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Ligand field calculations, excluding spin-orbit coupling, have been carried out for
bent d' metallocene complexes in C,, symmetry. The application of the results to
the interpretation of the d-d electronic spectrum of the representative d' complex
vanadocene dichloride is discussed with particular reference to the relative energy
of the five d orbitals.

Introduction

The nature of the bonding in bent d ¥ metallocene complexes of the type Cp,ML,_
(Cp = n°~C,H,; M =early transition metal; L. =ligand,e.g. halide, pseudohalide
etc; N =1-4; n = 1lor 2) has been a matter of great interest. Various
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theoretical molecular orbital (MO) calculations on such complexes f1-5] have led
to different orders of the frontier d orbitals. One very sensitive test of these
calculations is a check of the calculated d orbital energy order against the order
deduced by analysis of the d-d electronic spectrum using an appropriate theoretical
model. The mode! employed for this purpose is one which had been used for a
number of linear 4% (x = 2—8)metallocenes [6~11], namely the ligand field (LF)
model. In the framework of this model, the splitting of the d' M(IV) free-ion level
by a ligand field of C, symmetry is investigated. It is our subject to test such a LF
model by making assignment for the d-d bands in the electronic spectrum of the
representatived | bent metallocene complex, viz. vanadocene dichloride, Cp,VCl,,
and to determine the relative energy order of the V{IV) d orbitals. We follow the
traditional approach expressing the ligand field in terms of one-electron splitting or
LF parameters which are determined from experimental data, mostly d-d transition

energies.

Theory

Figure 1 depicts a bent metallocene Cp,ML, molecule of the idealised C,,
symmetry, its structural parameters and the coordinate system (identical to that used
by Lauher and Hoffmann [3]). The one-electron LF potential (spin-orbit being
neglected) experienced by a single d electron in the ligand field can be expressed as
follows

s

_ oypo <
Vi = Y IAETE S (M
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where A ‘,‘:Q are expansion coefficients, the VKQ are spherical harmonics, and r_ (#,))
is the lesser (greater) of the two distances, r, the distance of the electron from the
metal ion nucleus, and r,, ;. ., the metalion-ligand distance. Since V, - represents
the ligand field, it must be invariant to all symmetry operations O of the
appertaining point symmetry group G sothat O, V, . = V, . forail 0 z € G.Inthe
case of the C,, point group, the invariance requirement is satisfied when
K=0,2,4,07=0,2,8(0,=C)and 4] = 4,°, 4] = 4,7, 4] = 4.
(O = 6, 6,,). Theeffective and exact one-electron potential for the C,, field is
(neglecting term Y(? , which contributes nothing to the splitting of the d level):
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In order to calculate 4 A:Q coefficients, the ligands are usually approximated by point
charges. In the case of linear MCp, metallocenes, this approximation was tealized
by replacing each Cp ring by circular line unit charge [9,13,14]. The same
approximation simplifying the calculation of coefficients has been also adopted for
the case of bent metallocenes (see Fig. 1; here y is the angle subtended at the
central metal M between carbon atoms of the rings and the ring centroid-M axis).
The individual 4 KQ coefficients involved in ¥, (2) for the C,, Cp,ML, (n = 1
or 2) complexes are given in Table I (see also Appendix).

Tablel The 4 f coefficients for C,, Cp,ML, complex*

C,, fragments

Coefficients MCe, ML,

4 -4/g ~4/zg

A J5Ga- 2)(3c - g 2/n75(3b - 2)g

A7 -3n/10a(3c - g 2/3n/10 bg

4] ~(ym/48)(8 - 40a + 35a2)3 - 30c + 35¢%)g ~(/mI6)8 - 40b + 356y
Al (/T0m/48)a(7a - 6)(3 - 30c + 35¢Y)q ~(/T0R/6)b(7b - 6)g
A} -(y35772/48)a*(3 - 30¢ + 35c g ~/T0n/12)bg

"o = sinf(w/2); & = sin®(P/2); ¢ = cos’(y);g = unit charge

In the C,, ligand field, the d orbital set is split into five sublevels a,(d,.),

al(d_\,z_yz), az(a.’xy), b,(d_) and b,(d,) where both a, orbitals are mixed

(designated as 1a, and 2a, in accordance with [3]), with one-electron energies (for
Cp,ML,)

L(la)) = {Hn + Hy, = (Hy - Hy) + (2H12)2]”2}

1
2
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E2a) = _;.{H” + Hyy < (B, - g + @HR])

