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Abstract: A frozen solution of [U§7-C;H7),] ™ is studied by EPR and angle-selected ENDOR spectroscopy.
EPR confirms the anticipated tonfiguration of this compound. Analysis of tigeensor indicates that the
ground state molecular orbital is principally made of, $61%) and 5f (39%) uranium orbitals. This
composition results from the combined effect of the sgirbit interaction and the strong-figand interactions.

The small admixture of 5f(9%) uranium orbitals could result from a low-symmetry effect imposed by the
solid-state packing forces at low temperature. Starting from the ground-state orbital, the f-level ordering
consistent with the tensor is found to be £ff;) < f, < f; < f,, (fsf;) < fs (antibonding). Proton ENDOR
spectroscopy shows that there is a positive spin depgity 4 x 1072 in 2p, carbon orbitals, which manifests

the covalent character of the ground-state orbital.

Introduction to the metat-ligand bonding in actinocenes '¥{cot), (M =
Covalent contribution to the stability of organoactinide Th—Pu). Inparticular itis well-recognized that the actinide f
complexes has been widely studied since the discovery of Orbitals (kxé—?,fx interact with the filled & MOs of GHs
uranocene U(co)cot = #8-CgHg) by Streitwieser and Mier- rings, while the other orbitals,f(f7), f. (fxzfy2) and §
Westerhoff in 1968. The interest of this compound is that its ~ (Fé-32,fyaé-y?)are localized and considered as nonbonding.
high symmetryDg, due to the eclipsed ring conformation In this context the forbitals are antlb_ondlng. The part|C|_pat|on
separates the contributions of the actinide 6d and 5f atomic Of 5fs and 6d (dx,,d¢-y?) to the bonding was nicely confirmed
orbitals (AO) to the molecular orbitals (MO), and thus simplifies DY Green et al. by photoelectron spectrosctpy.
the understanding of the metdigand interactions. This Despite a good agreement between theoretical and photo-
relatively simple molecular architecture motivated several €lectron studies concerning the metagand bonding, there is
theoretical calculations on uranocene and other actinocenesn© clear experimental determination of the f-level ordering and
including ligand field and semiempirical nonrelativistic MO~ the amount of interaction of,f fz, and f, AOs with ligand
calculations However relativistic phenomena are important Orbitals. This is because spiiorbit interaction and electron
for actinide elements and numerous approaches have been use@l€Ctron repulsion considerably complicate the upper part of the
to investigate these effects, including ab initio complete active €Nergy level scheme of uranocené ¢bnfiguration). Electron
space self-consistent fiefduasirelativistic self-consistent field- ~ Paramagnetic resonance (EPR) spectroscopy is very sensitive
X, scattered wavediscrete variational X6 linear combination to spin—orbit effects, and its relatively high resolution compared
atomic orbital Hartree Fock—Slater? relativistic extended !0 optical spectroscopies permits a precise determination of the
Hiickel® and intermediate neglect of differential ovefap orbital structure and the covalent character of the electronic
calculations. ground states of paramagnetic compouHdsCompounds of
This variety of theoretical approaches converges toward a the M(cot} family with f* (protactinocene) ancfneptunocene)

general agreement concerning the extent of f-orbital participation configuration exhibit the Kramers degeneracy and should thus
T Ecole Nationale Supieure de Chimie de Paris, be EPR active. However it seems that these compounds have
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EPR and Angle-Selected ENDOR Study
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Figure 1. Partial energy level diagram df(not to scale) after ref 14.
The spinr-orbit interaction is not considered.

pretation was rather ambiguous because of the multiplicity of
states resulting from the combined effects of spinbit and
electron-electron interactions.

The family of actinide sandwich compounds has been recently

enriched since the discovery of the bis(cycloheptatrienyl)-
uranium anion [Ug’-C7H7)2]~ (1), synthesized in 1995 by
Arliguie et all® The interest of this complex is that it is the
first cycloheptatrienylsandwich compound and its ionic con-
figuration should be 5f owing to the formal charge-3 of the
C7H7 rings, which satisfies thend+ 2 rule for aromaticity, and
thus implies a formal oxidation state V for uranium. A recent
calculation by Li and Bursten showed that the ground-state
configuration ofl is a single electron in a localized uranium f
orbital}4 In this contextl can be considered as thednalogue
of uranocene since MOs of the7i€; rings have the same
symmetries (in terms of group theory) agHg rings.

A qualitative energy level diagram df taken from ref 14,
is shown in Figure 1. The-MOs of planar GH; rings span
the irreducible representatiors§ < € < € < €; of the Dz,
point group. Combination of the-MOs of the two rings (in
eclipsed configuration) gives MOs that are symmetsg €,
€, &) and antisymmetrice, €, €, €;) with respect to the
mirror plane perpendicular to the molecular a¥isThe 6g
and 5f AOs interact strongly with j;eand ¢ ligand MOs
respectively, giving the filled bonding 3eand 3¢ MOs, so
that1 must be considered as d'Uather than Y compound-*
Above these orbitals a series of 5f-based MOs with ordering
54, (fs, 96%) < 3¢, (f4, 97%) < 5¢ (f;, 92%) was found in a
narrow energy range, followed by a 6d-based antibonding
54, (d2) MO and the strongly antibonding f-based’,4és,
46%) MO. The ground-state configuration bfs thus (3@)4
(3&)*(f,)", with one unpaired electron in a localized f orbitél.

This compound should be characterized by an effective electron

spin S= 1/, and should thus be EPR active.
However, as mentioned by Li and Burstérthe sequence
of the closely spaced f-based MOs can be modified by-spin

orbit interactions, so that the description in terms of an unpaired

electron in an § orbital is only approximative. For this reason
EPR is certainly the best tool for the study of the electron ground
state of 1 because of its sensitivity to spitorbit coupling
effect1!

