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The tetrahedral molecule VCl, is expected to distort due to the
implications of the Jahn-Teller theorem. Explicit calculations reveal
that at temperatures above approximately 200° Kelvin the molecule
undergoes a pseudo rotation in the sense that each chlorine atom is
displaced from the regular tetrahedral position and rotates around
the tetrahedral bond with a radius of 0.11 A, However, at tempera-
tures below 200° Kelvin VCl, assumes & static distortion in which two
of the tetrahedral angles are closed 6°, and four of the angles are opened
3°. The consequences of the above distortions are enummerated, and
paths for further experimental studies are indicated.

A great many papers 8 have in the past dealt with the theoretical cons-
equences of the Jahn-Teller theorem °, but only in a very few cases has it
been possible to verify experimentally the predictions put forth 8,1°. Indeed,
it often seems as if nature goes to great length in this matter in order to prevent
us from obtaining any answers to our questions. The results arrived at here
are no exception to this rule; however, it is hoped that they will stimulate
experimentation designed toward clarifying this frustrating situation. We
submit this note because it should be possible, in the special case to be discus-
sed, either to prove or to disprove the theoretical predictions which we have
recently derived.

We shall show that the compound VCl, should experience a configurational
instability of the Jahn-Teller type. We shall further compare its behavior with
that of the very closely related compound TiCl,, a molecule unaffected by the
implications of the Jahn-Teller theorem. Both VCl; and TiCl, are liquids at
room temperature and both possess a tetrahedral structure ,!% in the vapor
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Fig. 1, Energy levels for the tetrahedral molecule VCl, in the o-bonding approximation.

phase. The major difference between VCl, and TiCl, is that the former has one
electron more than the latter. A comparison between them should therefore
be of some interest.

THEORY

The electronic’ structure of V*4 is [A]3d!, where [A] represents the closed,
eighteen electron argon shell. A consideration of the bonding possible in a
tetrahedral molecule reveals that the four ligands can produce o-bonding orbi-
tals of the symmetry a, and ¢,. The 3d, 4s and 4p orbitals span the irreducible
representations (t,.e), @, and ¢, respectively. Thus if # bonding is neglected,
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Fig. 2. The tetrahedral symmetry coordinates of species a, and e.

the bonding scheme may be represented as in Fig. 1. The electronic structure of

the molecule VC, can then be written (a3)%(5)8(e)!, with the one unpaired elec-
tron present being placed in the g-nonbonding, doubly degenerate, metal
orbital.

In order for any molecule to possess a stable configuration it is obvious
that the total energy of the system must be at & minimum. This means that
the change in energy due to small displacements of the nuclei, must contain
no terms linear in these displacements. Hence, it is necessary to minimize the
total electronic energy with respect to all possible nuclear distortions of the
molecular framework, if the equilibrium conformation is to be determined.
After the removal of the translational and rotational degrees of freedom, it is
found (by means of the usual methods?), that the nuclear symmetry coordinates
span the irreducible representations a,, ¢ and 2z, of the point group 7';. The
symmetry coordinates S; (= a,) and Sp,,8,,(= ¢) are represented in Fig. 2.

By expanding the coulombic potential energy V around the equilibrium
configuration in powers of the symmetry coordinates we obtain:

V="V,+ iZSJ/'i + gsis,vﬁ +... (1)

If at first only terms linear in the symmetry coordinates are retained, the
change in the coulombic potential energy may be expressed

AV = iZSiVl (@)

Here the expansion coefficients, V;, are functions of the electronic coordinates
only while the symmetry coordinates, S;, are functions of the coordinates of
the nuclei.

The energy change AE of the doubly degenerate ground state is given by
first order perturbation theory as the solutions to the secular equation
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AVaa—AE AV,

AVen  AVgg—dE| = (3)
where
AV g = AVps = [p,d Vygdr (4)
AVan = [padVy,de ()
AVyp = [ypd Vygdr (6)

As our zero-order wavefunctions we take the two nonbonding orbitals 3d,._
and 3d,. Hence (A,B) = (d,sy,dss). These two orbitals span the irreducible
representation £ in the point group 7.

In order for the matrix elements (4)— (6) to be different from zero the direct
product representation of the components must contain the identity representa-
tion A;. The complete Hamiltonian for the system transforms like A,; hence
S; and V; must span the same representations in the point group 7';. The
symmetric product of the representation E with itself is 4, and E. Therefore,
only the Sz, symmetry coordinates are capable of mixing the d,s_» and
d,» like orbitals.

