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ABSTRACT.

An alternative synthesis for M(i®>-bipy)s, M = La, Ce and [Li(thf),][M(i*-bipy)s], M = Th,
Dy, and the crystal structures for M = La and Ce, and Tb are described. The isomorphous and
isostructural neutral molecules, M = La and Ce, are polymeric in the solid-state, as are those
of M= Sm and Eu, which were reported in earlier work. The polymeric network is built from
eight coordinate units whose geometry in all four cases is that of a square prism. The known
molecules, M = Yb and Lu are also polymeric but the eight coordinate units have
dodecahedral geometries. The structure of the anions in the separated ion pair,
[Li(thf)s][M(x?-bipy).], in which Tb is reported in this work and Lu is known, are monomeric
with geometries that are between that of a square antiprism and a dodecahdron. The
electronic structure, from CASSCF multireference quantum mechanical calculations show
that the electronic ground states for M = La and Lu are multiconfigurational spin doublets
and those for the M = Ce and Yb are multiconfigurational spin triplets. This is confirmed by
magnetic susceptibility studies as a function of temperature that are consistent with the metals
(La, Ce, Sm, Th, Dy, Yb and Lu) being multiconfigurational, as are the L;;-edge XANES
spectra (Ce, Yb) and divalent for Eu. The multiconfigurational nature of the ground states,
developed from CASSCF molecular orbital calculations, renders a single Lewis structure and
a single reference molecular orbital representation misleading. The results from the
multireference calculations are extended to the other lanthanide molecules and are the genesis

of a new model for understanding the magnetic properties of these molecules.



INTRODUCTION.

The 4f-block metal compounds with 2,2’-bipyridine of empirical composition M(Kz-bipy)4,
M = La, Ce, and Nd were prepared fifty years ago by Herzog.'” These compounds were
prepared as part of a systematic investigation of the reaction of the metal salts with Li,(bipy)
and bipy in thf.> The compounds with M = Eu, Yb were prepared shortly thereafter from the
metals dissolved in liquid ammonia and bipyridine.* The synthesis of the remainder of the 4f-
block metals, except Pm, was published in 2000, adapting the synthetic methodology used by

Herzog, i.e. using metal iodides or bis-trimethylsilyl amides as starting materials.’

The compounds are deeply colored, often described as black, air and moisture sensitive solids
that are not volatile. They are insoluble in hydrocarbon and ethereal solvents. The solid-state
effective magnetic moments (Llesr) at room temperature for M = La, Ce, and Nd were 1.82 g,
2.85 pg and 3.62 g, respectively'? show that the compounds are not based on the metals in
their zero oxidation states. The room temperature solution (MeCN) magnetic moments for Eu
and Yb of 5.8 pug and 2.8 up, respectively, were ascribed to antiferromagnetic coupling
between the metal-based spins and the ligand-based spins, the latter being formulated as bipy
radical anions. The UV-Vis spectra of M = Tb and Yb clearly show signatures of bipy
radical anions but their complexity rendered a detailed interpretation impossible.® The solid-
state effective moments (Ls) at room temperature were reported for the entire 4f-block
metals (except Pm) along with crystals structures of Sm, Eu, Yb, and Lu.” ” The s values
agree with those reported by Herzog but disagree with those by Feistel* (see discussion) and
were interpreted according to the Lewis structure [M(III)(bipy)*(bipy) "(bipy).], except for
Eu, which was based on Eu(Il). The bipyridine ligands are clearly non-innocent or perhaps
more descriptively referred to as redox active® but a deeper level of understanding of the

electronic structure was not developed.



This article describes a new synthesis of M(Kz-bipy)4, M = La, Ce, and [Li(thf)s][M(k*
bipy)s], M = Tb, Dy, the X-ray crystal structures of La, Ce, and Tb, variable temperature
magnetic susceptibilities, EPR and Lj; edge XANES for Ce and Yb. A MO model is
developed for the La, Ce, Yb, and Lu compounds based upon CASSCF molecular orbital
calculations and extended to the other 4f-block metal bipyridine compounds. The
multireference molecular calculations better account for the experimentally determined
properties of the molecules such as bond lengths and magnetic properties than do Lewis
structures or properties derived from single reference DFT calculations. The
multiconfigurational model developed for the .f'* (La, Lu) and f', f* (Ce, Yb) metals is
extended to the intervening lanthanide metal compounds and is, accordingly, generally

applicable for understanding the magnetic properties of the 4f-block metal compounds.



RESULTS.

Synthesis. As mentioned in the introduction, the M(Kz-bipy)4 complexes of La to Lu are
known. Some of the reported syntheses use MXj(thf),, X = Br or I as the metal starting
material, which is problematic since the bipyridine compounds are sparingly soluble in thf, as
are the metal halides and the LiX by-products. An alternative synthesis that begins with a thf
soluble source of MX3 and LiX in which the bipyridine compounds are insoluble is desirable.
Ideally, the M(Kz-bipy)4 compounds should crystallize from the mother liquor since their
insolubility precludes recrystallization. Minimizing manipulation of sparingly soluble
compounds is crucial for obtaining pure compounds that are used for physical property

measurements.

Our strategy is to use the substituted cyclopentadienyl metal compounds that are soluble in
thf as are the Li-containing byproducts. The cyclopentadienyl compounds that are used are
[1,3-(Me;Si),CsH3],M, where M is a lanthanide and n = 3 and the byproduct when M is Li
and n = 1 since both are readily soluble in thf. In the synthesis of Tb(Kz-bipy)4, [CsHsMe], Th,

is used. The general equation for the reaction is illustrated in eq. 1 for [(MesSi),CsH3)]sM.

[1,3-(Me3Si),CsH3lsM  + 4 bipy + Li (excess) —=—=—=~ M(bipy), or Li(thf),[M(bipy),] + 3 Li[1,3-(Me3Si),CsH5]

M = La, Ce, Dy
The synthetic protocol involves adding lithium metal wire to a solution of the
cyclopentadienyl compound and bipyridine dissolved in thf. The synthesis details that are
crucial for obtaining crystalline compounds of M(Kz-bipy)4 M = La, Ce and [Li(thf)4] [M(KZ-

bipy)s], M = Tb, Dy are presented in the Experimental Section and Supporting Information.

The La(Kz-bipy)4(thf)x, x = 1 is obtained in 55 % yield as black needles from the mother

liquor. The crystals do not melt to 340 °C and do not re-dissolve in thf. When the thf solvent

)



is replaced by diethyl ether, the base-free compounds when x = 0, are obtained as black
needles in low (16 %) yield. The crystals obtained in Et,O are used for the X-ray
crystallographic study. Combustion elemental analysis when x = 1 gives low (by 1.2 %)
carbon analysis but the base-free compound gives excellent agreement with the calculated
values. The cerium analogues, Ce(k-bipy)s(thf)x, x = 1 or 2, are obtained similarly as black
needles in 47 % and 36 % yield, respectively. The values of x depends on the temperature at
which the synthesis is conducted. The base-free compound is obtained as black needles when

the metal source is Cel3(thf);, and these crystals are used for the X-ray crystallographic study.

The terbium anion [Li(thf)4] [Tb(KZ-bipy)4] is prepared using (CsH4sMe);Tb in low yield (9 %)
and isolated as black needles from thf. The dysprosium anion [Li(thf)4][Tb(k*bipy)s] is
obtained from [1,3-(Me;Si),CsH3]3Dy in 60 % yield from the mother liquor as black needles.
Although both of the ion-pair compounds are sparingly soluble in thf, they dissolve in
pyridine-ds to give red solutions whose '"H NMR spectra contains resonances due to free thf
and four broad resonances attributed to the coordinated bipy ligands (see Experimental

section for details).

The solid-state IR spectra of neutral bipyridine compounds provide a qualitative criterion to
distinguish between [bipy]*, where x = 0, -1, or -2.'° In general, coordinated bipy” has a
strong absorption due to the C=C and C=N stretching modes in the region of 1610-1600 cm™;
bipy('l), referred to as bipy radical anion, has several absorptions in the region of 1545-1490
cm’, while bipy('z), or bipy dianion, has two absorptions in the region of 1590-1560 cm™. In
addition, absorptions due to ring deformation motion appear in the region of 1090-900 cm’
for bipy™ and 870-800 cm™ for bipy"™® while bipy" is silent in this region. The IR spectra
for the four compounds prepared in this article in the 1600-900 cm’ region are listed in Table

1.



Table 1. Solid-state IR stretching frequencies.

1625-1475 cm™ 1000-900 cm™
La 1529, m 1503, m 1487, s 939, s
Ce 1530, m 1505, m 1487, s 946, s
Tb 1536, m 1509, m 1485, s 946, s
Dy 1568, m 1536, m 1485, s 945, s

The IR features are in better agreement with the presence of bipyridine ligands with radical-
anion character. The visible absorption spectra also contain signatures of radical anions for M
= Yb and Dy (Figure 1)."""'? The other bipy compounds prepared in this work are not soluble
enough in thf to give satisfactory absorption spectra. The Yb(i?-bipy)s complex used was

prepared by the literature method.’

Thus, the bipy"™" ligands are clearly identified with the last two methods but not the bipy™®
and the bipyO. However, a formulae with four bipy('l) in the neutral M(Kz-bipy)4 complexes is

unlikely because of the maximum oxidation state of +III for most lanthanides complexes.
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Figure 1. Visible absorption spectrum for [Li(thf)4][Dy(K2-bipy)4] (blue line) and Yb(KZ-

bipy)s’ (red line) in thf.



Hydrolysis. In order to substantiate that thf is (or is not) present in the crystallized
compounds, the compounds were suspended in C¢D¢ and hydrolyzed with D,0, the C¢Dg
extracts separated from the precipitate and the solutions examined by 'H NMR spectroscopy.
The deutorolysis reactions are relatively slow and the samples are monitored until the relative

ratios for the observed resonances are constant, up to 24 h in some cases.

The "H NMR spectra of the hydrolysate show the presence of three sets of resonances due to
1) free thf at 3H = 3.57 and 1.41 ppm and ii) free bipyridine at 8.73 (ddd), 8.56 (ddd), 7.21

(dd) and 6.68 (dd) ppm, in agreement with the literature values.'* !