Even if the 5f-ring interaction is expected to be very small
for o, 7, and¢ orbitals?=214 a small amount of metalligand
interaction should result in a resolved proton hyperfine (hf)

(13) Arliguie, T.; Lance, M.; Nierlich, M.; Vigner, J.; Ephritikhine, M.
J. Chem. Soc., Chem. Commad®95 183.
(14) Li, J.; Bursten, B. EJ. Am. Chem. S0d.997, 119, 9021.
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structure in the EPR spectrum at high temperature since the
ring rotation produces a motional narrowing of the hf lides.
However EPR of uranium compounds can only be observed in
frozen solution and at very low temperatures because of the
short spin-lattice relaxation time of actinides, so that ring proton
hf interactions are not resolved in EPR, and in principle can
only be revealed by ENDOR spectroscopy. This technique
consists of an indirect detection of the NMR transitions of nuclei
interacting with an electron spin. ENDOR spectra are obtained
by partially saturating the EPR spectrum at a fixed magnetic
field (the observing field) and sweeping a radio frequency
radiation through nuclear resonance transitindt has been
recognized that the ENDOR response of paramagnetic molecules
diluted in frozen solution samples arises only from the subset
of molecules responsible for the EPR intensity at the observing
field.1”18 When the anisotropy of the EPR spectrum is
determined by the anisotropy of tlgetensor, each observing
field value Bo = hv/fg(6) corresponds to the selection of a
subset of molecules with their symmetry axis making an angle
6 with the magnetic field. Such angle-selected ENDOR
spectroscopy gives the hf parameters with high accuvatdy.

In this paper we present a combined EFEENDOR study of
1 in frozen solution, with the purpose of determining the 5f
and ligand orbital composition of the SOMO (singly occupied
molecular orbital), and to obtain information about the f-level
ordering. This work proceeds in three steps: (a) the 5f
composition of the SOMO s first determined from the EPR
spectrum. The SOMO is greatly influenced by sparbit
coupling effects since it is mainly f-based, so that we analyzed
the EPR in the weak field approximation, which is the most
suitable for situations where spitrbit effects dominate
interactions with ligands. In this case the total angular
momentumJ is a good quantum number and we first describe
the ground state in terms ¢d,M;Ostates, wheréV); is the z
component of]. The transformation into the usual f-orbital
representation is made by a unitary tranformation. (b) In a
second step the f-level ordering is deduced from the analysis
of the SOMO, by identifying the combined effects of the spin
orbit and the f-ligand interactions. (c) In the last step the
covalent character of the SOMO is studied by angle-selected
ENDOR spectroscopy, which gives the spin density in 1s
hydrogen and 2p carbon orbitals.

Experimental Section

1 was synthesized as described in ref 13. A quartz tube was filled
with ~1—5 mg of1 dissolved in 0.4 mL ofti-methyl-THF, and sealed
under vacuum. Frozen solution X-band EPR spectra were recorded
below 15 K with a Bruker ESP 300e spectrometer equipped with an
Oxford intrument ESR 9 continuous flow helium cryostat. ENDOR
spectra were recorded 4 K with the Bruker ENDOR cavity working
in the TMi;0mode. The radio frequency (rf) field was amplified by a
100W ENI broad-band power amplifier. A 12.5 kHz frequency
modulation of the rf carrier (modulation depth 70 kHz) was used for

(15) In transition metal sandwich compounds, the rapid reorientation of
planar rings around the molecular axis induces a partial averaging of the
proton hf interaction, and the principal axes of hensor and the averaged
hf tensor become collinear. For this reason the proton hf interaction of
sandwich compounds is generally well-resolved in liquid solution and in
frozen solution at temperatures larger than above 100 K. See for example
Gourier, D.; Samuel, E.; Bachmann, B.; Hahn, F.; Heckndrg. Chem.
1992 31, 86.

(16) Feher, GPhys. Re. 1956 103 834.

(17) () Rist, G. H.; Hyde, J. SI. Chem. Phys197Q 52, 4633. (b)
Hoffman, B. M.; Martinsen, J.; Venters, R. A. Magn. Reson1984 59,

110.

(18) Hurst, G. C.; Henderson, T. A.; Kreilick, R. W. Am. Chem. Soc.

1985 107, 7294.
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Figure 2. Frozen solution EPR spectrum at 15 Klpfcompared with
a simulated spectrum. The arrows indicate the four selected field setting
values corresponding to ENDOR spectra of Figure 5.

the detection. With this modulation scheme, the ENDOR signal takes
the form of the first derivative of the ENDOR enhancement. A
moderate microwave power6 mW) was sufficient to optimize the
ENDOR intensity.

Electron Paramagnetic Resonance Spectroscopy

(1) Determination of the 5f Composition of the SOMO.
Figure 2 shows a frozen solution EPR spectruni att 15 K.
It exhibits a typical axial powder line shape of &= 1,
molecule, with an intense turning point corresponding to the
molecular orientationBy 0 z and a small one at high field for
Bo Il z, wherez is the molecular axis. This interpretation was
verified by simulation which accurately reproduced the experi-
mental line shap& The principal values of thg tensor arey,
= 1.244+ 0.005 andgn = 2.3654+ 0.005. It is important to
note that the simulation is independent of the sign of ghe
factors, so that the latter will be considered positive throughout
the paper. In principle, it could be possible to determine the
sign of the productgygyg, by using a circularly polarized
microwave field?® The shape of the EPR spectrum confirms
the anticipated 5fconfiguration ofl.1314 However theg values
do not agree with the expected ground-state configuratigh (f
calculated by neglecting the spirbit interactiont* because
an electron in &, = 0 orbital (which is the case withfdoes
not experience spirorbit interaction for the field orientation
Bo Il z so thatg, should be equal to the free spin valge=
2.002. This is not the case wifhh This discrepancy originates
from the fact that spirorbit effects should modify significantly

Gourier et al.

