitals is considerably larger than the experimentally-
based one.

The CF parameters resulting from a fit of the MO scheme of
Ce(Nn>-CsHs); (in the f range [12]), based on the non-relativistic
SW-Xa [16] are given in Table 3, column 4. In [12], the “non-rela-
tivistic” CF splitting pattern of Ce(n°-CsHs); was calculated making
use of this set of CF parameters and the ¢4 value of 640 cm™! (see
Table 2, column 7). Obviously, the non-relativistic SW-Xo approx-
imation produces the total splitting of the ground multiplet *Fs,
much better than the relativistic DV-Xa calculation, but the se-
quence of CF levels of the excited multiplet *F;, differs even more
from the experimental one.

A ey @ ©
— 4000
[+3>
— 3000 \
\\
— 2000 \
N sy
— 1000
f 2_2'
- L Y@xy?)
— 0 [0> /—7 A,
If;\/—%—*\ \\fz(xz-yz),fxyz
— -1000 |:‘:2>’/ f><z2,fyz2
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Fig. 7. Experimentally-based and calculated non-relativistic MO schemes of CeCp's:
(a) Cp’ = CsHs (model complex), result of a non-relativistic SW-Xo calculation [16];
(b) Cp’ = Cp*, experimental; (c) Cp’ = CsMe4H, experimental.

According to Kaltsoyannis and Bursten, it is not expected that
substitution of the H atoms of the n3>-CsH; rings with other groups
should have a pronounced effect upon the essentially metal-local-
ized electronic promotions [17]. For this reason, the strong differ-
ence between experimental and calculated CF splitting patterns
cannot simply be explained by the fact that the experimental work
was done with CeCp*; and the calculations on Ce(N°-CsHs)s.

In the frame of the above-mentioned relativistic DV-Xa calcula-
tion, not only the energies of f — f but also of the lowest (zero pho-
non) *Fs;; — 5d (16542 cm™') as well as of the charge transfer
transitions (N-CsHs)my — %Fs; (26554cm™') and 2Fsp — (1-
CsHs)ms with admixtures of 5d (27 660 cm™!) were predicted [17,
Table 2].

In order to check the above predicted relativistic transition
energies, the absorption (unoriented single crystals, KBr pellets)
and luminescence (oriented single crystals, KBr pellets) of com-
pounds 1 and 2 were recorded.

In Fig. 8, the absorption spectrum (room temperature) of an
unoriented single crystal of 1 is compared with the 77 K absorption
spectrum of a KBr pellet of 2 (at ambient temperature the signals of
the latter compound are too weak). In the range 15 000-
17 000 cm™~!, compound 1 exhibits two strong distinct peaks at
ca. 15360 and 16 590 cm™! which are missing in the case of 2.
For this reason, they correspond to excitations of an f electron to
energetically higher d or ligand orbitals.

In order to elucidate the experimental zero phonon energy of
the transition initiating at 2Fsj, and terminating at the lowest d le-
vel, we make use of the following definitions: the difference of
energies of the fast absorption transition initiating at Fs;; and thus
terminating at vibronic levels of the lowest d level and (after some
radiationless decays) the inverse luminescence transition is de-
fined as Stokes shift of Ce'! compounds [9,37,38], and the mean va-
lue of both transitions indicates roughly the zero phonon transition
[37]. This means that the energy of the (vibronic) ?Fs;; — 5d tran-
sition can be roughly estimated by adding the Stokes shift to the
observed energy of the corresponding 5d — %Fs; luminescence
transition. For purposes of comparison with the predictions of
the relativistic DV-Xa calculation the experimental zero phonon
energy is estimated as the mean value of the energies of the
absorption and the luminescence transition.

Applying the laser lines at 785, 632.8 and 532 nm of the Senter-
ra Raman instrument to oriented single crystals of 1, three strong
at broad luminescence bands with maxima at ca. 11 800, 13 700
and 18 300 cm™! appear, which show nearly negligible polariza-
tion effects. 5d — 4f luminescence transitions (initiating and the
lowest d level) move between ca. 32790 and 11920cm™! [9,
Table SI-3]. This did not allow spontaneously selection of the de-
sired 5d — 2F5/2 transition out of the above-mentioned lumines-
cence energies. However, in a number of cases these d — f

absorbance (a.u.)

(b)

20000 25000
wavenumber (cm™")

15000

Fig. 8. Absorption spectra of LnCp*; in the range 14 000-28 500 cm™': (a) Ln = Ce,
unoriented single crystal, room temperature; (b) Ln = La, KBr pellet, ca. 77 K.
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transitions are split into two components with the terminal multi-
plets °Fs; and *F;,, respectively, which are separated in the case of
Ce' organometallics between 1390 cm™! ([Li(THF),][Ce(1n3-CgHg),
[39]) and 2330cm™! (LiCp*,CeCl, [40]) with 1900-1950 cm™'
being the most common values (see Ref. [9, Table SI-3]). Hence,
the bands at 13 700 and 11 800 cm ™! (with AE = 1900 cm ') corre-
spond most probably to the transitions initiating on the lowest d
level 12ey/; and terminating on 2F5,2 and 2F7,2, respectively. This
pair of values is comparable with that of [Li(THF);][Ce(n&-CgHs),]
(13310/11 920 cm™! [39]), the Ce compound with the strongest
redshift of 5d — 4f transitions found to date [9, Table SI-3].

