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Abstract

Multiconfigurational, intermediate valent ground states are established in several methyl-

substituted bipyridine complexes of bispentamethylcyclopentadienylytterbium, Cp∗2Yb(Mex-

bipy). In contrast to Cp∗2Yb(bipy) and other substituted-bipy complexes, the nature of both

the ground state and the first excited state are altered by changing the position of the methyl

or dimethyl substitutions on the bipyridine rings. In particular, certain substitutions result

in multiconfigurational, intermediate valent open-shell singlet states in both the ground state

and the first excited state. These conclusions are reached after consideration of single-crystal

x-ray diffraction (XRD), the temperature dependence of x-ray absorption near-edge struc-

ture (XANES), extended x-ray absorption fine-structure (EXAFS), and magnetic susceptibil-

ity data, and are supported by CASSCF-MP2 calculations. These results place the various

Cp∗2Yb(bipy) complexes in a new tautomeric class, that is, intermediate-valence tautomers.

1 Introduction

Recent experimental and theoretical studies of certain Ce- and Yb-based organometallic com-

plexes1–15 have highlighted the importance of multiconfigurational interactions in understanding

their electronic, structural, and magnetic properties. The canonical examples include Ce(cot)2, also

known as “cerocene,” where cot = cyclooctatetraene = C8H8, and Cp∗2Yb(bipy), where Cp∗ = pen-

tamethylcyclopentadienyl, and bipy = 2,2′-bipyridine. In these materials, various Configuration

Interaction (CI) calculations1–3,12–15indicate that a singlet ground state develops that is lower in

energy than that of the triplet state because it is a mixture of various open- and closed-shell singlet

configurations. These singlet states are therefore multiconfigurational, that is, quantum mechanical

admixtures of configurations with different f occupations,and areintermediate valent, abbreviated

below as IV, in the sense that the effective valence for each Ceor Yb atom is non-integral. In

the molecules cited above, the singlet ground state is mostly composed of the open-shell singlet

configuration, although covalence between the ligand and the closed-shell configuration may play
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a role, at least in cerocene.14 The observed temperature-independent paramagnetism (TIP) at low

temperature is then due to a van Vleck interaction between the ground-state singlet and the triplet

configuration at some higher energy. The lanthanide valence, as expected, does not change signifi-

cantly with temperature. The most dramatic confirmation of this model, however, is the measured

IV state fromLIII -edge x-ray absorption near-edge structure (XANES) spectroscopy.

As the literature on this subject grows, it is clear that the degree of interaction between various

singlet states can be varied, sometimes in a systematic fashion,12 creating a nearly continuous

range of intermediate valence and magnetic behavior. Within this picture, therefore, it should be

possible to selectively stabilize different state configurations, for instance, creating a triplet ground

state with an IV excited singlet state, or creating an IV singlet ground state with a different IV

excited singlet state.

In this article, we report experimental and theoretical results on a series of methyl-substituted

bipy complexes of Cp∗2Yb that can be described by the latter scenario, that is, by two distinct open-

shell singlet, IV states separated by only hundredths of an eV, generating an equilibrium between

two IV singlet states. This behavior is akin to that found in the traditional view of valence tau-

tomers, such as in the cobalt semiquinones,16 in that the valence changes with temperature, except

that the states are two IV states, rather than two integral-valent states. In fact, the role of interme-

diate valence is similar to that proposed by LaBute et al.17 for the cobalt semiquinones, whereby

the molecule transitions from a low-spin, integral valent state at low temperatures to a high-spin,

IV state at high temperatures. The unusual situation described below for the methyl-substituted

bipyridine derivative of Cp∗2Yb is an IV ground and first excited state that is achieved through the

Me substitution onto the bipy ligand, in stark contrast to what occurs with other substitutions, such

as CO2Me.12 These conclusions are supported by magnetic and XANES studies of both mono-

and di-methyl-substituted Cp∗2Yb(bipy) compounds, in which the position of the substitution on

the bipy radical anion is varied. Complete Active Space Self-Consistent Field (CASSCF) cal-

culations are reported on the mono-methyl-substituted compounds, including at the second-order

perturbation theory (CASSCF-MP2) level. These calculationsare improved over the previous cal-
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culations12 by using a larger active space and (C5Me5)2Yb instead of (C5H5)2Yb and are in good

agreement with the experimental data.

2 Experimental Section

2.1 Synthesis

The substituted bipyridine adducts of Cp∗
2Yb discussed in this article are listed in Table 1 along

with some of their physical properties. The numbering of thecarbon positions on the bipyridine

rings are shown in Scheme 1. The complexes are prepared and characterized as outlined in earlier

articles18–21and these details are available as Supporting Information.

Scheme 1: Numbered positions on the bipyridine rings.

2.2 Magnetic measurements

1H NMR spectra were taken on Bruker AVQ-400 and AV-300 spectrometers. All chemical shifts

are reported inδ units. Variable-temperature spectra in the form ofδ vs. T−1 plots are available

as Supporting Information. Magnetic susceptibility measurements were made for all samples at

5 kOe and 40 kOe in a 7 T Quantum Design Magnetic Properties Measurement System, which

utilizes a superconducting quantum interference device (SQUID). Sample containment and other

experimental details have been described previously.12 The χ vs. T data are shown in Figure 2.

Note that the low-temperature upturn is not reproducible from sample-to-sample, and so is not

intrinsic. The amount of this impurity contribution is lessthan 2% of the Yb atoms (see Section 5).

4



Table 1: Some Physical Properties of Cp∗
2Yb(bipy′) Adductsa

µeff(µB) λmax(nm)b 1H NMR chemical shiftsc

Compound (300 K) ε(×10−3, L mol−1cm−1) 6,6′ 5,5′ 4,4′ 3,3′ Cp∗

Cp∗2Yb(4-Me-bipy) 2.27 786 154.5 11.1 30.5 -13.3 3.9
3.1 150.6 6.0 -9.3(Me) -8.6

Cp∗2Yb(5-Me-bipy) 1.17 778 134.4 18.3 37.6 -9.1 3.6
4.0 130.0 -9.1 (Me) 34.3 -8.3

Cp∗2Yb(6-Me-bipy) 0.79 785 112.3 16.2 29.3 -4.3 2.1
3.3 97.6 (Me) 12.7 27.8 -5.2

Cp∗2Yb(4,4′-Me2-bipy) 1.18d 144.1 8.2 -9.3 (Me) -9.5 3.8
Cp∗2Yb(5,5′-Me2-bipy) 1.13 783 102.7 -14.5 (Me) 38.2 -5.8 3.2

1.6
Cp∗2Yb(6,6′-Me2-bipy) 0.53 929 6.9(Me) 7.92,de 9.66,t 6.47,de 1.9

1.0 J = 8 Hz J = 8 Hz J = 8 Hz
811
1.7

aThe numbering of the positions in the bipyridine ring is shown in Scheme 1.bOnly the longest wave length absorption,λmax is given
in cyclohexane, other values are in Supporting Information, ε is the molar absorptivity.c 1H NMR chemical shifts in ppm relative to
Me4Si, in C6D6 at 20◦C, variable temperature spectra, asδ vs. T−1 plots are available as Supporting Information.dThe value for this

sample is slightly higher than that from a previously reported19 sample.eThese assignments may be interchanged.
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2.3 X-ray absorption

The samples were prepared for x-ray absorption experimentsas described previously.12 In par-

ticular, the same methods were used to protect these air-sensitive compounds from oxygen and

water contamination. X-ray absorption measurements were made at the Stanford Synchrotron Ra-

diation Lightsource on beamlines 10-2 and 11-2. The sampleswere prepared and loaded into a

liquid helium-flow cryostat at the beamline as described previously.12 Data were collected at tem-

peratures ranging from 20 K to 300 K, using a Si(220) double crystal monochromator, except

for data collected on Cp∗2Yb(4,4′-Me2-bipy), which used a Si(111) double-crystal monochromator.