Table 1. Composition (in %) in §, f;, f5, and {, Orbitals of the
|J3,M;0States of a*f Configuration

[13,M;direpresentation |Mi,MJ representation

J M fo (%) (%) fs(%) f,(%)
7, 100
I, 5/, 85.8 14.2
3, 71.4 28.6
1, 57.1 42.9
5, 14.2 85.8
5, 3, 28.6 71.4
1, 429 57.1

strong spir-orbit interaction of the metal should largely
dominate the weak metaligand interactions. Consequently
the 5f! configuration ofl should be more conveniently treated
in the weak field approximation, with statg®fl),L=3,5=/,,
J.M;O(hereafter referred to agl[M;[J representation) character-
ized by the total angular momentui=L + S L+ S—-1, ...,
IL — S =7/, %, and its projectioM; =J,J— 1, ...,—J along
the z axis. Once thelJ,M;0composition of the SOMO is
determined from the analysis gffactors, it can be transformed
into the f orbital representation, characterized by states
[(5f),L=3,5=Y2,M_ ,Md (hereafter referred to agM_,Md]
representation) whed, = +3,+2, £1, 0 andMs = £/, are
thez projections of the orbital and spin momentum. Thef,
fs, and f; orbitals correspond respectively ftd, | = 0, 1, 2, 3.
Passing from |J,M; to [|M_,MdJ representation is achieved
by the unitary transformatiod, M= Y m, mdMi,MdJ, MM ,Md]
where parameterd_ ,Mg|J,M;Care the Clebsch-Gordan coef-
ficients?! Table 1 represents the composition (in %) of the
atomic |J,M;Ostates in terms of,f f,, fs, and {, orbitals.
Let us first consider the effect of the spiprbit interaction
on the ! configuration ofl. This removes the degeneracy of
the2STIL = 2F ground state and gives two stateg, and?F,
characterized byl = %, and 7/,, respectively. The energy
splitting between the ground state= %/, and the excited state
=7/, of the free Y ion is equal to 2/2 = 7608 cnT1.22 The
three principal effects of the metaligand interactions are (i)
the removal of the 2+ 1 degeneracy ofFs, and2F;, states
to doubly degenerate Kramers states, (ii) the second-order
mixing of states with differend and the sam#; values, and
(iii) a ligand admixture in the SOMO. However iii should be
relatively small and i should largely dominate effect ii because
of the important energy splitting betweéfs;, and2F;, states,
so that the main consequence of the meligland interaction
is the removal of the 6-fold degeneracy of fifg,, ground state
into three Kramers doublets. As a consequehee®/; may be
considered as a good quantum number in a first-order treatment.
At this level of approximation the ligand effects can be described

the energy level scheme in the energy range of localized f-basedby the ligand field operatot®

orbitals!* We must thus analyze the experimergdhctors by
taking into account the spirorbit interaction simultaneously
with metal-ligand interactions.

The metat-ligand interaction in transition metal compounds
is of the same order of magnitude as the sqrbit interaction,
and it is often possible to extract the metal AO composition of
the SOMO from they tensor, and the amount of metdigand
interaction from both theg tensor and the hf interactioA52°

However most of the 5f metal AOs are assumed to be essentially

nonbonding in actinide sandwich compourid$}* so that the

(19) Spectra were simulated with the WIN-EPR SimFonia simulation
program from Bruker. The simulations used Gaussian line shape functions
with line width AB; = 2.5 mT andABy = 4.0 mT.

(20) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
Transition Metal lonsClarendon Press: Oxford, 1971.

2] +k
H.= 20 > BO;
k=0 g=—k

whereB}! and O}l are the ligand field parameters and the spin
operators, respectively. If the ligand field splitting is much
larger tharkT and the Zeeman energy, only the lowest Kramers
doublet is populated and the system can be treated as an effective
S=1, spin doublet. The two normalized wave functigad]

= |SMs = +¥,0of a Kramers doublet are written as linear
combinations of|J,M;Ostates characterized by differeht;

)

(21) Brandsen, B. H.; Joachain, Cl@dtroduction to Quantum Mechanics
Wiley: New York, 1995.
(22) Kaufman, V.; Radziemski, L. J. Opt. Soc. Am1976 66, 599.
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values?® the sequencg, > 2 > gg = 0 expected for the two other
doublets of states, so that we may deduce that the ground state
|[+U= gaM [J,M,1 Kramers doublet is essentially made of tiMy| = %/, states.
J . . .
B However the difference between experimental and theoretical
g values is sufficiently important to imply that the predominantly
|—O= g(—l)J_MJ & 19,—M,0 2) |5/5,+4,0ground state is mixed with othed,+M,Ostates. In
B pseudoaxial symmetry, this effect may result from a second-
) order admixture of théF;; state, which is accounted for by
with adding a termBg Of to the allowedB) O3 and B} O] terms in
) eq 1, which admixes thié/,,£Y,[states in the®/,,4-1/,ground
1= glawhl state. The theoretical expressions for the components af the
v factor become in that cage:

where the nonzero values afy, in the summations are only g, =2sirf 6
determined by the symmetry of the compound. The residual 1
degeneracy ®s + 1 = 2 of the Kramers doublets is lifted by
the external magnetic fielBy, which gives the following spin
Hamiltonian of the effective spiS= 1/, coupled to proton spins

| = %, by the hf interaction:

gy = 2|v/3 sin B — sir? 6] (5)

However it was not possible to find a value f@rwhich
satisfies eq 5. For exampte= 52.06 gives the accurate value

14 of gy, but gives als@p = 2.113, a value significantly different
H,= ﬂé@-Bo + Zs-,&k-|k () from the experimental valugy = 2.365. Consequently the
k= purely [M;| = Y/, ground state is not able to fit the experimental
_ values of the axiag) tensor ofl, even by considering second-
whereg and A are theg tensor and the hf tensor for tieh order effects. We must thus consider other admixtures to the
proton. The principal valuegy, gy, andg; of theg tensor are  predominantly5/,,+>Cground state. Such effects are possible
functions of the coefficientay, in expressions 2. if solid-state packing forces are also effective in frozen solution.
Complex 1 with the eclipsed conformation has tHem For example if the symmetry is lowered ©y, as it was

symmetry. However X-ray diffraction and theoretical calcula- effectively found in the solid state by X-ray diffractidfthe
tions showed that it exhibits the staggered conforméidh. first-order crystal field operator is given by eq 1 wilh= 5/,