In addition the spectra
contain a third set of multiplets (iii) whose chemical shifts range from 6H = 8.3 to 3.2 ppm
due to a single H each; these are referred to as bipyD, resonances that are due to either the
ortho- or para-dideuterobipyridine isomers, labeled A or B in Figure 2 that result from
hydrolysis of the bipyridine radical anions."” The eight multiplets are consistent with a single
isomer of Cs symmetry, in which the four deshielded resonances at 8.27 (ddd), 7.18(dd), 6.97
(ddd), and 6.52 (ddd) are attributed to the 2-pyridyl ring hydrogen atoms and the four
shielded resonances at 5.91 (ddd), 5.03 (ddd), 4.37 (ddd), and 3.12 (broad) are assigned to the
azacyclohexadienyl group. Examination of the “H NMR spectrum resulting from the
deuterolysis of Ce(Kz-bipy)4 shows a resonance 8D = 3.12 as a doublet, 'Jyp = 2 Hz,
associated with a gem-CHD group. In presence of D,O, the N-D resonance is not observed

due to exchange with the D,O. A computer-simulated spectrum suggests that the para- isomer

(B) is the correct isomer (SI).



Figure 2. Representation of the two bipyD, isomers.

The three sets of resonances observed on deuterolysis of M(«k’-bipy)s, M = La, Ce and
[Li(thf)4][Tb(K2-bipy)4] have different relative amounts of the individual components. For M
= La, the ratio of the total bipy to thf resonances is 28:8.4 or 4:1.2, which is in reasonable
agreement for La(i”-bipy)4(thf). The ratio of the free bipy to bipyD, resonances is 3.1:1. For
M = Ce, the ratio of total bipy to thf resonances is 32:16 or 4:2, in good agreement with
Ce(Kz-bipy)4(thf)2, and the ratio of free bipy to bipyD; is 3.0:1. For the Tb anion, the ratio of
total bipy to thf resonances is 3.3:4 in reasonable agreement with the stoichiometry
[Li(thf)4][Tb(K2-bipy)4], however, the ratio of free bipy to bipyD; is 1.8:1, which is somewhat
lower than found in the neutral compounds. In the latter hydrolysis, a white precipitate forms

that may contain some of the liberated bipy ligands.

The origin of bipyD, is developed from a review of the electrochemistry of bipyridine radical
anions in various solvents."> The first reduction of bipyridine (eq. 2) has E;, = 2.1 V (vs.
SCE). The second reduction (eq. 3) has E;, <-2.2 V (vs. SCE), indicating that net formation

of bipy'? is less favorable.

bipy+le — bipy'  Ep=-21V (2
bipy+le — > bipy 2 Eip<-22V  (3)
2bipy "~ —— > bipy + bipy 2 (4)
bipy ¢ + 2H* ———>  bipyH, (5)



However, the dismutation of bipyH" formed by protonation of bipy('l), eq. 6, is favorable
since the equilibrium constant is estimated to be greater than 10°°, eq. 7. Thus the formation
of bipy and bipyD, from deuterolysis of the metal compounds, in which bipy is present as a
radical anion, is expected. This implies that the formation of bipyD, and free bipy does not
come necessarily from bipy"™® or bipy’ but is favored by dismutation when bipy“" ligands are

present as radical anions.

bipy ©~ +H* — > bipyH"® (6)
2 bipyH® ——>  bipyH, + bipy (7)

Assuming the net hydrolysis reaction of M(k%bipy)s, in which three ligands are radical
anions, is indicated as shown in eq. 8, and using the dismutation reaction in eq. 7, the ratio of
bipy to bipyD, should be 1.67:1 (eq. 9). As noted above, the experimental value for the
neutral molecules is about 3:1 and that for the anion is 1.8:1. While the latter ratio is in good
agreement with the expected ratio, the former ratio indicates that more bipy® is formed on
hydrolysis. The solid-state crystal structures and the CASSCF molecular orbital
computational results described in the following sections indicate a possible reason for these
different hydrolysis results since the initial compounds that are formed can undergo

redistribution reactions.

M(bipy), + 3 D,O —— M(OD); + 3 bipyD" + bipy (8)
3 bipyD*+ bipy ——> 5/, bipy + 3/, bipyD, (9)

X-ray crystal structures. M(Kz-bipy)4(thf)x, M = La, Ce. Both of these neutral molecules
crystallize in the monoclinic crystal system in space group C.. ORTEPs with the atom
numbering scheme are shown in Figure 4 and S1-3. Some significant bond distances are

listed in Table 2 and a complete list of bond distances and angles is available in the

10



Supporting Information (S1-15) as are the crystal data and crystallographic solutions. The
atom-numbering schemes are different for the isomorphous and isostructural molecules due
to the choice of the C, axis, see Figure 3. In each molecule, the four bipyridine ligands are
bidentate and the nitrogen atoms occupy the corners of a cube and therefore are classified as
i*-bipy (see shape parameters in Discussion Section below). The M-N distances are arranged
in two distinct pairs containing two bidentate bipy ligands in each compound, one pair with
shorter average M-N distances than those in the other pair; these pairs are labeled ring 1 and
ring 2, respectively, and the individual distances in the bipyridine ligands are labeled as

indicated in the graphic associated with Table 2.

1 Ring 1
........ L.
3 ...... 1 .....
’I//L
4k :

Ce

Figure 3. Representation of the ring 1 and ring 2, showing the orientation of the C, axis.

11



Figure 4. ORTEPs of M(i®-bipy)s, M = La, Ce. Thermal ellipsoids are at 50 % probability.
Carbon atoms are in grey, nitrogen atoms in blue, lanthanum in light blue and cerium in light

yellow. The views are guiding the eyes for ring 1 and ring 2 assignments.

12



Table 2. Bond distances (A) in M(Kz-bipy)4 and labeling scheme for the 2,2’-bipyridine

ligand.
Ring 1 Ring 2
M=1La La-N(3) 2.617(2) La-N(1) 2.67(2)
La-N(4) 2.634(2) La-N(2) 2.678(2)
average 2.634 + 0.008 average 2.677 +0.001
A 1.432(3) A 1.453(3)
B 1.415 £ 0.004 B 1.404 £ 0.001
C 1.388 £ 0.001 C 1.361 +0.001
D 1.354 £ 0.001 D 1.346 + 0.001
M =_Ce Ce-N(2) 2.594(1) Ce-N(3) 2.658(1)
Ce-N(1) 2.614(1) Ce-N(4) 2.664(1)
average 2.604 +£0.011 average 2.661 +0.003
A 1.431(3) A 1.451(3)
B 1.424 £ 0.001 B 1.412 +0.003
C 1.373 £0.005 C 1.353 £0.012
D 1.353 £0.005 D 1.413 +£0.008
§
/ B\ A/,
—/ C \
N N y
D a

The bond distance trends for equivalent bonds in the two structures are similar. La-N
distances are longer than those for Ce-N by 0.012 A, as expected. The average La-N distance
associated with ring 1 is 0.051 A shorter than that associated with ring 2; for cerium, the
difference is 0.057 A. The atom pair distances (for M = La), labeled A in ring 1 are shorter
than that in ring 2 by 0.021 A while those labeled B, C and D are longer in ring 1 by 0.011,
0.027 and 0.008 A, respectively, than those associated with ring 2. For cerium, a similar trend
is observed with A in ring 1, shorter by 0.020 A while those in B, C, and D are longer by

0.012, 0.020, and 0.012 A, respectively, in ring 2.

The bond lengths in the atom pairs labeled A, B, C, and D follow the pattern observed in the

crystal structures of free bipyridine'® and in K(2,2’-bipy)(en) and Rb,(2,2’-bipy)(en),'’; the

13



latter two are associated with examples of a radical anion and a dianion, respectively, as

shown in Table 3.

Table 3. Bond lengths (A) for bipy’, bipy"™", and bipy®.

2,2>-bipy 2,2’-bipy"™" 2,2’-bipy™
A 1.490(3) 1.431(3) 1.399(6)
B 1.394(2) 1.427 +0.01 1.452(4)
C 1.346(2) 1.389 +0.01 1.436(4)
D 1.341(2) 1.377 £ 0.01 1.343(4)

Inspection of the distances labeled A, B, C and D in Table 3 in ring 1 in the La and Ce
compounds clearly shows that both of these rings contain bipyridine ligands that are
classified as radical anions rather than neutral or dianionic bipyridine ligands. However, these
distances need to be taken cautiously since the crystallographic symmetry imposes an
average on two pairs of bipy ligands. It means that the average electronic structure of the

bipyridine ligands is close to bipy"™".

It is also clear that the distances labeled A, B, C, and D in ring 2 (Table 4) are very close to
the mean value of these distances in 2,2’-bipy plus 2,2’-bipy"", which classify each bipy as
2,2°-bipy""?. Therefore, the four bipy ligands in the M(k%-bipy)s, M = La, Ce carry a net -3
charge, which by implication identifies the oxidation number of the metal as +3. The M-N
distances also follow this trend since those in ring 1 are shorter than those in ring 2 by about
0.05 A in each compound. The bond distance trends support the deductions from the IR and
Li-edge XANES datum for Ce as well as the hydrolysis experiments. It will be discussed

below.

The solid-state structures of M(i*-bipy)s, M = La, Ce form a polymeric chain, which
presumably accounts for their insolubility and lack of volatility. A simplified ORTEP for the

packing is shown in Figure 5. For M = La, the short intermolecular contacts are associated
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with the rings labeled 2, each of which are classified as bipy""*

since the A distances in ring
2 are midway between those of bipy'” and bipy'" and are colored green. The intermolecular
Carbon-px...Carbon-pr contact distance between Ca and Cp (Table 2) on the rings labeled 2

on adjacent cerium molecules is 3.24 A and the intermolecular Carbon-pn...Carbon-px

contact distances between Ca’...Ca’ is slightly longer in the cerium molecules at 3.32 A.

Figure 5. Packing diagram for Ce(bipy)s. Thermal ellipsoids are at 50 % probability. Rings 1
and 2 are shown in red and green, respectively. Short distances along the polymeric chain are

marked in dashed grey lines.