Generally, harmonic rejection was accomplished by detuning the crystals to 50% beam reduction,

although occasionally a rejection mirror was employed. Preliminary data using a focused beam on

a sample of Cp∗2Yb(4,4′-Me2-bipy) indicated strong radiation damage over the course ofseveral

minutes. Subsequent measurements were performed using a defocused or unfocused beam, and a

new part of the sample was measured for each temperature if any damage was suspected. The en-

ergy resolution was determined using a standard copper foil, and was always much less (∼ 0.7-1.0

eV) than the core-hole lifetime of the YbLIII edge of approximately 4.2 eV.22 A Yb2O3 reference

sample was measured simultaneously, and all spectra were energy calibrated by setting the energy

at the first inflection point in the Yb2O3 Yb LIII absorption edge to 8943 eV.

XANES data were reduced by subtracting a line extrapolated from the pre-edge region and

normalizing the absorption about 50 eV beyond the edge threshold energy.

Due to a variety of factors (much more time consuming scans, radiation damage concerns,

large number of samples, etc.) fewer extended x-ray absorption fine-structure (EXAFS) data

were collected for these samples than XANES data. EXAFS dataare available at low temper-

ature, between 20 K and 30 K, for all samples, at 300 K for Cp∗
2Yb(4-Me-bipy), Cp∗2Yb(4,4′-

Me2-bipy) and Cp∗2Yb(5,5′-Me2-bipy), and at 150 K and 225 K for Cp∗2Yb(5,5′-Me2-bipy). Data

reduction and fitting utilize the RSXAP codes23 and use standard procedures.24 In particular,

pre-edge background subtractions follow a Victoreen formula to estimate absorption from other

processes,µpre, and the absorption from the YbLIII edge,µa(E) is isolated from the total ab-
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sorptionµ(E), by takingµa(E) = µ(E)− µpre(E) . The post-edge, or embedded atom, absorp-

tion µ0(E), is estimated with a 7-knot cubic spline. The photoelectronwavenumber,k, is deter-

mined using the energy at the half-height of the absorption edge as the threshold energy,E0, using

k=
√

(2me/h̄2)(E−E0), whereE is the incident photon energy. The EXAFS oscillations are then

calculated asχ(k) = µa(k)/µ0(k)−1.

The data were fit using theoretical backscattering functions calculated by the FEFF7 code25

from a cluster based on the 228 K crystal structure of Cp∗
2Yb(4,4′-Me2-bipy).19 All Yb-C and

Yb-N single scattering paths are included up to the Yb-C(5,5′) near 4.7 Å. All Yb-H and multiple

scattering paths, denoted Yb-H/MS, with up to 4 legs are included in a single scattering path for the

fits. These paths are used for all compounds reported here. The number of neighbors,N, for each

fitted path is held fixed to the nominal crystal structure, which is the same for all the compounds

within the fit range. The exception is the Yb-H/MS path, the amplitude of which is less meaningful

and is therefore allowed to float in the fits. A single∆E0 shift is used for each compound. The

amplitude reduction factorS2
0 was found to be 0.90±0.05 by fitting all the low-temperature data.

This value was then fixed in all the fits reported here. Any distortions or potential phase impurities,

etc., are therefore reflected in the mean-squared displacement (Debye-Waller) factors,σ2. The

data are fit inr-space, and all Fourier transforms (FTs) are tok2-weighted data and are taken

between 2.5 Å and 15.0 Å−1, using a Gaussian window with a 0.3 Å−1 width. All fits are to data

between 2.0 and 4.5 Å and therefore have about 22 independentdata points26 which are fit using

14 fit parameters, corresponding to about 8 degrees of freedom. Error bars are obtained using a

Monte-Carlo method.27

2.4 Computational details

The ytterbium center was treated with a small-core relativistic pseudopotential (RECP) ([Ar] +

3d)28 in combination with its adapted basis set (segmented basis set that includes up to g functions).

The carbon, nitrogen, oxygen, and hydrogen atoms were treated with an all-electron double-ζ ,

6-31G(d,p), basis set.29 All the calculations were carried out with the Gaussian 03 suite of pro-
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grams30 either at the Density Functional Theory (DFT) level using the B3PW9131,32hybrid func-

tional or at the CASSCF level. The geometry optimizations wereperformed without any symmetry

constraints at either the DFT or the CASSCF level.

Calculations have been performed using several methods, including DFT, CASSCF with var-

ious active spaces, and CASSCF-MP2. Since we have found that so-called “intruder-state prob-

lems”33 occur in calculations on the dimethyl complexes, the calculations described in this article

focus on the 4-,5- or 6-methylbipyridine adducts of Cp∗
2Yb. Geometry optimization were car-

ried out at the DFT level. Previous studies have shown that the DFT geometry is in excellent

agreement with those obtained at the CASSCF level,12 although the optimized ground state is a

triplet, f13,↑(π∗)1,↑. This favoring of the triplet in such a DFT calculation is expected, since the

self-interaction correction to the exchange-correlationenergy is large for localized states, as in

f-orbitals.

3 Results: Experimental

3.1 Characterization

The solid-state crystal structure of Cp∗
2Yb(6,6′-Me2-bipy) is displayed in Figure 1. Selected bond

distances for Cp∗2Yb(5,5′-Me2-bipy), Cp∗2Yb(6-Me-bipy), and Cp∗2Yb(6,6′-Me2-bipy) are listed in

Table 2. Note that the crystal structure of Cp∗
2Yb(6-Me-bipy) is disordered. The crystal structures

of each of these compounds, available as Supporting Information, are similar; however, three in-

dividual structures of Cp∗2Yb(6,6′-Me2-bipy) are known, since when the complex is crystallized

from methylcyclohexane, it crystallizes in the space groupPbcawith two unique molecules in

the unit cell. When benzene is the crystallization solvent, the complex crystallizes in space group

P21/c with one molecule in the unit cell, as shown in Figure 1. The ORTEP of both molecules

are available as Supporting Information. Table 2 also summarizes the important bond lengths for

other Cp∗2Yb(bipy′) compounds. The geometries of all the complexes are derivedfrom the union

of a bent sandwich Cp∗2Yb fragment and a bipyridine ligand with idealizedC2v symmetry. Table 2
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Figure 1: Crystal structure of Cp∗2Yb(6,6′-Me2-bipy) when crystallized from benzene. Note that
the C25 and C26 sites are at the 2 and 2′ positions on the bipyridine rings (Scheme 1). All other
structures for complexes reported here are similar, apart from the presence of the benzene molecule
of crystallization. Further details regarding the crystalstructures are available as Supporting Infor-
mation.
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Figure 2: Magnetic susceptibility,χ(T), for all Me-substituted samples as a function of tempera-
ture in a field of 5 kOe.

orders the molecules with decreasing average Yb-C(Cp∗) distances, an order that closely paral-

lels the averaged Yb-N distances. The averaged Yb-C distances range from 2.74 Å to 2.59 Å in

Cp∗2Yb(py)2 and [Cp∗2Yb(bipy)]+ as the valence of ytterbium changes from two to three, respec-

tively. The averaged Yb-C distances in the complexes lie between these extreme values, as does

the ytterbium valence, an observation that is amplified and quantitatively developed below.

