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ABSTRACT. Partial ytterbium f-orbital occupancy (i.e. intermediate valence) and open-shell singlet
formation are established for a wvariety of bipyridine and diazabutadiene adducts to
decamethylytterbocene, (CsMes),Yb or Cp*,Yb. Data used to support this claim includes ytterbium
valence measurements using Yb Lyj-edge x-ray absorption near-edge structure (XANES) spectroscopy,
magnetic  susceptibility and Complete Active Space Self-Consistent Field (CASSCF)
multiconfigurational calculations, as well as structural measurements compared to density-functional
theory (DFT) calculations. The CASSCF calculations indicate that the intermediate valence is the result
of a multiconfigurational ground state wave function that has both an open-shell singlet f 1 and a closed-
shell singlet f '4 component. A number of other competing theories for the unusual magnetism in these
materials are ruled out by the presence of intermediate valence and its lack of any significant
temperature dependence. These results have implications for understanding chemical bonding not only
in organolanthanide complexes, but also for organometallic chemistry in general, as well as

understanding magnetic interactions in nanoparticles and devices.
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1. Introduction

The canonical view of magnetism and bonding in lanthanide organometallic compounds is that of
localized f~orbitals split by interactions with ligand orbitals, but not participating in bonding. This rule,
of course, has some well known exceptions, particularly in solid-state intermetallics.'> Two features of
f-orbital bonding in these intermetallic systems are noteworthy. First, a reduced magnetic moment at low
temperatures is typically observed, and second, a theoretical understanding cannot be obtained without
including higher-order (many-body) interactions than are typically provided by a molecular theoretical
method such as Density Functional Theory (DFT). Recently, several N-heterocyclic base adducts of
ytterbocene of the form Cp*,Yb(L), where Cp* = pentamethylcyclopentadienyl = CsMes and L is one of
several bipy (bipy = 2,2'-bipyridine),*® dad (dad = 1,4-diazabutadiene),” and related® 8 adducts, have
been shown to display unusual magnetic properties involving an apparently reduced magnetic moment
of the complex, corresponding to an extremely strong antiferromagnetic coupling constant. For instance,
using the temperature of the peak in the magnetic susceptibility as an estimate of twice the coupling
constant, 3, the bipy and dad adducts have I ~ -100 cm'l, whereas 3 between a lanthanide and a radical
is typically smaller than -10 cm™.>"> The origin of the reduced moment in these molecules has been
controversial. The heart of the controversy has been whether the reduced moment is caused by some
type of antiferromagnetic coupling (mostly intramolecular, as shown by correlating solid-state
magnetism and solution NMR spectra™ '), or is due to the electronic structure on the metal center or the
molecule.

In this article, we explore the ubiquity of such behavior in this class of molecules and the nature of
this unusual magnetic interaction with measurements of the magnetic susceptibility and the x-ray
absorption near-edge structure (XANES). A systematic relationship is observed between the effective
valence of the ytterbium atoms and the magnetism in these molecules, indicating that as the ytterbium
valence moves from Yb(IIL), 41", toward Yb(II), 47", an open-shell singlet ground state develops that

becomes more stable as the f'* contribution increases. The magnetism of these materials is thus related
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to the degree of intermediate valence. Here, the term “intermediate valence” denotes a fractional, or
non-integer valence. For example, the valence of ytterbium in Cp*,Yb(pyridine), is two, Yb(I), and the
Yb atom has a closed shell 4/ electron configuration, consistent with its physical properties. Similarly,
the valence of ytterbium in [Cp*,Yb(bipy)]+[I]- is unambiguously three, Yb(III), and the atom has an
open shell 4f 13 electron configuration, consistent with its physical properties. However, the valence of
the ytterbium atom in Cp*,Yb(bipy) is neither two nor three; rather, it is in between these extreme
values, i.e., it has an intermediate valence. The physical studies reported in this article give the value of
the valence from which a physical model, supported by calculations, is developed to rationalize why the
complex has intermediate valence.

The presence of intermediate valence in the ytterbium atoms, and the lack of a strong temperature
dependence of this valence, rules out several other interpretations of the magnetism, such as those
invoking valence tautomerism or crystal-field interactions. These data therefore point to the formation of
a multiconfigurational, open-shell singlet ground-state with anomalously strong antiferromagnetic
coupling between the moments on the metal and the aromatic ligand. Similar behavior was predicted for
cerocene' '8 (Ce(cot),, cot = cyclooctatetraene = CgHg) and supported by experiments on cerocene,'’

substituted cerocenes,zo’ 21

the isoelectronic compounds Pn*,Ce (Pn* = permethylpentalene = CgMe6)22
and Ce[Cng‘;(Si"Pr3-1,4)2]2,23 as well as [Ce(n-C5H5)3]+,24 Cp*,Yb(terpy = 2,2’:6',2"-terpyridine),8 and
Cp*,Yb(bipy)."® This interpretation is further supported by Multireference Configuration Interaction
including Single and Double excitation (MRCISD) calculations (previously only available for cerocene)
using the Complete Active Space Self-Consistent Field (CASSCF) method on (CsHs),Yb(bipy) and
(CsHs), Yb(dad(H)-tBu) molecules, which also highlight the structural implications of such intermediate
valent Yb states. Therefore, these results emphasize the importance of a higher-order,
multiconfigurational approach in determining the nature of the chemical bond in lanthanide

organometallics in which an f electron on the metal centers can couple to delocalized n electrons on the

ligand.
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Below Yb Lj-edge XANES and magnetic susceptibility measurements are reported on several bipy
and dad adducts to Cp*,YD of the type Cp*,Yb(L) (Scheme 1), where L is bipy, and 4,4’-disubstituted
bipyridines and 1,4-diazabutadiene derivatives, including purely di- and trivalent Yb complexes. These
bipy and dad ligands were chosen over related 4,4'-alkyl substituted 2,2'-biyridines such as the 4,4'-
dimethyl-2,2’-bipyridine or 4,4’-di(tert-butyl-2,2'-bipyridine),” the former do not display any obvious
phase transitions or other hysteretic behavior, and, as will be shown below, do not exhibit any obvious
temperature dependence to the Yb valence. Examples of ytterbocene complexes that display strong
temperature dependence of the Yb valence will be considered in a future paper.

Scheme 1. Schematic diagram showing bipyridyl and diazabutadiene adducts discussed in the present

work.
R RI Rl
R—N N—R
R abbreviation R R’ abbreviation
H bipy H C(Me); dad(H)-#-Bu
OMe bipy-OMe H CH(Me), dad(H)-i-Pr
CeH;s bipy-phenyl H adamantyl dad(H)-adamantyl
CO,Me bipy-CO,Me H CsHa-p-tolyl dad(H)-p-tolyl
CO,Et bipy-CO,Et Me CeH4-OMe dad(Me)-p-anisyl
H CsH,-2,4,6-Me; | dad(H)-mesityl

2. Experimental Section

Draft 12/8/2008. 8:40:26 AM



General synthesis. Samples were prepared as previously described,* > 7 %° except as noted below.