The terbium anion also crystallizes in the monoclinic crystal system but in space group P/
in which the [Li(thf),] cations are separated from the [M(k?-bipy)s] anions and there are no
short intermolecular contacts between the anions in the crystal. An ORTEP is shown in
Figure 6; some bond distances are shown in Table 5 and all distances and angles are available
in Sl as are the crystal data and structure solution information. The geometry of the eight-
coordinate anion is quite irregular as shown by the shape parameters (see discussion section).
The average Tb-N distance is 2.499 + 0.013 A; the individual Th-N distances do not seem to
follow a recognizable pattern as in the neutral compounds. The distances labeled A, B, C, and
D follow a different pattern than those in the neural compounds since they are identical in all

four k2-bipy ligands and close to those in the bipy radical 2,2’-bipy"™". Thus the average A,

15



B, C, and D distances in the bipy ligands are 1.425 + 0.002 A, 1.419 + 0.003 A, 1.389 +

0.003 A and 1.353 +0.003 A, respectively.

02

Li 03

04
o1

Figure 6. ORTEP of [Li(thf)s][M(x*-bipy)s] Thermal ellipsoids are at 50 % probability.
Carbon atoms are in grey, nitrogen atoms in blue, oxygen atoms in red, terbium in light green

and lithium in purple.
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Table 4. Selected bond distances (A) for [M(k?-bipy)a].

La® Ce® Sm® Eu® Yb® Lu®
Ringl Ring2 Ringl Ring2 Ringl Ring 2 Ring 1 Ring2 Ringl Ring2 Ringl Ring2

M- 2626+ 2677+ 2604+ 2.661+ 2548+ 2603+ 2.686+ 2782+ 244+ 254+ 2397+ 2544+
N 0.008 0.001 0.011 0.003 0.009 0.002 0.016 0.013 0.02 0.02 0.025 0.014

(c
AT 14323) 145203) 14313) 1451(3) 1.425(6) 1.433(4) 1.417(7) 1484(7) 141(1) 1.48(1) 1.42(1) 1.47(1)
B® 1415+ 1404+ 1424+ 1415+ 1373+ 1.346 £ 1.428+ 1388+ 139+ 136+ 139+ 1.35+
) 0.004 0.001 0.001 0.003 0.006 0.004 0.002 0.002 0.01 0.01 0.01 0.01

CC 1388+ 1361+ 1381+ 1321+ 1373+ 1347+ 1380+ 1346+ 139+ 135+ 139+ 135+
) 0.001 0.001 0.005 0.020 0.006 0.014 0.001 0.001 0.01 0.01 0.01 0.01

D 1355+ 1353+ 1354+ 1342+ 1355+ 1343+ 1.338+ 1325+ 135+ 135+ 135+ 135+
) 0.001 0.008 0.004 0.007 0.002 0.010 0.016 0.002 0.01 0.01 0.01 0.01

a) This work, b) ref 5, ¢) see figure 4.

Table 5. Selected bond distances (A) for [Li(thf),] [M(KZ-bipy)4].

Tb® Lu®
M-N (average) 2.499+0.013 2.434 +0.024
A© 1.425 +0.002 1.41+0.01
B© 1.419 £ 0.003 1.384 + 0.003

a) This work, b) ref 5, ¢) see figure 6.
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Magnetic susceptibility, L;;-XANES, and EPR Spectroscopy.

The magnetic susceptibility for six compounds are shown as plots of y and p.s as a function
of the temperature in Figure 7 to Figure 10 and ¢ T and 1/y plots are available in SI (S10-15).
The experimental values of % T and s at 300 K are listed in Table 6. For [M(k?-bipy)s] M =
La, Ce, the values of e decrease slightly from 300 K to about 50 K (La) and 150 K (Ce)
then they decrease rapidly to = 0.7 ug (La) and 1.2 pg (Ce) as the temperature approaches 5
K. The shape of the plot for M = Yb is similar although the slope is more gradual to 5 K
where et = 2 ug. The plot for M = Eu is essentially flat to very low temperature and is
similar to that for the anionic compounds of Tb and Dy, except at very low temperature. The
temperature dependence parallels the short intermolecular contact distances between Ca....C3
in the neutral polymeric compounds that is most likely ascribed to extended

antiferromagnetic coupling between the spins on rings labeled 2 and colored in green in

Figure 5.

The expected magnetic moments are obtained by the sum of the ¥ T values for the gas phase
free-ion of a given metal and the possible values of the total spin (S) for three or four
electrons distributed over the bipy ligands, that is, S can take the values of 0, %%, 1, 3/2, and 2.
These values, listed in Table 6, are determined under the following assumptions, i) the free
ion value for the metal is due to a single electronic state, ii) the total spin is contributed by the
number and orientation (o, ) of the three or four electrons in the bipy n*-MOs, and iii) the
total spin is the sum of these ¥ T values. Under these assumptions, two patterns emerge on
inspection of Table 6: i) the experimental values for y T(ues) fall in the range of the expected
values for S = 0 and ¥ in M(k?-bipy). for the trivalent metals La, Ce, Yb and divalent Eu and
ii) the experimental values for yT(uess) fall in the range for S = 3/2 and S = 2 in

[Li(thf)4] [M(Kz-bipy)4] for M = Tb and Dy. These empirical patterns are augmented and

18



illuminated by the multireference quantum mechanical calculations described below for La,
Ce, and YD that have two sets of M-N and A distances in the crystal structures of La, Ce, Eu,
and Yb. Although no calculation were attempted for Tb and Dy, the pattern established for
the neutral molecules is validated by the eight identical M-N and four A distances in the

crystal structure of Tb.

0.10 3.5

0.05 7 r25 >

b 5 o ¢ 3.0

0.04 | 0.08 - 4 0 ©00© 9"

0.04 o 0 © © 2.0 —_ o000 ¥ 25
=003 ® 5000000 o © o 4 .\Q@OOV .
0. 00 s~ S 006 ,00° X
S 0.03 f-acd‘“goo 153 877 b 20 3
E e c E 2 15§
= 0.02 ~10@ G 004 s
3 0.02 = R - 1.0
=0.01 1 - 0.5 0.02 - % L 05

gg(l) "‘0-....... ® e 0 00 0 0.0 0.00 Seceseccees o S eeees 0.0

0 50 100 150 200 250 300 0 100 200 300
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Table 6. Expected T values in cm’.K.mol™ for the various possible configurations. The

values LLfr in parentheses are in units of ug.

AT (perr) T (M + 1) xT
Term xT

M S=12 S=1 S=32 S=2 ex
(symbol)?  (pesr)” (exp)
La'" 1g 0 0.37 0.74 1.11 1.48 0.49
(1.73) (2.43) (2.98) (3.44) (1.98)
el 2 0.80 1.17 1.57 1.91 2.28 1.07
52 (2.53) (3.06) (3.54) (3.91) (4.27) (2.93)
£y g 7.88 8.25 8.62 8.99 9.36 8.12
2 (7.94) (8.12) (8.30) (8.48) (8.65) (8.06)
v 2 2.59 2.96 3.33 3.70 4.07 2.65
72 (4.55) (4.87) (5.16) (5.44) (5.71) (4.60)
Tl = 11.80 12.17 12.57 12.91 13.28 13.8
6 (9.72) (9.87)  (10.02)  (10.16)  (10.31)  (10.5)
Dy o1y 14.10 14.47 14.84 15.21 15.58 15.1
y 512 (10.6)  (10.76)  (10.90)  (11.03) (11.16)  (11.0)

a) gas phase free ion term symbol, b) ¥ T in units of cm® K.mol™ and pef in pg.

The Ln Lyjj-edge XANES for the Ce and Yb Kz-bipy4 complexes are shown in Figure 10,

together with data from CeFs; CeF4, Cp*,Yb(Et;0),and Yb,O3; for comparison. The Ce(KZ-
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bipy)s spectrum shows a clear signature of a Ce(IIl) compound'’, with no indication of a
feature at the position of the two main peaks in CeO,. Likewise, Yb(k*bipy)s is clearly
predominantly Yb(III): a Yb(II) signature feature would occur as a lower energy peak or
shoulder near 8938 eV,'® where the Yb(KZ-bipy)4 and Yb,Os data are nearly identical. No

temperature dependence was observed between 30 K and 300 K for the Ce data nor between

30 K and 165 K for the Yb data (Figure S16).
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Figure 10. Ln Ly-edge XANES of (a) Ce(x?*-bipy)s and (b) Yb(i?-bipy)s, with CeFs and

CeF,4 as Ce(l11) and Ce(IV) and Cp*,Yb(Et,0) and Yb,03 as Yb(Il) and Yb(III) displayed for

reference, respectively. The data demonstrate a Ln"" valence state for these bipy, compounds.

Both La(Kz-bipy)4 and Ce(KZ-bipy)4 were studied by EPR spectroscopy (Figure S5-S9). The

La complex shows a narrow and well-defined resonance at 2.0012 (room temperature) in
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agreement with the presence of a bipy radical anion. No hyperfine or superhyperfine structure
could be detected, either at room (300 K) of low T (2 K) due to the presence of the metal
center. For the Ce(k?-bipy)s complex, a strong peak at g = 2.003 was observed at room
temperature but this peak is much narrower and weaker than the corresponding peak
observed in the EPR spectrum of La(k*-bipy)s. Additionally, at low temperature, there is a

very small peak at 3.70 which could correspond to g, for the mj = £ 5/2 state. These

observations agree with a Ce(111), f* configuration and a least one bipy radical anion.
Computational studies.

In the following paragraph, the notation for the electronic description is given as follows: the
wave function of the four n* molecular orbitals for the four bipyridine ligands is written as
(%)%, (m*)°, (n3*)%, and (m4*)", where the a to d superscripts are 0, o or 8, or o/ff and used
to indicate that the orbital is vacant, half-vacant, or fully occupied, respectively. The symbol
* (colored in red) indicates the metal electron configuration and x superscript is either 0, o or
B, or a/p and take the values of zero, one or a pair of electrons, respectively. For a trivalent
metal center, the sum of the superscript (a + b + ¢ + d) equals three. The f* nomenclature for
the metal is used to specify the total electron population in the hybrid orbitals that may be
distributed in the 6s, 5d, and 4f orbitals. For example, for Ce, the nomenclature is f* but the

metal orbitals used are mixed 6s, 5d, and 4f orbitals whose total population is 1 of either o or

B spins.