H,, = -(3a- 2)Ds- %(8 _ 40q +35a)Dt +

. %(3 _ 40b +35b2)Dyq - (3b - 2)Dr

H,,

it

Ga - 2)Ds - %(4 _ 20a +35a2)Dt +

(3)
. %(4 ~ 20b + 35b%)Dg + (3b - 2)Dr

H,, = 312 ~aDs + %a(?a —6)Dt + %b(?b - 6)Dg + bDr

E(a)) = (3a - 2)Ds +(5a- )Dt- (56~ 1)Dg + (3b - 2)Dr
E(b,) = Ds + (4~ 35a +35a%)Dt - (4 - 56)Dg - 36 - 1)Dr
E(b,) = -(3a - 1)Ds + (4 - 5a)Dt - (4 - 356 +35b")Dg + Dr

with four one-electron splitting parameters defined as

i rl
Ds = =3¢ - DI—
7 3
> CF
4
1 a Ve
Dt = ——(35¢2 - 30¢ + 3) =
84 5

r
>l ep
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where a = sin’(w?2), b = sin®(p/2), ¢ = cos’y (see Fig. 1)

As the definitions of the Ds and Dt parameters are identical to those for linear
MCp, metallocenes [8,9,12,13], the acceptable basis results for comparing
Cp,ML, complexes with linear metallocenes. For the Dg parameter being quite
analogous to that for octahedral or tetrahedral complexes [15,16] it holds

Dg(C,) = %Dq(oh) - —?;Dq(l"d) @

Thus, the comparison of Cp,ML, species with octahedral ML, - type or tetrahedral
ML, - type complexes is possible. _
The cortectness of Eqs (3) can be verified in several ways
(i) It holds E(la)) + E(2a,) + E(a,) + E(b,) + E(b,) = 0 (centre of gravity con-
servation rule)
(i) For Dg = Dr = 0 (i.e. R ~=)and a = 180° one obtains

f(a,)) = £(b)) = Ds+4Dt = E(e,) = E(m) one—electron energies

E(2a) = 2Ds- 6Dt = Ea,)) = (o) for linear MCp,
5 metallocenes (pseudo -axial)
E(la) = E(b,) = -2Ds - Dt = E(e,) = E(®) LF [6,13]

(ili)When y = 0°, ring centroid = R, a = b = 2/3, then Cp,ML, complex
transforms into a ML, complex. Ifthe equalities Ds = Dr and Dg = -Dt are
used, it results from (3) and (4)

28 one—electron
E(2a)) = E(b,) = E(b,) = _g-DQ(sz) = 4Dg(Ty) = Et)|  g_orbital

energies for

E(la)} = Ea,) = _EDq(sz) = -6Dg(T,) = E(e) tetrahedral
3 ML,

1)

[t should be noted that the one-electron energies ofthe ia,, 2a,, a,, b, and b,
orbitals for a Cp,ML (C,,) complex can simply be derived from Eq. (3) in the
following way: first, cne sets p = 0° iato coefficients at Dg and Dr; second, the

residual coefficients are divided by two, e.g.
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H,(Cp,ML) = ~(3a - 2)Ds - %(8 - 40a + 35a%)Dt +3Dg + Dr

Results and Discussion

The applicability of this LF model was tested on the d ! complex vanadocene
dichloride. For any ¢! C,, bent metallocene complex, four d-d transitions (one of
which is symmetry forbidden) are expected irrespective of the actual electronic
ground state. If no a priori presumptions are made regarding both the nature of the
lowest singly occupied d orbital and the relative energy order of remaining four d
orbitals, there are 120 possible assignments of the experimental d-d transition
energies. The visible and near infrared spectrum of vanadocene dichloride (in
chloroform) shows weak bands at v, [em'] (g, {m?mol']) 10920 (5.0),
12860 (5.5),15790 (4.3), and 19790 (2.5) (the v, and € values of the four
bands reported were obtained by a Gaussian analysis of the experimental absorption
curve). These bands may reasonably be assigned as d-d or LF bands involving
transitions within V(IV) d level split by the perturbing field of the Cp and CI
ligands. The only acceptable assignment (from the total number of 120 assignments
tested) appears to be that involving the electronic ground state 2Al . (la) and the
relative d orbital energy order la, < b, < b, < 2a, < a,. The values of the four
LF parameters deduced from the d-d spectrum using equations (3) are (cm™'):
Ds = 5230,Dt = 3042, Dg = 780, Dr = 5587 (Ds/Dt = 1.72,Dr/iDg = 7.17
) (for the @ and B angles, the mean values from the X-ray study {17] were used).
Therefore, the assignments of the d~d bands are: A, — *B, (10920 cm™'),
2A, — 7B, (12860 cm'), A, — %A, (15790 em™')and A — ?A, (19790
cm !). In fact, the highest energy band of lowest intensity corresponds to the
symmetry forbidden d-d transition la, = a,.The obtained values of the Ds and D¢
parameters as well as the value of their ratio Ds/Dt correlate well with the
corresponding values for the linear V(II) metallocene vanadocene VCp,, where
Ds = 3756 cm™', Dt = 2018 cm™', Ds/Dt = 1.88 [9] if one takes into
consideration the well-known fact that the LF parameter(s) of any transition metal
complex increase(s) with increasing central metal oxidation state. The Dg value
found for Cp,VCl, compares reasonably with the value Dg(C,) = 850 cm™!
deduced from the Dg(T,) = 660 em™! for \'{Cl‘1 [18] or with Dg(C, ) = 880
em™! from the Dg(0,) = 1540 ecm™! for VCI,~ {19]. The same *A (la,) ground
state has also been found by the analysis of EPR spectrum [4,20]. The EHT MO
calculation on Cp,VCI, [4] leads to the same relative d orbital order (note the
interchange of x and y axes in our coordinate system in Fig. 1 in comparison with
that by Stewart and Porte [4], leading to the interchange of b, and b, symmetry
labels, too). The MO calculated d-d transition energies agree reasonably with our
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experimental energies. The additional @' bent metallocenes and the more detailed
analysis, including spin-orbit coupling, of the LF problem will be presented in the
next paper.

