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Abstract

Multiconfigurational, intermediate valent ground states are establishederasevethyl-
substituted bipyridine complexes of bispentamethylcyclopentadienylytterbipgy, bOMey-
bipy). In contrast to Cprb(bipy) and other substituted-bipy complexes, the nature of both
the ground state and the first excited state are altered by changing therposite methyl
or dimethyl substitutions on the bipyridine rings. In particular, certain sulistits result
in multiconfigurational, intermediate valent open-shell singlet states in bothrdladg state
and the first excited state. These conclusions are reached afteraratisid of single-crystal
x-ray diffraction (XRD), the temperature dependence of x-ray gitgor near-edge struc-
ture (XANES), extended x-ray absorption fine-structure (EXAF8) magnetic susceptibil-
ity data, and are supported by CASSCF-MP2 calculations. These refadts the various

Cp;Yb(bipy) complexes in a new tautomeric class, that is, intermediate-valertoenas.

1 Introduction

Recent experimental and theoretical studies of certain Ceé-Ydnbased organometallic com-
plexes—1° have highlighted the importance of multiconfigurationaémactions in understanding
their electronic, structural, and magnetic propertiese ddnonical examples include Ce(epglso
known as “cerocene,” where cot = cyclooctatetraengHdgzand CiYb(bipy), where Cp = pen-
tamethylcyclopentadienyl, and bipy = 2/@pyridine. In these materials, various Configuration
Interaction (CI) calculation's3-12-15indicate that a singlet ground state develops that is lower i
energy than that of the triplet state because it is a mixtbivaiwous open- and closed-shell singlet
configurations. These singlet states are therefore mafigurational, that is, quantum mechanical
admixtures of configurations with different f occupatioasd arantermediate valen@bbreviated
below as 1V, in the sense that the effective valence for eaclorCéb atom is non-integral. In
the molecules cited above, the singlet ground state is ynosthposed of the open-shell singlet

configuration, although covalence between the ligand amdltbsed-shell configuration may play
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arole, at least in cerocerl®.The observed temperature-independent paramagnetisaiewv
temperature is then due to a van Vleck interaction betweegtbund-state singlet and the triplet
configuration at some higher energy. The lanthanide valescexpected, does not change signifi-
cantly with temperature. The most dramatic confirmatiorheff model, however, is the measured
IV state fromL,, -edge x-ray absorption near-edge structure (XANES) spsctpy.

As the literature on this subject grows, it is clear that tegrde of interaction between various
singlet states can be varied, sometimes in a systematiofg$hcreating a nearly continuous
range of intermediate valence and magnetic behavior. Withis picture, therefore, it should be
possible to selectively stabilize different state confegians, for instance, creating a triplet ground
state with an IV excited singlet state, or creating an IV Ehground state with a different IV
excited singlet state.

In this article, we report experimental and theoreticaliltsson a series of methyl-substituted
bipy complexes of C¥b that can be described by the latter scenario, that is, bydigtinct open-
shell singlet, 1V states separated by only hundredths ofagenerating an equilibrium between
two IV singlet states. This behavior is akin to that foundhe traditional view of valence tau-
tomers, such as in the cobalt semiquinok®i that the valence changes with temperature, except
that the states are two |V states, rather than two integignt states. In fact, the role of interme-
diate valence is similar to that proposed by LaBute ét’dbr the cobalt semiquinones, whereby
the molecule transitions from a low-spin, integral valemtes at low temperatures to a high-spin,
IV state at high temperatures. The unusual situation desdribelow for the methyl-substituted
bipyridine derivative of CpYb is an IV ground and first excited state that is achievedubhathe
Me substitution onto the bipy ligand, in stark contrast tatvbccurs with other substitutions, such
as CQMe.1? These conclusions are supported by magnetic and XANESestudiboth mono-
and di-methyl-substituted G¥b(bipy) compounds, in which the position of the substdaton
the bipy radical anion is varied. Complete Active Space Selfisistent Field (CASSCF) cal-
culations are reported on the mono-methyl-substitutedpoamds, including at the second-order

perturbation theory (CASSCF-MP2) level. These calculatemesmproved over the previous cal-



culationg? by using a larger active space anak®s),Yb instead of (§Hs),Yb and are in good

agreement with the experimental data.

2 Experimental Section

2.1 Synthesis

The substituted bipyridine adducts of Db discussed in this article are listed in Table 1 along
with some of their physical properties. The numbering of¢hgbon positions on the bipyridine
rings are shown in Scheme 1. The complexes are prepared arattdrized as outlined in earlier

articlest®?1and these details are available as Supporting Information.
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Scheme 1: Numbered positions on the bipyridine rings.

2.2 Magnetic measurements

1H NMR spectra were taken on Bruker AVQ-400 and AV-300 specétems. All chemical shifts
are reported i units. Variable-temperature spectra in the formdofs. T-1 plots are available
as Supporting Information. Magnetic susceptibility measents were made for all samples at
5 kOe and 40 kOe in a 7 T Quantum Design Magnetic Propertiesi#ement System, which
utilizes a superconducting quantum interference devi€@U®). Sample containment and other
experimental details have been described previotisiihe x vs. T data are shown in Figure 2.
Note that the low-temperature upturn is not reproducibdenfrsample-to-sample, and so is not

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



Table 1: Some Physical Properties of;@p(bipy’) Adducts'

Uetr( L) Amax(nm)° IH NMR chemical shift$
Compound (300 K) £(x1073, L mol~tcm™1) 6,6 5,5 4.4 33 Cpf
CpsYb(4-Me-bipy) 2.27 786 154.5 111 30.5 133 3.9
3.1 150.6 6.0 9.3(Me)  -8.6
Cp5 Yb(5-Me-bipy) 1.17 778 134.4 18.3 37.6 91 36
4.0 130.0 -9.1 (Me) 34.3 -8.3
Cp5Yb(6-Me-bipy) 0.79 785 112.3 16.2 29.3 43 21
3.3 97.6 (Me)  12.7 27.8 5.2
CpYb(4,4-Mey-bipy)  1.18 144.1 8.2 -9.3(Me) -95 38
CpsYb(5,5-Me,-bipy)  1.13 783 1027  -145(Me)  38.2 58 32
1.6
Cp5Yb(6,6-Mez-bipy) ~ 0.53 929 6.9(Me)  7.92¢d 966t 6478 1.9
1.0 J=8Hz J=8Hz J=8Hz
811
1.7

aThe numbering of the positions in the bipyridine ring is shdw Scheme 1°Only the longest wave length absorptidmax is given

in cyclohexane, other values are in Supporting Informatiois the molar absorptivity: 'H NMR chemical shifts in ppm relative to

Me,Si, in CsDg at 20°C, variable temperature spectra,dss. T 1 plots are available as Supporting Informati§ihe value for this
sample is slightly higher than that from a previously repdt? sample éThese assignments may be interchanged.