Figure 2 shows the magnetic susceptibility data collected at 5 kOe. As shown in Table 1, the

effective magnetic moments of the complexes at 300 K are smaller than expected, a property shared

with the other bipy complexes described previously.18–21In addition, theµeff strongly depends on
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Table 2: Selected Bond lengths and Angles in Cp∗
2Yb(bipy′) Adducts from XRD

Compound Yb-C(Cp∗)a Yb-Na C(2)-C(2′)b Temp Ref.
avg., Å avg., Å Å ◦C

Cp∗2Yb(py)2 2.74±0.04 2.565±0.005 25 34
Cp∗2Yb(6,6′-Me2-bipy)
(methylcyclohexane)c

molecule 1 2.74±0.02 2.492±0.004 1.450(10) -105 this work
molecule 2 2.74±0.03 2.516±0.002 1.446(10) -105 this work

(benzene)d 2.74±0.01 2.510±0.001 1.487(9) -119 this work
Cp∗2Yb(6-Me-bipy)e 2.69±0.03 2.46±0.01 1.43(2) -148 this work
Cp∗2Yb(4,4′-Me2-bipy) 2.67±0.02 2.396±0.002 1.464(4) -45 19
Cp∗2Yb(5,5′-Me2-bipy) 2.65±0.01 2.339±0.004 1.454(4) -117 this work
Cp∗2Yb(bipy)f

molecule 1 2.63±0.01 2.321±0.003 1.436(9) 25 18
molecule 2 2.61±0.01 2.317±0.007 1.433(9) 25 18

[Cp∗2Yb(bipy)]+g 2.59±0.01 2.372±0.005 1.492(4) -100 18
aThe value after± is the average deviation from the mean.bThe value in parentheses is the standard deviation.cThe space group, when
crystallized from methylcyclohexane, isPbcaand the molecule contains two independent molecules in the unit cell, molecules 1 and 2.

dThe space group, when crystallized from benzene, isP21/c and the unit cell contains a benzene molecule of crystallization. eThe
Me-bipy ligand is disordered, see Supporting Information for details.f The space group isPbcaand the unit cell contains two

independent molecules, molecules 1 and 2.gThe anion is[Cp∗2YbCl2]−.
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the number and position of the methyl group(s) on the bipy rings, as do theχT vs. T plots (see

below). Table 1 shows that the visible spectra have intense absorptions around 800 nm, which are

associated with theπ-π∗ transition in the bipyridine radical anion.35

In an earlier article,19 the 1H NMR chemical shifts of Cp∗2Yb(4,4′-Me2-bipy) at 20◦C for the

bipyridine resonances were shown to lie in four discrete regions, referred to as A, B, C, and D,

and assigned to H(6), H(3), H(5), and H(4), respectively; see footnotea in Table 1. A plot of the

isotropic shifts of the A resonances, assigned to H(6) at 293K, vs. χT (300 K) is linear, resulting

in the important inference that the magnetic behavior is a molecular property of the individual

molecules, not an average property of all the molecules in the solid. The assignment of the A

resonance was based on the notion that the most strongly deshielded resonances are those closest

to the paramagnetic center, that is, those at H(6). This assignment is confirmed by the1H NMR

spectra chemical shifts of (6,6′-Me2-bipy) and 6-Me-bipy reported in Table 1. It is noteworthy

that the Cp∗2Yb(6-Me-bipy) complex has eight resonances, two of which are strongly deshielded

at δ112.3 and 97.6 in an area ratio of 1:3, due to H(6) and Me(6), respectively. In addition, the

variable temperature spectra show that their slopes in theδ vs. T−1 plot (available as Supporting

Information) are nearly parallel, which shows that the chemical shifts are determined by the dipolar

or pseudocontact contribution as previously outlined.19,36 In contrast, the chemical shifts of the

(6,6′-Me2-bipy) derivative show a different pattern as the Me(6) resonance atδ6.9 is about 90

ppm upfield from the Me(6) resonance in Cp∗
2Yb(6-Me-bipy). The other chemical shifts are not

strongly perturbed from those in the free ligand, their coupling is resolved, and the chemical shifts

are essentially independent of temperature (available as Supporting Information), implying that

Cp∗2Yb(6,6′-Me2-bipy) is only weakly paramagnetic, a deduction consistentwith the low value of

µeff = 0.53µB at 300 K.

In contrast to the chemical shift pattern of H(6) and Me(6), the H(5), Me(5) and H(4), Me(4)

resonances have opposite signs, as do their slopes in theδ vs. T−1 plots (available as Supporting

Information). This behavior shows that the chemical shiftsat these positions in the bipy rings are

largely determined by the contact contribution to the chemical shift as outlined previously.19,36
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However, the chemical shifts in region B and C were assigned to the H(3) and H(5) sites, respec-

tively.19 Since Cp∗2Yb(5-Me-bipy) and Cp∗2Yb(5,5′-Me2-bipy) are now known and their chemical

shifts uniquely determined, these previously advocated assignments must be reversed.19 The new

assignments in Table 1 are internally consistent and followthe trendδ6 > δ3 > δ5 > δ4.

3.2 X-ray absorption

XANES data are displayed in Figure 3 and Figure 4. The magnitude of the peak near 8938 eV is a

measure of the relative involvement of Yb(II), while the peak near 8946 eV is indicative of Yb(III).

Isosbestic points provide strong evidence that changes with temperature involve only two different

valence states. Fits to these data include an integrated pseudo-Voigt as a model of the edge step

(essentially an arctan function), together with a pseudo-Voigt to model each resonance peak. An

example of such a fit is shown in Figure 5. An additional negative pseudo-Voigt peak is included

to roughly model the first EXAFS oscillation, at about 8956 eVin the example.

From these fits, the average valence for each sample is determined as a function of temperature

by taking the area of each peakAi and estimating the number of f-holes from

nf =
AYb(III )

AYb(II)+AYb(III )
. (1)

This procedure has been shown to be accurate by comparing similar fits to those that utilize valence

standards, such as using LuAl3 data to fit data from the intermediate valence compound YbAl3.37

The results of such fits are shown in Figure 6, and repeated forthe data from Cp∗2Yb(4,4′-Me2-bipy)

in Figure 7. Note that the previously determined structuraland hysteretic magnetic transition19 is

accompanied by an abrupt, hysteretic valence transition.

Examples of EXAFS data and fit quality are in Figure 8, and fit results are summarized in

Table 3, Table 4, and Table 5.
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Figure 3: YbLIII -edge XANES data for Cp∗2Yb(x-Me-bipy) complexes at various temperatures.
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fits to these data.
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Table 3: EXAFS fit results for Cp∗2Yb(x-Me-bipy) complexes.

4-Me (30 K) 4-Me (300 K) 5-Me (30 K) 6-Me (30 K)
pair N σ2(Å2) R(Å) σ2(Å2) R(Å) σ2(Å2) R(Å) σ2(Å2) R(Å)
Yb-N 2 0.003(1) 2.32(1) 0.005(1) 2.329(8) 0.0021(9) 2.329(8) 0.0028(9) 2.364(8)
Yb-C(Cp) 10 0.0029(3) 2.638(6) 0.0063(3) 2.652(4) 0.0031(3)2.646(5) 0.0038(3) 2.668(3)
Yb-C(2,2-6,6′) 4 0.003(2) 3.24(1) 0.010(3) 3.23(1) 0.003(1) 3.25(1) 0.004(1) 3.27(1)
Yb-C(Cp-Me) 10 0.006(1) 3.654(9) 0.011(1) 3.672(7) 0.0051(9) 3.655(7) 0.0060(9) 3.685(8)
Yb-C(5,5′) 4 0.001(1) 4.69(2) 0.002(1) 4.70(1) 0.001(1) 4.68(1) 0.002(2) 4.72(2)
Yb-H/MS 0.002(2) 3.64(3) 0.002(2) 3.68(1) 0.002(2) 3.63(2) 0.01(1) 3.62(2)

N(Yb-H/MS) 1.5(4) 1.1(2) 1.4(4) 1.7(6)
∆E0 -13.8(12) -14.4( 8) -14.2(10) -14.3( 8)
R(%) 9.53 5.63 7.82 7.02
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Table 4: EXAFS fit results for Cp∗2Yb(x,x′-Me2-bipy) complexes.