Preparation of Cp*;La(OTf)(pyridine). MgCp*; (6.11 g, 2.7 mmol) and dry La(OTf); (12.15 g, 2.7
mmol) in 50 mL of a 1:10 pyridine:toluene were stirred overnight. The green-yellow solution was then
taken to dryness and the green-yellow residue was dissolved in 300 mL of diethylether. The suspension
was filtered, and the filtrate was concentrated to 100 mL, then warmed to re-dissolve the precipitate and
the solution was cooled to -20 °C. Light green crystals of Cp*,La(OTf)(pyridine) formed. Yield 2.40 g
(18 %). 'H NMR (Ce¢Dg): 9 1.92 (s, 30H), 6.56 (t, 1H, J =7 Hz), 6.84 (t, 2H, J= 8 Hz), 8.32 (d, 2H, J =
5 Hz). F NMR (C¢Dg): J -76.7 (s). Anal. Caled for CoH3sNF3LaOsS: C, 48.98; H, 5.53; N, 2.20.
Found C, 49.12; H, 5.26; N, 2.20. M.P.: 363-367 "C.

Preparation of Cp*;La(2,2’-bipyridine)(OTf). Cp*,La(OTf)(pyridine) (1.2g, 1.9 mmol) and bipy
(0.29g, 1.9 mmol) were mixed in 50 mL of pentane with stirring. After stirring the suspension overnight,
the solvent was filtered, the red powder was dissolved in 5 mL of CH,Cl, and the filtrate was layered
with pentane. Red crystals formed over the course of a week. Yield 0.48g (36%). 'H NMR (CD,Cl,): ¢
1.73 (s, 30H), 7.70 (t, 2H, J = 6 Hz), 8.14 (td, 2H, J = 8 Hz, J =2 Hz), 8.26 (d, 2H, J = 8 Hz), 8.92 (2H,
0172 =40 Hz). "’F NMR (CD,Cly): 6 -76.99 (s). Anal. Caled for C3;HagN,F3LaO;: C, 52.10; H, 5.36; N,
3.92. Found C, 51.74; H, 5.00; N, 3.81.

Preparation of Cp*,La(2,2’-bipyridine). Cp*,La(2,2’-bipyridine)(OTf) (1.1 g, 1.6 mmol) was added
to sodium amalgam formed by dissolving Na (0.04 g, 1.9 mmol) in Hg (38 g, 188 mmol). Toluene (100
mL) was added and the dark red solution was stirred overnight. The toluene suspension was filtered and
the filtrate was taken to dryness. The dark red residue was dissolved in 60 mL of pentane, the suspension
was filtered, and the filtrate was concentrated to 20 mL, heated to redissolve the Cp*;La(2,2’-bipyridine) .
and then cooled to -20 °C. Dark red crystals were obtained. Yield 0.70 g (79%). 'H NMR (CgDs): 3.39
(v12 = 120 Hz); the 2,2’-bipyridine resonances were not found. Anal. Calcd for CsoH3ssLaN;: C, 63.71;
H, 6.77; N, 4.95. Found: C, 63.45; H, 6.97; N, 4.87. M.P. 310-312 "C. IR (Nujol mull): 2917 (vs), 2724

(w), 1539 (w), 1463 (s), 1417 (w), 1377 (s), 1276 (m), 1260 (m), 1205 (m), 1169 (w), 1146 (m), 1076
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(m), 998 (m), 942 (s), 822 (w), 743 (W), 715 (s), 676 (m), 642 (m), 604 (w). UV-Vis (Cs¢Hi2) (Amax, € X
102 Lmol'em™): 930 (1.36), 812 (2.07), 368 (10.10).

Preparation of Cp*,Yb(OTf)(pyridine). MgCp*, (6.1 g, 20.8 mmol) was stirred with dry Yb(OTf);
(12.9g, 20.8 mmol) in 50 mL of a 1:10 mixture of pyridine:toluene. The purple solution was warmed
and stirred overnight. The solution was then taken to dryness and the purple residue was dissolved in
100 mL of diethylether. The suspension was filtered and the filtrate was concentrated to 50 mL, warmed
to dissolve the Cp*,Yb(OTf)(pyridine) and cooled to -20 °C overnight. Dark purple block crystals of
Cp*,Yb(OTf)(pyridine) formed. Yield 12.6g (90%). 'H NMR (C¢Ds): J 3.83 (30H, v12 = 60 Hz), 25.54
(1H, v12 = 80 Hz). The ortho and meta hydrogens were not observed at 20 °C. F NMR (CgDg): 0 -51.0
(s) Anal. Calcd for CycH3sNF303SYb: C, 46.49; H, 5.25; N, 2.09. Found C, 46.35; H, 4.94; N, 2.43.
M.P.: 211 °C.

Preparation of [Cp*,Yb(N,N’-bis(p-tolyl)-1,4-diazadienyl)][BPh4]. Cp*,Yb(OTf)(pyridine) (0.65
g, 0.97 mmol), N,N’-bis-(p-tolyl)-1,4-diazadiene (0.24 g, 0.97 mmol) and NaBPhy (1.0 g, 2.8 mmol)
were stirred in 50 mL of pentane overnight. The pentane was filtered, the brown residue was dissolved
in 10 mL of CH,Cl,, filtered and the filtrate was layered with 50 mL of pentane. Brown plate-like
crystals of [Cp*,Yb(dad(H)-p-tolyl)][BPhs] formed. Yield 0.36g (37%). 'H NMR (CD,Cl,): § -35.53
(2H, v12 = 80 Hz), -3.21 (30H, v1/2 = 200 Hz), -0.649 (4H, v1» = 60 Hz), 1.19 (8H, vy, = 40 Hz), 2.24
(8H, vy, = 40 Hz), 24.54 (6H, v1» = 4 Hz), 53.92 (2H, v, = 800 Hz). One resonance due to 4H’s,
perhaps those of the ortho-H’s of the p-tolyl ring, was not observed at 20°C. ''B NMR (CD,CL): ¢ -
12.78 (v12 = 8 Hz). Anal.Calcd for CsoHgsN2BYDb: C, 72.14; H, 6.66; N 2.80. Found C, 69.82; H, 6.26;
N, 2.97. A crystal suitable for X-ray diffraction was selected; full crystallographic details are available
as Supporting Information.

X-ray absorption near-edge structure (XANES) spectroscopy. The samples for x-ray absorption
measurements were prepared by mixing 3-10 mg of sample with dried boron nitride in an inert
atmosphere (Ar or N,) glove box and loading the mixture into a slotted, multiple-sample aluminum

holder with indium sealed aluminized mylar windows. These holders provide sufficient sample
7
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protection that the sample integrity was not compromised during transportation in a container backfilled
with nitrogen or argon to the Stanford Synchrotron Radiation Laboratory (SSRL). X-ray absorption data
were collected primarily on beam line 11-2 using an unfocused, uncollimated beam with energy
resolution (< 0.7 eV) far narrower than the energy width of the edge due to the core-hole lifetime
(Ex~42 eV®). A spectrum of Yb,O; was collected simultaneously as an energy reference, and the
incident energy was calibrated by arbitrarily setting the first inflection point in the main edge of the
Yb,0; sample to 8943 eV. All sample holders were loaded into an evacuated liquid helium flow cryostat
at the beamline and data were collected at temperatures between 30 and 300 K using a half-tuned
Si(220) double crystal monochromator. Sample integrity was easily verified by observing the absorption
spectra of an oxygen “canary” that is always loaded into one slot of each multislot sample holder,
typically a divalent ytterbocene such as Cp*,Yb(py); or Cp*,Yb(OEt,).