2.3 X-ray absorption

The samples were prepared for x-ray absorption experimaentiescribed previoush? In par-
ticular, the same methods were used to protect these aitisencompounds from oxygen and
water contamination. X-ray absorption measurements weaidert the Stanford Synchrotron Ra-
diation Lightsource on beamlines 10-2 and 11-2. The sanywé¥e prepared and loaded into a
liquid helium-flow cryostat at the beamline as describedipresly.}? Data were collected at tem-
peratures ranging from 20 K to 300 K, using a Si(220) doublestat monochromator, except
for data collected on Cpyb(4,4-Me,-bipy), which used a Si(111) double-crystal monochromator
Generally, harmonic rejection was accomplished by detuthie crystals to 50% beam reduction,
although occasionally a rejection mirror was employedlifeary data using a focused beam on
a sample of CpYb(4,4-Me,-bipy) indicated strong radiation damage over the coursgevéral
minutes. Subsequent measurements were performed usirigausied or unfocused beam, and a
new part of the sample was measured for each temperaturg daanage was suspected. The en-
ergy resolution was determined using a standard coppeafud was always much less 0.7-1.0
eV) than the core-hole lifetime of the Yy, edge of approximately 4.2 e%2 A Yb,O4 reference
sample was measured simultaneously, and all spectra wergyetalibrated by setting the energy
at the first inflection point in the YJ©; Yb L, absorption edge to 8943 eV.

XANES data were reduced by subtracting a line extrapolatewh the pre-edge region and
normalizing the absorption about 50 eV beyond the edgehibté&nergy.

Due to a variety of factors (much more time consuming scaadiation damage concerns,
large number of samples, etc.) fewer extended x-ray abearfine-structure (EXAFS) data
were collected for these samples than XANES data. EXAFS aaavailable at low temper-
ature, between 20 K and 30 K, for all samples, at 300 K fo;¥2i§4-Me-bipy), CgYb(4,4-
Me,-bipy) and CYb(5,5-Me»-bipy), and at 150 K and 225 K for Gl¥b(5,5-Me,-bipy). Data
reduction and fitting utilize the RSXAP cod&sand use standard procedufésin particular,
pre-edge background subtractions follow a Victoreen fdanto estimate absorption from other

processesipre, and the absorption from the Yy edge, ua(E) is isolated from the total ab-



sorptionu(E), by takingua(E) = U(E) — tpre(E) . The post-edge, or embedded atom, absorp-
tion Lp(E), is estimated with a 7-knot cubic spline. The photoelectwarenumberk, is deter-

mined using the energy at the half-height of the absorptitwees the threshold enerdsg, using

k= \/(Zme/ﬁz)(E — Ep), wherekE is the incident photon energy. The EXAFS oscillations aeath
calculated ag (k) = pa(k)/to(k) — 1.

The data were fit using theoretical backscattering funsticaiculated by the FEFF7 cothe
from a cluster based on the 228 K crystal structure o;\cm4,4’-Me2-bipy).19 All Yb-C and
Yb-N single scattering paths are included up to the Yb-CYHi&ar 4.7 A. All Yb-H and multiple
scattering paths, denoted Yb-H/MS, with up to 4 legs araushetl in a single scattering path for the
fits. These paths are used for all compounds reported heeendinber of neighbor4y, for each
fitted path is held fixed to the nominal crystal structure,chhs the same for all the compounds
within the fit range. The exception is the Yb-H/MS path, theplimde of which is less meaningful
and is therefore allowed to float in the fits. A singi&q shift is used for each compound. The
amplitude reduction factcﬁ% was found to be ®0-+ 0.05 by fitting all the low-temperature data.
This value was then fixed in all the fits reported here. Anyadigins or potential phase impurities,
etc., are therefore reflected in the mean-squared dispEtefDebye-Waller) factorsg?. The
data are fit inr-space, and all Fourier transforms (FTs) arekteveighted data and are taken
between 2.5 A and 15.0 &, using a Gaussian window with a 0.3 Awidth. All fits are to data
between 2.0 and 4.5 A and therefore have about 22 indepedd&npointd® which are fit using
14 fit parameters, corresponding to about 8 degrees of freedaror bars are obtained using a

Monte-Carlo method’

2.4 Computational details

The ytterbium center was treated with a small-core relgitvipseudopotential (RECP) ([Ar] +
3d)?8in combination with its adapted basis set (segmented beisisat includes up to g functions).
The carbon, nitrogen, oxygen, and hydrogen atoms werecttasith an all-electron doublé;

6-31G(d,p), basis séf All the calculations were carried out with the Gaussian G8sof pro-



gramsP either at the Density Functional Theory (DFT) level using BBPW9$1-32hybrid func-
tional or at the CASSCF level. The geometry optimizations veréormed without any symmetry
constraints at either the DFT or the CASSCF level.

Calculations have been performed using several methodsding DFT, CASSCF with var-
ious active spaces, and CASSCF-MP2. Since we have found tizatled “intruder-state prob-
lems”33 occur in calculations on the dimethyl complexes, the caliohs described in this article
focus on the 4-,5- or 6-methylbipyridine adducts of;€p. Geometry optimization were car-
ried out at the DFT level. Previous studies have shown thatRT geometry is in excellent
agreement with those obtained at the CASSCF |&¥ellthough the optimized ground state is a
triplet, f137(rt)3T. This favoring of the triplet in such a DFT calculation is exped, since the
self-interaction correction to the exchange-correlagoergy is large for localized states, as in

f-orbitals.

3 Results: Experimental

3.1 Characterization

The solid-state crystal structure of b (6,6-Mey-bipy) is displayed in Figure 1. Selected bond
distances for Cprb(5,5-Me,-bipy), Cp;Yb(6-Me-bipy), and CpYb(6,6-Mey-bipy) are listed in
Table 2. Note that the crystal structure ofJ@p(6-Me-bipy) is disordered. The crystal structures
of each of these compounds, available as Supporting Intiwmaare similar; however, three in-
dividual structures of Cprb(6,6-Me;-bipy) are known, since when the complex is crystallized
from methylcyclohexane, it crystallizes in the space gr&lgea with two unique molecules in
the unit cell. When benzene is the crystallization solvdrd,domplex crystallizes in space group
P2, /c with one molecule in the unit cell, as shown in Figure 1. TheT&R of both molecules
are available as Supporting Information. Table 2 also sunzesthe important bond lengths for
other C3Yb(bipy’) compounds. The geometries of all the complexes are defiven the union

of a bent sandwich CYb fragment and a bipyridine ligand with idealiz€g, symmetry. Table 2



Figure 1: Crystal structure of Gl¢b(6,6-Me,-bipy) when crystallized from benzene. Note that
the C25 and C26 sites are at the 2 ahgdsitions on the bipyridine rings (Scheme 1). All other
structures for complexes reported here are similar, apart the presence of the benzene molecule

of crystallization. Further details regarding the crystalictures are available as Supporting Infor-
mation.
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Figure 2: Magnetic susceptibility (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(@stances, an order that closely paral-
lels the averaged Yb-N distances. The averaged Yb-C dissaramge from 2.74 A to 2.59 A in
Cp;Yb(py)2 and [CBYb(bipy)]" as the valence of ytterbium changes from two to three, respec
tively. The averaged Yb-C distances in the complexes lievéen these extreme values, as does
the ytterbium valence, an observation that is amplified arahgtatively developed below.