The geometry of the monomeric eight coordinate molecules is determined from DFT
calculations in which the metal is trivalent and the three electrons are distributed over four
bipy n* ligands. The Cartesian coordinates are available in SI. The geometry optimizations
were carried out using the hybrid B3PW91 functional. For the H, C and N atoms the 6-

31G(d,p) double € basis set is used and the lanthanide atoms were treated with the Stuttgart-
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Koln relativistic effective core potentials (RECP). The electronic states of the M(k>-bipy)s
complexes are analyzed using the Complete Active Space Self-Consistent Field (CASSCF)
approach. At this point in the analysis, an adequate selection of the complete active space
(CAS) is crucial as a first step in the implementation of this multireference method. In order
to determinate the optimal sets of molecular orbitals (MOs) for each M(k?-bipy)s complex,
systematic Restricted Open-shell Hartree-Fock (ROHF) calculations were carried out for the
different spin values, S=1/2, 1 and 3/2 in the La case and S=0, 1 and 2 for the Ce complex.
Once the SCF MOs were obtained and carefully analyzed, the computational procedure
developed in previous studies of multiconfigurational ground-state calculations has been
applied. Firstly, calculations were carried out including all the seven 4f orbitals and the 4 *
orbitals. Analyzing the results indicated that only one 4f orbital was important to describe the
different electronic states as well as the four n*. Therefore, the active space was reduced to
three electrons and four orbitals (HOMO-2, HOMO-1, HOMO and LUMO) were used as an
input to perform the extensive CASSCF calculations. For the La(i’-bipy)s complex these
four orbitals are part of a set of MOs of the spin quartet state (S=3/2). Likewise, each one of
them corresponds to one ©* MO localized in each bipyridine ligand. For the Ce(k?-bipy)s
complex, the active space was defined by four electron and five active orbitals (one sdf
hybrid metallic orbital and four bipy n* molecular orbitals) coming from the triplet state
(S=1). It is important to note that for all complexes, CASSCF calculations have been carried

out by computing the first and the second roots for each spin value mentioned previously.

In Figure 10-13, the results obtained are summarized at the CASSCF level for the ground
state and the two lowest excited states of the M(k?-bipy)s complexes, M = La, Ce, Yb, and

Lu.
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(1), (p1%)° (p2*)2, (P3*)?, and (p,*)° 33 %

Figure 11. Energy levels and configuration of La (111, ) (%)%, (12%)°, (n5*)° and (rts*)".

The calculated ground electronic state for the monomeric lanthanum molecule, Figure 11, is a
multiconfigurational spin doublet in which one bipy ©* molecular orbital contains a pair of
electrons with opposite spin and another molecular orbital contains a single electron. The two
configurations do not equally contribute (67% and 33%, respectively). The energy of the
second doublet and quartet states are 726 cm™ above the ground state. The ground doublet
state is multiconfigurational and each of the configurations contributes equally. The quartet
state is a single configuration. The second doublet state contains three configurations in
which the three bipy ©* molecular orbital are populated by a single electron have a net spin

of S =% and that of the quartet is S = 3/2.

In the following, it is assumed that the calculated energies of the monomeric units are a guide
for how the monomeric units are assembled into the polymeric networks. The single electron
in the doublet states can antiferromagnetically couple in the growing polymer resulting in
decreasing in the value of pes with decreasing temperature, Figure 7. The value of pes at 300
K is approximately 30 % higher than expected for a spin doublet in La(i?-bipy)s. This may

be rationalized by thermal population of the spin quartet state in the individual monomers.
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The A-distances, in Table 4 factor into two short and two longer distances in the crystal
structure, Figure 4, consistent with two of the four molecular orbitals containing a pair of
electrons with opposite spin and a single electron, respectively, in the doublet ground state
and excited state and population of the isoenergetic quartet state resulting from the

Boltzmann factor.

For the cerium complex Ce(k?-bipy)a, two sets of computations were obtained; one using the
calculated DFT structure for cerium and the other from the replacement of cerium in the
calculated lanthanum structure. The results for the Ce in La structure is shown below since
the La(k2-bipy). and Ce(k>-bipy), are isostructural in the solid-state. The cerium structure has
a triplet ground state followed by a singlet and a triplet excited state of several
configurations. The calculated electronic structure of the ground state of Ce(i’-bipy), in the
lanthanum structure is a multiconfigurational triplet, Figure 12. The configurations of the ©*
molecular orbitals of bipy are similar to those in the ground state doublet of La(i’-bipy)a, the
difference being that the triplet results from Ce'"', . A singlet state, also multiconfigurational

and based on Ce'"', f* lies 40 cm™ higher in energy and another spin triplet that is also

multiconfigurational lies 726 cm™ higher in energy.
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Figure 12. Energy levels and configuration of Ce (111, (f)*) (m*)%, (12*)°, (15*)° and (rts*)"

The close similarity between the electronic ground states of La(KZ-bipy)4 and Ce(KZ-bipy)4

accounts for their similar bond lengths in Table 4. The value of e at 300 K is approximately

20 % lower than expected for Ce™

, in which the metal and ligand spins are not interacting;
thermal population of the spin singlet may be postulated to account for the lowered value; the

triplet energy lying below the singlet is inverse of Van Vleck behavior. In the first three

configurations, the 4f' configuration dominates, consistent with the Ljj-XANES spectra.
g g P

The computed ground electronic state for Yb(i’-bipy)s, Figure 13, is a multiconfigurational
triplet, in which the total spin of the ligand orbitals of S = 1/2 is aligned with the metal
orbitals, also of S = 1/2. The configurations of the three ligand-based orbitals do not

contribute equally to the total energy of the triplet state. The next two excited states are
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multiconfigurational singlets that lie only 6 cm™ and 24 cm™ above the triplet again
demonstrating inverse Van Vleck behavior. Note that the configurations shown in Figure 13
do not include phase effects for the f'* states. For example, the first excited state of Yb is a
singlet multireference with 54% 1> and 46 % f'*. However, in the latter state, the two f'*
determinants have opposite signs in the wavefunction so that their contributions to the final
value nearly vanish. As in our previous work,'”'® after adding the f'* and f'* configuration
fractions, these calculations indicate an Yb valence of +2.98 and +2.99 for the two excited
states, consistent with the XANES shown in Figure 10. The composition of the ten
configurations in the singlets is multiconfigurational in metal and ligand based orbitals. The
higher lying multiconfigurational singlet and triplet states are only 161 cm™ above the ground

state.
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161 One singlet with 8 configurations and one triplet
with 7 configurations

|
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Figure 13. Energy levels and configuration of Yb (I1l, (f)), (m*)%, (m2*)°, (ns*)¢ and
(m*)dAll states show a nearly trivalent Yb, see main text.

The computed multiconfigurational ground state of Lu(i®-bipy)s is a spin doublet composed
of the two configurations with populations of 45:55 and the two higher energy
multiconfigurational doublets are only 24 cm™ and 32 cm™ above the ground state, Figure 14.
There is a complementarity between the spin doublet ground states of La/Lu and the spin
triplet ground states of Ce/Yb in which the f-configurations are 4f° and 4f'/4f", respectively,
but the energy difference between the ground and first excited states are much smaller in the

Yb/Lu pairs than the La/Ce pair.
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Figure 14. Energy levels and configuration of Lu (111, (f)), (%)%, (12%)°, (75*)° and (rts*)"

DISCUSSION.

It is informative to compare the solid-state crystal structures of the neutral bipyridine
compounds of La (41”) and Ce (4f') with those of Lu (4f'*) and Yb (4f") since La(III) and
Lu(IIl) are closed-shell and Ce(Ill) and Yb(III) have an electron and a hole in their f-shells,
respectively. In the crystal, the La/Ce structures are isomorphous and isostrutural in space
group C2/c while those of Yb/Lu crystallize in space group P2,/c and Pcan, respectively.’

The geometry of [M(Kz-bipy)4], M = La, Ce, are close to that of a square prism as indicated
by the shape parameters in Table 7, while those of Yb/Lu have a slightly distorted Dyg-
dodecahedral geometry. The different geometries can be rationalized by the increased
intramolecular repulsions between the ortho Ca-H...H-Ca groups as the metal radii contract

across the series; the cube to dodecahedral distortion minimizing this repulsion.
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Table 7. Shape parameters for [M(Kz-bipy)4] and [Li(thf)4][M(1<2-bipy)4] symbolized by M/

MLi/Na.
M /M Li/Na 01(°) 5 () () () (‘"1) 0 () ML d ref
Dy Dodecahedron 295 295 295 295 0 0 / / a
D.4 Square 0 0 524 524 245 245 / / a
Antiprism
0, Cube 0 0 0 0 0 0 / / a
Cay Bicapped 0 218 482 482 141 141 / / a
Trigonal Prism
Ce 121 121 663 804 205 286 2633) 1.02 b
La 091 091 640 726 1.83 271 2653) 101 b
Tb 10.84 14.87 4079 41.06 1.86 2538 2.50(2) 1.08 b
Sm 139 139 745 884 1.83 271 2583) 1.03 c
Eu 046 046 649 781 224 244 273(5) 0.99 ¢
Yb 21.14  23.16 29.06 30.16 644 13.76 2.45(5) 1.09 ¢
Lu 2584 2754 3058 3206 7.8 1172 243(7) 1.10 c
LuLi 18.69 18.69 37.17 37.17 0.13 17.98 2.44(2) 1.10 c
8] 035 035 087 136 084 126 2'4§1(8 1.06 d
U Na 131 192 374 38 1.78 238 2504) 1.05 d

d is the normalized bite angle (d = d(NN)/d(MN)); a ref 19, b is his work, c is ref 5 and d ref

20

The distribution of the three electrons in the LUMO of the coordinated bipyridine ligands is

readily deduced from the M-N and A-distances (Table 2). The isostructural La/Ce pair have

two short and two longer A-distances. The two shorter A-distances are associated with the

bidentate bipy rings labeled 1, colored in red, while the longer set are associated with rings

labeled 2, colored in green. Each pair of equivalent rings that are labeled 1 and 2,
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respectively, are related by a C,-axis, Figure 3. The A-distances in ring 1 are close to the
value of the equivalent distances in an isolated bipy radical anion while those in ring 2 are
midway between the equivalent distance in a bipyridine radical and free bipyridine. The M-N
distance associated with ring 1 are shorter than those associated with ring 2. The bond
distance pattern suggests that the two bipyridine ligands labeled 1 are formulated as bipy™"
and those labeled 2 are bipy"™"?; this valence bond representation is labeled as a 2:2 pattern.
The geometry and pattern of M-N and A-distances change in the structures of the Lu/YDb pairs
(Table 4) as three bipy ligands have A-distances that are close to the values associated with
ring 1 while the A-distance in the remaining bipy ligand is close to that in the free bipyridine
and is labeled ring 2. The M-N distances follow the ring 1/ring 2 pattern resulting in a (bipy"
D)3(bipy)® formulation, that is, three radical anion and one neutral bipy (3:0 pattern).