XANES data are widely used to extract the effective valence in Yb systems, and the technique is
generally considered to be accurate within an absolute (systematic) error of about 5% (for instance, a
good correspondence between the valence and magnetism in various Yb alloys has been observed”).
The best way to extract the valence is to obtain model spectra for the di- and trivalent components.
However, in the present case, the lutetium analogs, which could be used as models for either of these
components, were not available. Instead the XANES spectra were fitted to a combination of pseudo-
Voigt functions to extract the relative weight of the di- and trivalent Yb features. Each spectrum was
fitted to in integrated pseudo-Voigt to simulate the main edge, together with a single pseudo-Voigt each
for the divalent and trivalent resonances, and lastly, a pseudo-Voigt with negative amplitude to simulate
the first extended x-ray absorption fine-structure (due to the local crystal structure®) . We have
compared this method to using Lu Ly edge spectra on a number of intermetallic intermediate valent
systems, notably the Yb;<Lu,Al; series, and find the results are with in about 3-5% of each other, the
absolute error typically ascribed to this technique.

Magnetometry. Magnetic measurements were conducted in a 7 T Quantum Design MPMS

magnetometer utilizing a superconducting quantum interference device (SQUID). Between 10 and 25
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mg of sample were sealed in evacuated quartz tubes while held in place with ~5 mg of quartz wool. This
method provides a very small and reliable container correction, typically of about -2 x 10° emu. The
data are also corrected for the overall diamagnetism of the molecule using Pascal constants.” The
accuracy of these methods has been verified in measurements of ferrocene, giving the expected zero
moment within 5x10° emu/mol.>> Data were collected at two fields (5 kOe or 40 kOe) depending on
what data are available over a given temperature range. Low-field data were best for subtracting out
impurity contributions, and they were fully consistent with the high-field data obtained at high
temperatures. Impurity contributions (i.e. “Curie tails”) for Cp*,Yb(py). and the dad adducts were
estimated by fitting the low temperature data to a constant, y, plus a Curie-Weiss term Cimp/(7-®w) and
taking the impurity fraction as Cimp/Cj=7. This procedure produced poor quality fits for the bipy
adducts, and therefore the Cp*,Yb(py), data were used as a model of the impurity contribution.

Electron paramagnetic resonance (EPR) spectroscopy. EPR spectra were obtained at room
temperature with a Varian E-12 spectrometer equipped with an EIP-547 microwave frequency counter
and a Varian E-500 gaussmeter, and were calibrated using 2,2-diphenyl-1-picrylhydrazyl (DPPH, g =
2.0036).

Computational details. The ytterbium center was treated with either a small core relativistic
pseudopotential (RECP) (explicit 4f shell)® in combination with its adapted basis set or a f-in-core

(large core) pseudopotential from the Stuttgart group’" >

with the optimized basis set augmented by a
set of polarization functions (namely f functions). The carbon, nitrogen, oxygen and hydrogen atoms
were treated with an all-electron double-&, 6-31G(d,p), basis set.”> All the calculations were carried out
with the Gaussian 98 suite of programs®® either at the DFT level using the B3PW91*> *® hybrid
functional or at the CASSCF level. The geometry optimizations were performed without any symmetry
constraints either at the DFT or the CASSCF levels. A vibrational analysis was done using analytic

determination of the frequencies in a harmonic approximation. The UV spectra were simulated by using

the time-dependent DFT approach.®’
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Table 1. Summary of available data and fit results on Cp*,Yb(L) compounds.

Compound Yb(III) 0" T(Xmay)” n¢ 2L Ligand
imp.* Redox
(emu/mol) (K) potentiald
(%)
[Cp*,Yb(bipy)] I 1.01(2) | 1.492(4Y -2.60
Cp*,Yb(bipy-phenyl) 4.2 0.0031 390 0.89(2) -2.34
Cp*,Yb(bipy-CO,Me) 2.6 0.0025 355 0.84(2) -2.03
Cp*,Yb(bipy) 0.5 0.00176 380 0.83(2) | 1.426(5) -2.60
Cp,Yb(bipy) 0.8 0.00024 0.30(1) -2.60
Cp*,Yb(bipy-OMe) 0.6 0.00042 0.13(9) -2.88
Cp*,Yb(py)2 0.5 -0.00001 0.2(1)
Cp*,Yb(Et,0) 1.6 0.00007 0.07(1)
[Cp*,Yb(dad(H)-p-tolyl)]” [BPh,] 0.95(2) | 1.478(9) -1.88
Cp*,Yb(dad(H)-mesityl) 3.1 0.0065 140 0.93(1) | 1.413(15) -1.91¢
Cp*,Yb(dad(H)-p-tolyl) 5.4 0.0044 260 0.94(1) | 1.380(9) -1.88
Cp*,Yb(dad(Me)-p-anisyl) 6.1 0.0038 260 0.94(1) -2.33
Cp*,Yb(dad(H)-i-Pr) #1 5.6 0.0035 - 0.91(1) -2.44"
Cp*,Yb(dad(H)-i-Pr) #2 10.5 0.0028 360 0.89(1)
Cp*,Yb(dad(H)-adamantyl) 0.05 0.0031 330 0.91(1) | 1.397(4)° -2.61"
Cp*,Yb(dad(H)-#-Bu) 0.04 0.0025 360 0.89(1) | 1.398(5) -2.61

“Yb(III) impurity and ¥, are determined by fitting %(T) from Figure 4 at low temperature with a constant (yo) plus the
magnetic susceptibility of either [Cp*,Yb(bipy)]'[I]  as an appropriate trivalent ytterbium reference for the bipy materials, or
a Curie-Weiss function for the dad materials.

"The temperature where (T) goes through a maximum value ¥max.

“The number of f-holes, that is, the valence v=2+n;. Errors are from the covariance matrix in the fit, consistent with random
errors between scans. Absolute errors are between 3-5%, see text.

“Ligand redox potentials are as reported by Ref. ’, unless otherwise noted.
“Ref. **

/These parameters were obtained on an i-Pr sample with higher impurity content; however, these impurities should have
only a small effect on these values, especially for 7(¥max)-

&Derived by inference from the 2,6-methyl substituted derivative (mes= 2,4,6-methyl substituted derivative).* *

"Derived from the cyclohexyl derivative.* *°
"Derived by inference from the reduction potential of dad(H)-t-Bu).