Figure 2 shows the magnetic susceptibility data collectéglk@e. As shown in Table 1, the
effective magnetic moments of the complexes at 300 K arelsnthan expected, a property shared

with the other bipy complexes described previou$ly?1In addition, thees strongly depends on
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Table 2: Selected Bond lengths and Angles iy ¥ap(bipy’) Adducts from XRD

Compound Yb-C(Cp? Yb-N2 C(2)-C(2)® Temp  Ref.
avg., A avg., A A °C
CpsYb(py): 2.74+0.04 2565+ 0.005 25 34
Cp5Yb(6,6-Me,-bipy)
(methylcyclohexané)
molecule 1 2714+0.02 24924+0.004 1.450(10) -105 thiswork
molecule 2 274+0.03 2516+0.002 1.446(10) -105 this work
(benzend) 2.74+0.01 2510+0.001 1.487(9) -119 this work

CpYb(6-Me-bipyf ~ 2.69+0.03 246+001  1.43(2) -148 this work
CpYb(4,4-Mey-bipy) 267+0.02 2396+£0.002 1.464(4)  -45 19
CpYb(5,5-Mey-bipy) 265+0.01 2339+£0.004 1.454(4) -117 this work

Cps Yb(bipy)'
molecule 1 263+0.01 2321+0003 1.436(9) 25 18
molecule 2 2614001 2317+0.007 1.433(9) 25 18
[CpsYb(bipy)| 9 2594001 237240005 1.492(4) -100 18

aThe value aftett is the average deviation from the me&fihe value in parentheses is the standard deviafibine space group, when
crystallized from methylcyclohexane,Pbcaand the molecule contains two independent molecules inrfieell, molecules 1 and 2.
9The space group, when crystallized from benzenB2ig'c and the unit cell contains a benzene molecule of crystéitiaa®The
Me-bipy ligand is disordered, see Supporting Informationdetails.” The space group Bbcaand the unit cell contains two
independent molecules, molecules 1 anfThe anion iSCp;YbCl,] ™.



the number and position of the methyl group(s) on the bipggiras do thgT vs. T plots (see
below). Table 1 shows that the visible spectra have intebserptions around 800 nm, which are
associated with tha-7t* transition in the bipyridine radical aniof¥.

In an earlier articlé'? the'H NMR chemical shifts of CPYb(4,4-Mey-bipy) at 20C for the
bipyridine resonances were shown to lie in four discretéoreg) referred to as A, B, C, and D,
and assigned to H(6), H(3), H(5), and H(4), respectivelg fedtnotea in Table 1. A plot of the
isotropic shifts of the A resonances, assigned to H(6) atkk9&. xT (300 K) is linear, resulting
in the important inference that the magnetic behavior is éeoubar property of the individual
molecules, not an average property of all the moleculesenstilid. The assignment of the A
resonance was based on the notion that the most stronglietteshresonances are those closest
to the paramagnetic center, that is, those at H(6). Thigassint is confirmed by theH NMR
spectra chemical shifts of (8;8e,-bipy) and 6-Me-bipy reported in Table 1. It is noteworthy
that the CpYb(6-Me-bipy) complex has eight resonances, two of whiaghsirongly deshielded
at0112.3 and 97.6 in an area ratio of 1:3, due to H(6) and Me(8peetively. In addition, the
variable temperature spectra show that their slopes id the T~ plot (available as Supporting
Information) are nearly parallel, which shows that the cloahshifts are determined by the dipolar
or pseudocontact contribution as previously outlifeéd® In contrast, the chemical shifts of the
(6,6-Mex-bipy) derivative show a different pattern as the Me(6) reswe atd6.9 is about 90
ppm upfield from the Me(6) resonance in b (6-Me-bipy). The other chemical shifts are not
strongly perturbed from those in the free ligand, their dimgpis resolved, and the chemical shifts
are essentially independent of temperature (availableupp@ting Information), implying that
Cp;Yb(6,6-Me,-bipy) is only weakly paramagnetic, a deduction consistétit the low value of
Uett = 0.53up at 300 K.

In contrast to the chemical shift pattern of H(6) and Me(Bg H(5), Me(5) and H(4), Me(4)
resonances have opposite signs, as do their slopes keT ~* plots (available as Supporting
Information). This behavior shows that the chemical staftthese positions in the bipy rings are

largely determined by the contact contribution to the cloainshift as outlined previousf?-36
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However, the chemical shifts in region B and C were assigoghd H(3) and H(5) sites, respec-
tively.19 Since CpYDb(5-Me-bipy) and CpYb(5,5-Me,-bipy) are now known and their chemical
shifts uniquely determined, these previously advocatsijasients must be reversédiThe new

assignments in Table 1 are internally consistent and fall@trendds > d3 > & > da4.

3.2 X-ray absorption

XANES data are displayed in Figure 3 and Figure 4. The madeitf the peak near 8938 eV is a
measure of the relative involvement of Yb(ll), while the beaar 8946 eV is indicative of Yb(lII).
Isosbestic points provide strong evidence that changéstamperature involve only two different
valence states. Fits to these data include an integratedipaéigt as a model of the edge step
(essentially an arctan function), together with a pseudigfo model each resonance peak. An
example of such a fit is shown in Figure 5. An additional negapiseudo-\Voigt peak is included
to roughly model the first EXAFS oscillation, at about 8956iaV¥he example.

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

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

oy — Avbai
Avbny +Avbainy

(1)

This procedure has been shown to be accurate by comparingrdits to those that utilize valence
standards, such as using LyAlata to fit data from the intermediate valence compound ¥BAl
The results of such fits are shown in Figure 6, and repeatetidatata from CpYb(4,4-Mey-bipy)
in Figure 7. Note that the previously determined structaral hysteretic magnetic transitibhis
accompanied by an abrupt, hysteretic valence transition.

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

Table 3, Table 4, and Table 5.
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Figure 3: YbL -edge XANES data for Cj¥ b(x-Me-bipy) complexes at various temperatures.