The only Stokes shift known for a Ce™ compound with organic
ligands is that of [(#8 — CgHg)Ce(Tp™®2)(THF)] with 1200 cm™! [9].
Adopting tentatively this value for 1 and adding 1200 to
13 700 cm™~! one ends up with ca. 14 900 cm~!. Hence, the absorp-
tion band with an energy of ca. 15360 cm~' and not that at ca.
16 590 cm~! corresponds most probably to the searched for vib-
ronic ?Fsj; — 5d transition with the lowest energy. Combining this
value with the energy of the vibronic luminescence transition
5d - ?Fs, (13 700 cm™'), one arrives at a zero phonon value of
ca. 14530 cm™!, which is approximately 2000 cm~! lower than
the predicted value (16 542 cm™') [17].

The adjacent band in the absorption spectrum with an energy of
16 590 cm™!, which is due to an excitation of an f electron (vide su-
pra), has no counterpart of a predicted transition in the relativistic
DV-Xo calculation.

In the range 20 000-25 000 cm™!, compounds 1 and 2 show
comparable absorbance curves, namely a shoulder on the low
energetic side of a broad band at ca. 22 620/23 485 and 22 000/
24300 cm !, respectively (both are missing in the case of NaCp*),
thus indicating that these signals are not caused by the excitation
of an f electron. Possibly, the transition (n-CsHs)m, — 2F5/2, which
was predicted at 26 554 cm™! by the relativistic DV-Xat calculation
[17], is the reason for at least one of these signals. The difference
between experiment and prediction may be explained by the ex-
pected red shift of this signal upon substitution of the (n°-
CsHs)™ rings [17].

At ca. 27 000 cm™!, the onset of a broad band with the maxi-
mum at ca. 28 200 cm™! is visible in the case of 1. Complex 2, how-
ever, in this range shows a poor signal-to-noise ratio, which
prevents the reliable detection of the corresponding signal. If it is
indeed missing, the band at ca. 28 200 cm™! in the absorption
spectrum of 1 has to be correlated with the predicted
%Fs5); — (N°-CsHs)ms charge transfer transition at 27 660 cm™
[17]. The small difference between experiment and theory may
be explained by a blue shift upon functionalization of the ring [17].

The absorption spectrum of Ce(CsMesH)s (KBr pellet) closely
resembles that of 1[12, Fig. 6]. However, that of similarly y trigonal
planar Ce{nS—C5H3(SiMe3)2)}3 exhibits, instead of the two distinct
peaks at 15360 and 16 590 cm~! and the diffuse ones at 22 620
and 23 485 cm™! found for 1, only two broad bands centred at
17 650 and 22 125 cm ™!, which were correlated with the transitions
4f - 5do and 4f — 5dm, respectively [41]. In Ref. [17], that latter
band was alternatively assigned to the above-mentioned transition
(N-CsHs)m, — %Fsp,, with a predicted energy of 26 554 cm ™.

In case of YAG:Ce®*, the ?Fsj, — 5d absorption transitions in the
UV-Vis range have energies of ca. 22 000, 30000, 37 000 and
44 000 cm~'[42]. The two lowest transitions have considerably high-
er energies than those of complex 1, thus indicating that the ligand
field splitting of d orbitals of this complex is lower than that of 1.

5. Conclusions

In contrast to a number of other Ce™ compounds, the observa-

tion of bands of f — f transitions of complex 1 are not hampered

by vibrational signals in the MIR spectrum. For this reason, the
underlying CF splitting pattern could be derived by comparing
the low temperature MIR spectra of 1 and 2. The difference of
the experimental energies of the barycenters of CF levels of the
multiplets 2F7/2 and 2F5/2 is larger than in the gaseous Ce>" free
ion (experimental “anti”-relativistic nephelauxetic effect). How-
ever, fitting the free parameters of a phenomenological Hamilto-
nian for the complete f! configuration results in a ¢4 value lower
than that of Ce3*, which corresponds to the expected relativistic
nephelauxetic effect of a more covalent Ce! compound.

The experimental CF splitting pattern of 1 is compared to the re-
sults of a relativistic DV-Xa calculation on the / trigonal planar
model compound Ce(n>-CsHs)s. Although it is not expected that
the substitution of the H atoms of the n°-CsHs rings with other
groups should have a pronounced effect upon the essentially me-
tal-localized electronic promotions [17], the calculated CF splitting
pattern is by a factor of two larger than the experimental one. Be-
sides, the calculation produces an incorrect CF ground state and an
incorrect sequence of the CF levels of the excited multiplet Fy,.

Likewise, the predicted transition initiating at 2F5,2 and termi-
nating at the lowest 5d level is off by ca. 2000 cm~! and an addi-
tional sharp band which is due to the excitation of an f electron
was not predicted. However, the agreement of experimental and
calculated energies of two charge transfer bands is not too bad.

In order to identify experimentally detected f — f transitions of
Ce'' compounds, it seems to be more appropriate to rely on exper-
imental methods like polarized low temperature IR and electronic
Raman spectroscopy of oriented single crystals than on relativistic
model calculations. However, if these advanced methods are not
available, identification calculations have to be performed which
use the known CF parameters of the corresponding Pr'! or Nd™
compounds together with an adequate {4 value.
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