Fig. 1 Bent metallocene Cp,ML, complex
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Appendix
The Calculation of the A A:Q Coefficients

The calculation of the coefficients

_ 4 [o®) o
AL = PLY vy2'(@, dYdr, _
2k+lf4mo K (@, )y (A-1)

is based on a ligand system geometry and the coordinate system shown in Figs 1 and
A-1.

In calculating A4 KQ, the ligands are usually approximated by point charges
reducing the integral (A~1) to simple summation over single point charges. If we
denote p(R) = —e or g = e/(4ne,), then it holds, e.g.,
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Ay = "q— ZY ((&)r,cp)Jf_ZY (@, )+ E r(®, )

j= .’!
YG _ 5 )
(0, D) = Ton (2 - 3sin°@)

In order to calculate the expression (A—2} it is necessary to know the spherical
coordinates @ and @ for all the twelve points charges (i, i’ = 1 —35 bearing the
charge -¢/5 or j = L, L’ bearing the charge -e). ‘
On the basis of Figs 1 and A—1 the following expressions for the Cartesian
coordinates of single point charges could be found, where &, = (i - 1)2n/5, and

(A=2)

=1,2,.5
x, = (()R(cosy Sin% + siny cos% cost)
Cc i .
P, yr, = RCSi.nT SlﬂE_‘i (A""3)
(Ceprd) « . . a
z; = R.(-cosy cos—z- + siny smE cosE))
L(L’)x = O,y = (f)RLsin%,z = RLCOSE

Using the well-known relations between the Cartesian (x, y, z) coordinates and the
spherical (1, 1, ¢) ones

sin = l\/::c2 +y%, cosh =2
.

. Y _ x
singp = ————, cosgp = ——
x2+y X5 4y

(A=)

in principle it would be possible to express, for example, A2 by substltutmg (A-3)
into (A—4) and subsequently (A—4) into (A-2), but the resulting A8 & coefficients
would not be very clearly arranged. However, in the latter treatment the members

5
%Z fcos, sing), & = (i- 1)2_5“
i=1
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Fig. A-1 Geometry parameters for Cp,ML, complex
are appearing. Reminding now the definition of the Riemann integral, namely

5

‘;“Z - WE) X 2§ <x

and

lim E

n—o =]

b
= f fix)dx, respectively

the following two generalizations can be written
— for replacement of the pentagon by N-gon

5 N
13 fsin, cost) = LY fGsin, cosE) and £ = (i - 1)2%
5= Nia N
— for extension of the N-gon to a circle (& € (0; 27))

2n
lim{—Z—j(cos siné’ )} - L f f(sin, cosE)dE
2n
0

N-w | 270527
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For example, it follows ford, from (A-2) with respect to (A-2) — (A-5)

2n

I 1

A2 - g | B L

? ! s{mcf
0

+ sin®y coszgcoszﬁ + Siﬂz“lsmz‘ing + “21“' [2 - 3cos?ysin®> +
n

2 - 3coszysinz% + —;-sin,’lfy sinacosé +

In

(A-5)

0

+ %sinZy sinacosg + sinzchSZ% cos?E + Sinz‘ysinzé}dg N
+2(2 - 3sin? “5’)}

The integration over £ and several algebraic treatments afford for the example
chosen

Ay —q@ {(300527 - 1)[ 2 - 3sin %] + 2( 2 - 3sin2_g.]} =

Ay (MCp,) + 4, (ML)

U
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