E . I . 3
2.5 ——22K —205 (@]
2ol ?30 2;8 decreasing 1
| 150 240 temperature
15 180 —— 260
| ——190 ——280
1.0 C 195 300

0.5 2% Cp ,Yb(4,4'-Me -bipy)]
§ 00—
B8 20 F—30k (b)
o L ——100 1
8 15—150 . .
© J
he} -
@ 1.0 [ 225 é
= 05 | — 275 . n
g0 Cp ,Yb(5,5'-Me,-bipy) ]
5 0.0 =—= A A ] A ]
Z F T T T T T T T ]
20 b—20k (c)d
| —— 300K J

15F
1.0
0.5

Cp,Yb(6,6'-Me,-bipy)]
1 " 1 " 1

0.0 : :
8920 8930 8940 8950 8960
E(eV)
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Figure 6: Values of the f-hole occupaneyfor all Me-substituted bipy adducts to £yb. Results
on Cp,Yb(4,4-Mey-bipy) are also displayed in Figure 7.
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Figure 7: Resulting values of for data from CjYb(4,4-Mey-bipy). Note the hysteresis between
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Figure 8: Example of EXAFS data in both (appace and (k)-space, where the magnitude of the
Fourier Transform (FT) ok?x (k) is shown at two temperatures. Also shown in panel (b) are the

fits to these data.
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Table 3: EXAFS fit results for Cp¥'b(x-Me-bipy) complexes.

4-Me (30 K) 4-Me (300 K) 5-Me (30 K) 6-Me (30 K)
pair N o02A?  RA) o¥A?) RA) 02A?») RA) XA  RA)
Yb-N 2 0.003(1) 2.32(1) 0.005(1) 2.329(8) 0.0021(9) 2.829(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)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) @@ 3.27(1)
Yb-C(Cp-Me) 10 0.006(1) 3.654(9) 0.011(1) 3.672(7) 0.0051(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) Q@ 4.72(2)
Yb-H/MS 0.002(2) 3.64(3) 0.002(2) 3.68(1) 0.002(2) 3.63(20.01(1) 3.62(2)
N(Yb-H/MS) 1.5(4) 1.1(2) 1.4(4) 1.7(6)
AE, -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¥b(x,x'-Me,-bipy) complexes.

4,4 (20 K) 4,4 (300 K) 5,5 (20 K) 6,6 (20 K)
pair N oA RA) 02A? RA o)A RA)  02A?» RA)
Yb-N 2 0.004(2) 2.34(1) 0.020(9) 2.45(4) 0.003(1) 2.33(1).003(1) 2.51(1)
Yb-C(Cp) 10 0.0027(3) 2.654(9) 0.0069(6) 2.710(7) 0.0030(3)650(6) 0.0044(4) 2.737(7)
Yb-C(2,2-6,8) 4 0.01(1) 3.26(3) 0.010(3) 2.94(2) 0.006(4) 3.25(2) 0(@p6 3.40(1)
Yb-C(Cp-Me) 10 0.005(1) 3.67(1) 0.018(6) 3.78(2) 0.0038(9).668) 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) 00@3) 4.81(1)
Yb-H/MS 0.0000(1) 3.67(3) 0.010(8) 3.71(1) 0.0000(6) 2ZH5 0.006(9) 3.70(1)
N(Yb-H/MS) 1.7(6) 3(1) 1.2(5) 1.9(8)
AE, -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 CpYb(5,5-Me,-bipy) as a function of temperature.

30K 150 K 225 K 300 K
pair N  02A? RA) XA RA) o2RA) RA)  0%A? RA)
Yb-N 2 0.003(1) 2.33(1) 0.002(1) 2.336(8) 0.003(1) 2.35(10.003(1) 2.41(1)
Yb-C(Cp) 10 0.0030(3) 2.650(6) 0.0040(3) 2.651(6) 0.0062(B)535(8) 0.008(1) 2.65(2)

Yb-C(2,2-6,8) 4 0.006(4) 3.25(2) 0.007(3) 3.25(1) 0.009(2) 3.21(2) 8@ 3.23(5)
Yb-C(Cp-Me) 10 0.0038(9) 3.66(0) 0.006(1) 3.663(8) 0.009(1p.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) B(@) 4.68(3)
Yb-H/MS 0.0000(6) 3.65(3) 0.004(6) 3.64(2) 0.02(1) 3.57(30.01(1) 3.54(7)
N(Yb-H/MS) 1.2(2) 1.4(3) 4(3) 4(3)

AE, -15.0(13) -14.3(13) -8.9(19) -6.9(16)

R(%) 8.39 7.03 6.57 7.94




4 Results: Computational

The calculated complexes £yb(x-Me-bipy), where x = 4, 5, 6, are all relatively close taMng

13 f-electrons, consistent with the low-temperature XAN&BSasurements (Figure 6). In addition,
the calculated triplet geometries are close to the experi@h®nes. For instance, the calculated
Yb-N distances are found to be 2.35 A for the 4-Me and 5-Me dergs and 2.36 A for the 6-
Me complex. These results are in good agreement with the EX&Ferage distances at 30 K,
namely 2.32 A for the 4-Me, 2.33 A for the 5-Me and 2.37 A for th#/le (Table 3), although
the measured ground states are all less than the calcutgiksd n; = 1. Note thatn; increases
rapidly with decreasing temperature for 6-Me-bipy and igragimately 0.65 at 30 K (Figure 6),
indicating the ground stateg has not been achieved. Since, the experimental Yb-N borgdHen
was obtained with a lowen; than that of the ground state, this bond length is expectdakto
longer than the calculated one, as observed. Similarlyatbeage Yb-C(Cp) distances are in good
agreement with the experimental values; 2.66 A vs. 2.64 Afer-Me, 2.66 A vs. 2.65 A for the
5-Me and 2.69 A vs. 2.67 A for the 6-Me. The agreement is exguttt be better than for the Yb-N
distances, since the Yb-C(Cp) distance is less sensitimett@an the Yb-N distance, as discussed
in Section 5. Thus, the experimentally determined distaiiitehe complexes are reproduced by
these calculational methods.

Based on these optimized geometries, the nature of the gsiateland the first excited state
has been investigated at the CASSCF level. The methodologmyilssto that used in an earlier
calculation on CpYb(bipy),1? but several improvements have been applied. The first inepnewnt
is that Cg is explicitly used, rather than Cp. The second, and more itapgrimprovement is that
the active space has been expanded to include miooebitals of the bipy ligand.

The emptyrt* orbitals of bipyridine with symmetry labels @, symmetry are shown in Fig-
ure 9. The energies of these orbitals incréfse the orderr < 1 < 155 < 117; this order has
been verified for both the free and the coordinated liganitldtalso been verified that the presence
of the methyl group at any position on the ligand does not fgdtie relative order of these four

orbitals. The earlier calculatidA was carried out using only thg orbital of the bipy ligand with
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Figure 9: Therr* orbitals on the bipy ligand i€y, symmetry. Circle size is proportional to the
electron density, and open circles are out of phase wittedlogcles. Adapted from Ref. 38

(CsHs)2YDb for the metal fragment. In that calculation, a multicoofigtional open-shell singlet
state and the triplet state were found to be within 0.1 eV cheather. Since the singlet state is
more likely to be stabilized than the triplet in this systeynificreasing the active space, we con-
sidered this calculational result to be consistent withntludticonfigurational open-shell singlet as
the ground state.