4,4′ (20 K) 4,4′ (300 K) 5,5′ (20 K) 6,6′ (20 K)
pair N σ2(Å2) R(Å) σ2(Å2) R(Å) σ2(Å2) R(Å) σ2(Å2) R(Å)
Yb-N 2 0.004(2) 2.34(1) 0.020(9) 2.45(4) 0.003(1) 2.33(1) 0.003(1) 2.51(1)
Yb-C(Cp) 10 0.0027(3) 2.654(9) 0.0069(6) 2.710(7) 0.0030(3)2.650(6) 0.0044(4) 2.737(7)
Yb-C(2,2′-6,6′) 4 0.01(1) 3.26(3) 0.010(3) 2.94(2) 0.006(4) 3.25(2) 0.006(2) 3.40(1)
Yb-C(Cp-Me) 10 0.005(1) 3.67(1) 0.018(6) 3.78(2) 0.0038(9) 3.66(0) 0.008(1) 3.766(8)
Yb-C(5,5′) 4 0.0000(2) 4.70(2) 0.009(7) 4.78(5) 0.000(1) 4.70(2) 0.0000(3) 4.81(1)
Yb-H/MS 0.0000(1) 3.67(3) 0.010(8) 3.71(1) 0.0000(6) 3.65(3) 0.006(9) 3.70(1)

N(Yb-H/MS) 1.7(6) 3(1) 1.2(5) 1.9(8)
∆E0 -14.3(13) -14.6(15) -15.0(13) -10.7(17)
R(%) 8.40 6.18 8.39 6.61
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Table 5: EXAFS fit results for Cp∗2Yb(5,5′-Me2-bipy) as a function of temperature.

30 K 150 K 225 K 300 K
pair N σ2(Å2) R(Å) σ2(Å2) R(Å) σ2(Å2) R(Å) σ2(Å2) R(Å)
Yb-N 2 0.003(1) 2.33(1) 0.002(1) 2.336(8) 0.003(1) 2.35(1)0.003(1) 2.41(1)
Yb-C(Cp) 10 0.0030(3) 2.650(6) 0.0040(3) 2.651(6) 0.0062(6)2.635(8) 0.008(1) 2.65(2)
Yb-C(2,2′-6,6′) 4 0.006(4) 3.25(2) 0.007(3) 3.25(1) 0.009(2) 3.21(2) 0.008(4) 3.23(5)
Yb-C(Cp-Me) 10 0.0038(9) 3.66(0) 0.006(1) 3.663(8) 0.009(1)3.65(1) 0.010(2) 3.67(1)
Yb-C(5,5′) 4 0.000(1) 4.70(2) 0.001(1) 4.70(2) 0.006(3) 4.65(3) 0.005(4) 4.68(3)
Yb-H/MS 0.0000(6) 3.65(3) 0.004(6) 3.64(2) 0.02(1) 3.57(3) 0.01(1) 3.54(7)

N(Yb-H/MS) 1.2(2) 1.4(3) 4(3) 4(3)
∆E0 -15.0(13) -14.3(13) -8.9(19) -6.9(16)
R(%) 8.39 7.03 6.57 7.94
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4 Results: Computational

The calculated complexes Cp∗
2Yb(x-Me-bipy), where x = 4, 5, 6, are all relatively close to having

13 f-electrons, consistent with the low-temperature XANESmeasurements (Figure 6). In addition,

the calculated triplet geometries are close to the experimental ones. For instance, the calculated

Yb-N distances are found to be 2.35 Å for the 4-Me and 5-Me complexes and 2.36 Å for the 6-

Me complex. These results are in good agreement with the EXAFS average distances at 30 K,

namely 2.32 Å for the 4-Me, 2.33 Å for the 5-Me and 2.37 Å for the6-Me (Table 3), although

the measured ground states are all less than the calculated triplet nf = 1. Note thatnf increases

rapidly with decreasing temperature for 6-Me-bipy and is approximately 0.65 at 30 K (Figure 6),

indicating the ground statenf has not been achieved. Since, the experimental Yb-N bond length

was obtained with a lowernf than that of the ground state, this bond length is expected tobe

longer than the calculated one, as observed. Similarly, theaverage Yb-C(Cp) distances are in good

agreement with the experimental values; 2.66 Å vs. 2.64 Å forthe 4-Me, 2.66 Å vs. 2.65 Å for the

5-Me and 2.69 Å vs. 2.67 Å for the 6-Me. The agreement is expected to be better than for the Yb-N

distances, since the Yb-C(Cp) distance is less sensitive tonf than the Yb-N distance, as discussed

in Section 5. Thus, the experimentally determined distances in the complexes are reproduced by

these calculational methods.

Based on these optimized geometries, the nature of the groundstate and the first excited state

has been investigated at the CASSCF level. The methodology is similar to that used in an earlier

calculation on Cp2Yb(bipy),12 but several improvements have been applied. The first improvement

is that Cp∗ is explicitly used, rather than Cp. The second, and more important, improvement is that

the active space has been expanded to include moreπ∗ orbitals of the bipy ligand.

The emptyπ∗ orbitals of bipyridine with symmetry labels inC2v symmetry are shown in Fig-

ure 9. The energies of these orbitals increase38 in the orderπ∗
1 ≪ π∗

2 . π∗
3 ≪ π∗

4; this order has

been verified for both the free and the coordinated ligand. Ithas also been verified that the presence

of the methyl group at any position on the ligand does not modify the relative order of these four

orbitals. The earlier calculation12 was carried out using only theπ∗
1 orbital of the bipy ligand with
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Figure 9: Theπ∗ orbitals on the bipy ligand inC2v symmetry. Circle size is proportional to the
electron density, and open circles are out of phase with closed circles. Adapted from Ref. 38

(C5H5)2Yb for the metal fragment. In that calculation, a multiconfigurational open-shell singlet

state and the triplet state were found to be within 0.1 eV of each other. Since the singlet state is

more likely to be stabilized than the triplet in this system by increasing the active space, we con-

sidered this calculational result to be consistent with themulticonfigurational open-shell singlet as

the ground state.

The present calculations focus on Cp∗
2Yb(bipy′), where bipy′ = 4-Me-bipy, 5-Me-bipy, and

6-Me-bipy, with bipy′ = bipy used as a reference. The active space has been increased both by

using Cp∗ and by including a larger number of theπ∗ orbitals. Initial calculations only included

the π∗
1 and π∗

2 orbitals, and then the active space was extended to include the π∗
3 orbital, since

theπ∗
2 andπ∗

3 orbitals are expected to be close together in energy for these systems. In total, the

CASSCF calculations were carried out distributing 4 electrons into 5 orbitals (2 degenerate 4f,

π∗
1, π∗

2, andπ∗
3). The main results of these calculations are summarized in Table 6, Table 7, and

Table 8. An important effect of adding theπ∗
3 orbital is to push the third-lowest lying singlet state

(SS3) well above SS2, as they are nearly degenerate whenπ∗
3 is not included. This effect avoids

the so-called “intruder state problem”33 which otherwise would render these results unusable.39
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Another significant difference is that SS2 is increased by about +0.2 eV in the 4-Me-bipy complex

whenπ∗
3 is included in the active space.