The only other crystal structures for the neutral complexes in the literature are those of the
Sm/Eu atom pairs.” These pairs are also isomorphous and isostructural with the La/Ce pair
with nearly square prismatic geometries (Table 4). The Eu/Sm bond length patterns are
similar to those found in the isomorphous and isostructural La/Ce structures. For the Sm
structure, the A-distance in ring 1 and ring 2 follow the pattern in the La/Ce pair and
therefore are classified as a 2:2 pattern. However, the bond distances pattern is different in
the Eu structure; although the A-distance in ring 1 results in their classification as (bipy(’l))z,
those in ring 2 are similar that in free bipy and classified as (bipy(o))z and therefore display
2:0 pattern.

Crystal structures of the two anionic compounds are available, [Li(thf),][M(i<’>-bipy)s] for M
= Tb (Figure 5) and Lu.” Both crystallize in the monoclinic crystal system in space group Cayc
and P»y/, respectively. The geometry of the anions resembles that of a D»4 dodecahedron. The

A-distances in the four bidentate bipy ligands are equal and their value is close to that of the
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equivalent distance in a bipy radical anion. The eight M-N distances are also equal to within
3o, resulting in the bipy ligands being classified as a 4:0 pattern.

The systematics associated with the A- and M-N distances of the bidentate bipyridine ligands
in the crystal structures of the neutral compounds described in this article and those in the
literature,5 that is, La, Ce, Sm, Yb, and Lu show that the LUMO of each of the four bipy
ligands contain three electrons. The A, B, C, and D distances and the infrared absorptions
show features associated with bipy radical anions. The distribution of radical anionic
character in the four ligands however is different, and is associated with the different
geometry of the eight coordinate compounds. The bipy ligands in La, Ce, and Sm have a 2:2
distribution but those in Yb and Lu have a 3:0 distribution. The geometries for the former are
cubes while those for the latter are dodecahedral. The bipy ligands in Eu(KZ-bipy)4, which is
isostructural with Sm, contain two bipy radical anions and therefore a 2:0 distribution. The
four bipy ligands in the two anionic compounds are classified as bipy radical anions and the
distribution is classified as 4:0 and the geometries are irregular dodecahedral.

Although, this empirical classification is helpful to classify the general pattern developed
from the A-distances with the dependence on the metal and their geometries, the
computational results give deeper meaning to how the ground and excited states energies
change that blurs the simple valence bond classification. The computations of the gas phase
monomeric building blocks in the polymeric solid for M(kx"-bipy)s, M=La and Ce, show that
the ground electronic states are spin doublets and triplets, respectively. The configuration of
the metallic orbitals in lanthanum is f° and cerium is f' and the configuration of the latter is
multiconfigurational and composed of 6s, 5d, and 4f parentage. The Ce Lyj-edge XANES
spectrum is consistent with trivalent cerium in the solid-state. The spin doublet and triplet

states result from the three electrons distributed in four bipy n* molecular orbitals. In both
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molecules, the ground states are multiconfigurational in which a n* orbital is occupied by a

p

. / . . .
pair of electrons (TC*)a and the remaining electron occupies a (n)a orbital.

In the crystal structure of these two isomorphous and isostructural molecules, the C, axis

interconverts two pairs of bipyridine ligands that are labeled ring 1 and ring 2. The pair of
electrons in (n"‘)m/B have a probability of being located in the two symmetry related orbitals

with the shorter A-distance (ring 1) in the multiconfigurational ground states and the single
electron has a probability of being found in the symmetry orbitals with the longer A-distance
(ring 2), qualitatively accounting for these differences. The CASSCF calculations were not
attempted for Sm(x -bipy)s due to the large number of active electrons and the resulting
larger active space. The crystal structures of the La, Ce, and Sm compounds are isostructural
and isomorphous and have nearly identical shape parameters (Table 7). The equivalent bond
distances also display the same pattern (Table 4) implying they have similar electronic
structures.

The CASSCF calculational results for the complementary atom pairs Lu(La) and Yb(Ce) are
given in Figures 10-13. The calculated ground state of Lu(k -bipy)s is a spin doublet, as is
La(x -bipy)s and the configurations of the m* orbitals have the same form as those for
La(x -bipy)s. However, the energy between the ground doublet state and the two higher
energy doublets are only 24 cm™ and 32 cm™ above the ground state, substantially smaller
than in the lanthanum molecule. The calculated ground and first excited state in Yb(x -
bipy)s, a triplet and singlet, respectively, is separated by only 6 cm™ and the next singlet by
24 cm™ as in the lutetium; these energies are much smaller than those in cerium; these energy
changes between La/Ce and Yb/Lu are presumably related to the larger effective charge (Zeg)
for the latter pair. The Yb metallic orbital is also multiconfigurational. The Yb Ly-edge

XANES spectrum indicates that the metal is trivalent. However, the small energy difference
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between ground and excited states complicates the interpretation of the magnetic
susceptibility values since the different states will be thermally populated by the Boltzmann
factor, for which kT = 208 cm™ at 300 K. Although the M-N and A-distances follow the
patterns observed in La/Ce, the Lu/Yb compounds are not isomorphous with the former pair
and have different shape parameters which adds an additional level of complexity. The shape
parameters show that the geometries undergo a distortion from square pyramidal (La, Ce,
Sm) to dodecahedral (Yb, Lu), presumably due to relief of intramolecular steric repulsions as
the radii contract. In summary, the ground state electronic structure of M(x -bipy)s (M = La,
Ce, Sm, Yb, Lu) follow similar pattern even though their geometries change.

The molecule that deviates from the above pattern is Eu(k -bipy)s. Although this compounds
is isomorphous, isostructural and has shape parameters close to those of La, Ce, and Sm, the
bond lengths do not follow the pattern set forth in Table 4. The Eu-N distances in ring 1 and
2 are 0.14 A and 0.18 A longer than the equivalent distances in Sm(k -bipy). If both metals
were trivalent these distances would be similar since their trivalent metal radii in identical
coordination numbers are 1.09 A (Sm) and 1.10 A (Eu).?' Since the divalent radius of
europium is 0.21 A larger than that of trivalent europium the longer Eu-N distances strongly
supports the divalent classification. This is supported by the A-distances in rings 1 and 2 of
1.417(7) A and 1.484(7) A, respectively, the former is midway between the equivalent
distances of bipy™ and bipy"™" and the latter is identical to that in bipy'”. This deduction is
supported further by the magnetic susceptibility of i = 8.06 pg (3T = 8.12 cm® K.mol™) at

300 K. The value for the free metal ion, 8S7/2 1s 7.94 ug ((xT = 7.88 cm’ .K.mol'l), which
implies that one of the four bipy n* orbitals contains two electrons of opposite spin, (n*)a/B

as in the isostructural neutral compounds. Comparing the plots of peg vs T of Eu(k -bipy)s,

with the La/Ce analogues, Figure 7 and 9 shows that the former is essentially independent of
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temperature to = 20 K, after which the slope turns gently downwards. This behavior is
consistent with the Ca...CB contact distance of 3.31 A between two rings with long A-
distances; the equivalent distance in Sm(ic -bipy), is 3.24 A between bipy ligands with the
short A-distances in the polymeric chain. The longer distance implies a weaker interaction
due to the lack of antiferromagnetic coupling between the bipy® ligands.

Only two crystal structures of the anionic compounds are known, [Li(thf)4] [M(Kz-bipy)4] M
= Tb (Figure 5) and Lu;’ both crystallize in the monoclinic crystal system but in different
space groups, P2,/c and C,/c, respectively. The geometry of the isolated anions is that of a
square antiprism with a dodecahedral distortion. Although the geometry is rather irregular, all
eight M-N distances are identical as are the A-distances and the latter are close to those found
for the equivalent distance in a radical anion. These distances indicate that each of the four n*
orbitals contain a single electron. No computations were initiated for the ion-pair Tb/Dy pair
due to the difficulties associated with separated ion pair molecules and the large number of
electrons in the active space.

All of the tetra-bipy lanthanide molecules mentioned in the text and Table 7 are based on the
trivalent metal ion, the lone exception is that of the Eu complex, which is divalent. This is not
surprising since the difference is traced to the third ionization energies relative to those of the
second. Although the first ionization energies (IEs) are known for all of the 4f series, a recent
article reported the experimental values (for those that are known) and calculated quantum
mechanically the individual 6s, 5d, and 4f ionization energies.** The s-orbital IEs range from
~ 5.4 to 6.3 eV and the calculated values are close to the experimental ones. The large
differences arise from the d/f-orbitals IEs, which range from =~ 6.7 to 11.7 eV. The
informative comparison is between the Sm/Eu pair, in which the f-orbitals IE for Sm 1s 9.25
eV (calcd.) while that for Eu is 10.5 eV (calcd.). The value for europium is the largest value

known in the 4f-block metal series and rationalizes why the europium molecule is the odd
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one in the series. The comparison with Sm and Yb is also informative since the f-orbital IE of
Yb is 10.75 eV (calcd.), higher than that for Eu, but the experimental value of 8.95 eV is
slightly less than that calculated for Sm. The experimental value is in line with the deduction
that ytterbium is trivalent in Yb(x?-bipy)s. The other revealing comparison is that the 5d-
orbital IE in cerium is only 6.75 eV (calcd. and exp.) and the f-orbital IE is 11.13 eV (calcd.)
and 11.81 eV (exp); the difference agrees with the conclusion that cerium is trivalent in
Ce(KZ-bipy)4. The orbital IEs provide a qualitative rationalization for why the two spins in the
6s-orbitals are transferred to a pair of symmetry equivalent bipyridine ligand orbitals with a
net spin of zero.