The present calculations focus on@p(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 intteatbeby
using Cp and by including a larger number of th& orbitals. Initial calculations only included
the iy and r; orbitals, and then the active space was extended to inchel&st orbital, since
the r; and g orbitals are expected to be close together in energy foetegstems. In total, the
CASSCEF calculations were carried out distributing 4 electrimio 5 orbitals (2 degenerate 4f,
m, 15, andrg). The main results of these calculations are summarizeclneTs, Table 7, and
Table 8. An important effect of adding thg orbital is to push the third-lowest lying singlet state
(SS3) well above SS2, as they are nearly degenerate whennot included. This effect avoids

the so-called “intruder state probleA#’which otherwise would render these results unusable.
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Another significant difference is that SS2 is increased lmuab0.2 eV in the 4-Me-bipy complex
whenrg is included in the active space.

As expected, the lowest-lying singlet ground state novs fakll below the triplet state for all
calculated complexes. The composition of the ground statges for Cg,Yb(bipy) is similar to
the previous calculation on @gb(bipy), that is, around 90% open-shell (8098  10% f12). The
composition of the singlet states is calculated to be smidaall Me-bipy’s, and are somewhat
different than for bipy. For example, SS1 in the Me-bipy’'sadculated to be 78% open shell (59%
13+ 19% f2) and 22% closed shellf), indicating a much larger role for th&fcomponent. The
m;, 15, andrg; contributions to these states for Bfib(bipy) are given in Table 8. Due primarily to
the loss of symmetry when introducing the Me group onto tipy bgand, thers; and i orbitals
lose their degeneracy and all of th#& orbitals are mixed. Thus, the individual contributions to
the configurations cannot be simply determined for thesgadstin the mono-methyl-substituted
Cp;Yb(bipy) compounds.

It is important to note that, due to the Brillouin theorem, mga configuration with a single
electron excitation (e.g.19) into the ground state configuration will not lower the eryeod the
state. However, mixing of some two-electrok, tharacter into the'f configurations occurs in the
present calculations, and th¥ find 3 configurations in these Me-bipy calculations are resonant
pairs. In this case, the local electronic density is exgkttebe nearly that of the nominally
f13 configuration, and the two configuration$? ind £3, should be added when discussing, for
instance, the effective valence (f-hole occupangyn Table 7) as it relates to crystallography
XANES results.

These calculations have been repeated by including CI attarpational level (CASSCF-
MP2), as shown in Table 6. At the CASSCF level calculationsy amle singlet state is below
the triplet in C8Yb(bipy’). However, the CASSCF-MP2 calculations lower all the singtates
relative to the triplet. In particular, the first excited gliet state drops below the triplet for the
5-Me-bipy and the 6-Me-bipy complexes, but not in the unstiisd bipy or 4-Me-bipy (Table 6).

The state configurations are unchanged by these pertwelzatioulations (Table 7).
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Table 6: Energy levels (eV) of the four lowest singlet st4&S) relative to the triplet (100%f)
for each calculated Gyb(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

dsee Table 7 for state configuration fractions.

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

Label flz 13 4 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 0.19 059 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 configuratiafetermined from the configuration
coefficientsci asc?/ 5 j 2. Py is the sum of the'f and 3 configuration, see Section 4.

Table 8: State configuration fractich$or rt*-orbitals for CgYb(bipy) as calculated by both
CASSCF and CASSCF-MP2.

Label m m G
bipy:
SS1 045 0.20 0.35
SS2 042 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 configuratiatetermined from the configuration
coefficientsg; asc?/ 3 c?.
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The presence of an open-shell singlet ground state is wialbkeshed by all of these calcula-
tions. As an indication of whether a triplet ground statekisly if a larger active space were used,
we note that the MP2 diagnostic based on the CASSCF, whichatetiche amount of electronic
correlation that is outside the CAS, also strongly favorssinglet state’® While, these contri-
butions stabilize both singlet and triplet states, theythezefore much more stabilizing for the

singlets.

5 Discussion

The magnetic susceptibility data shown in Figure 2 havers¢features in common. At the lowest
temperatures, a rapidly decreasing “tail” is observed agd¢mperature is increased. This feature
is ascribed to a small amount of impurity.Otherwise, the overall magnitude g{T) is much
smaller than expected for such molecules with a trivalarpgagtially trivalent Yb atom. These data
are not consistent with any significant susceptibilityiagsrom a triplet configuration, although
the triplet may be responsible for the upturrnxi@il') near room temperature for the $fb(4-Me-
bipy) data. The Cprb(4-Me-bipy) data are very similar to data onp’[b)(bipy).12

The XANES data show a wide range of behavior for the Yb valefroen nearly divalent in
CpsYb(6,6-Me,-bipy) to trivalent in CgYb(4-Me-bipy) at all temperatures, to those transitioning
between these states as a function of temperature andopasitihe methyl group in the bipyridine
ring. Itis important to note, however, that neither a pureldint nor a pure trivalent Yb state is
observed for any of these neutral complek&Fhese data therefore indicate mixed valence for all
measured samples.

Of central interest is whether this mixed valence is homegas, as in the IV state described
in the Introduction, or heterogeneous, as when one of vanailence states occurs at different
locations in a compound, as in 4&, or in spin-equilibrium tautomers, such as the Fe(lll) spin
transition complexe$? This question is answered best by the structural data, wthehe con-

clusion of intermediate valence is supported by the magmiatia, which are inconsistent with a
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heterogeneous mixed valence motfeRegardless, the degree of heterogeneity can be determined
from temperature-dependent results for site position®odbengths, together with mean-squared
displacement parameters. Here, we focus on the Yb-N and ¥p)Xdfonds. Each of these bond
lengths is well determined by both EXAFS and single-cryX¥@D. Table 9 compares some of the
available structural data between these techniques. dépaocies only arise where the available
data were collected at different temperatures for the twhbrtegjues, and is fully consistent with the
observed changes in valence with temperature (Figure 6)Ndnd Yb-C(Cp) bond length data
are shown in Figure 10 as a functionmf combining available EXAFS and XRD results. These
data indicate that the measured bond lengths are rouglgriwithn;, and that the difference in
Yb-N bond lengths between Yb(ll) and Yb(Ill) in this classafmpounds is about 0.3 A. In the
case of heterogeneous mixed valence, one therefore expddiibution of Yb(I1)-N and C(Cp)
bond lengths corresponding to the measunedSince the EXAFS fits group all the Yb-N and
Yb-C(Cp) paths into single shells near 2.4 A and 2.7 A, respelgtisuch a heterogeneous mixed-
valence situation would result in an enhancement of the rsgaared displacement paramete,

for the Yb-N pairs corresponding to about 0.016f8r all the samples with; ~ 0.75. Such a large
02(Yb-N) value is inconsistent with the measured samplesghvall haveo?(Yb — N) ~ 0.003(1)

A2, The enhancement for the?(Yb — C(Cp)) would actually be much smaller (around 0.003 A
and so is less useful in this regard.