The latter should have thB7q (or D7) symmetry in the gas  and the symmetry allowed values kfand g2 whereOé and
phase, but this symmetry is actually reduce€tgin the solid

state!® presumably because of the crystal packing forces. H,=B)O)+ B30+ B} O} +B:O2+ B; O} (6)
Despite the fact that such forces may exist in frozen solution,
we shall first analyze thg tensor by considering the axiBly, 0421 operators contairszi spin operators which miM; states

D7q, or D7 symmetries. It has been demonstrated thatlany giffering by 2, so that the ground-state wave function is now
configuration withCy,, Cy, Cpy, D, Dnn, @andDpg Symmetry can written as

be treated in terms of a field of effectively axial, symmetry

as long a1 = 2| + 1.223 Thus both the eclipsed and the gas- |£0= 4a|’l,, £, bl %, +,00 ¢, 7,0 (7)
phase staggered conformations bfmay be treated irCe,

symmetry. In this case all thB] coefficients withq = 0 with a2 + b? + ¢ = 1. The operatoiO; mixes M; states
vanish in eq 1 and the remaining spin operat@$sand Of are differing by 4, so that the terr8} O} produces only a second-
only functions ofJ? andJ; operators, so thatl. is diagonal in  order admixture in thé/,,+ Y, state and is thus neglected. The
the [J,M;0 representation. The effect dfic is to remove,  wave function 7 is characterized by a rhombiensor expressed

without mixing, the degeneracy of the three Kramers doublets. a5
The three pairs of wave functions of the effective= 1/, spin

doublets are given by expression 2 with only one nonzero value 9= :|:6/7(2\/§bC + 4/ 2ac+ 3a2)
of am,, which thus becomet= |J,£M;0 The three Kramers
gg;tggtnse rirseg(i:\tl:r:ag)t/erlzed by axmlfactors, with the two 9= i6/7(2 VBbe — 4v/2ac + 3a2) 8)
S0 g =g,=0.86 g~ +°/(5b” + a* - 3¢?)
9 =39, =2.57 The experimentalg values satisfy expressions 8 for the
|5/2 i3/2D g,=39,=2.57 following ground-state wave function in thel M, representa-
' ' tion:
9,=0
5,4%,0 g =5q,=4.29 |£0= +0.948%,,+ 1,1 0.323%,,+7,0  (9)
9, =0 (4) which gives the tway valuesg, = g, = 1.215 andgy = gy =

go = 2.311 close to the experimental results (Table 2). The
parametersy and g deduced from eq 9 have the same sign,
which is thus taken positive. Because the admixturelcdtates

whereg; = 8/; is the Landefactor for a2Fs, state.
The experimental sequence gparametergy > 2 > g, >
0 measured fol is close to the theoretical valugs = 3g, =

2.57 expected for the/,,+,(state, and very different from (%‘é) Misra, S. K.; Poole, C. P.; Farach, H. Appl. Magn. Resorl.996
11, 29.
(23) Scott, D. R.; Matsen, F. Al. Phys. Cheml1968 72, 16. (25) McLaughlan, F. D.; Forrester, P. Rhys. Re. 1966 151, 311.




6088 J. Am. Chem. Soc., Vol. 120, No. 24, 1998 Gourier et al.
Table 2. Spin Hamiltonian Parameters a&f
o g0 Al Az % Aiso Ainiso Agniso Agniso
1.244+ 0.005 2.365k 0.005 —5.8(5) —5.5(9) +3.3(3) —2.7(0) —3.1(5) —2.8(9) +6.0(3)
a Hyperfine parameters are given in MHz.
into the ground state should be inversely proportional to the
splitting AE between these states, the relative importance of f5 MMy 1M
the |5/,,%5/,0admixture in the®/,,+,0ground state compared B oreseniadon | representation
to the lack of admixture of%/,,4+3->0indicates that in axial ﬁ’
symmetry Dz, D7q, Or D7) the |%/,,45,0Kramers doublet is 32 31
probably very close to the ground stgb&,+-/,0] while the Q hg,mz)i
[5/,,43/,Ostate is removed at higher energy. It will be shown 2 YA U e
below that this feature is a direct consequence of the antibonding m M an) :
character of thesforbital.  E—C T}
The passage of the wave function (eq 9) from theM,0 fo fx i
representation to theM;,M¢J representation is achieved by f¢ a2 3 4/2)%
using ClebschGordan coefficients (see also Table 1): |_3_’+1,2)§
|+C= F0.6210,+£",1 0.7174+1,FY,[FF :
0.122+2 4%, 0.298+3,F",0(10) - ;
. Rp,> ls2z212)

Thus the electron ground state bfis mainly composed of
5f, (38.5%) and 5f (51.4%) metal orbitals, with a small
admixture of 5§ (8.9%) and 5§ (1.5%) orbitals.

(2) Determination of the f-Level Ordering. The rather

complicated f-orbital composition (expression 10) of the ground-
state wave functions results from the combination of three

effects: (i) the spirorbit interaction, (ii) the metal ligand
interaction, and (iii) the actual symmetry of the complex which
produces the admixture ¢i1;| = % into the|M;| = %> ground

state. In pseudoaxial symmetry, the ground state would be of

purely |M;| = Y, character, which is written in|},MsJ
representation as

1%, Y, 0= :l:2/«/7|:|:1,:F1/2|3F\/;7|0,:|:1/2D (11)

thus with a composition of 5f(57.1%) and 5 (42.9%) AOs
which is close to that found for the actual ground staté.ok
2-fold symmetry allows admixture of bot;| = 5, and?- in
the/, ground state although on®s was found experimentally.