CONCLUSIONS.

Syntheses of M(k?-bipy)s (M = La and Ce) and [Li(thf)4][M(i<’>-bipy)s] (M = Dy, Tb) are
described along with single X-ray crystal structures and shape parameters that define their
eight-coordinate geometries for the neutral La/Ce pairs and the Tb anion. The physical
properties that are measured include solid-state magnetism, Ce Lyj-edge XANES, EPR, and
IR spectra along with solution UV-Vis spectra and computational CASSCF results for La,
Ce, Yb, and Lu.

The molecular structures of M(Kz-bipy)4, M = La and Ce, are polymeric in the solid-state in
which two Kz-bipy ligands, with the longer M-N distances, bridge between the monomeric
units in the polymer chain. The geometry of the eight coordinate, isomorphous compounds
define a square prism. The structure of the anion in the separated ion pair [Li(thf)4][Tb(K2-
bipy)s] is monomeric whose geometry is a square antiprismatic with a dodecahedral
distortion in which the eight Tb-N distances are equal. The electronic structures of the gas
phase monomeric units, M = La and Ce, from CASSCF multireference quantum mechanical
calculations show that the ground states are mutliconfigurational spin doublets and triplets,

respectively, built from trivalent metals and four bipy n* MOs containing three electrons
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such that the net ligand spin is S=1/2. The calculated ground electronic states for M(k*
bipy)s, M = Lu and Yb, whose geometries resemble that of a dodecahedron, have ground
state electronic structures that show a complementarity with the La/Ce atom pairs even
though they have different geometries and electron counts. The computed ground and excited
states for the monomeric units that comprise the polymeric chain provide the basis for
interpreting the physical properties in the neutral molecules M(Kz-bipy), M = La, Ce, Sm, Eu,
Yb and Lu and for the anionic ion pair molecules [Li(thf);][M(k%-bipy)s], M=Tb, Dy, and Lu.
The computed electron configuration of the neutral lanthanide [MIH(KZ-bipy)4] (M = La, Ce,
Yb and Lu) are multiconfigurational. This model is extrapolated to the neutral (Sm, Eu) and
anionic (Tb, Dy) lanthanide bipy compounds in order to rationalize their physical properties.
A curious feature of this model is that the electronic ground state for La/Lu and Ce/Yb are
doublets and triplets, respectively rather than singlets and doublets found in the vast number
of compounds known for these compounds. Accordingly, this study adds another chapter to
the iconic binary bipyridine compounds of the s, p, d-block metals.® ' %%

The model for the neutral molecules developed above shows that a single Lewis structure or
the deduction from single reference molecular orbital calculations are misleading for the
coordination compound described herein and as previously advocated for Ce(acac),

26-27

Ce(trop)s and Ce(tmtaa), and organometallic compounds such as Ce(Cot),, ™!

Cp,*Yb(bipy),'® and related heterocyclic imine adducts.’*>’

The model for the electronic structures of several lanthanide compounds developed from
experimental measurements of their physical properties, are illuminated by mutlireference
quantum mechanical calculations. The multireference calculations are essential in the
lanthanide molecules for an adequate understanding of their physical properties. Single

reference DFT calculations are often inappropriate for the electronic structure developed

since they can contradict the reported magnetic susceptibility studies. A recent article reports
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some physical properties for the U(i®-bipy)s, augmented by a DFT calculation.”’ The plot of
xT vs T for U(Kz-bipy)4 gives a T value of 2.4 cm’ K.mol™” that approaches zero at low
temperature, thus the ground state is likely to be a spin singlet and not likely the spin heptet
that is advocated from the DFT calculations that indicates the singlet state is 82500 cm™
higher in energy. Another recent article demonstrates that multireference calculations are
essential for determining the electronic structure of a set of d-transition metal bipyridine
ligands.*® Specifically, the CASSCF method is capable of distinguishing whether bipy acts as
a m-acceptor or an electron acceptor ligand. Since the crystal field splitting of f-electrons is
less than that for d-electrons, this article reinforces our use of CASSCF methodologies for the
lanthanide bipyridine compounds.

EXPERIMENTAL SECTION.

General considerations. All reactions and product manipulations were carried out under dry
nitrogen using standard Schlenk and glovebox techniques. Dry, oxygen-free solvents were
used throughout these experiments. 2,2'-Bipyridine was dried and purified by sublimation
prior to use. Melting points were determined in sealed capillaries prepared under nitrogen and
are uncorrected. NMR data were obtained at 400 MHz and 294 K using the Bruker AVB-400
and AVQ-400 NMR spectrometers. 'H chemical shifts are in 8[Junits[relative to TMS, and
coupling constants (J) are given in Hz. Infrared spectra were recorded as Nujol mulls
between KBr plates on a Thermo Scientific Nicolet 1S10 spectrometer. Samples for UV-Vis-
NIR spectroscopy were obtained in a Schlenk-adapted quartz cuvette and obtained on a
Varian Cary 50 scanning spectrometer. Elemental analyses were determined at the
Microanalytical Laboratory of the College of Chemistry, University of California, Berkeley.
X-ray structural determinations were performed at CHEXRAY, University of California,

Berkeley. Cp’’3Ce, Cp’’2Mg metal triflates were prepared as previously described for
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Ce(OT)s.* The abreviations used are bipy for 22’-bipyridine and Cp> for 1,3-

(ME3Si)3C5H3, and Cp’ for CsHsMe.

The samples were prepared for X-ray absorption experiments as described previously and the
same methods were used to protect the air-sensitive compounds from oxygen and water.*® X-
ray absorption measurements were made at the Stanford Synchrotron Radiation Lightsource
on beamline 11-2. The samples were prepared and loaded into a liquid helium-flow cryostat
at the beamline as described previously.’® Data were collected at temperatures ranging from
30 to 300 K, using a Si(220) double-crystal monochromator. A linear extrapolation of the
pre-edge absorption was subtracted and the data were roughly normalized to unity above the
edge. Energy calibration was performed by setting the peak in the first derivative of the
absorption from a CeO, sample to 5724.0 eV. CeO, and Yhb,O3; were purchased from

commercial suppliers and used without further purification.

Magnetism and EPR. Magnetic susceptibility measurements were made for all samples in a
7 T Quantum Design Magnetic Properties Measurement System that utilizes a
superconducting quantum interference device (SQUID). Sample containment and other
experimental details have been described previously.*> Diamagnetic corrections were made
using Pascal’s constants. EPR spectra (SI) were obtained with a Varian E-12 spectrometer

equipped with an EIP-547 microwave frequency counter and a Varian E-500 gaussmeter.

X-ray crystallography. Single crystals of the M(k*bipy)s (M = La and Ce) and
[Li(thf),][Tb(k?-bipy)s] were coated in Paratone-N oil and mounted on a Kaptan loop. The
loop was transferred to a Bruker SMART APEX, diffractometer equipped with a CCD area
detector.** Data were integrated by the program SAINT* to a maximum 20 value of 50.74°
for Ce(k?-bipy)s, and 50.82° for La(i’-bipy)s, and [Li(thf)s][Tb(k*-bipy)s]. A semi-empirical

multi-scan absorption correction was applied using SADABS.* The structures were solved
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by direct methods using SHELX** or SIR-97 and the WinGX program.* Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were placed in calculated positions
and not refined. The structures have been deposited to the CCDC with numbers # 1914145-

1914147 for Ce(k?-bipy)s, La(i®-bipy)s, and [Li(thf)s][Tb(k*bipy)s], respectively.
Syntheses.

Synthesis of Cp3”Dy. In the glovebox, Dy(OTf); (6.29 g, 10.3 mmol) and Cp”,Mg (6.85

mg, 15.5 mmol) were added to an oven-dried 250 ml round-bottom Schlenk flask containing
an oven-dried magnetic stirbar. On the benchtop, freshly distilled thf (150 ml) was added to
the flask. The resultant mixture was stirred under an atmosphere of nitrogen at room
temperature for 22 h. During this time, the mixture gradually went from colorless to yellow.
Afterward, the solvent was removed under reduced pressure, and the desired product was
extracted with a single portion of freshly distilled pentane (250 ml). The extraction was
filtered through a glass fiber filter. The resultant clear, yellow filtrate was slightly
concentrated under reduced pressure and chilled at -20°C for 14 h. Afterward, large, nicely-
formed, vibrantly yellow crystals exposed to dynamic vaccum in a hot water bath for 1 h to
give 3.60 g (44.1%) of Cp”3Dy (mp. 225-228°C). A second crop of Cp”3Dy (504 mg, 50.3%
total) was obtained from the concentrated mother liquor. The Cp’’3Dy product is air
sensitive; it goes from yellow to red upon air exposure. An attempt was made to obtain a *H
NMR spectrum in CgDs, but no signals were observed. The product sublimed nicely when

sealed in an ampule under moderate vacuum and heated to approximately 200°C. IR (KBr,

Nujol, cm™Y) v: 3089(s), 3057(s), 1459(s), 1439(s), 1400(s), 1377(s), 1320(s), 1244(s),

1206(s), 1181(s), 1078(s), 1058(s), 923(s), 831(s), 783(s), 749(s), 688(s), 642(s), 623(s).