We emphasize here that the EXAFS technique is very reli@ilddtermining local disorder in
the nearest-neighbor shells, even in cases where diffrasges only an essentially ordered struc-
ture. An example occurs in the calcium-doped lanthanum @aites, La xCaMnOs for x values
near 0.3. In this case, careful analysis of powder XRD dataatels small values of the single-site
mean-squared displacements with only small changes nedettomagnetic transitiof? while
local structure probes such as PBEnd EXAFS® obtaing? values consistent in magnitude with
a fully-formed Jahn-Teller distortion around the Mn(ll9nis. In this case, XRD does not get the
same result because it measures displacements from medéiornzosf individual sites, and the

powder average washes the effect away. In contrast, EXAEgges over pairs of atoms. In
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Figure 10: Average pair distances for the Yb-N and Yb-C(Cp)dsass a function ofi;. Most of
these values are from EXAFS data, but some are from singkatrx-ray diffraction.

Table 9: EXAFS bond length results for selected data.

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

addition, diffraction occurs most readily on well ordereattp of a sample, so it can miss disorder
in mixed materials, while EXAFS data represent a true aveoagr all the absorbing atom within
the x-ray beam path.

The CgYb(5,5-Mey-bipy) data provide an interesting test case, as these daeaaiso col-
lected as a function of temperature (Table 5). Since thispmamd demonstrates large changes
in valence with temperature (Figure 6), if it were heteragmrsly mixed valent, theZ, ,, and

o2

Yb—C(Cp) parameters would follow the changes in valence, since tlagive ratio of Yb(Il) and

Yb(Ill) bonds would be varying. Therefore, if this compouwdre heterogeneous mixed valent,
we would expectig, \ to be on the order of 0.016%to increase by about 0.004#Aeam ~ 0.5

(T = 225 K), and then to decrease slightly with temperature. Nurtbese predictions are com-
patible with the data in Table 5. In particular, tté values for the Yb-N pair remain small at all

temperatures, near 0.003(1¥.AThe changes iw\%b—C(Cp) likewise do not followny, but rather
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increase monotonically witf, as expected from thermal vibrations. In fact, e data are
well described by an Einstein mod&lof the thermal vibrations, wit®g > 500 K for Yb-N and
O = 250(20) K for Yb-C(Cp), although one must assume no static distortiwhthat the carbon
atoms in the Cp rings are tightly bound, and therefore, thecgffe mass of each carbon is about
three times that of a free carbon. A similar situation océnrthe lanthanide hexaboridé$ We
therefore conclude that Yb in these molecules is homogestemixed valent, that is, intermediate
valent (V).

The most striking experimental result is the temperatuggeddence ofy in Cp;Yb(5-Me-
bipy), Cp; Yb(6-Me-bipy), CgYb(5,5-Me,-bipy), and CyYb(6,6-Mey-bipy). These data can be
fit with a Boltzmann distribution describing an excitatioorfr a singlet ground state to a singlet

excited state with a different characterigtic

. Xe—(AH—TAS)

gs+Nex€ RT

ne(T) = "R TAS (2)
l1+e RrT

wherengsis theny in the ground stateex is theny in the excited statédH is the change in enthalpy,
ASis the change in entropy, arRlis the universal gas constant. Figure 11 shows fits to Eq. (2)
for the relevanty data, and the fit parameters are reported in Table 10. Bes$idagobd quality
of the fit, the most significant result is thag, does not go to zero; that is; of the first excited
state is multiconfigurational. Note this result holds eventhe CgYb(6-Me-bipy) data, where
the availability of only four data points prevents the c#étion of error bars in the unweighted fit
with Eqg. (2), since a fit holdingex = O is not of acceptable quality.

The susceptibility data for the 5-, 6-, 44and 5,5Me-bipy complexes are fully consistent
with a similar Boltzmann distribution, in this case, betwaaground state and an excited state that

are each TIP:
—(AH-TAS)

+ Xex@  RT
X(T):ng Xe,(AHfTAS) +Cimp/T, (3)

l1+e FRT

whereCinp/T is the Curie-tail impurity contribution. Fit parameters atanmarized in Table 10.

Note that depending on the data available, some paramegzesheld fixed in these fits, and are
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Figure 11: Boltzmann fits (Eqg. (2)) to selected data. See THbfer fit parameters.

thus reported with no estimated error. The error on suchnpatexs is otherwise large, except for
the fits tons from the 6-Me-bipy data, as noted above. We view the negatuenated values of
Xex for CpbYb(5-Me-bipy) and CpYb(5,5-Mez-bipy) to be consistent with a small, but positive,
magnetic susceptibility for the excited state, given tigdaerror estimate. We also note that small
weighing errors, systematic errors from the magnetomiet@erfect diamagnetic corrections, etc.,
could contribute to such an unphysical, negative result.

The impurity contribution from these fits should be compadgetthe fullJ = 7/2 Curie constant
expected for Yb(IIl) of 2.57 emu/mol, or much larger if thegarity is from some magnetic phase
of iron. Therefore, if the impurity is due to some small ampahhydrolysis contamination, it
represents no more than 2% of the ytterbiums in the sampleséeltails are not reproducible from
sample to sample, and so are not intrinsic.

Although the agreement between fitsrkoand x data is not exact, given the simplicity of the

model and the size of certain estimated errors, the simdaregs of AH and AS between these
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Figure 12: Boltzmann fits (Eqg. (3)) to selected susceptjpddta. See Table 10 for fit parameters.

fits indicates the changes with temperature of both kindsatd dre due to the same Boltzmann
distribution of state occupancies. In particular, the ¢jeanin entropy are small, as expected for
a transition between two singlet states, and are probabtyirded by differences in vibrational
entropy. For comparison, heat capacity measurements IH)Fggin transition complexes find
AS,ip ~ 30 I mol1 K—1.42

One interesting result is that the 4-Me-bipy and bipy comgdecannot be fit with the model in
Eq. (3). Instead, a model where the first excited state igpketnvith Curie-Weiss paramagnetism
can provide an excellent fit (available as Supporting Infation). These fits therefore strongly
support the order of states indicated by the CASSCF-MP2 alouk in Table 6.

The data from CpYb(4,4-Me,-bipy) are particularly interesting, since the previousthgerved
transition near 200 K in the magnetic susceptibfiftys now clearly associated with a valence
transition. When originally observed, it was noted tha} (4,4 -Me,-bipy)’s space group in the
high-temperature stat®?; /c, is unusual for this class of compounds, which are geneRiilya
The only other exceptions occur when some solvent is ctiggdlinto the structure, such as for
Cp5Yb(6,6-Me,-bipy) (Figure 1), which is not the case for b(4,4-Me,-bipy). Itis reasonable
to conjecture that the observed increase in the valencer@ig) as the temperature is decreased
from room temperature will act as increasing pressure,istarg with the decreasing volunté,

until such point that thé?2; /c structure can no longer support the molecule. At this pdire,
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Table 10: Fit results of the SS: SS2 equilibrium (Eq. (2) and Eq. (3)) te(T) andx(T), as shown in Figure 11 and Figure 12.