As mentioned above this feature points to an energy level

ordering|M;| = ¥, < 5/, < 3/, for the axial symmetry of. in
the gas phase. However a ligand field calculatipredicted
that the energy level ordering of the! fconfiguration of
actinocenes with pseudoaxial symmetry should\Nsg= 5/, <
1/, < 3/,, for which we expect a sequencegfactorsg, > 2>
oo > 0 very different from the experimental oge > 2 > g
> 0. Moreover, without spirrorbit interaction, the ground-
state wave function df should be of purelyM,,Ms(= |0,£Y/,0
(f,) charactef? for which we predict a paralleg factor g, =
2.002 very different from the experimental valge= 1.244.

It will be shown that the f-orbital composition (eq 10) bf
is the result of a combined effect of the spiorbit interaction
and the strong sf~€, interaction, which was predicted to
dominate the upper part of the energy level diagram of
actinocene$. Up to now we analyzed thgtensor in the weak
field approximation without a particular hypothesis on the
f-ligand interactions. The spirorbit operator

Hgg= AL*S

= ’%[J2 ~L?-9] (12)

Figure 3. First-order effect of spirrorbit interaction on a degenerate
set of §, ., and f, orbitals. The resulting states are given jM[MJ
representation, and also ifJM;l representation whed may char-
acterize a particular state. The composition of staggeS§land |y.is
given in expressions 14.

was thought to occur on a complete f-AOs set, written in the
[19.M0 representation sincéd is a good quantum number in
that case and is supposed to give a degenéfateground state
in spherical symmetry. This degeneracy was lifted into Kramers
doublets only by the metaligand interactions. This picture
is not correct if one of the -AOs, namely thes5participate to
the metat-ligand bonding with the & (bonding) and the &
(antibonding) MOs (Figure 1). In this cageis no longer a
good quantum number, and spiarbit interaction should be
studied in the |M|,Md representation by using only the orbital
and spin operators ikso’
Heo=ALS, + %(US‘ +L°Sh) (13)

Figure 3 shows the effect of the spiorbit interaction on
the degenerate set of,ff;, and {, orbitals by a first-order
perturbation calculation. Due to their strong covalent character,
the {s orbitals are involved in bonding and antibonding orbitals
and are not considered in the calculation because of their
important splitting from the other f orbitals, so that they interact
with the f;, f;, and f, AOs only in a second-order correction.
The different states resulting from the spiorbit interaction,
written in the [M|,MJJ representation, are also written in the
[13.M;0 representation whehremains a good quantum number
for the description of a particular level. It can be seen thatspin
orbit interaction mixes only the,fand the two £ orbitals
characterized biv, andMs of opposite sign. The—x mixing
gives two levelgyiOand |y,0at —21 and+31/2 respectively:

0= jF\/;vloillzDi 2WT|£LF 1,0
(14)

|y, 0= £2/V/710 &Y,k \/;7|il,¢l/2D
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which correspond to the putd,M;0= |3/, +Y,0and |7/, 41,0
states respectively (see Table 1). The ground state ddyhlet

is followed by a closely spaced doublet made odibitals with

M, and Mg of opposite signs, located af2 above|y;[] This
splitting can be smaller thati2 if |y1Cexhibits an antibonding
character, as will be shown by ENDOR. The next doublet at
5112 above|y, s of purely f, character witiVl; andMs being

of the same sign. The highest energy levels are two degenerate

doublets at 2/2 above|y,[] the first one beindy.0and the
other ones being of purely tharacter, withV; andMs of the
same sign. At this stage the main characteristics of the electron
ground state orbitals of (expression 10) deduced from the
analysis of they tensor can be interpreted as follows:

(a) In “spherical” symmetry, the combined effects of the
spin—orbit interaction and the strong covalent character of the
fs—€, interaction result in a doubly degenerate ground state
composed of f (~=57%) and § (~43%) orbitals. This composi-
tion is similar to that of the SOMO df. There is a close excited
doubly degenerate level composed of pugeofbitals. The
sequence of f levels should be,(f,) < fy < f; < {4, (fz, o).

(b) The f-ligand interactions with the pseudoaxial symmetry
of the gas-phase staggered conformatiobhwbuld shift without
mixing the energy levels. However this effect is probably small
since there is no level inversion afwliCremains the ground-
state doublet.

(c) The actual low symmetry due to the combined effects of
the staggered conformation and the solid-state packing force
induces a mixing of the ground state;[Jorbitals with the
closely spaced,forbitals. The low symmetry also allows & f
admixture. However the,fadmixture &9%) is much larger
than that of § (~1%), because the amount of mixing being
inversely proportional to the energy splitting between the
orbitals, this favors a mixing with the closely spacgdAOs
rather than with thesforbitals participating in the bonding and
antibonding &, and 4, MOs.

Electron Nuclear Double Resonance Spectroscopy

In this part we analyze the ligand contribution to the SOMO

S
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Figure 4. Simplified energy level diagram showing the three types of
covalent transfer giving an unpaired spin density in @arbon orbital,
which in turn induces an isotropic proton hf interactidg, by spin
polarization of the inner CH-based MOs. (a) ligand to half-filled metal
orbital transfer; (b) ligand to empty metal orbital transfer; and (c) metal
to ligand transfer (back-bonding).

ms = 41/, electrons can be transferred. However because of
the exchange energy, the transfer is more favorable fomthe

= +1/2 electron than for the other, so that this exchange-
polarized transfer leaves a negative spin dengity< 0 on
carbon p orbitals (Figure 4b). It is evident that the back-
donation mechanism (c) leadsdp> 0. Thus the determination

of the sign and magnitude ¢f; should give information about
the nature of the covalent interactions involving the SOMO and

by ENDOR spectroscopy. Only the 14 hydrogen atoms possesshe unoccupied f-based orbitals.

a nuclear spin so that ENDOR should give information only
about the uraniumhydrogen hyperfine interactions. However
the 5f-GHy covalency should result in an unpaired spin density
in 2p, carbon orbitals, which in turn should produce a spin
density on hydrogen 1s orbitals by spin polarization. Thus the
proton hf interaction contains information on the f-carbon
covalent interactions.

