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Niobium Organometallic Chemistry. Part 6.t Electron Spin Resonance
Study of Bonding in Pseudo-tetrahedral Bis(n-cyclopentadienyl)niobium-
(iv) Complexes
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X-Band e.s.r. spectra of two [Nb(n-C;H;),{S,;P(OR),}]* complexes (R = C,H; or i-C;H,) have been recorded at
room temperature and 77 K. They show interaction of the unpaired electron with the **Nb and the 3!P nuclei. A
detailed analysis of spin-Hamiltonian parameters is given and the bonding is discussed assuming that the ligand
field around niobium has C,, symmetry. The strong and almost isotropic superhyperfine coupling of the unpaired

electron with the 31P nucleus is interpretable in terms of delocalization through the sulphur atoms.

WE recently reported that bis(n®-cyclopentadienyl)-
niobium dichloride [NbCly(4-C5Hy),] reacts with sulphur-
containing ligands affording niobium cationic species
such as [Nb(n-C;H;),(S,CNR,)]™ and [Nb(y-C;Hj)a{S,-
P(OR),}]*.12 Such pseudo-tetrahedral niobium(1v)
complexes are paramagnetic and may be studied by
e.s.I. spectroscopy. Owing to the presence of a phos-
phorus atom, superhyperfine coupling arises in the 0O’-
dialkyl dithiophosphate complexes and these are more
suitable than the dithiocarbamates for the investigation
of the electronic properties.

We report here the results of our studies on the c.s.r.
and optical spectra of the [Nb(n-C;H;),{S,P(OR),}]-
[PF,] complexes. The data are discussed in terms of
the energy levels and bonding parameters, assuming
a distorted (Ca,) tetrahedral ligand field around niobium.

EXPERIMENTAL

The [Nb(n-C,Hj;){S,P(OR),}][ Y] complexes (R = C,H;
or i-C;H;) were prepared by treating dichlorobis(»-cyclo-
pentadienyl)niobium with tetraphosphorus decasulphide in
the appropriate alcohol.?

Electron spin resonance spectra of acetone solutions of
[INb(n-CH;)o{S,P(OR),}}[PF,] (R = C,H; or i-C;H,) were
recorded on an X-band JEOL ME 3X spectrometer.
Experiments at 77 K were performed using an insertion
quartz Dewar. The magnetic field was measured with a
n.n.r. proton probe and the microwave frequency with a
wave meter giving an accuracy of +1 MHz. A computer
program was developed to simulate the e.s.r. spectra of
d'ions (S = %) with orthorhombic g and A tensors (assuming
coincident axes of both tensors) and a superhyperfine tensor
with one I = } nucleus. The line shape was taken as a
Gaussian or Lorentzian first derivative. The angular
dependence of the resonant field and the transition inten-
sities, taking into account second-order terms, were taken
from Sakaguchi et al® The frozen-solution spectra were
calculated by accumulating the spectra corresponding to
different orientations of the magnetic field towards the
g and A4 tensor axes. These orientations were obtained by
subdividing the triangular faces of a regular icosahedron

1 Part 5, I. Bkouche-Waksman, C. Bois, J. Sala-Pala, and
J. E. Guerchais, J. Organometallic Chem., 1980, 195, 307.

into several triangles giving 93, 345, and 1 329 orientations
per octant.4

RESULTS

Figure l(a) shows the room-temperature e.s.r. spectrum
recorded on an acetone solution of [Nb(n-C,H,),{S,P-
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FicurRe 1 Room-temperature e.s.r. spectrum of an acetone

solution of [Nb(n-C H;),{S,P(OR),}1[PF]. (a) Experimental
spectrum, (b) simulated spectrum
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(OR),}][PF4}. 1t exhibits the superposition of two ten-line
spectra due to the hyperfine coupling of the 4d unpaired
electron (S = }) of a Nb** ion with the nuclear spin (I =
2) of the 1009 abundant *3Nb isotope. Each of these
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lines is split into two, showing strong superhyperfine
coupling with the 3'P nucleus (i = }) of the dithiophosphate
ligand. The two sets of hyperfine lines actually overlap on
the high-field side of the spectrum and due to the line width
(ca. 20 G) * they cannot be separated as shown by the
computer simulation presented in Figure 1(b). The
spectrum can be described using the isotropic spin Hamilton-
ian (1) where 4 and I refer to the Nb nucleus while @ and ¢

Hiso, = giso.ﬁﬁ- g + Aisoj . ‘§ + aiso.g- § (1)

refer to the phosphorus. The measured values are listed in
Table 1.