Ligand Ngs Nex Xgas Xex AHF?f AH)I:() A, A% Cimpd
5-Me 0.74(1) 0.2(1) 0.00161(1) -0.0014(7) 7(1) 5.1(4) 26(22(4) 0.0133(2)
6-Me 0.646 0.28 0.00086(4) 0.00012(3) 1.6 1.0(1) 19 34(2p1er(5)

4,4(LT)® 0.750(4) 0.41(3) 0.00143(1) 0.00065(2) 4.3(3) 3.6(1) f 2019(2) 0.0116(1)

4,4(HT)Y 0.53(1) 0.27(3) 0.00064(2) 0.00039(5) 6.9(7) 6.9 20F  20f 0.01

5,5 0.726(7) 0.21(9) 0.00157(1) -0.0004(3) 7(1) 4.5(4) 29(8B(4) 0.032(3)
3emu/mol.’kd/mol. ¢J/(molK). demuK/mol. €Fit to T < 200 K. fThese values were held fixe#Fit to T > 210 K.




crystals shatter, and the low temperature structure hasesot determined; however, it is unlikely
that the molecular form of CfYb(4,4-Me,-bipy) is altered in the low temperature state, especially
given the consistency between the EXAFS results at 20 K cozdp@ 300 K (Table 4). In fact,

a pair-distribution function (PDF) analysis of powder x~diffraction data through the transition
is consistent with the molecule remaining int48The structural and magnetic transition can then
be viewed as analogous to the Kondo-driven volume changsssdtuctural valence transitions in
elemental ceriuf® and YbInCu,°° furthering the analogy to the Kondo effect in such solidesta
intermetallic systems.

An important implication of this phase transition is thag¢ #nvironment around the molecule
has some effect, as previously pointed out regarding da@psLa(bipy).1? This result is not
surprising given the extremely small differences in endrgiween the ground and excited states,
and begs the question of how the intermediate valence statethe Boltzmann distributions will
change in solution samples. Such experiments deservefutiidy, especially on the §pb(4,4-
Me»,-bipy) sample; however, certain experimental challengeshtaining quality magnetic and
x-ray data on such solutions at low temperature have yet tweeome.

Based on all these experimental data, we make the followidga®ns. First, the observed
mixed valence of Yb in these molecules indicates intermtedialence at all measured tempera-
tures, although the degree of IV changes with temperatuine. fagnetometry does not indicate
any significant triplet configuration, except perhaps ahhégmperature in Cfx'b(4-Me-bipy), and
can in fact be fit as due to an equilibrium between two singlefigurations. The Yb valence can
likewise be fit as an equilibrium between two states, withilsinthanges in enthalpy and entropy
found in the susceptibility fits. Therefore, the propertéshese molecules are described by two
multiconfigurational singlet states, where the grouncestasimilar to that found in Cp¥'b(bipy)
and the excited state is more dominated by ffeconfiguration. They of the ground state and
first excited state are then given by the Boltzmann fits;t@-igure 11), and are roughly 0.70 and
0.25, respectively, for the Me-substituted compoundsdessCg Y b(4-Me-bipy).

A molecular explanation can be given to the thermodynammnstamts between the two states,
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Figure 13: Cartoon energy-level diagram showing the effeCidor the Cg;Yb(5-Me-bipy) sys-
tem. On the left are the approximate energy levels of indi@idonfigurations for a single-electron
theory such as DFT. On the right are the results of the CASSCE-M8Bults as described in Ta-
ble 6 and Table 7. As noted the orbitals on the right hand side are also multiconfigurationa
(Section 4).

SS1= SS2, shown in Table 10, based on the computational resutsrsin Table 7. Using
the specific example of G¥b(5-Me-bipy), the change in enthalpy favors the SS1 statidevthe
change in entropy favors the SS2 state, with the net resatltthie temperature at whidkG = 0

is around 248.280 K. The SS1 state has an f-hole occupamcy 0.78, which means that Yb(lIl)
dominates Yb(Il). Since the Yb(lll)-N and Yb(lll)-C bondrigths are shorter than the Yb(ll)-
N and Yb(Il)-C bondlengths (Table 2), the Yb(lll) contribants are favored by the enthalpy (or
energy), but disfavored by the entropy. Conversely, therdantons of Yb(lll) and Yb(Il) are
inverted in the SS2 state, whemg= 0.25. Accordingly, the longer Yb(l1)-N and Yb(ll)-C bond
distances are disfavored by the enthalpy (or energy) amadda\wby the entropy. The computational
studies therefore illuminate the thermochemical measentsrby providing a molecular level of
understanding.

The CASSCEF calculations are in qualitative agreement witeglo®nclusions, indicating two
low-lying open-shell singlet states, with = 0.78 in the ground state ang = 0.25 in the first
excited state (compare Table 6 and Table 7 to results in &i§uand Figure 11). The situation
for Cp5Yb(5,5-Mey-bipy) is shown in cartoon form in Figure 13. It is importaatriote that the

errors in the CASSCF calculations are expected to be on the ofde3 eV, although relative
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errors between states are smaller. With this error in miee @so below), the CASSCF-MP2
results for the relative energies of the singlet and triptates are in excellent agreement with the
experimental results: all these materials have a singtairgt state, and all have a singlet first-
excited state, except Gpb(bipy) and CgYb(4-Me-bipy), which have a triplet first-excited state.
Even though the non-perturbative CASSCF calculations plaedrtplet at a different position
relative to the singlet states, the CASSCF and CASSCF-MP2 adiloas are consistent given
the estimated errors. In addition, with the improved caltiah on the CpYb(bipy) compound,

ns = 0.86, indicating it should be closer to Yb(lll) than the metisylbstituted bipy complexes, as
observed wittny = 0.83 from YbLy; XANES in Cp;Yb(bipy).12 Finally, it should be noted that
the CASSCF calculations predigt within about 4% in all cases.

There are limitations to these calculations that must betioreed. In these CI calculations
only one triplet configuration and several singlet configiores are included in the active space,
and the relative energy between the singlet and triple¢stat not well determined; the singlets
can interact to lower the energy of the more stable statedlie e triplet state cannot. This
inadequacy is a limitation of the CASSCF method, since one seighe size of the active space
in a somewhat arbitrary manner by trying to choose the domiméeractions. Therefore, as in the
case of CpYb(bipy), if a singlet state is nearly degenerate or slightlow a triplet state, one can
say with confidence that the singlet state will be the grodatkssince including more interactions
will likely further stabilize the singlet relative to thagtet. On the other hand, although CASSCF
should properly determine the relative order of the varisingllet states, the energy differences
can only be considered qualitatively.

Given these limitations, the computational results on thE¥®b-Me-bipy) and CpYb(6-Me-
bipy) complexes are different from the results ors€ip(bipy) and CgYb(4-Me-bipy) in that the
methyl substitution generates a first excited state thats® @ open-shell singlet, at least from
the CASSCF-MP2 methodology. Accordingly, these calculatisimow that the first excited state
could be thermally populated, as indicated by the experiateasults. The trends also reflect the

experimental data on the bipy and 4-Me-bipy complexes irctvkhe first excited state is a triplet

32



for these two complexes. The experimental and calculati@salts are therefore in agreement.