JThis value is derived from the C2-C2’ bond distance in [(MesCs),Yb(bipy)] [(MesCs)2YbCl,]".*

10
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3. Results: Experimental

XANES. XANES data at 20 K are displayed in Figure 1, and those of some selected bipy adducts at
various temperatures in Figure 2. Data for Cp*,Yb(py), are not shown, but agree well with the divalent
Yb signal from Cp*,Yb(OEt;). The bipy adduct data in Figure 1a show the full range of expected
behavior, starting from the nominally divalent Cp*,Yb(OEt;) spectra, then the intermediate valent
Cp*;Yb(bipy-CO,Me) and Cp*,Yb(bipy) spectra, and finally the trivalent [Cp,*Yb(bipy)]'T spectra.
The dad adduct data in Figure 1b are similar, although all are very close to trivalent with only a small (<
12% in all cases) divalent contribution. In spite of this nearly trivalent character, the subtle trends in the
white line intensity and the shoulder at ~ 8939 eV between the dad adducts track the differences

between these samples in their magnetic susceptibility traces (see below).

T proemn— : ——
__[b'DYr (a) d
25 — bipy-CO,Me
U — bipy-phenyl
[ —— bipy
2.0 ——Cp,Yb(bipy)

1.5
§ 1.0
"é‘_ B
8 0.5
Q
g L = — e
N I / b) |
w© 25 (b)
g L
[®] .
> 2.0
15 . -
L — [bipy]
1.0 —— [dad(H)-p-tolyl]
’ —— dad(H)-p-tolyl
I — dad(H)-mesityl
05} ~——— dad(H)-adamantyl -
X —— dad(H)-i-Pr ]
oo . ——ced}tBy
8930 8935 8940 8945 8950 8955

E (eV)

Figure 1. Yb Lj-edge XANES spectra at 20 K for most of the compounds discussed in the text. Panel
(a) focuses on the bipy compounds, while panel (b) focuses on selected dad compounds. The inset of
panel (b) is a magnification of the divalent shoulder of the dad data. All compounds are coordinated to

Cp*, except as indicated.

Kl
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Figure 2. Yb Lj-edge XANES spectra at various temperatures as an example of any potential
temperature dependence of the Yb valence in these materials. This level of reproducibility is similar to

that obtained by collecting at a fixed temperature and looking at different parts of the same sample.

3.0 r T T
Cp*,Yb(dad(H)-t-B

sl p*,Yb(dad(H)-t-Bu) dafa 1

' —— i
—Yb(ll)

a8 —— Yb(Ill)

15k —— EXAFS peak
’ —— edge

-
o
T

ot
3

Normalized absorption

o
o

1 " 1 v
8940 8950 8960 8970

E (eV)

8930

Figure 3. Example of use of pseudo-Voigt peaks to fit the Yb Ly-edge XANES spectra in the case of

data from Cp*,Yb(dad(H)-z-Bu).

An example of a fit for determining the valence (that is, the number of fholes, ny) for the
Cp*,Yb(dad(H)-tBu) data is shown in Figure 3. The valence data for all measured samples are
summarized in Table 1. The Cp*,Yb(bipy) complex has, for example, 83% trivalent character, while the

dad complexes have between about 89 and 95% trivalent character. All of these data are collected at
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temperatures ranging from 20-300 K, and in some cases up to 450 K, and no measurable temperature

dependence has been observed within 5% (eg. see Figure 2).

L] I L] I L] I ] l L] I L] I L) I 1 = L] I LI ﬁ L] I L] -
* H % v
025 (@) Cp*,Yb(bipy-R) i Cp*,Yb(dad(R)-R) (b) |
’ = (H)-mesityl
0.20 = Fa e (H)-p-tolyl
T A (Me)p-anisyl |
0.15 " bigy' g™ ] v (HMPr 0.04
3 + Py J ¢ (H)-adamantyl
0.10 ‘ ® (bIPY'COZEt) 4 blpy-OMe < EH;:t'BU ty
e 4 bipy-phenyl P, i —C,,=2.571 0.02
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Figure 4. Magnetic susceptibility %(7) in a 40 kOe applied field for the Cp*,Yb bipy compounds (left
panel) and Cp*,Yb dad compounds (right panel), corrected for background and the diamagnetic
contribution of the matrix. In addition to the compounds in Scheme 1, bipy =[Cp*,Yb(bipy)] [I]” and
(bipy-CO,Et)" = Cp*,Yb(bipy-CO,Et)]'[Cp*,Ybl,]. Lower panels are magnifications of the upper
panels. Data from Cp*,Yb(OEt;) and Cp*,Yb(dad(H)-i-Pr) #2 are not shown for clarity. Some of these

4,5,7

data have been published previously, although not reported as (7).
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Figure 5. %(T) in a 40 kOe applied field for selected Cp*,Yb bipy compounds (left), and in a 5 kOe
applied field for selected Cp*,Yb dad compounds (right), all with the estimated impurity contribution

removed.

Magnetic susceptibility and EPR results. The magnetic susceptibility, y(7), for the bipy and dad
adducts are displayed in Figure 4 together with that expected for a free ion with J = 7/2: y(7) = C,/T
with Curie constant C;, = 2.571. Each of these data fall into three general classes: (i) those exhibiting
close to full trivalent, J = 7/2 magnetism, eg. [Cp*,Yb(bipy)]'[I],, (ii) those that are nearly diamagnetic,
eg. Cp*,Yb(bipy-OMe) and (iii) those that are in between these two extremes and exhibit a local
maximum in the susceptibility at temperatures > 100 K, eg. Cp*,Yb(bipy-CO,Me). Those data with
small magnetic moments at low temperature, namely, those in classes (ii) and (iii), also show a sharp
upturn in y(7) with decreasing 7. We ascribe this upturn to impurities, as evidenced by its saturation [?]
in applied field, indicative of a small amount of a high-moment impurity, and by its irreproducibility in

different independently prepared samples of the same compound.* > *! For instance, we have measured
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several samples of Cp*,Yb(bipy) over more than 25 years in different sample containment schemes and
the behavior above about 100 K is always very similar, regardless of the magnitude of the so-called
impurity-induced “Curie tails.” (Figure S1). The magnitude of these Curie tails corresponds to < 5%
(usually less) of a Yb(III) impurity, potentially caused by small amounts of hydrolysis or oxidation. The
contributions from these Curie-tails may be subtracted to obtain the underlying susceptibilities of the

Cp*,Yb(L) complexes as shown in

Figure 5. These subtracted data show that many samples exhibit temperature-independent

paramagnetism (TIP) at the lowest temperatures. The results, such as the magnitude of TIP (), are

summarized in Table 1.
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Figure 6. Left: EPR spectra of Cp*,La(bipy) in methylcyclohexane (a) and as a powder (b) at 294 K.

Right: Magnetic susceptibility of Cp*,La(bipy). Data are shown as dots; the fit to eq 2 is shown as lines.

As shown by the XANES results, the complexes in class (ii) are largely Cp*,Yb(II)(L)
complexes with neutral diamine ligands with a small amount of Cp*,Yb(III)'(L)" character while the
complexes in class (iii) are largely Cp*,Yb(III)"(L)” with a small amount of Cp*,Yb(II)(L) character.