The frozen-solution spectrum (Figure 2) also exhibits
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FIGURE 2 Frozen-solution e.s.r. spectrum of [Nb(y-CyH,),-
{SsP(OR),})[PFq] recorded at 77 K. (a) Experimental spec-
trum, (b) stmulated spectrum

hyperfine and superhyperfine features due to the coupling
of the unpaired electron with the Nb and 3P nuclei. A
straightforward analysis of this spectrum can be made
assuming that the ligand field around Nb** has a C,, sym-
metry. Since the quadrupolar interactions at the central

* Throughout this paper: 1 G = 104 T.
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ion appear to be very small, and assuming that g and 4
tensor axes are coincident, the spin Hamiltonian can be
written in the diagonal form (2).

H = gzzBH:’-‘SAz + gyyBHy“Sy + gzzPIA{zSz + .~
AzeS:I: + Ayysyly + AuSd; + 0228, .
4,83, + a..84, (2
All spin-Hamiltonian parameters were determined from
computer simulation. The best fit was obtained using a

TABLE 1

Spin Hamiltonian parameters of [Nb(n-C;H;),{S,P(OR),}]-
[PF4] acetone solutions. All hyperfine tensor com-
ponents are in 1074 cm™

R = ethyl R = isopropyl

Lz 1.999 1.999

P 2.001 2.000
g tensor ot 1.963 1.962

oo_gm e
" zz - - -— .
AL 4, —79.4 —78.4

yperine —123.2 —123.7

tensor o :

Ao ~75.7 —175.6

a, . .
superhyperfine: a:: 85.0 85.9
tensor Bn. 85.1 86.0

Lorentzian derivative line shape and an isotropic line
width. The results are listed in Table 1. There is no
significant change in any of the parameters for the two
dithiophosphates studied; this suggests that the nature of
the alkyl groups of the sulphur-containing ligand has little
influence on the electronic properties of the complex.

DISCUSSION

Molecular Orbitals.—Our results were analyzed by
assuming a Cp, ligand-field symmetry around Nb#* (x, y,
and z axes are chosen as in Figure 3). Our e.s.r. spectra

Ficure 3 Ligand-field symmetry of
[Nb(n-CyHj)a{S,P(OR)4}1+

indicate that, in agreement with previous studies 58
on tetrahedrally co-ordinated vanadium(iv) and nio-
bium(1v) complexes, the ground state is 24,. Molecu-
lar-orbital calculations and e.s.r. experiments by Stewart
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and Porte on similar complexes 56 indicate that the
main contribution of the metal ion to the ground state
comes from d,:_j,» and d,. orbitals. The 5s and 5p,
contributions can, to a first approximation, be neglected.
The a; molecular orbitals will then be described by the

1 /
T Wl ) S
/-
1 -
I —d _-d ) ——
R B o TN
VN
dz_2 NN

hW

\ R
/9’ \ Tzoooo cm’!

\ | .
[{:xy — I 4 ofa |dx2-,z>+bldzz>}+auA‘>

22

rd symmetry

FIGURE 4 d encrgy-level splitting in [Nb(y-CyH;)o{S,P(OR),}1[PF,l.
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effect, and hyperfine coupling will perturb the basic
wave functions. Identifying the matrix elements of
these interactions with those of the spin Hamiltonian
leads to expressions for the e.s.r. parameters as func-
tions of the molecular-orbital coefficients. For an

Bzdldyz? +6|LBZ>

B, ¥, ,> +3"|le‘ >

\ /‘,———-—-:—h o('{a' |dx1~y2> +b Idz, >} +d*llAl>
24750 cm
\/

Az p ldxy>+p’ |tA2>

L‘zy symmetry

In the molecular-orbital expression |L1;> represents the

ligand-orbital combination having I'; symmetry

linear combination of three wave functions: the metal
4d,:_,» and d,» orbitals, and one ligand orbital com-
bination, L4, having ‘ 4, symmetry. We then have
three molecular orbitals corresponding to the general
expression (3) where a% 4 52 = 1.

Yua, = a(@ldp-yd + bldsd) + o”'|Ls)D 3)

The lowest energy 4, bonding orbital will be mainly
of ligand character while the highest antibonding orbital
will be mainly of metal character. The middle one,
roughly non-bonding, could exhibit both ligand and metal
character.