As expected, the lowest-lying singlet ground state now falls well below the triplet state for all

calculated complexes. The composition of the ground state singlet for Cp∗2Yb(bipy) is similar to

the previous calculation on Cp2Yb(bipy), that is, around 90% open-shell (80% f13 + 10% f12). The

composition of the singlet states is calculated to be similar for all Me-bipy’s, and are somewhat

different than for bipy. For example, SS1 in the Me-bipy’s iscalculated to be 78% open shell (59%

f13 + 19% f12) and 22% closed shell (f14), indicating a much larger role for the f12 component. The

π∗
1, π∗

2, andπ∗
3 contributions to these states for Cp∗

2Yb(bipy) are given in Table 8. Due primarily to

the loss of symmetry when introducing the Me group onto the bipy ligand, theπ∗
2 andπ∗

3 orbitals

lose their degeneracy and all of theπ∗ orbitals are mixed. Thus, the individual contributions to

the configurations cannot be simply determined for these orbitals in the mono-methyl-substituted

Cp∗2Yb(bipy) compounds.

It is important to note that, due to the Brillouin theorem, mixing a configuration with a single

electron excitation (e.g., f13) into the ground state configuration will not lower the energy of the

state. However, mixing of some two-electron, f12, character into the f13 configurations occurs in the

present calculations, and the f12 and f13 configurations in these Me-bipy calculations are resonant

pairs. In this case, the local electronic density is expected to be nearly that of the nominally

f13 configuration, and the two configurations, f12 and f13, should be added when discussing, for

instance, the effective valence (f-hole occupancynf in Table 7) as it relates to crystallography

XANES results.

These calculations have been repeated by including CI at a perturbational level (CASSCF-

MP2), as shown in Table 6. At the CASSCF level calculations, only one singlet state is below

the triplet in Cp∗2Yb(bipy′). However, the CASSCF-MP2 calculations lower all the singletstates

relative to the triplet. In particular, the first excited singlet state drops below the triplet for the

5-Me-bipy and the 6-Me-bipy complexes, but not in the unsubstituted bipy or 4-Me-bipy (Table 6).

The state configurations are unchanged by these perturbative calculations (Table 7).
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Table 6: Energy levels (eV) of the four lowest singlet states(SSa) relative to the triplet (100% f13)
for each calculated Cp∗2Yb(L) system.

CASSCF CASSCF-MP2
Ligand SS1 SS2 SS3 SS4 SS1 SS2 SS3 SS4
bipy -0.06 +0.52 +1.03 +2.27 -0.28 +0.30 +0.81 +2.05
4-Me-bipy -0.11 +0.57 +0.78 +2.49 -0.53 +0.15 +0.36 +2.07
5-Me-bipy -0.08 +0.39 +0.66 +2.51 -0.58 -0.11 +0.16 +2.01
6-Me-bipy -0.09 +0.40 +1.08 +2.45 -0.60 -0.02 +0.57 +1.94

asee Table 7 for state configuration fractions.

Table 7: State configuration fractionsa for f-orbitals as calculated by both CASSCF and CASSCF-
MP2.

Label f12 f13 f14 nf
b

bipy:
SS1 0.08 0.78 0.14 0.86
SS2 0.21 0.13 0.66 0.34
SS3 0.35 0.30 0.35 0.65
SS4 0.01 0.00 0.99 0.00

Me-bipy:
SS1 0.19 0.59 0.22 0.78
SS2 0.15 0.10 0.75 0.25
SS3 0.33 0.33 0.33 0.67
SS4 0.01 0.00 0.99 0.00

aConfiguration fractions are rounded to 1% for configurationi, determined from the configuration
coefficientsci asc2

i /∑ j c
2
j .

bnf is the sum of the f12 and f13 configuration, see Section 4.

Table 8: State configuration fractionsa for π∗-orbitals for Cp∗2Yb(bipy) as calculated by both
CASSCF and CASSCF-MP2.

Label π∗
1 π∗

2 π∗
3

bipy:
SS1 0.45 0.20 0.35
SS2 0.42 0.16 0.42
SS3 1.00 0.00 0.00
SS4 0.00 0.00 0.00

aConfiguration fractions are rounded to 1% for configurationi, determined from the configuration
coefficientsci asc2

i /∑ j c
2
j .
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The presence of an open-shell singlet ground state is well established by all of these calcula-

tions. As an indication of whether a triplet ground state is likely if a larger active space were used,

we note that the MP2 diagnostic based on the CASSCF, which indicates the amount of electronic

correlation that is outside the CAS, also strongly favors thesinglet state.40 While, these contri-

butions stabilize both singlet and triplet states, they aretherefore much more stabilizing for the

singlets.

5 Discussion

The magnetic susceptibility data shown in Figure 2 have several features in common. At the lowest

temperatures, a rapidly decreasing “tail” is observed as the temperature is increased. This feature

is ascribed to a small amount of impurity.12 Otherwise, the overall magnitude ofχ(T) is much

smaller than expected for such molecules with a trivalent, or partially trivalent Yb atom. These data

are not consistent with any significant susceptibility arising from a triplet configuration, although

the triplet may be responsible for the upturn inχ(T) near room temperature for the Cp∗
2Yb(4-Me-

bipy) data. The Cp∗2Yb(4-Me-bipy) data are very similar to data on Cp∗
2Yb(bipy).12

The XANES data show a wide range of behavior for the Yb valence, from nearly divalent in

Cp∗2Yb(6,6′-Me2-bipy) to trivalent in Cp∗2Yb(4-Me-bipy) at all temperatures, to those transitioning

between these states as a function of temperature and position of the methyl group in the bipyridine

ring. It is important to note, however, that neither a pure divalent nor a pure trivalent Yb state is

observed for any of these neutral complexes.41 These data therefore indicate mixed valence for all

measured samples.

Of central interest is whether this mixed valence is homogeneous, as in the IV state described

in the Introduction, or heterogeneous, as when one of various valence states occurs at different

locations in a compound, as in Fe3O4, or in spin-equilibrium tautomers, such as the Fe(III) spin

transition complexes.42 This question is answered best by the structural data, although the con-

clusion of intermediate valence is supported by the magnetic data, which are inconsistent with a
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heterogeneous mixed valence model.12 Regardless, the degree of heterogeneity can be determined

from temperature-dependent results for site positions or bond lengths, together with mean-squared

displacement parameters. Here, we focus on the Yb-N and Yb-C(Cp) bonds. Each of these bond

lengths is well determined by both EXAFS and single-crystalXRD. Table 9 compares some of the

available structural data between these techniques. Discrepancies only arise where the available

data were collected at different temperatures for the two techniques, and is fully consistent with the

observed changes in valence with temperature (Figure 6). Yb-N and Yb-C(Cp) bond length data

are shown in Figure 10 as a function ofnf, combining available EXAFS and XRD results. These

data indicate that the measured bond lengths are roughly linear withnf, and that the difference in

Yb-N bond lengths between Yb(II) and Yb(III) in this class ofcompounds is about 0.3 Å. In the

case of heterogeneous mixed valence, one therefore expectsa distribution of Yb(II)-N and C(Cp)

bond lengths corresponding to the measurednf . Since the EXAFS fits group all the Yb-N and

Yb-C(Cp) paths into single shells near 2.4 Å and 2.7 Å, respectively, such a heterogeneous mixed-

valence situation would result in an enhancement of the mean-squared displacement parameter,σ2,

for the Yb-N pairs corresponding to about 0.016 Å2 for all the samples withnf ≈ 0.75. Such a large

σ2(Yb-N) value is inconsistent with the measured samples, which all haveσ2(Yb−N)≈ 0.003(1)

Å2. The enhancement for theσ2(Yb−C(Cp)) would actually be much smaller (around 0.003 Å2),

and so is less useful in this regard.