Therefore, a plausible explanation for the reduced magnetic moment of the class (iii) complexes is
15
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antiferromagnetic coupling between the Yb(III) center and the ligand-based organic radical, which gives
rise to an open-shell singlet ground state. One difference between the susceptibility of the open-shell
singlet and the closed-shell singlet is that a closed-shell singlet is diamagnetic in which any temperature-
independent paramagnetism is due to interaction with relatively high-energy excited states while the
open-shell singlet is a temperature-independent paramagnet. Although the total angular momentum of
the open-shell singlet is zero, the orbital angular momentum of the open-shell singlet is not zero if the
angular momenta of the coupled magnetic centers are not identical; that is, if their g-values are
different.*” The considerable TIP of the Cp*,Yb(L) complexes depends on the difference between the g-
value of the organic radical and that of the Yb-center as well as the magnitude of the coupling between
them.*?

The preceding discussion implies that the only magnetic interaction in the Cp*,Yb(L) family is
between the organic radical and Yb center; however, these complexes likely experience intermolecular
coupling as illustrated by the behavior of Cp*,La(bipy). The EPR spectrum of the Cp*,La(bipy) powder
shows none of the hyperfine coupling observed in its solution EPR spectrum (Figure 6), which strongly
suggests that the EPR spectrum of solid Cp*;La(bipy) is exchange narrowed due to intermolecular
exchange between adjacent Cp*;La(bipy) complexes. This postulate is confirmed by the magnetic
susceptibility of Cp*;La(bipy) shown in Figure 6, which clearly shows a reduced susceptibility
indicative of antiferromagnetic coupling. The Hamiltonian for isotropic intermolecular exchange, as
expected for the coupling of organic radicals in one-dimensional chains is #, ,=-3,(S;*Si+1tSL:*SL;-

1) or #, ,=-23,,(S.i*SLi+1), where Sy ;is adjacent to S j+1 and Sz ;.. Two models for the susceptibility of

such systems are the infinite Heisenberg 1-dimensional chain model® and the Bonner-Fisher (BF)

1,* the latter of which provides an accurate fit to the susceptibility of Cp*,La(bipy) as shown in

mode
Figure 6. The closed-form solution to the BF model, eq 2, is given by Estes et al.** where x=|3|/kg7, and

2=2.000 (from EPR), and all of the other symbols have their usual meanings; eq 2 is scaled by 0.95 to

obtain the best fit to the data, presumably due to slight weighing errors and/or small amounts of
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impurity. Attempted correction of ¥, , for inter-chain interactions using the Molecular Field approach

did not improve the fit to the data.*’

Ng?/4 f 0.25 + 0.14996x + 0.30094 x>
KT (141.9862x +0.6885x2 + 6.0626x°

kg 2

Because of the presence of intermolecular coupling, the model for the susceptibility of the
ytterbocene complexes is more complicated than intramolecular coupling only between the organic
radical and the Yb center, which is one of the reasons that no attempt was made to fit the susceptibility
data for the Cp*,Yb(L) complexes. The other reason is that the conventional approaches to fitting
intramolecular coupling, Heisenberg or Ising models, fail for magnetic ions, such as the lanthanides, that
have unquenched orbital angular momentum.*® In addition to unquenched orbital angular momentum,
the lanthanides often have low-lying excited states that contribute to the susceptibility over the
temperature range examined here, which further complicates modeling the susceptibility. An elegant
approach to this problem is outlined by Lines; however, it relies on a detailed understanding of the
crystal field of the magnetic ions.*® Attempts to extend this approach to lanthanides are not successful in
describing the magnetism of coupled lanthanide ions due primarily to a mismatch between the
theoretical description of the crystal field of a complex and its actual crystal field.*” Despite the fact that
the susceptibility cannot be successfully modeled at present, the strongest interaction in the Cp*,Yb(L)
complexes is clearly that between the organic radical and the Yb center as illustrated by the Curie-Weiss
[?] temperatures of the susceptibilities of Cp*;La(bipy) (25 K) and Cp*,Yb(bipy) (380 K). Although the
intermolecular coupling is important for understanding the details of the magnetic behavior in the
Cp*,Yb(L) systems, the much stronger interaction between the Yb center and the radical anion can be
addressed without considering the intermolecular coupling.

4. Results: Computational

Multiconfigurational calculations were carried out li_sing the CASSCF method, focusing on the
Cp2Yb(bipy) complex, where Cp=CsHs. These results should also be qualitatively applicable to the Cp*

derivatives used in the experimental studies. Since the 4f shell and the LUMO n* level of the bipy
17
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ligand, hereafter referred to as n*, are close in energy, the geometry has been optimized at the CASSCF
level by distributing 14 electrons into 8 orbitals, namely the 7 fand the ©* orbitals. This configuration
will lead to either to a singlet or a triplet ground state, reducing the problem to that of two particles (or
two holes). The various electronic configurations that can be generated in a Generalized Valence Bond

model are shown in Chart 1.

T n*+ T* W*_ﬂ_ W"L1_

4f _.ﬂ_ 4f_k 4f t af 4f+
(1) () 3) “4) (%)

Chart 1. Valence bond model configurations. 4f spins are on particles starting with a /''? configuration.

For example, configuration (1) is f ' The first four configurations are magnetic singlets, and the last can

only be described as a triplet.

In principle, the singlet state of the Cp,Yb(bipy) complex can be described by a mixing of the f 14
configuration (1), /'° configurations (2 and 3) and the /''? configuration (4). The triplet is mainly defined
by the f'* configuration (5). Thus, the geometry was optimized separately at the CASSCF level for the
triplet state and for the open-shell singlet state. Interestingly, both geometry optimizations lead to the
same structure, because the triplet and the open-shell singlet only differ by a spin flip of a single
electron. The calculated structure is in good agreement with the experimental structure of Cp*,Yb(bipy)
(Table 2). The lowest singlet ground state™ in the optimized wave function mainly consists of a mixing
of configurations (1) and (2-3), namely, the f ' and f S configurations of Yb. Moreover, configurations
(2-3) provide the major contribution to the singlet state (89% after renormalization) whereas
configuration (1) only contributes 11% to this state. Thus, the singlet state obtained is mainly open-shell
with a dominant contribution of the valence electronic configuration f'°n*, identical to the one of the
triplet state, explaining the similarity between the optimized structures calculated for these two states.
These results compare qualitatively well with the existence of intermediate valence in Cp,Yb(bipy)

(n~0.30) and even better to the result of n=0.80 for Cp*,Yb(bipy), reported in Table 1, although the
18
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presence of the methyl substituents on the Cp rings clearly have an influence. These substituent effects
will be explored in a future publication.

The closed-shell singlet that is only due to configuration (1) in Chart 1 is optimized, also at the
CASSCEF level, and found to be 2.5 eV higher in energy than the open-shell singlet and triplet states.
Thus, the closed-shell singlet state is not the ground state of the complex, but rather an excited state. In
addition, the associated optimized geometry (Table 2) for the open-shell configurations compares well
with the experimental data on Cp*,Yb(bipy) [crystal structure data on Cp,Yb(bipy) is unavailable], in
contrast with the calculation for the closed-shell configuration. Moreover, the open-shell system is
calculated to be isoenergetic with the triplet state; the states differ by only 1 meV. Since more electronic
configurations than were possible to include in the calculation will further lower the energy of the open-
shell singlet relative to the triplet, these calculations indicate that the ground state of this system is
indeed an open-shell singlet. These results therefore agree well with the experimental deductions
outlined above.