The Cq, component of the ligand field mixes the nio-
bium 4d,:_,» and 4d,. atomic orbitals, so the question
arises which orbital lies lower? As already mentioned
by Stewart and Porte,® e.s.r. parameters can be used
quickly to distinguish whether the unpaired electron
in a tetrahedral complex lies in a d,s_,: or a 4, orbital.
If it were in d,,, we would have g, and g,, smaller than
8~ g% as in [NbX,(4-CH;),] (X =Cl, SCN, or
OCN) complexes.®> Our e.s.r. experiments show that
&:. 1s smaller than g, and g,,. This indicated that the
unpaired ¢ electron lies in a d,:_,» orbital. Mixing of
4d,» character into this orbital accounts for the ‘ in-plane
anisotropy ’ of the g tensor. The Ci, component of
the ligand field being relatively weak, we may assume
that a > b in the ground state. The excited states
corresponding to the antibonding molecular orbitals are
shown in Figure 4.

Electron Spin Resonance Parameters and Molecular-
orbital Coeffictents.—Spin-orbit coupling, the Zeeman

unpaired d.:_,» electron in a Cy, ligand field, these
functions are given in equations (4)—(9).11% In thesc
expressions, the small 2 terms have been neglected, A is
the spin-orbit coupling constant of the Nb ion in the

2a(a + 2+/3b) a®y2

gz:c = ge B Ezz - EI"‘!/’ (4)
2a(a — 24/3b) 232
Byy = 8e — (Eyz —\/Ezl:: (5)
N 8a2a2B2
Bez = Be — m (6)

Ay = P[—K + ?/azaz _ ‘%/_3 ab — (g0 — gus) -

. . b

- 44/3
Ay = P[—K + ‘3‘“2“2 + %/* ab — (g — &) +
1 (Ba — +/3b)

4 (a T +/30) (8 — &e) + ; % (g — &)1 (8)

A, = P[—K — ‘;azaﬂ — T%(f’:—j\l//%)- (e — gw) —
1 (3a — /3b) (g — gea) — (8 — 2] (9)

13 (@ T /30)
valence state appropriate to the complex, K is the iso-
tropic Fermi contact term, and P = g.8.8aBn {@yr_-
[r3|dsy2y. From these equations we can deduce
equations (10)-—(12). We have assumed here that all 4
parameters are negative as already reported in the
literature for niobium(1v) complexes.®14


http://dx.doi.org/10.1039/DT9810000064

1981

The measured e.s.r. parameters (Table 1), together
with equations (4) to (12), allow us to calculate a2, b2, o2,
and K. It is not possible with the paramagnetic
resonance data alone to determine either the relative

A4y =—P(K + g — &) (10)
<A> = % (Azz + Ayy + Azt) (11
(& = ¥gex + gy + 8z2) (12)

signs of a and b, or which of the in-plane g tensor com-
ponents should be attributed to g or g,. According
to our x and y assignment as indicated in Table 1, it
follows that a and b should have opposite signs. Inter-
change of x and y axes would lead to the same sign for
a and b. Calculations of a, b, «, and K were made with
the P and » values corresponding to the Nb* formal
oxidation state. This takes into account the screening
effect of the negatively charged ligands and corresponds
to the P = 0.010 86 cm™ value found by Stewart and
Porte ® in [NbCly(n-C;H;),]. Calculations made with
P and » values corresponding to a higher oxidation state
(Nb2+, Nb3+, or Nb?*) would give much lower « values
(«? ~ 0.3) than we could reasonably expect, indicating
a much stronger delocalization of the unpaired electron.

Results are collected in Table 2. They are quite

~

TABLE 2
Molecular-orbital coefficients calculated from e.s.r.
parameters
K la| 8] «?
R = cthyl 0.74 0.989 0.148 0.60
R = isopropyl 0.74 0.989 0.149 0.61

similar to those previously found for another tetrahedral
niobium(1v) complex [Nb(NR,),] where the unpaired elec-
tron also lics in a dq_,z orbital.® On the other hand, K
and « appear to be somewhat smaller than in tetrahedral
[NbX,(n-CsH;),] (X = Cl, SCN, OCN, or CN) where the
ground state is mainly of d,: character ® (e, 0.27—0.32;
b, 0.946—0.963). This indicates a stronger delocaliz-
ation of the unpaired 4d;:_,: electron towards the
ligands.