Three kinds of interactions are responsible for an unpaired
spin density on ligand orbitaf8. Figure 4 represents a schematic
energy level diagram with two f-based uranium orbitalsatid
f2), the lowest one ¢J with a single electron, and two ligand-
based MOs made of symmetry-adapted linear combination of
carbon g orbitals (l,1 and k). This diagram represents also
one of the CH-basedr orbitals of the GH; rings. The
uranium-ligand interaction manifests itself either by a virtual
electron transfer from the ligangiIMO to one of the uranium
f orbitals (mechanisms a and b) or by a transfer from the metal
f, orbital to the empty ligand,; MO by the back-bonding
mechanism (c). If the ligand-to-metal transfer occurs in the
singly occupied uranium orbital,fonly a spinms = —%; can
be transferred because of the Pauli principle, leaving a positive
spin densityp, > 0 in p, carbon orbitals (Figure 4a). If the
electron transfer occurs in the empty uranium orbitabbth

(26) Simanek, E.; Sroubek, Electron Paramagnetic Resonanédenum
Press: New York, 1972; p 535.

A direct measurement gf; is not possible because only the
13C isotope possesses a nuclear dpi Y,, and its very low
natural abundance (1.11%) precludes its detection by frozen
solution ENDOR. However a spin density;, on carbon p
orbitals polarizes the inner CH-basedrbitals?” A positive
spin densityp, = +1 should result in an exces of negative spin
density at the hydrogen nucleus, responsible for a negative
proton hf interaction of about-80 MHz, the exact value
depending on the arene molecule. Thus an accurate measure-
ment by ENDOR of the magnitude and sign of the proton hf
interaction should give an estimate @f.

(1) Principal Features of ENDOR Spectra. Figure 5 shows
four selected proton ENDOR spectra recorded at the observing
field values marked by arrows in Figure 2. They all exhibit
the following features: (i) a set of more or less resolved lines
localized at the proton nuclear frequenay = gnSnBo,
representing the dipolar interactions of the unpaired electron
spin on the metal with the protons of the solvent cage (the so-
called matrix lin@®); (ii) several pairs of lines (one, two or three,
depending on the field setting) at + A/2 due to the hf
interaction of the unpaired electron spin with protons efi¢
rings. The ENDOR spectra strongly depend on the field setting

(27) McConnell, H. M.; Chesnut, D. Bl. Chem. Phys1958 28, 107.
(28) Hyde, J. S.; Rist, G. H.; Eriksson, L. E. G.Phys. Chem1968
72, 4269.
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Figure 5. Four selected ENDOR spectra4K recorded at the field Figure 7. Frequencies of the ENDOR turning points versus the selected
setting values marked by arrows in Figure 2. These spectra correspondmolecular orientations. The selected anglés given by expression

to particular molecular orientations where some of the ENDOR 15. The discontinuous line represents the variation of the proton nuclear
frequencies give approximately the hf paramet&rsA;, andAs. frequencywy.

Z the possible symmetrid374 or Co, of 1,with C, axes perpen-
dicular toz, one of the hf principal axis (chosen as t#heaxis)

Bo is perpendicular ta.
8iig Let us now consider the ENDOR spectrum of Figure 5d,
obtained with the field setting d of Figure 2. In this case the
selected molecules have their axis at abSut@mn the magnetic
field Bo, and the protons are almost magnetically equivalent.
For Bdlz (i.e. 8 = 0) we expect only two symmetrical (single
crystal like) ENDOR lines at frequencies ~ vy + A(On)/2.
However the ENDOR signal is very weak in that case. This is
the reason we choose a field setting below the parallel turning
point, which gives a stronger ENDOR intensity. For the field
setting a of Figure 2 giving the ENDOR response of Figure 5a,
Figure 6. The principal axis system of thgand hf tensors. all the selected molecular axes make an afigtes/2 with Bo.

We expect ENDOR lines with two sets of turning points
value, which is the indication of a good selection of molecular corresponding te\; andA, ~ A, cog Oy + Ag sir? Oy. Figure
orientations. This arises because the intrinsic EPR line width 55 clearly shows the turning pointsiat ~ vo = Ay/2, the other
of the spin packets representing each individual molecular turning points aty ~ vo + A2 being hindered by the matrix
orientation is very small (typically 2.5 mT for a spectral width  |ines3° The two other ENDOR spectra of Figure 5 correspond
of 250 mT). to selected molecular axes making an an@lez 7/2 — 6y

The general features of the ENDOR spectra can be qualita- (Figure 5b) and) = 6y (Figure 5c). In these cases the spectra
tively understood by considering the relation betweergthed exhibit turning points avy & vg + A2 andvy & vy £+ Agf2
A tensor axes. Figure 6 is a schematic representation of arespectively.
sandwich complex, with a proton at a distafit®om the metal (2) Measurement of the Proton Hyperfine Parameters.To
atom and the B-H axis at polar angle$y and ¢y in the g test this qualitative interpretation and thus to obtain accurate
frame. Thez axis of the axialg tensor being parallel to the  values of the proton hf parameters, we performed a “crystal-
molecular axis, if the EPR spectrum is partially saturated at a lographic ENDOR” study by taking advantage of the good
field setting Bo = hv/gB located between the parallel and angular selection of molecular orientations resulting from the
perpendicular turning points and characterized byghealue small EPR line width. Figure 7 shows the variation of ENDOR
9(6) = (g cog 6 + g2 sir? H)12, this implies that the selected  frequencies versus the selected arijleelated to the fields,
set of molecular orientations makes an artleith the magnetic by
field By (see Figure 2). However the principal axes of the

and A tensors are not collinear (Figure 6), and #eaxis of R (hv/ﬂBo)2 - gé 12
the hf interaction with one hydrogen points approximately 6 =co 2 2 (15)
toward this atom, and thus makes an angle clogitwith the 9~ 9%

gi tensor axis (the molecular axis). The consequence is that if
a single molecular orientatighis selected, the other polar angle b
¢ can assume all the possible values between 0 antig@use

of the axial symmetry of the tensor. For this reason the
ENDOR spectrum is a powder average of all the possible values
of ¢, and presents a characteristic powder line shape with one,
two or three turning points for eaah state!”-1829 Owing to