Analyzing the geometrical parameters, the distance C2-C2’ in the bipy ligand and the C-C in the dad
backbone, hereafter generically referred to as the C-C backbone distance, is strongly correlated with the
YD electronic configuration. This structural change is rationalized by the fact that the LUMO of the bipy
ligand has bonding character between the C-C backbone carbons, and therefore populating the w*
shortens the C-C backbone distance, as previously outlined.” Since the CASSCF calculations are time-
consuming calculations, faster calculations were carried out to further explore this structural aspect by
freezing the f configuration on the ytterbium and including the f orbitals in the core. This method allows
the geometry to be optimized for either a pure f 13 or a pure 1 configuration. In the f 13 configuration,
the calculation has been carried out on a doublet spin state because the /> configuration leads to an
extra electron transferred to the lowest available n* molecular orbital. The optimized geometries are
identical with that obtained at the CASSCF level. In particular, the large core calculations reproduce the
shortening of the C-C backbone distance from the closed-shell singlet to the open-shell singlet. This

agreement originates from the fact that the open-shell ground state is mainly (89%) formed by an 1
19
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configuration. We therefore optimize the geometry for the two limit configurations (namely pure /' or
pure /'* configurations) using the f-in-core RECPs (see Experimental Section for computational details)
and compare with the experiment when available, focusing on the C-C backbone distance as an indicator

of the value of the ytterium valence.
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Table 2. Comparison Between Selected Calculated and Experimentally Determined Bond Distances

[Angstroms]
Calculated Experimental (X-ray diffraction)
(CsHs): Yb(bipy) | (CsHs)2Yb(bipy) Cp*Yb(bipy)* | Cp*:Yb(py)"’
) v
Yb-C(ring) 2.66 2.80 2.62 2.74
(mean)
Yb-C(ring) 2.649-2.661 2.781-2.820 2.592(3)- 2.692(2)-
(range) 2.614(3) 2.769(7)
Yb-N (mean) 2.341 2.644 2.32 2.57
C2-C2 1.430 1.489 1.435(9) n/a
“Ref. * P Ref. *
Calculated Experimental (X-ray diffraction)
(CsHs),Yb(dad(H)- | (CsHs),Yb(dad(H)- | (CsHs).Yb(dad(H)- | Cp*,Yb(dad(H)-
tBu) (1) tBu) (1'% tBu) tBu) °

Yb- 2.68 2.81 2.60 2.69
C(ring)

(mean)

Yb- 2.663-2.693 2.794-2.831 2.59(3)-2.60(3) 2.682(3)-
C(ring) 2.716(4)
(range)

Yb-N 2.365 2.694 231 2.39
(mean)
C2-C2’ 1.403 1.474 1.398(10) 1.435
a Ref 49 b Ref 50

Table 3. Calculated C-C Bond Distances

Complex C2-C2’ (bipy) or C-C backbone (dad)

F=
(CsHs)2Yb(bipy-H) 1.430 1.489
(CsHs), Yb(bipy-CO,Me) 1.446 1.489
(CsHs), Yb(bipy-OMe) 1.426 1.491
(CsHs), Yb(bipy-phenyl) 1.438 1.491
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(CsHs),Yb(dad(H)-tBu) 1.403 1.473

This simplified methodology is applied to calculate the dad(H)-tBu and on 4,4'-substituted bipy (bipy-
R) adducts, where R= H, OMe, CO,Me and phenyl (see Tables 2 and 3) structures. In general, the Yb(II)
and Yb(II) bipy models give a C2-C2’ distance of about 1.49 A and 1.43 A, respectively. The analogous
distances are about 1.47 and 1.40 A for the dad(H)-t-Bu adduct. For any substituent R in the 4,4'-
position of the bipy adducts, the C2-C2" distance is thus shorter for Yb(III) than for Yb(II). The small
influence of R on C2-C2' shows that the shape of *, and not only its energy, is influenced by the

substituents. If the coefficients at the C2 and C2’ positions decrease in the ©* orbital, as in the case of
CO;Me, the effect of occupying the ©* orbital is less important. As can be seen in Table 1, these
distances are consistent with known distances across the series, with most molecules having distances
close to that expected from the Yb(III) model calculation, consistent with the XANES results that
indicate the Yb in these molecules is close to trivalent. The exceptions are the longer C-C backbone
distances in the [Cp*;Yb(bipy)]'T and [Cp*;Yb(dad(H)-p-tolyl)]' [BPhs]" cation-anion pairs, as
expected, since the anionic charge resides on the anion and not in the ©* orbital of the diazabutadiene
and bipyridine ligands. While these calculations show that a short C-C backbone distance is an
indication of a dominating Yb(III) configuration, the C-C backbone distance is influenced by the shape
of the LUMO, as observed in the CO,Me case. This distance, therefore, can only serve as a qualitative
determination of the participation of the /' B_* configuration in the ground state.

The UV/Vis spectra for the same free bipy ligands (without coordination to the metal fragment) have
also been calculated. The main result is that the * feature in L = bipy-OMe (Amax = 280 nm) is at higher
energy than that for bipy-CO,Me (Amax = 310 nm), bipy-phenyl (Amax = 297 nm) or for bipy (Amax= 293
nm). This transition energy is the HOMO-LUMO gap in the free ligand. However, there is a good
correlation between the calculated absorption energy and the experimental reduction potential of the free

ligand (Figure 7) which shows how the LUMO energy changes with substituents: a m-acceptor
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substituent (such as R= CO,Me) lowers the LUMO, while a n-donor substituent, such as R= OMe, raises
it. Thus, Yb is closer to divalent in L = bipy-OMe, while the others are closer to trivalent, in agreement
with experiment. Accordingly the electron transfer from Yb(II) to the LUMO =* of the ligand requires
more energy for the bipy-OMe ligand than for the bipy-CO,Me, bipy-phenyl, and bipy ligands. The
reduction potentials and the absorption energies are therefore a qualitative indicator of the variation of
the dominant configuration and the C-C backbone distance is a qualitative indicator of the relative
f'fPn* populations. A caveat is, however, that the C-C backbone distance behaves in a similar

manner in the triplet and open-shell singlet configurations.
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Figure 7. Correlation between experimentally determined reduction potential and calculated UV-vis

absorption for the free bipy-R ligands.

S. Discussion

The experimental data and calculations reported above documents a very strong case for the presence
of a multiconfigurational ground state, i.e. intermediate valence, forming an open-shell magnetic singlet
in several adducts of Cp*,Yb(L). Before discussing the wider implications of these results, particularly
in light of similar experimental and theoretical results on cerocene, we consider two potential models for

the magnetic behavior that these data rule out, namely, that the observed low magnetic moments are due
23
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either to differential populations of crystal field (CF) states, or to a chemical equilibrium between two
valence states, such as occurs in valence tautomers. The essential difference between these models is the
lack of temperature dependence of the ytterbium valence with temperature, as discussed below.