We emphasize here that the EXAFS technique is very reliable for determining local disorder in

the nearest-neighbor shells, even in cases where diffraction sees only an essentially ordered struc-

ture. An example occurs in the calcium-doped lanthanum manganites, La1−xCaxMnO3 for x values

near 0.3. In this case, careful analysis of powder XRD data indicates small values of the single-site

mean-squared displacements with only small changes near the ferromagnetic transition,43 while

local structure probes such as PDF44 and EXAFS45 obtainσ2 values consistent in magnitude with

a fully-formed Jahn-Teller distortion around the Mn(III) ions. In this case, XRD does not get the

same result because it measures displacements from mean positions of individual sites, and the

powder average washes the effect away. In contrast, EXAFS averages over pairs of atoms. In
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Figure 10: Average pair distances for the Yb-N and Yb-C(Cp) bonds as a function ofnf. Most of
these values are from EXAFS data, but some are from single-crystal x-ray diffraction.

Table 9: EXAFS bond length results for selected data.

Ligand TEXAFS Yb-N avg. Yb-C(Cp) avg.
6-Me bipy 20 K 2.364(8) 2.668(3)
4,4′-Me bipy 300 K 2.45(4) 2.710(7)
5,5′-Me bipy 150 K 2.336(8) 2.656(6)
6,6′-Me bipy 20 K 2.51(1) 2.737(7)

addition, diffraction occurs most readily on well ordered parts of a sample, so it can miss disorder

in mixed materials, while EXAFS data represent a true average over all the absorbing atom within

the x-ray beam path.

The Cp∗2Yb(5,5′-Me2-bipy) data provide an interesting test case, as these data were also col-

lected as a function of temperature (Table 5). Since this compound demonstrates large changes

in valence with temperature (Figure 6), if it were heterogeneously mixed valent, theσ2
Yb−N and

σ2
Yb−C(Cp) parameters would follow the changes in valence, since the relative ratio of Yb(II) and

Yb(III) bonds would be varying. Therefore, if this compoundwere heterogeneous mixed valent,

we would expectσ2
Yb−N to be on the order of 0.016 Å2, to increase by about 0.004 Å2 nearnf ≈ 0.5

(T ≈ 225 K), and then to decrease slightly with temperature. Noneof these predictions are com-

patible with the data in Table 5. In particular, theσ2 values for the Yb-N pair remain small at all

temperatures, near 0.003(1) Å2. The changes inσ2
Yb−C(Cp) likewise do not follownf, but rather
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increase monotonically withT, as expected from thermal vibrations. In fact, theσ2 data are

well described by an Einstein model46 of the thermal vibrations, withΘE > 500 K for Yb-N and

ΘE = 250(20) K for Yb-C(Cp), although one must assume no static distortion and that the carbon

atoms in the Cp rings are tightly bound, and therefore, the effective mass of each carbon is about

three times that of a free carbon. A similar situation occursin the lanthanide hexaborides.47 We

therefore conclude that Yb in these molecules is homogeneously mixed valent, that is, intermediate

valent (IV).

The most striking experimental result is the temperature dependence ofnf in Cp∗2Yb(5-Me-

bipy), Cp∗2Yb(6-Me-bipy), Cp∗2Yb(5,5′-Me2-bipy), and Cp∗2Yb(6,6′-Me2-bipy). These data can be

fit with a Boltzmann distribution describing an excitation from a singlet ground state to a singlet

excited state with a different characteristicnf:

nf(T) =
ngs+nexe

−(∆H−T∆S)
RT

1+e
−(∆H−T∆S)

RT

, (2)

wherengs is thenf in the ground state,nex is thenf in the excited state,∆H is the change in enthalpy,

∆S is the change in entropy, andR is the universal gas constant. Figure 11 shows fits to Eq. (2)

for the relevantnf data, and the fit parameters are reported in Table 10. Besides the good quality

of the fit, the most significant result is thatnex does not go to zero; that is,nf of the first excited

state is multiconfigurational. Note this result holds even for the Cp∗2Yb(6-Me-bipy) data, where

the availability of only four data points prevents the calculation of error bars in the unweighted fit

with Eq. (2), since a fit holdingnex≡ 0 is not of acceptable quality.

The susceptibility data for the 5-, 6-, 4,4′-, and 5,5′-Me-bipy complexes are fully consistent

with a similar Boltzmann distribution, in this case, betweena ground state and an excited state that

are each TIP:

χ(T) =
χgs+χexe

−(∆H−T∆S)
RT

1+e
−(∆H−T∆S)

RT

+Cimp/T, (3)

whereCimp/T is the Curie-tail impurity contribution. Fit parameters aresummarized in Table 10.

Note that depending on the data available, some parameters were held fixed in these fits, and are
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Figure 11: Boltzmann fits (Eq. (2)) to selected data. See Table10 for fit parameters.

thus reported with no estimated error. The error on such parameters is otherwise large, except for

the fits tonf from the 6-Me-bipy data, as noted above. We view the negativeestimated values of

χex for Cp∗2Yb(5-Me-bipy) and Cp∗2Yb(5,5′-Me2-bipy) to be consistent with a small, but positive,

magnetic susceptibility for the excited state, given the large error estimate. We also note that small

weighing errors, systematic errors from the magnetometer,imperfect diamagnetic corrections, etc.,

could contribute to such an unphysical, negative result.

The impurity contribution from these fits should be comparedto the fullJ= 7/2 Curie constant

expected for Yb(III) of 2.57 emu/mol, or much larger if the impurity is from some magnetic phase

of iron. Therefore, if the impurity is due to some small amount of hydrolysis contamination, it

represents no more than 2% of the ytterbiums in the sample. These tails are not reproducible from

sample to sample, and so are not intrinsic.

Although the agreement between fits tonf andχ data is not exact, given the simplicity of the

model and the size of certain estimated errors, the similar values of∆H and ∆S between these
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Figure 12: Boltzmann fits (Eq. (3)) to selected susceptibility data. See Table 10 for fit parameters.

fits indicates the changes with temperature of both kinds of data are due to the same Boltzmann

distribution of state occupancies. In particular, the changes in entropy are small, as expected for

a transition between two singlet states, and are probably dominated by differences in vibrational

entropy. For comparison, heat capacity measurements in Fe(III) spin transition complexes find

∆Svib ≈ 30 J mol−1 K−1.42

One interesting result is that the 4-Me-bipy and bipy complexes cannot be fit with the model in

Eq. (3). Instead, a model where the first excited state is a triplet with Curie-Weiss paramagnetism

can provide an excellent fit (available as Supporting Information). These fits therefore strongly

support the order of states indicated by the CASSCF-MP2 calculations in Table 6.

The data from Cp∗2Yb(4,4′-Me2-bipy) are particularly interesting, since the previouslyobserved

transition near 200 K in the magnetic susceptibility19 is now clearly associated with a valence

transition. When originally observed, it was noted that Cp∗
2Yb(4,4′-Me2-bipy)’s space group in the

high-temperature state,P21/c, is unusual for this class of compounds, which are generallyPbca.