The important angular variation of ENDOR frequencies arises
oth from the angular dependence of the proton hf tedsor
and theB, dependence of the nuclear frequengy= gnSnBo/

h. Since the latter is known (discontinuous line in Figure 7), it
is possible to extract the hf tensAr=(A;,A2,As) expressed in
its principal axis system. However the selection of molecular

(30) The weak symmetrical lines close to the turning points cannot be
(29) Gourier, D.; Samuel, El. Am. Chem. S0d.987, 109, 4571. interpreted as allowedms = 0, Am = £1 ENDOR transitions.
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angle 6 is made in the reference frame of thetensorg =
(91,92,03) with g3 = gy andgis = g = g, and the hf tensor is
not diagonal in this frame. Hurst et al. derived a general
expression for the first-order ENDOR frequencies in a general
situation of non coaxiafj and A tensorst®

3 212
v hA) — h, 6
ST

with ms = £, and withh; = cos¢ sin 0, h, = sin ¢ sin 9,
andh; = cos#@ being the director cosines of the fieBy. The
elementsA; of the hf tensor are expressed in thérame and
are related to the elemenfg in the A-frame by

[A] =P YAJP (17a)
where
10 0
P=]0 cosfy —sinb (17b)
0 sinfy cosby

is the rotation matrix aroundy; (Il A;) by an anglefy.
Theoretical expressions of the angular variations of ENDOR

J. Am. Chem. Soc., Vol. 120, No. 24,60998
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Figure 8. Variation of g?(8)v(0)? versus the selected angle. The full
and empty circles correspond to the turning poipits 7/2 andg = 0,
respectively. Error bars are only indicated for some experimental points
for the sake of clarity. The full lines are calculated with expressions
18 and 19.

100

andAg = F3.3(3) MHz. It must be noted th#%s and @1,A)

frequencies can be derived from expressions 16 and 17. Sincegre of opposite signs. The relatively good agreement between

the powder ENDOR line shape exhibits turning points corre-
sponding to the polar angles = 0 and¢ = 7/2, we shall
consider these two situations separately. For the gase0,
corresponding to a rotation of the field in thgs,01) plane, we
obtain the following expression relating the ENDOR frequencies
v(ms) to the hf parameter8y, Ay, andAs:

gA(O)v*(m) = x, Sir’ 6 + x, cos (18a)
with
X, = (MAG — g(O)v,)°
and
X, = (M(A; — A))g, sin Oy coshy)®  (18b)

9(O)vo)*

Alternatively an angular variation in theg4g,) plane,
characterized by = 71/2, gives the expressions:

+ (MyA, sir’ 6, + A; cos 6,)g, —

experimental and calculated curves confirms the qualitative
interpretation proposed for the ENDOR spectra of Figure 5. The
observed discrepancies could be due to second-order effects,
which are not accounted for in expression 16.

The proton hf interaction can be separated into the isotropic
(scalar) partAiso and the anisotropic (traceless tensor) part

AIaniso.

1 3
A= 3 A
(20)
A=A = Ag,

with Ao = £2.7(0) MHz, AT™° = £3.1(5) MHz, A;™° =
+2.8(9) MHz, andAd™*° = F6.0(3) MHz. It is worth noticing
that the anisotropic terms are comparable with those calculated
from a pure dipole-dipole hf interaction, given by the following
expression:

99
gX(0)v* (M) = (X3 Sin 6 + x, cosh)? + (xs Sin 6 + X, c0SH)? AM(6) = hl:fN 3 cog (6 — 6) — 1] (21)
(19a)
with Taking the valueR = 3.25 A for the uraniurrhydrogen
distancel?® expression 21 giveAgd = +4.60 MHz andAX® =
X3 = MG (A, cog 0y, + A sirf 6y) — g(0)v, AY = —2.30 MHz forg = 6y andg = 6y — /2 respectively
(by consideringg > 0). Although these values are different
X, = MG, (A; — Ay)sin 6 cosb from the experimental values @™, they are close enough
to imply that they are of the same sign, which gives only one
Xs = MY(A; — Ay)sin 6 cosby possibility for the sign of the hf parameters (Table 2).
(3) Ligand Contribution to the SOMO. The important
X = Mg, (A, sir 6, + cod 6,) — g(0)v,  (19b) information given by ENDOR is that the isotropic proton hf
interaction is negative. This corresponds to a negative spin
Figure 8 represents the experimental and calculated angulardensity py = —1.9 x 1072 at each hydrogen atom, which

dependences @f(0)v?(me) for the two polar angle¢ = 0 (open
circles) andp = /2 (full circles). The theoretical curves have
been calculated from egs 18 and 19, with the afgle= 43.9
and the hf parametess; = +5.8(5) MHz, A, = +5.5(9) MHz

indicates a covalent character of the SOMQ.ofFor example,
the valueAiso = —2.70 MHz found forl is close to the value
Aso = —2.4 MHz found for the Co(Cp)complex (Cp= 75
CsHs), with a SOMO presenting a pronounced met@p
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covalent interactiod! Alternatively a SOMO made of the
nonbonding ¢ (d2) orbital in transition metal sandwich
complexes exhibits a large and positive valué\gf due to the
direct delocalization of the unpaired electron spin in 1s hydrogen
orbital. For example Ti(Cp)(cht)anion (cht= 5’-C;H7) is
characterized byso = +14.2 MHz for the hf interaction with
C;H7 protons32 The fact thatl exhibits a negative isotropic
proton hf interaction close to that of (G@)o is sufficient to
conclude that its SOMO shows a significant covalent interaction
with the GHy rings.