Synthesis of Cp’’;La. In the glovebox, La(OTf); (5.00 g, 8.53 mmol) and Cp”,Mg (5.67 mg,

12.80 mmol) were added to an oven-dried 250 ml round-bottom Schlenk flask containing an
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oven-dried magnetic stirbar. On the benchtop, freshly distilled thf (150 ml) was added to the
flask. The resultant mixture was stirred under an atmosphere of nitrogen at room temperature
for 42 h. Afterward, the solvent was removed under reduced pressure and the desired product
was extracted with a single portion of freshly distilled pentane (250 ml). The extract was
filtered through a glass fiber filter. The resultant clear, yellow filtrate was slightly
concentrated under reduced pressure and chilled at -20°C for 3 d. Afterward, nicely-formed,
white block-like crystals were exposed to dynamic vaccum in a hot water bath for 1 h to give
1.95 g (30%) of Cp”sLa (mp. 225-228°C). A second crop of Cp”sLa (3.20 mg, 49 % total)
was obtained from the concentrated mother liquor. *H NMR (CsDs, 400 Mhz, & in ppm): 0.34

(s, 54 H), 6.84 (d, 6H), 6.90 (t, 3H).

Synthesis of Ce(lcz-bipy)4 from Cels(thf)s. On the benchtop, a single piece of Li wire (62.0

mg, 8.95 mmol) was wrapped around a small oven-dried magnetic stirbar. The Li/stirbar was
added to an oven-dried Schlenk flask, exposed to dynamic vaccum, and then brought into the
glovebox. In the glovebox, bipy (350 mg, 2.24 mmol) and Cels(thf); (500 mg, 0.678 mmol)
were added to the flask containing the Li/stirbar. The flask was returned to the benchtop, and
freshly distilled thf (30 ml) was added to it without stirring. The flask was put under an
atmosphere of nitrogen and set in the fume hood at room-temperature away from sunlight and
vibrations. The mixture was originally faintly yellow. Dark red plumes slowly began to form
as Li(bipy) was generated in situ. The mixture was left undisturbed for 2 d, after which time
the mixture was uniformly an intensely dark red color. The mother liquor was removed and
large black needles were obtained. The black needles were washed with 2 x 30 ml portions of
freshly distilled thf and exposed to dynamic vaccum in a hot water bath for 2 h to give 259
mg (50%) of Ce(k?-bipy)s. Note that some small chunks of Cels(thf); were present. The
Cels(thf); starting material is only somewhat soluble in thf and therefore is an intractable

impurity in the Ce(k*-bipy)s product. The Ce(x?-bipy)s product could not be studied by 'H
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NMR or UV-Vis spectroscopy due to its insolubility in common solvents such as toluene,
pentane, or thf. A single crystal of Ce(k?bipy), was selected for X-ray crystallographic
studies. Ce(k*-bipy)s is highly air- and moisture-sensitive, going from intensely dark
purple/black to white upon air- or moisture-exposure. IR (KBr, Nujol, cm™) v: 1591(w),
1564(w), 1530(w), 1505(w), 1489(m), 1464(m), 1433(m), 1401(w), 1377(m), 1335(w),
1305(w), 1286(w), 1269(w), 1254(w), 1220(w), 1211(w), 1201(w), 1173(w), 1152(w),
1141(w), 1118(w), 1078(w), 1061(w), 1042(w), 1033(w), 1021(w), 1010(w), 998(w),
942(m), 886(w), 833(w), 802(w), 763(w), 746(w), 730(m), 721(m), 682(w), 669(w), 652(w),

636(W), 624(w), 599(w).

Synthesis of Ce(k?-bipy)a(thf), from Cp”sCe. To an oven-dried Schlenk flask were added
Cp”3Ce (500 mg, 0.651 mmol), bipy (447 mg, 2.86 mmol), and an oven-dried magnetic
stirbar. The contents of the flask were dissolved in freshly distilled thf (50 ml) to give a blue
solution. A single piece of Li wire (96.0 mg, 13.8 mmol) was wrapped around an oven-dried
magnetic stirbar and added to a second Schlenk flask, which was then exposed to dynamic
vaccum for 30 minutes. The Cp”’3Ce solution was filtered via filter cannula into the Schlenk
flask containing the Li/stirbar. The Li/stirbar was kept above the solvent level using a strong
magnet and the flask was set in the fridge at -20°C. After the solution had settled, the
Li/stirbar was slowly lowered into the solution and gently positioned at the bottom of the
flask using a strong magnet, as illustrated in Figure S4. After 2.5 d, the mixture had gone
from dark blue to intensely dark red. The flask was removed from the fridge, and the mother
liquor was immediately removed via cannula to reveal a black crystalline product. The
product was washed with 4 x 40 ml portions of freshly distilled thf. The fourth washing was
colorless. The product was then washed with 2 x 30 ml portions of freshly distilled pentane in
order to remove residual thf and facilitate drying. The flask containing the product was put in

a warm water bath, fitted with a septum with a small needle exit, and flushed with nitrogen
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for 2 h in order to dry the product. Ce(k?-bipy)a(thf), was obtained in 273 mg (46%) yield.
Ce(k*-bipy)4(thf), is insoluble in DCM and thf and rapidly goes from black to white upon
trace amounts of air- or moisture-exposure. Elemental Analysis [Calcd. (Found)]: C, 63.41
(62.61); H, 5.32 (5.20); N, 12.33 (12.01). In a Li flame test, the Ce(k?-bipy)s(thf), product
caused the flame to turn slightly scarlet. Perhaps trace amounts of Li are present. IR (KBr,
Nujol, cm™) v: 1587(w), 1564(w), 1530(w), 1505(m), 1489(m), 1463(s), 1402(m), 1377(m),
1336(m), 1305(w), 1285(w), 1267(m), 1256(m), 1220(w), 1201(m), 1140(m), 1111(w),
1078(m), 1041(w), 1022(m), 1011(m), 987(w), 946(m), 886(w), 824(w), 803(w), 745(w),
729(m), 721(m), 680(m) 664(w), 636(m), 599(m). These data are in agreement with those

from the synthesis of Ce(k%-bipy), from Cels(thf)s,

Synthesis of Ce(k?-bipy)4(thf). A single piece of Li wire (200 mg, 28.8 mmol) was wrapped
around an oven-dried magnetic stirbar and added to an oven-dried Schlenk flask. The
contents of the flask were exposed to dynamic vaccum in the glovebox antechamber. In the
glovebox, large blue crystals of Cp”3Ce (1.00 g, 0.651 mmol) and bipy (1.20 g, 7.68 mmol)
were added to the flask. On the benchtop, The Li/stirbar was kept at the top of the flask using
a strong magnet, as illustrated in Figure S4. Freshly distilled thf (150 ml) was added to the
flask, giving a blue solution. The flask was put under an atmosphere of nitrogen and set in the
fume hood at room-temperature. The Li/stirbar was then gently lowered into the solution and
positioned at the bottom of the flask using a strong magnet. Dark red plumes began to form.
The flask sat undisturbed for 22 h, and the reaction mixture became uniformly dark red. The
mother liquor was removed via filter cannula to give small black crystals, which were washed
with 3 x 40 ml portions of freshly distilled thf. The CE(KZ-bipy)4(thf) product is insoluble in
thf, but it can give a dark fine suspension. The product was dried in a hot water bath by
flushing nitrogen through the flask, which had been fitted with a septum punctured by a small

needle. Shiny black crystals of Ce(k?-bipy)s(thf) were obtained in 404 mg (37%) yield. The
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black product decomposes and turns white upon trace amounts of air- or moisture-exposure.
Elemental Analysis [Calcd. (Found)]: C, 63.14 (62.26); H, 4.82 (4.80); N, 13.39 (13.16). In a

Li flame test, the Ce(k?-bipy)4(thf) product caused the flame to turn slightly scarlet. Perhaps

trace amounts of Li are present. IR (KBr, Nujol, cm™1) v: 1586(w), 1561(w), 1529(m),
1505(w), 1488(m), 1463(m), 1400(w), 1377(m), 1335(w), 1304(w), 1292(w), 1284(w),
1267(w), 1255(w), 1220(w), 1200(w), 1152(w), 1140(w), 1110(w), 1099(w), 1077(w),
1061(w), 1042(w), 1021(w), 1011(w), 986(w), 947(w), 938(w), 894(w), 885(w), 800(W),

762(w), 751(w), 746(w), 729(m), 720(m), 689(W), 680(W), 635(w), 598(w).

Synthesis of La(k*bipy)a(thf). In the glovebox, Cp”sLa (975 mg, 1.27 mmol) and bipy
(1.03 mg, 6.59 mmol) were added to an Schlenk flask. On the benchtop, a single piece of Li
wire (151 mg, 21.8 mmol) was wrapped around a magnetic stirbar, added to a second
Schlenk flask and pumped under reduced pressure for 40 min. The Li/stirbar was quickly
transferred to the Schlenk containing the lanthanum stating material under a nitrogen flow
and the Li/stirbar was maintained at the top of the flask using a strong magnet. Freshly
distilled thf (50-60 mL) was added to the flask, giving a clear faintly yellow solution. Most of
the solid went into solution immediately. The mixture was not stirred. The flask was put
under a nitrogen atmosphere and gently set in the fume hood away from light. The Li/stirbar
was then gently lowered into the solution and positioned at the bottom of the flask using a
strong magnet. Dark red plumes immediately began to appear, indicating that Li(bipy) was
forming in situ. The flask was let undisturbed for 23 h, after which the mixture was uniformly
dark red. The mother liqguor was removed via cannula, leaving behind black needle-like
crystals of La(i’-bipy)s. The crystals were washed with three times with 30 mL of thf and the
product was dried in a warm water bath for 2 h, flushing nitrogen through the flask. The
La(i?-bipy)a(thf) was obtained in 584 mg (55%) yield. mp > 340 °C. Elemental Analysis

[Calculated (Found)]: C, 63.52 (61.50); H, 4.82 (4.66); N, 13.41 (13.30). In a Li flame test,
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the La(k?-bipy)s(thf) product caused the flame to turn slightly scarlet. Perhaps trace amounts

of Li are present. (KBr, Nujol, cm'l) v: 1586(w), 1564(w), 1529(m), 1504(m), 1487(s, sh),
1464(vs), 1403(w), 1377(s), 1337(w), 1304(vw), 1285(w), 1266(m, sh), 1257(m), 1219(vw),
1200(m), 1160(w), 1110(w), 1140(m), 1077(w), 1039(w), 1021(w), 1011(m), 987(m), 939(s),

884(vw), 801(m), 762(w), 745(w), 720(s), 679(m), 669(w), 635(m), 598(w).