Ultraviolet-Visible Absorption Spectra—A typical
u.v.—visible absorption spectrum of a solution of [Nb(n-
C5H;)o{S,P(OR),}1[PF] in acetone is shown in Figure 5.
Intense charge-transfer bands can be seen around 28 000
cml. They can be assigned to transitions in which an
electron is transferred from a cyclopentadienyl ring
molecular orbital to that orbital which contains the
unpaired electron® Broad and weak absorption bands
appear between 20000 and 25000 cm™. They pre-
sumably correspond to d<-d transitions. A straight-
forward calculation shows that whatever may be the
exact value of »® and &%, the corresponding B;<A4,
and B,<-A, transitions lie quite far into the u.v.
region where they should be hidden by more intense
charge-transfer transitions. The two broad bands
observed at 24750 and 20000 cm™ should then be
attributed to the A,’<-4, and A,<-A4, transitions.
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The last should actually be forbidden because none of the
x, ¥, or z components of the electrical dipole moment
¢e has A, symmetry in the Cg, group. We then have
(A,l]A;> = 0. This is not the case for the integral
(A|x}4,”> and the corresponding transition should
have a higher intensity. We could then assume the
following assignments: Ay<-4; at 20000 cm™ and
A,'<-A, at 24 750 cm™.

Neglecting overlap effects, an approximate value of
A2 can then be deduced from ref. 5 giving 8% = 0.33.

1

Optical density

Il 1 1 1 1 1

600 550 500 450 400 350

A nm
Frcure 5 U.v.-visible absorption spectrum of an acetone
solution of [Nb(n-CgHy),{S,P(OR),} |[PF,]
This indicates a strong participation of the ligand
orbitals in the A, ground state («? = 0.66) as well as in
the A4, excited state (32 = 0.33).

TFrom these results, we could suggest a correlation
diagram giving the atomic orbital energy levels of the
Nb?** ion in the complex (Figure 4).

Superhyperfine Coupling with 3P.—A strong super-
hyperfine coupling of the 4d unpaired electron with the
31P nucleus is observed (Table 1). It appears even
stronger than the hyperfine coupling with the Nb
nucleus. Such high values have already been reported
for 3P or As superhyperfine interactions in similar
complexes.®1517  In our case, they are somewhat larger
than those previously found for a vanadium dithio-
phosphinate complex.!® This can be correlated to the
larger extension of the 4d orbitals, giving a greater
overlap with the ligand orbitals.

Table 1 shows that the superhyperfine tensor is
almost isotropic. This suggests that the phosphorus
orbitals involved in the interaction must be mostly
‘s’ in character. A direct overlap of the 4d,. metal
orbital with the 3s phosphorus orbital could account for
such a high hyperfine coupling. But, as the 4d..
contribution in the ground-state wave function appears
to be quite small (Table 2), we do not believe that this
is the main mechanism. We thus suggest an indirect
interaction through a o overlap between the Nb 44,._,.
orbital and an appropriate linear combination at the
two P-S os-bonding orbitals.!%18 The strong delocaliz-
ation of the unpaired 4d,:.,. electron indicated by the
low o2 value (Table 2) could account for such a high
superhyperfine interaction.
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The isotropic 3P coupling may be estimated from
equation (13) where op is the coefficient of the phos-
8

ap = gﬂgegnﬁeanw‘&s(o)lzal’z (13)
phorus 3s atomic orbital involved in the molecular
orbital containing the unpaired electron.

For 3P we have equation (14)%° we then- get
op? = 0.025 and «p = 0.158.

3 BB la (02 = 3231 x 10 et (14)

Conclustion.—Like their vanadium analogues, the
e.s.r. spectra of the [Nb(n-CH;),{S,P(OR),}]* cations
exhibit an hyperfine and a superhyperfine coupling
of the unpaired electron with the metallic and phos-
phorus nuclei. The superhyperfine coupling with the
3P nucleus is quite strong (ca. 90 G) and even stronger
than the hyperfine coupling with the %Nb nucleus
(ca. 75 G). It is almost isotropic and is interpretable
in terms of delocalization through the sulphur atoms.
While in the [NbX,(n-CyH;),] complexes (X = Cl, SCN,
or OCN) the unpaired electron was shown to be essenti-
ally in a d,» orbital, the e.s.r. data for the dithiophos-
phates are indicative of a mainly 4,._,: ground state.
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