The only other exceptions occur when some solvent is crystallized into the structure, such as for

Cp∗2Yb(6,6′-Me2-bipy) (Figure 1), which is not the case for Cp∗
2Yb(4,4′-Me2-bipy). It is reasonable

to conjecture that the observed increase in the valence (Figure 7) as the temperature is decreased

from room temperature will act as increasing pressure, consistent with the decreasing volume,19

until such point that theP21/c structure can no longer support the molecule. At this point,the
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Table 10: Fit results of the SS1⇋ SS2 equilibrium (Eq. (2) and Eq. (3)) tonf(T) andχ(T), as shown in Figure 11 and Figure 12.

Ligand ngs nex χa
gs χa

ex ∆Hb
nf

∆Hb
χ ∆Sc

nf
∆Sc

χ Cimp
d

5-Me 0.74(1) 0.2(1) 0.00161(1) -0.0014(7) 7(1) 5.1(4) 26(7) 12(4) 0.0133(2)
6-Me 0.646 0.28 0.00086(4) 0.00012(3) 1.6 1.0(1) 19 34(2) 0.0192(5)
4,4′(LT)e 0.750(4) 0.41(3) 0.00143(1) 0.00065(2) 4.3(3) 3.6(1) 20f 19(2) 0.0116(1)
4,4′(HT)g 0.53(1) 0.27(3) 0.00064(2) 0.00039(5) 6.9(7) 6.9f 20f 20f 0.01
5,5′ 0.726(7) 0.21(9) 0.00157(1) -0.0004(3) 7(1) 4.5(4) 29(8) 16(4) 0.032(3)

aemu/mol.bkJ/mol. cJ/(mol·K). demu·K/mol. eFit to T ≤ 200 K. f These values were held fixed.gFit to T ≥ 210 K.
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crystals shatter, and the low temperature structure has notbeen determined; however, it is unlikely

that the molecular form of Cp∗2Yb(4,4′-Me2-bipy) is altered in the low temperature state, especially

given the consistency between the EXAFS results at 20 K compared to 300 K (Table 4). In fact,

a pair-distribution function (PDF) analysis of powder x-ray diffraction data through the transition

is consistent with the molecule remaining intact.48 The structural and magnetic transition can then

be viewed as analogous to the Kondo-driven volume changes atisostructural valence transitions in

elemental cerium49 and YbInCu4,50 furthering the analogy to the Kondo effect in such solid-state

intermetallic systems.

An important implication of this phase transition is that the environment around the molecule

has some effect, as previously pointed out regarding data onCp*2La(bipy).12 This result is not

surprising given the extremely small differences in energybetween the ground and excited states,

and begs the question of how the intermediate valence statesand the Boltzmann distributions will

change in solution samples. Such experiments deserve further study, especially on the Cp∗
2Yb(4,4′-

Me2-bipy) sample; however, certain experimental challenges in obtaining quality magnetic and

x-ray data on such solutions at low temperature have yet to beovercome.

Based on all these experimental data, we make the following deductions. First, the observed

mixed valence of Yb in these molecules indicates intermediate valence at all measured tempera-

tures, although the degree of IV changes with temperature. The magnetometry does not indicate

any significant triplet configuration, except perhaps at high temperature in Cp∗2Yb(4-Me-bipy), and

can in fact be fit as due to an equilibrium between two singlet configurations. The Yb valence can

likewise be fit as an equilibrium between two states, with similar changes in enthalpy and entropy

found in the susceptibility fits. Therefore, the propertiesof these molecules are described by two

multiconfigurational singlet states, where the ground state is similar to that found in Cp∗2Yb(bipy)

and the excited state is more dominated by the f14 configuration. Thenf of the ground state and

first excited state are then given by the Boltzmann fits tonf (Figure 11), and are roughly 0.70 and

0.25, respectively, for the Me-substituted compounds, besides Cp∗2Yb(4-Me-bipy).

A molecular explanation can be given to the thermodynamic constants between the two states,
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Figure 13: Cartoon energy-level diagram showing the effect of CI for the Cp∗2Yb(5-Me-bipy) sys-
tem. On the left are the approximate energy levels of individual configurations for a single-electron
theory such as DFT. On the right are the results of the CASSCF-MP2 results as described in Ta-
ble 6 and Table 7. As noted theπ∗ orbitals on the right hand side are also multiconfigurational
(Section 4).

SS1⇋ SS2, shown in Table 10, based on the computational results shown in Table 7. Using

the specific example of Cp∗2Yb(5-Me-bipy), the change in enthalpy favors the SS1 state while the

change in entropy favors the SS2 state, with the net result that the temperature at which∆G = 0

is around 240∼280 K. The SS1 state has an f-hole occupancynf = 0.78, which means that Yb(III)

dominates Yb(II). Since the Yb(III)-N and Yb(III)-C bond lengths are shorter than the Yb(II)-

N and Yb(II)-C bondlengths (Table 2), the Yb(III) contributions are favored by the enthalpy (or

energy), but disfavored by the entropy. Conversely, the contributions of Yb(III) and Yb(II) are

inverted in the SS2 state, wherenf = 0.25. Accordingly, the longer Yb(II)-N and Yb(II)-C bond

distances are disfavored by the enthalpy (or energy) and favored by the entropy. The computational

studies therefore illuminate the thermochemical measurements by providing a molecular level of

understanding.

The CASSCF calculations are in qualitative agreement with these conclusions, indicating two

low-lying open-shell singlet states, withnf = 0.78 in the ground state andnf = 0.25 in the first

excited state (compare Table 6 and Table 7 to results in Figure 6 and Figure 11). The situation

for Cp∗2Yb(5,5′-Me2-bipy) is shown in cartoon form in Figure 13. It is important to note that the

errors in the CASSCF calculations are expected to be on the order of 0.3 eV, although relative
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errors between states are smaller. With this error in mind (see also below), the CASSCF-MP2

results for the relative energies of the singlet and tripletstates are in excellent agreement with the

experimental results: all these materials have a singlet ground state, and all have a singlet first-

excited state, except Cp∗2Yb(bipy) and Cp∗2Yb(4-Me-bipy), which have a triplet first-excited state.

Even though the non-perturbative CASSCF calculations place the triplet at a different position

relative to the singlet states, the CASSCF and CASSCF-MP2 calculations are consistent given

the estimated errors. In addition, with the improved calculation on the Cp∗2Yb(bipy) compound,

nf = 0.86, indicating it should be closer to Yb(III) than the methyl-substituted bipy complexes, as

observed withnf = 0.83 from YbLIII XANES in Cp∗2Yb(bipy).12 Finally, it should be noted that

the CASSCF calculations predictnf within about 4% in all cases.

There are limitations to these calculations that must be mentioned. In these CI calculations

only one triplet configuration and several singlet configurations are included in the active space,

and the relative energy between the singlet and triplet states is not well determined; the singlets

can interact to lower the energy of the more stable states, while the triplet state cannot. This

inadequacy is a limitation of the CASSCF method, since one mustset the size of the active space

in a somewhat arbitrary manner by trying to choose the dominant interactions. Therefore, as in the

case of Cp∗2Yb(bipy), if a singlet state is nearly degenerate or slightly below a triplet state, one can

say with confidence that the singlet state will be the ground state, since including more interactions

will likely further stabilize the singlet relative to the triplet. On the other hand, although CASSCF

should properly determine the relative order of the varioussinglet states, the energy differences

can only be considered qualitatively.