This conclusion must be refined by a more gquantitative
analysis of the hyperfine parameters. The negative sign of the
isotropic hf interactiorAiso in a sandwich complex results from
the spin polarization of the inne{CH) orbitals due to a nonzero
spin density at the 2pA0O of the ring carbon atoms (Figure 4)
and also to a direct,f1s(H) interaction. Thus the isotropic
interaction with theth proton is written as the sum of two terms:

Al = Q¥ + a AL, (22)

The first term represents the contribution from the spin
polarization given by the McConnell relatidhwhere pf," is
the spin density in the 2pA0 of theith carbon. The parameter
Q1 is the hf interaction for an isolated CH fragment, wih =
—76.28 MHz for -C;H7 ring3® The second term of 22
represents the direct1s(H) interaction, wheréy! = +1420
MHz is the hf interaction for an isolated hydrogen atom and
aﬁ is the spin density at the hydrogen nucleag,being the
coefficient of the 1s hydrogen AO in the SOMO. This
contribution is the largest one for transition metal sandwich
complexes with a SOMO made of the nonbondihg (do)
orbital3* and the SOMO ofl contains 39% of 5f uranium
orbital (see expression 10). However the lobes of jalfital
are more slender than those of theodbital, so that the overlap
with hydrogen 1s should be weaker. For this reason, the direct
metak-hydrogen interaction is probably very weaklirbecause
even a very smallby coefficient should give an important
positive contribution té\s,. For example a spin density as small
asa? = 104 should contribute te-0.14 MHz to the isotropic
hf interaction. Since we ignore the valueay, expression 22
with a4 = 0 gives only a lower limit forpo,. Neglecting the
slight inequivalence of carbon atoms due to the staggered ring
conformation, an average spin density > + 0.036 in each
carbon 2p AO is obtained. This value is similar to that found
for cobaltocened, = +0.078), which possesses a,dthsed
SOMO with a pronounced contribution afMOs of Cp rings3!

Returning to Figure 4, the positive sign @f, and its
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SOMO. In axial symmetry@-,, D7y, andD7) and neglecting
the spin-orbit interactiont the filled &, ande, ligand MO can
interact with f, and f, uranium orbitals by mechanism a. Also
the emptye; ligand MO can interact with the,forbital by the
back-bonding mechanism’cSince f, and f, orbitals contribute

to 90% to the SOMO, compared to 9% for thedrbital, it
appears that a ligand to half-filled metal AO transfer appears
as the dominant mechanism of covalence for the SOMO, which
should thus exhibit an antibonding character.

Concluding Remarks

The S = 1/, character of [Uf’-C;H7);]~ anion 1 gives the
opportunity to explore the nature of the SOMO, its covalent
character, and to get information on the f-level ordering by EPR
and ENDOR. The association of these techniques with pho-
toelectron and optical spectroscopies as well as theoretical
calculations, should now make it possible to analyze the
complete energy level diagram of this family of compounds.

Spin—orbit effects strongly influence the part of the energy
level diagram containing the f-based MOs. The analysis of the
EPR parameters indicates that both the strong participation of
the 5§ orbitals to the bonding and the spiorbit coupling could
be responsible for the actual f composition of the SOMO. The
latter was found to be composed essentially of 51% gfabid
39% of 5f; uranium orbitals, a composition close to that of a
purelyd = 5/, M; = £/, doublet. The small admixture of 5f
orbitals might be due to a low symmetry effect resulting from
the conjunction of the staggered ring conformatiori,o$olid-
state packing forces, and the very small splitting between the
SOMO and § orbitals. In this context the extremely small
admixture of 5§ orbitals is due to its important separation from
the SOMO resulting from its participation to the bonding.

From our analysis it can be proposed that the domidant
5, Mj = £, ground state and the very poas &dmixture
constitute a fingerprint of a strong participation of the latter
orbitals to the bonding. Curiously enough, the composition of
the SOMO ofl is similar to that recently found for a series of
organouranium(V) compoundgwhich all exhibit a predomi-
nantJ = 5/, M; = £/, ground state, regardless of their geometry
(pseudotetrahedra or trigonal bipyramids) and the nature of their
ligands. This result might indicate that these compounds also
exhibit a significant participation of the; forbitals to the
bonding.

Finally it also appears that ENDOR spectrocopy opens the
possibility of exploring the ligand character of the, ff,-, and
fs-based MOs usually considered as nonbonding &nd in
actinocened- %4 In particular this techniques gives an estimate
of the spin density mapping on the ligand atoms of the complex.
Since these parameters are observable quantities that can be

magnitude indicate that there is a direct covalent transfer estimated by MO calculations, it might be useful that future

betweenr-based ligand MOs and the singly occupied f-based works dealing with theoretical calculations on paramagnetic
orbital. It appears that both ligand to half-filled metal transfer uranium compounds systematically indicate the spin densities
(mechanism a) and metal to empty ligand transfer (back-bondingat metal and ligand atoms.

mechanism c) can contribute to the covalent character of the Acknowledgment. We are grateful to Mrs. Simmons for

technical assistance.

JA9740172

(35) Gourier, D.; Caurant, D.; Berthet, J. C.; Boisson, C.; Ephritikhine,
M. Inorg. Chem.1997, 36, 5931.

(31) Rudin, M.; Fauth, J. M.; Schweiger, A.; Ernst, R. R.; Zoller, L.;
Ammeter, J. HMol. Phys.1983 49, 1257.

(32) Gourier, D.; Samuel, Hnorg. Chem.1988 27, 3018.

(33) Carrington, A.; Smith, I. C. Mol. Phys.1963 7, 99.

(34) Rieger, P. HCoord. Chem. Re 1994 135/136 203.