First, consider the possibility that the presence of a maximum in the susceptibility is primarily due to
low-lying CF-split states. The *Fy, free Yb(III) ion has a J = 7/2 ground state. In a low-symmetry CF,
this state will split into linear combinations of J = 7/2, 5/2, 3/2 and 1/2 states (in a cubic field, four
doublets ensue’'). In order to reproduce the magnetic susceptibility data, the ground or low energy (7' <
30 K) state would have C;~ 0.1 emu-K/mol, and the energy to complete the full /= 7/2 multiplet would
be AE; ~ 40 meV. This value of AE is much larger than the splitting observed for other Yb
compounds, where the full multiplet is typically recovered above 30 K (3 meV).”> More importantly, Yb
remains trivalent at all temperatures in a CF model, in clear disagreement with the XANES data,
therefore ruling out this model.

A second possible model is that the J = 7/2 spins on the Yb(II) center are in chemical equilibrium
with a diamagnetic Yb(II) center, that is, a situation also known as “valence tautomerism” (VT).> In this
model, conventional, free-ion-type Curie-Weiss behavior could generate the observed magnetism if the
YD valence was not constant with temperature. The VT is due to thermally-induced charge transfer and
has been widely observed, for instance, in Co/dioxolene complexes, such as the semiquinones. In Co-
semiquinone, for instance, Co K-edge XANES data show the Co valence changes explain the bulk of the
temperature dependence of the magnetism,54 although many-body effects may be required for a
complete understanding.”® VT was originally listed as one possibility to account for the unusual

%36 and had also been advocated,® and subsequently ruled out,”’ in

magnetic behavior of Cp*,Yb(bipy),
Cp*,Yb(terpy). In order for VT to account for the magnetic susceptibility, the Yb(II) states must
contribute the susceptibility expected for the full /=7/2 multiplet, while the remaining divalent Yb
fraction has a fully occupied f shell, and is therefore diamagnetic. For the Cp*,Yb(bipy) complex, the

£ population would be about 30% at 300 K,° and should decrease at low temperature; both of these

predictions are in disagreement with the Yb XANES data in Figure 1 and Figure 2. Note that even if
24
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one includes Ising or Heisenberg coupling of a partially occupied f 13 state, the lack of temperature
dependence in the Yb XANES (Figure 2) is inconsistent with the valence tautomers postulate.
Returning to the experimental and theoretical work presented above, the available results
overwhelmingly favor a mixed-configuration ground state giving rise to an otherwise conventional
open-shell singlet with both intra- and intermolecular magnetic coupling, in which the former dominates
the latter. This interpretation is supported by the Yb Ly XANES and magnetic susceptibility data, as
well as the CASSCF calculations. The data and calculations place these compounds in the same class as
cerocene as examples of intermediate valence in organometallic molecules where strong theoretical and
experimental evidence exists supporting that view, and by implication also supports this view for the

Pn*,Ce,” Ce[CgH4(Si'Pr3-1,4):]2,> and [Ce(n-CsHs)s]™ > systems.
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Figure 8. Cartoon energy-level diagram demonstrating the effect of a singlet-singlet configuration
interaction on a singly-occupied f-orbital coupled with one unpaired electron in a ligand 7 orbital. In

particular, the relative /' and f° component distributions are only schematic.

The qualitative picture that has now emerged is based on the seminal work of Neumann and Fulde'

and further elaborated by Dolg, Fulde, Pitzer and co-workers'” '* %

on the properties of cerocene. A
qualitative energy-level diagram (Figure 8) demonstrates.-how the configuration interaction between the
singlet states generates the multiconfigurational, intermediate valence, open-shell singlet ground state,

simplifying the interactions to between one f electron and one electron on the ligand. As illustrated on
25
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the left side is the energy level diagram expected from Hund’s rules with no overlap between the two
metal and ligand orbitals, resulting in a triplet ground state. However, when one includes the
configuration interaction between the singlet states, the splitting between these states (Ags) increases,
roughly inversely as the energy separation between the states. In a similar fashion, these states mix,
generating the intermediate valence in the open-shell singlet configuration. The degree of mixing
depends implicitly on the energy difference and the overlap between the two orbitals of the individual
fragments used in constructing the open shell singlet, and such terms are lumped into the I't; coefficients
in the qualitative model. If the splitting is large enough, the energy level of the open-shell singlet falls
below that of the triplet. It should be noted that the open-shell singlet can be below the triplet only when
the overlap is non-zero; however, the overlap must be small, and this situation is therefore rarely
observed. If the overlap is large, a conventional closed-shell system represented by a single
configuration with the two electrons delocalized between the two individual orbitals arises. In this case,
the magnetism is set by a van Vleck mechanism that mixes the ground-state singlet and the first excited
state triplet in the presence of a magnetic field, varying inversely with the singlet-triplet energy gap (Aq).
When the temperature is high enough to start to thermally populate the triplet configuration, the
susceptibility will initially increase, followed by a decrease due to thermal fluctuations, as in a
conventional Curie-Weiss paramagnet. Within this qualitative picture (directly supported by the
CASSCEF calculations), there should be systems where the energies of the triplet and open shell singlet
are nearly degenerate, or when the energies are more widely separated, the energy of the singlet can
either be below or above the triplet. In these systems, the ground state will be close to trivalent, and the

singlet state will be thermally populated.
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Figure 9. Plots of various correlated quantities from Table 1 for the Cp* coordination complexes. Errors

on nrare based on the fit covariance matrix and reproducibility. Absolute errors are about 5%.

The picture advocated above makes several qualitative predictions regarding the fundamental
chemistry and physics that are consistent with the observed correlations between various parameters
(Figure 9). First, although only a detailed theoretical treatments such as the CASSCF calculations
described above are capable of making certain qualified predictions regarding the valence, more
reducing ligands should generate stronger or pure divalent Yb character in this class of molecules as the
magnitude of the reducing potential increases. This correlation is observed in the data summarized in
Table 1, and is reflected in the CASSCF calculations by the degree of f/n* orbital overlap and the
relative energy levels. The reduction potential data repc;iited in Table 1 are a mix of values compiled

-

from various sources, and hence errors of between 0.1 and 0.2 V are likely, but the range of potentials is

27
Draft 12/8/2008. 8:40:26 AM



wide enough that the relative values are useful for identifying general trends. In particular, close to
trivalent Yb occurs when the reduction potential E, > ~-1.9 V, and divalent Yb occurs when this
potential is near E; <~-2.8 V. In between these voltages, the valence changes very slowly with the redox
potential, making the identification of only such approximate trends reliable. On the other hand, when E;
is sufficiently negative to force the Yb(II) ground state, there is a very sharp dependence of the Yb
valence. Ligands with E; near -2.8 may, in fact, be unstable regarding the possible divalent/intermediate-
valent states. It should be noted that for ligands such as the dad(H)-mesityl, the measured valence is
indistinguishable from that of the appropriate cation, in this case, [Cp*,Yb(dad(H)-p-tolyl]' [BPhs]". In
any event, the qualitative model (Figure 8) also indicates that as the degree of valence (or reduction
potential) deviates from Yb(III) toward Yb(II), the magnitude of the TIP (yo) should decrease as an
indicator of the singlet-singlet interaction, and within each series (dad- or bipy-based ligands) there is a
strong correspondence. Likewise, the temperature at which the crossover to the high-temperature triplet
state occurs should track the singlet-triplet gap, which is a function of the singlet-singlet interaction. In
fact, there is an excellent correspondence between the temperature of the maximum in the susceptibility
T(xmax) as @ measure of the crossover temperature and y, (Figure 9d).