Given these limitations, the computational results on the Cp∗
2Yb(5-Me-bipy) and Cp∗2Yb(6-Me-

bipy) complexes are different from the results on Cp∗
2Yb(bipy) and Cp∗2Yb(4-Me-bipy) in that the

methyl substitution generates a first excited state that is also an open-shell singlet, at least from

the CASSCF-MP2 methodology. Accordingly, these calculations show that the first excited state

could be thermally populated, as indicated by the experimental results. The trends also reflect the

experimental data on the bipy and 4-Me-bipy complexes in which the first excited state is a triplet
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for these two complexes. The experimental and calculational results are therefore in agreement.

Remaining questions include those aimed at developing a physical model that relates these

effects, and how they relate to previous known chemistry andphysics. Of central importance is

understanding the currently-unique role of the methyl substitution, which is considered to be an

electron donor in the neutral ligand. Although the increased mixing of f14 character in the ground

state relative to Cp∗2Yb(bipy) is consistent with an electron donor, it may seem counter-intuitive

that such a substitution stabilizes the relatively high-lying singlets in the Cp∗2Yb(bipy) molecule.

One way to rationalize this stabilization is to consider therole of hyperconjugation between the Me

and the bipy radical anion, which depends on the electron density in the individual carbon orbitals

of the ring. In fact, the substituents on the bipyridine ligand change the reduction potential of the

ligand and therefore the energy of the acceptor orbital.38 The symmetry of the molecular orbital

that contains the unpaired electron and the distribution ofunpaired spin density in the pπ orbitals

of the solvent-separated radical anions of bipy and (4,4′-Me2-bipy) show that the unpaired electron

is in aπ-molecular orbital of b1 symmetry (in C2v symmetry). The aH values, which are a measure

of the unpaired electron density in a given pπ orbital at a given site in the ring, change in subtle

ways in bipy and (4,4′-Me2-bipy); the EPR spectrum of (4,4′-Me2-bipy) also shows that unpaired

spin density resides on the methyl group.51,52 The change in spin density as a function of the site

of a methyl or two methyl groups should play a role in determining the energy of theπ∗ orbitals

and therefore the extent to which they change the energy of the open-shell singlet state relative to

the open-shell triplet state. Unfortunately, the EPR spectra of the radical anions of mono-methyl

bipyridenes have not been reported.

The properties of the molecules described in this article, especially when taken together with

those of the Cp∗2Yb(bipy) molecule, highlight both the importance of CI in determining the mul-

ticonfigurational singlet ground states and the importanceof the net valence change in the first

excited state. In fact, the enthalpy changes are sufficiently small that changes in entropy can make

the first-excited state at low temperature become the groundstate at high temperature, as seen in

molecules undergoing spin equilibria. This situation is clearly the case for Cp∗2Yb(6-Me-bipy),
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where the change in the Gibbs free energy,∆G= ∆H −T∆S, changes sign atT = ∆H/∆S≈ 50 K.

This situation, where the same molecule can take on two isostructural electronic forms, is

known as “valence tautomerism.” However, the canonical view of tautomerism, such as in bullva-

lene,53 or even valence tautomerism, such as is well known in transition metal complexes contain-

ing quinone ligands (for example, see Pierpont et al.16 and references therein, as well as a recent

report by O’Sullivan et al.54 on a conducting polymer variant), does not consider or implymulti-

configurational states, and so we use the term “intermediate-valence tautomerism” to describe this

situation. In fact, the presence of IV and strong CIs is due to interacting states that are close in

energy, so the presence of IV strongly implies the presence of a tautomeric equilibrium.

It is ironic that the properties of many of the Me-substituted Cp∗2Yb(bipy) molecules should be

so well described as due to IV tautomerism since the properties of Cp∗2Yb(bipy) were initially hy-

pothesized18,55 to be due to valence tautomerism, where the two valence states were considered to

be integral, Yb(III) and Yb(II). The current view is that theground state properties of Cp∗
2Yb(bipy)

are due to IV behavior arising from an open-shell, multiconfigurational singlet ground state,6,12

where the temperature-dependent changes in the magnetic susceptibility are ascribed to a small

thermal population of the first excited IV triplet state.

This view of IV tautomerism is very similar to that proposed by LaBute and coworkers17 for

the case of Co(SQ)2(phen), where SQ represents a semiquinone complex. In theirwork, DFT

calculations are enhanced to better include many-body interactions using methods generally ap-

plied to intermetallic IV compounds such as CeSn3. Using this method, they obtain an integral

valent, low-spin state for Co(III) in the low-temperature form, but an IV high-spin Co(+2.28) state

for the high-temperature form. The apparent need for bettertreatment of many-body interactions

is supported by CoK-edge XANES measurements. These results, when taken together with the

results reported here, speak strongly for the need to take a closer look at other valence tautomer

systems, both by performing higher-order calculations such as CASSCF, and to establish structural

signatures of IV behavior.

These results have direct implications outside those of traditional organometallic chemistry
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for understanding the transition between local moment interactions in bulk metals and quantum-

confined systems, such as intermetallic nanoparticles and organometallic molecules. In bulk met-

als, partially localized magnetic orbitals can interact with electrons at the Fermi level, creating

an IV, spin-singlet state that is a temperature-independent paramagnet at low temperatures due to

Pauli susceptibility. This quasiparticle state, known as a“Kondo singlet,” acts like a regular con-

duction electron, except with a renormalized mass. Although this description captures the essential

physics of the interactions and the magnetic and electronicproperties, calculating these properties

requires a thorough understanding of the many-body interactions involved, and remains a topic of

state-of-the-art calculational methods in understandingstrongly-correlated electron systems.56–58

Describing the properties of materials where such Kondo interactions are important as the system

size is decreased and the conduction band is eventually flattened into an atomic-like orbital is a

topic of current interest,59–66 yet remains poorly understood, in spite of its importance inunder-

standing the properties of nanoscale electronic devices.67–69

The present and related17,70work attacks this problem from a different, more molecular-based

perspective. As pointed out by Fulde and coworkers,1–3 the properties of organometallics, such

as cerocene and the molecules described here, can be explained in analogy with the Kondo effects

described above, substituting the delocalized electrons in theπ orbitals of the aromatic ligands for

a quantum-confined conduction band. The theoretical basis,apart from the Kondo analogy, does

not start from the full many-body theory used for understanding bulk materials, but rather from

attempts to understand the electronic and magnetic structure from first principles. The details of

the many-body interactions are demonstrated to be criticalin understanding these properties, but

are includedpro re nata, rather than collectively. In this sense, CI-based theoriesapproach the fully

interacting many-body theories in a perturbative sense, choosing the most important interactions

to include in the active space. This approach can work because of the short-range nature of the

interactions in molecular systems with no real conduction band.
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6 Conclusion

This article describes experimental and calculational results that strongly bolster previous asser-

tions about intermediate valence (IV) behavior and the importance of configuration interactions

(CI) in determining most of the important properties in certain classes of molecules, including

bonding, magnetic, and spectroscopic behavior. The intertwining of IV and tautomeric effects, to-

gether with their magnetic and structural implications andthe small enthalpy and entropy changes

involved, indicate that the near-degeneracies that occur in these lanthanide organometallics and

their transition-metal cousins create a situation where small perturbations will create large changes

in properties. In particular, by using methyl substitutions onto the bipy radical anion in Cp∗2Yb(bipy),

new IV singlet states are made accessible at elevated temperatures. Such states were expected

from basic CI arguments,12 but have been realized both in experiment and calculations on the

Me-substituted bipy adducts to Cp∗
2Yb.
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