Synthesis of La(k>bipy)s. When the same procedure for La(k?-bipy)s(thf) was performed
with Et,O instead of thf, the base-free La(i®-bipy)s complex is obtained in low yield (8 %).

Elemental Analysis [Calculated (Found)]: C, 62.91 (63.07); H, 4.22 (4.53); N, 14.68 (15.30).

Synthesis of [Li(thf),] [Dy(KZ-bipy)4]. A single piece of Li wire (146 mg, 21.0 mmol) was
wrapped around an oven-dried magnetic stirbar, added to an oven-dried Schlenk flask, and
exposed to a dynamic vaccum in the antechamber of the glovebox. In the glovebox, Cp”;Dy
(1.05 g, 1.33 mmol) and bipy (1.20 g, 7.68 mmol) were added to the flask. On the benchtop,
the Li/stirbar was kept at the top of the flask above the solid. (See Figure S4) Freshly distilled
thf (150 ml) was added to the flask, giving a yellow solution. The flask was put under an
atmosphere of nitrogen and set in a fume hood away from sunlight and vibration. The
Li/stirbar were gently lowered into the solution and gently positioned at the bottom of flask,
and dark red plumes began to form. The mixture sat for 16 h at room-temperature, during
which time the mixture became uniformly dark red. The mother liquor was then removed by
cannula to give black block-like crystals along with some long needles. The product was
washed several times with chilled thf since the product appears to be somewhat soluble in thf.
The product was dried by flushing it with nitrogen in a hot water bath for 1 h to yield 815 mg
(59%) of [Li(thf),][Dy(k?-bipy)s]. A crystal structure could not be obtained since the crystals
were twinned. Elemental Analysis [Calculated (Found)]: C, 62.12 (62.22); H, 5.96 (5.77);

10.35 (10.48). The [Li(thf),][Dy(x*-bipy)s] product is somewhat soluble in thf and highly
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soluble in pyridine.

[Li(thf)4][Dy(i*-bipy)s] is highly soluble in pyridine, giving an intensely dark red solution. A
'H NMR sample was prepared by dissolving a 30 mg sample of [Li(thf)s][Dy(k*bipy)s] in
roughly 0.7 ml of pyridine-ds. A 'H NMR sample was obtained at 400 MHz at 293.9 K
(6/ppm, CsDsN): -171.81 (broad singlet, 6.3 H), -145.24 (very broad singlet, 4.2 H), -57.24
(broad singlet, 6.0 H), 1.55 (m, 16 H, thf), 3.67 (m, 16 H, thf), 20.74 (broad singlet, 6.3H). A
granule of sublimed bipy was added to the sample, and a new 'H NMR spectrum was
obtained (&/ppm, CsDsN): -170.86 (broad singlet, 6.1 H), -147.09 (very broad singlet, 4.2 H),
1.54 (m, 16 H, thf), 3.66 (m, 16 H, thf), 21.25 (broad singlet, 5.5 H). There is also a new
broad mound between & 0 — 20 ppm. A few more granules of bipy were added to the sample,
and a new "H NMR spectrum was obtained (8/ppm, CsDsN): -168.09 (broad singlet, 5.8 H), -
147.85 (very broad singlet, 3.2 H), -58.34 (broad singlet, 5.7 H), 1.56 (m, 16 H, thf), 3.66 (m,
16 H, thf), 9.74 (broad singlet), 22.52 (broad singlet, 4.7 H). The shifts change slightly
compared to the case without added free bipy. However, the broad mound at & 9.74 ppm
indicates that the added free bipy is undergoing an exchange process with [Li(thf)s][Dy(i*
bipy)s]. IR specrum: (KBr, Nujol, cm™) v: 3099(w), 3046(w), 1568(w), 1566(w), 1536(w),
1485(s), 1464(s), 1409(m), 1377(m), 1352(w), 1342(w), 1288(w), 1265(m), 1257(m),
1203(m), 1168(w), 1139(m), 1113(w), 1080(w), 1040(m), 1013(m), 991(m), 945(m), 884(w),

801(w), 745(w), 715(m), 704(w), 680(m), 637(m), 60L(W).

Synthesis of [Li(thf),] [Tb(Kz-bipy)4]. A single piece of Li wire (205 mg, 29.5 mmol) was
wrapped around an oven-dried magnetic stirbar and added to an oven-dried Schlenk flask.
The flask was promptly exposed under vacuum in the glovebox antechamber. In the
glovebox, Cp’sTh (1.00 g, 2.52 mmol) and sublimed bipy (1.90 g, 12.2 mmol) were added to
the flask. Using a strong magnet, the Li/stirbar was kept at the top of the flask. Freshly

distilled thf (150 ml) was added to the flask, and nearly all of the Cp’3Th and bipy had
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dissolved to give a faintly yellow solution. (See Figure S4) The resultant solution was put
under an atmosphere of nitrogen, set in the fume hood away from sunlight and vibration, and
allowed to settle. The Li/stirbar was gently lowered into the reaction mixture and positioned
at the bottom of the flask. Dark red plumes began to form slowly and diffuse throughout the
mixture. The mixture sat under nitrogen at room-temperature for 24 h, giving a uniformly
dark red mixture. The dark red mother liquor was removed by cannula filtration, leaving
behind black crystals. The crystalline product was washed several times with freshly distilled
and dried in a hot water bath by flushing nitrogen through the flask for 2 h to give 138 mg

(5%) of [Li(thf)4][Tb(k*-bipy)s]. The mother liquor was allowed to sit undisturbed on the
benchtop at room-temperature to give a second crop of [Li(thf),][Tb(k*bipy)s]. to give a
total yield of 256 mg (9%). Elemental Analysis [Calcd. (Found)]: C, 62.33 (61.63); H, 5.98
(5.92); 10.39 (10.14). A single crystal of [Li(thf),][Tb(k*-bipy)s]. was selected for X-ray

crystallographic studies.

[Li(thf)s][Tb(x*-bipy)s] is highly soluble in pyridine, giving an intensely dark red solution. A
'H NMR spectrum was obtained at 400 MHz and 293.9 K (CsDsN, &/ppm): -188.02 (very
broad singlet, 1.4 H), -181.71 (broad singlet, 3.9 H), -56.89 (broad singlet, 4.5 H), 1.59 (m,
thf, 16.0 H), 3.66 (m, thf, 16.0 H), 30.95 (broad singlet, 4.2 H). The NMR sample was
hydrolyzed using a small amount of degassed D,O, and the dark red solution immediately
became clear and colorless. The sample was promptly filtered through a glass fiber filter, and
a '"H NMR spectrum (400 MHz, CsDsN) was obtained within minutes of hydrolysis. The
spectrum is clean and clearly shows that free bipy, bipyH,, and thf are present in the sample.
Compared to the four equivalents of thf, the relative integrals of the shifts indicate that two
equivalents of free bipy and one equivalent of hydrolyzed bipy radical anion are present in
solution. Therefore, for reasons which are uncertain, one equivalent of bipy is missing from

the spectrum. FTIR (KBr, Nujol, cm™, ID = 9608112011) v: 3097(w), 3046(w), 1567(w),
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1552(w), 1547(w), 1536(w), 1518(vw), 1509(w), 1485(s), 1463(s), 1409(m), 1377(s),
1352(m), 1288(w), 1266(m), 1256(m), 1203(m), 1168(w), 1148(m), 1140(m), 1113(m),
1080(w), 1040(m), 1013(m), 992(m), 946(s), 885(w), 817(vw), 801(vw), 774(vw), 746(w),

724(m), 715(m), 704(w), 681(m).

'H NMR Spectroscopy hydrolysis studies. The Ce(k?*-bipy)s(thf), product is insoluble in
C¢Ds and thf-dg. A sample of Ce(k?-bipy)4(thf), was suspended in CsDs and hydrolyzed with
degassed D,O. The dark red suspension became pale yellow, and a fine white solid formed. A
'H NMR spectrum was obtained within 20 minutes of hydrolysis. The spectrum only showed
free thf, free bipy, and hydrolyzed bipyridyl radical anion, referred as bipyH,. In the
spectrum, the shimming is slightly off because the fine white solid formed from hydrolysis
gave a fine suspension. The hydrolyzed *H NMR sample sat on the benchtop for 24 h and
settled. A new *H NMR spectrum of the sample was obtained. The spectrum is clean, and
each shift has well-resolved splitting. The spectrum clearly shows shifts corresponding to free
thf, free bipy, and bipyH,. The relative integrations of these shifts support the notion that the
product is indeed Ce(k’-bipy)s(thf),. Over time, the shifts corresponding to bipyH, shrink
while the shifts corresponding to free bipy grow. A ?H NMR (CgDs) spectrum was also
obtained 24 h after hydrolysis. A doublet was observed between 3.07-3.16 ppm) that

corresponds to bipyH,.

An attempt was made to prepare a ‘H NMR sample of Ce(kbipy).(thf), in pyridine-ds.

Pyridine-ds was added to a sample of Ce(k®-bipy)a(thf),, giving a black/purple mixture.
Ce(k?-bipy)a(thf), appeared to be sparingly soluble in pyridine. The mixture was filtered
using a glass fiber filter, and a *"H NMR spectrum was obtained (pyridine-ds &/ppm): -75.75
(s, 0.35 H); -18.59 (s, 0.44 H); 1.62 (m, 8 H, thf); 3.66 (m, 8 H, thf); 10.83 (s, 0.43 H).
Between 0-10 ppm, there are small shifts corresponding to bipyH,, indicating that a trace of

H,0 is present in the pyridine-ds. After 24 h the shifts outside of 0-10 ppm had disappeared.
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It is likely that trace H,O in the pyridine-ds hydrolyzed whatever gave rise to the shifts

outside of 0-10 ppm.
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Supporting Information. X-ray data, synthetic details, EPR and magnetic measurements
data as well as coordinates for the computed molecules can be found in the supporting
information. An overall CIF file for the X-ray structures of Ce(i’-bipy)s, La(k?-bipy)s, and

[Li(thﬂ4][Tb(K2-bipy)4] is also given in supporting information.
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