One notable exception to these correlations occurs for Cp*,Yb(bipy(H)-phenyl). Despite its
intermediate redox potential of -2.34 V, its valence and TIP behavior fall more in line with that of the
dad ligands. This deviation is likely due to the limitation of using the reduction potential as the sole
measure of f/m orbital overlap and mixing, as the 7 orbitals are potentially delocalized over a larger area
in the bipy(H)-phenyl ligand than in the other bipy ligands studied here when the phenyl substituent is in
partial conjugation with the bipy n* system. In fact, the effect of the orientation of the 4,4’-diaryl
substituents in the 4,4’-diaryl-2,2’-bipyridine derivatives and, therefore, the role delocalization plays in
the photophysics of [Ru(bipy)s]*" derivatives is understood.”

The implications of the multiconfigurational ground state contribution to the nature of the chemical
bond is likely to be far reaching for the organometallic chemistry of certain lanthanide elements, yet

have even broader implications that reach into device and metallic materials physics. This impact is due
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to the strong analogy to intermediate valence mechanisms in lanthanide intermetallics and related
systems, as originally postulated by Neumann and Fulde'® in their pioneering work, which draws the
analogy between the singlet configuration interaction and the Kondo effect. The Kondo effect is
relatively unfamiliar to chemists, but is largely responsible for a wide range of interesting electronic and
magnetic behavior, from intermetallic intermediate valence,” heavy-fermionsl' % and magnetically-
mediated superconductivity,’' to unusual transport behavior in single-molecule transistors,”> and even
quantum dots.*® The effect is simply a coupling of a local magnetic moment to electrons in a conduction
band and, ss such, is a complex many-body problem. Qualitatively, the coupling occurs when the
magnetic orbitals hybridize with the conduction band, causing the formation of a quasibound singlet
state, where some of the f electron weight is projected onto the conduction band and some of the
electronic density in the conduction band is localized into the quasibound state, known as the “Kondo
singlet.” It was originally discovered in non-magnetic metals with a small magnetic impurity, where the
electrical resistivity is observed to increase below a temperature where the Kondo coupling occurs.** As
the temperature rises, the singlet breaks apart, and at temperatures well above the characteristic
temperature scale Tk (essentially the singlet-triplet excitation energy), intermediate valence is destroyed,
and a full moment Curie-Weiss paramagnetic state is recovered. However, at 7<7k, the slow breakup
with increasing temperature of the singlet state (essentially governed by Boltzmann statistics) has a large
effect on the magnetic moment, while maintaining a nearly temperature-independent, intermediate
valent configuration on the metal.*®

Using this analogy, the Kondo interaction in these organometallic molecules is the antiferromagnetic
coupling between the magnetic moment on the metal and that on the ligand that effectively occurs due to
the configuration interaction discussed above. The conduction band required by the Kondo model for the
metal systems is then replaced by the aromatic, conjugated = orbitals, allowing for a strong hybridization
with the otherwise local f'states on the lanthanide, and tl;_ereby producing an intermediate valence state
of the metail atom (that i5, fractional f charac/ter).65 In this environment, the antiferromagnetic coupling

induces the formation of a quasi-bound singlet. The magnetic coupling therefore affects the spatial
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extent of the f and ligand orbitals. Continuing with this analogy, the results presented here have a
particularly strong impact on understanding the magnetic properties of nanoparticles, surfaces, and
devices, such as described in several recent studies.®*”* In particular, these molecules form a clean
system in which to study the Kondo effect on a molecular (i.e. nanoscale) level in a system free of the

morphology difficulties of intermetallic nanoparticles.”

6. Conclusion

This article presents the Yb Lyj-edge XANES, magnetism, and CASSCF calculational results on a
number of bipyridine and diazabutadiene adducts to decamethylytterbocene. These results document an
intermediate valence state for the ytterbium atom in each complex, forming a multiconfigurational open-
shell singlet with the LUMO =* ligand orbital. The degree of intermediate valence, or rather, closed-
shell state mixing into the open-shell ground state, is found to be directly related to the
antiferromagnetic coupling strength between the metal center and the ligand. These deductions,
therefore, indicate that the origin of the unusual magnetic properties of these molecules is due to the
intertwined nature of both a strong magnetic coupling strength and the electronic structure of the metal.
The analogy of this molecular phenomenon to the Kondo effect in solid-state intermetallic magnetism
continues to have predictive power, furthering the assertion that these organometallic molecules may be
ideal systems with which to study the Kondo effect on the nanoscale. Finally, this study increases the
number of molecules where this behavior is known to occur, and therefore has general implications for
the nature of bonding in certain organolanthanide compounds.

The notion of multiconfigurational ground states is not common to chemists trained to think about
molecules using a molecular orbital model. However, those trained to think in valence-bond language
can readily understand the concept of multiconfigurational ground states. All students of chemistry
know that the two resonance structures of benzene are described by individual wave functions, neither of
which is the true wave function; the true wave function of benzene is composed of an admixture of these

individual wave functions. The notion of multiconfigurational ground states in the ytterbocene
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complexes described in this article may be understood by a valence bond analogy. Thus, the individual
wave functions for Cp*,Yb(IIL,f 13)(bipy') and Cp*,Yb(ILf )(bipy) are not the true wave function for
the molecule Cp*,Yb(bipy), but the true wave function is an admixture of the individual wave functions.
Unlike benzene, however, the admixture is not 50:50, but changes depending on the ligands.

A physical picture that emerges is that although Cp*,Yb(IILf 3)(bipy’) and Cp*,Yb(ILf"*)(bipy) differ
with the former configuration being lower in energy than the latter, the electron in bipy in the Yb(III)
configuration is in an antibonding 7* orbital. In addition the electron-electron repulsion in Yb(II) is
greater than in Yb(III), with the net result that the valence bond structures are close in energy. Since the
lanthanide molecules do not engage in covalence to any great extent, charge transfer from Yb(II) to the
7* orbital on bipy is not an available mechanism by which the molecule can relieve the electron-electron
repulsion in the 4f shell. Rather, the molecule mixes the two ytterbium configurations into an
intermediate valence configuration and therefore lowers the total energy of the molecule. In this sense,
multiconfigurational ground states mimic covalence in systems where the valence electrons are core

electrons, i.e. in certain lanthanide molecules.
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