Remaining questions include those aimed at developing aiqaiysodel that relates these
effects, and how they relate to previous known chemistry @mgics. Of central importance is
understanding the currently-unique role of the methyl stuign, which is considered to be an
electron donor in the neutral ligand. Although the increlasexing of 14 character in the ground
state relative to CpYb(bipy) is consistent with an electron donor, it may seemnter-intuitive
that such a substitution stabilizes the relatively higindysinglets in the Cprb(bipy) molecule.
One way to rationalize this stabilization is to considerrble of hyperconjugation between the Me
and the bipy radical anion, which depends on the electrosityein the individual carbon orbitals
of the ring. In fact, the substituents on the bipyridine tigachange the reduction potential of the
ligand and therefore the energy of the acceptor orBftalhe symmetry of the molecular orbital
that contains the unpaired electron and the distributiomngiaired spin density in theorbitals
of the solvent-separated radical anions of bipy and {¥l&-bipy) show that the unpaired electron
is in ar-molecular orbital of h symmetry (in G, symmetry). The g values, which are a measure
of the unpaired electron density in a givep @rbital at a given site in the ring, change in subtle
ways in bipy and (4,4Me,-bipy); the EPR spectrum of (4;/Me,-bipy) also shows that unpaired
spin density resides on the methyl groti®? The change in spin density as a function of the site
of a methyl or two methyl groups should play a role in deteingrthe energy of thetr* orbitals
and therefore the extent to which they change the energyedplen-shell singlet state relative to
the open-shell triplet state. Unfortunately, the EPR gpeat the radical anions of mono-methyl
bipyridenes have not been reported.

The properties of the molecules described in this artidpgeeially when taken together with
those of the CpYb(bipy) molecule, highlight both the importance of CI in eehining the mul-
ticonfigurational singlet ground states and the importaofcéhe net valence change in the first
excited state. In fact, the enthalpy changes are suffigisntlll that changes in entropy can make
the first-excited state at low temperature become the gretatd at high temperature, as seen in

molecules undergoing spin equilibria. This situation isacly the case for GiYb(6-Me-bipy),
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where the change in the Gibbs free eneffy,= AH — TAS, changes sign & = AH /AS~ 50 K.

This situation, where the same molecule can take on tworismstal electronic forms, is
known as “valence tautomerism.” However, the canonicalnoétautomerism, such as in bullva-
lene 22 or even valence tautomerism, such as is well known in triamsihetal complexes contain-
ing quinone ligands (for example, see Pierpont éfaind references therein, as well as a recent
report by O’Sullivan et aP* on a conducting polymer variant), does not consider or innpiti-
configurational states, and so we use the term “intermestia&nce tautomerism” to describe this
situation. In fact, the presence of IV and strong Cls is duenteracting states that are close in
energy, so the presence of IV strongly implies the presehadautomeric equilibrium.

It is ironic that the properties of many of the Me-substitl@p; Y b(bipy) molecules should be
so well described as due to IV tautomerism since the pragsedfi C3Yb(bipy) were initially hy-
pothesized®>°to be due to valence tautomerism, where the two valencesstate considered to
be integral, Yb(lIl) and Yb(ll). The current view is that theound state properties of pb(bipy)
are due to IV behavior arising from an open-shell, multiogunfational singlet ground stafe-?
where the temperature-dependent changes in the magnstiepdibility are ascribed to a small
thermal population of the first excited IV triplet state.

This view of IV tautomerism is very similar to that proposedlaBute and coworkers for
the case of Co(SQjphen), where SQ represents a semiquinone complex. Inwmwek, DFT
calculations are enhanced to better include many-bodyaictiens using methods generally ap-
plied to intermetallic IV compounds such as CgSksing this method, they obtain an integral
valent, low-spin state for Co(lll) in the low-temperaturerfg but an IV high-spin Co(+2.28) state
for the high-temperature form. The apparent need for betatment of many-body interactions
is supported by C&-edge XANES measurements. These results, when taken évgeitin the
results reported here, speak strongly for the need to takesardook at other valence tautomer
systems, both by performing higher-order calculationsslscCASSCF, and to establish structural
signatures of IV behavior.

These results have direct implications outside those dlittomal organometallic chemistry
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for understanding the transition between local momentaatens in bulk metals and quantum-
confined systems, such as intermetallic nanoparticles sgahometallic molecules. In bulk met-
als, partially localized magnetic orbitals can interactwmelectrons at the Fermi level, creating
an |V, spin-singlet state that is a temperature-indepengi@amagnet at low temperatures due to
Pauli susceptibility. This quasiparticle state, known dK@ndo singlet,” acts like a regular con-
duction electron, except with a renormalized mass. Altinahgs description captures the essential
physics of the interactions and the magnetic and electmmaigerties, calculating these properties
requires a thorough understanding of the many-body intiereinvolved, and remains a topic of
state-of-the-art calculational methods in understandtnongly-correlated electron systerfs>8
Describing the properties of materials where such Konderautions are important as the system
size is decreased and the conduction band is eventuallgri&attinto an atomic-like orbital is a
topic of current interest? %@ yet remains poorly understood, in spite of its importancarider-
standing the properties of nanoscale electronic deAES.

The present and relaté’®work attacks this problem from a different, more molecidased
perspective. As pointed out by Fulde and coworkefsthe properties of organometallics, such
as cerocene and the molecules described here, can be exbiaianalogy with the Kondo effects
described above, substituting the delocalized electmotisairr orbitals of the aromatic ligands for
a quantum-confined conduction band. The theoretical bagat from the Kondo analogy, does
not start from the full many-body theory used for understagdbulk materials, but rather from
attempts to understand the electronic and magnetic steufitom first principles. The details of
the many-body interactions are demonstrated to be criticahderstanding these properties, but
are includedro re nata rather than collectively. In this sense, Cl-based theaqpgsoach the fully
interacting many-body theories in a perturbative sensegsing the most important interactions
to include in the active space. This approach can work becatithe short-range nature of the

interactions in molecular systems with no real conductiando
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6 Conclusion

This article describes experimental and calculationallteghat strongly bolster previous asser-
tions about intermediate valence (IV) behavior and the mgwze of configuration interactions
(CI) in determining most of the important properties in certelasses of molecules, including
bonding, magnetic, and spectroscopic behavior. The witairig of IV and tautomeric effects, to-
gether with their magnetic and structural implications #resmall enthalpy and entropy changes
involved, indicate that the near-degeneracies that octtinase lanthanide organometallics and
their transition-metal cousins create a situation wherallgmerturbations will create large changes
in properties. In particular, by using methyl substitus@mto the bipy radical anion in Gigb(bipy),
new |V singlet states are made accessible at elevated tatupes. Such states were expected
from basic Cl argument¥ but have been realized both in experiment and calculationthe

Me-substituted bipy adducts to &yb.
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