An actual (electrostatic) calculation of AV,,, 4Vgzy and A4V, then
yields 14,18

2 a
A Vxl__yl’xl_yl —_ (2B0— 5 B4)S1 —I— —-2- S2a (7)
2 a
4 Vz‘.x‘ = (2Bo‘~ 3 B4)S1— '2' Sza (8)
AVppp = AV = — %Szb (9)
where
8V 2 5
a = 8’2 (Ga— = Gy) (10)

7o 9

with 7, being the bond distance V—Cl. The radial integrals G, and B, are
defined as ©

Gy = fR2(r)fl(r,r0)r2dr (11)
and '
B=gt (12)
The quantities B, and G are tabulated in Ballhausen and Ancmon.1®
By inserting (7)—(9) into (3) and solving, 4E is found to be
4B = (2By— - B)S, £ 3V S5, ¥ 53 (13)
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The total potential surface of VCl, is then given by
E=7V,+ AE (14)
We now assume that the potential surfaces of TiCl, and VCl, are the same,

except for the terms due to ligand field effects, that is the terms in a and B,.
Making the substitutions

S =q1,  Ss = 7508 @y, Sop = ¢osing, (15)
the potential surface for VCl, may be written
2 a
E = }kq}— 9 B,q, + $kyq3 + D) q2 (16)

where k; and k, are the force constants for the harmonic vibrations of symmetry
a, and ¢, respectively.

In order to find the stable configuration of the molecule, (16) must be
minimized with respect to ¢; and ¢,. This is quite straightforward and leads
to the results 2

- B, )
S
5 kl » 12 92 kz

DISCUSSION

A number of interesting conclusions can be inferred from (17). First if
G, is defined as a positive quantity, ligand field theory demands 6, that B,
must be a negative quantity. Asa result ¢; will be negative, and thus the V—Cl
bond distance should be shorter than the Ti—Cl bond distance. This prediction
is borne out by experiments, the reported values being 2.03 4- 0.02 A, and
2.18 4 0.04 A for VI, and TiCl,, respectively 1,12, Numerically the shortening
of the bond distance is found to be ~ 0.02 A. The sign is seen to be correct,
but not the order of magnitude. The discrepancy is, however, easily explained.
When the derivative of the semiempirical potential, expressed by the para-
meters Gy(1 = 2,4), is taken, we cannot expect to get the correct slope of the
potential since the bonding terms have not been properly included in the Hamil-
tonian. Since no splitting of the degenerate level takes place due to the influ-
ence of §; this term will be neglected in what follows.

The configurational instability of the Jahn-Teller type is apparent from
the g, terms in (16). A positive a results in a splitting of the electronic degene-

racy, and algo in a continuous set of minima, found at ¢, = —2%—. The energy
2 2
gain AE is — & The apparent independence of g, which this result show

8k,
is due to the neglect of the second order terms in (1). If these are included a
more refined potential surface of the form 14,15,

2
B = 3kt — 5 Bty + $ko93

+ 10V @ + PPq3 + v°0} —2Pyq1q.c053@,— 2afq,co83p, + 2ayq;  (18)
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is obtained, where § and y are constants involving further derivatives of the
potential. The appearance of the cos 3¢, term in (18) makes it clear that the
molecule will have a threefold potential barrier.

The minimization of (18) with respect to ¢, gives the condition

sin 3@:0
=Ty (m=0,1,23 4175 (19)

Three of these points will give identical potential minima, the other three
yielding identical saddle points. The identification of which is which can first
be made once we know the sign of 8. Now g is calculated to be positive in the
molecular orbital approximation and negative in the electrostatic limit 14,15,
and hence, the minima are found at ¢, = ?137—1 (n =1, 3, 5) for the covalent
case and at (n = 0, 2, 4) in the electrostatic case. A positive 8 further indicates
that the stable configuration takes the shape of an elongated tetrahedron. For
VCl, we expect that f is greater than zero.

In order to obtain a crude numerical estimate of the effect, we place $
equal to zero. Now Gy may be estimated from the absorption spectra 17 of
VCl,;, and G, may be found in the tables of Ballhausen and Ancmon 8, We
find a to be about 0.20 x 103 dyne. If for illustrative purposes k, = 0.47 x 105
dyne/cm, corresponding to 8 », = 150 cm™, g, will equal 0.21 A. The stable
configuration then corresponds to an closing of ~ 6° of two of the tetrahedral
angles, the four others being opened each =~ 3°. The height of the threefold
barrier has further been estimated to be =~ 150 cm™ 4. The value of g, corre-
sponds to a Jahn-Teller Energy gain, 4E, of 250 ecm™. Note that the ordi-
nary zero point amplitude, V(q%)o, is roughly one-fourth (0.055 A) of the
Jahn-Teller amplitude g,.

The situation can thus be described as follows: At low temperatures the
molecule will be frozen into one of the three potential traps, and it will assume
the shape of an elongated tetrahedron. At temperatures so high that the mole-
cule has sufficient energy to override the barriers, the complex will exhibit a
sort of pseudo rotation: all of the Cl™ nuclei are forced to perform a coupled
rotation about the (regular) tetrahedral bond angles, each one rolling upon a
cone with an apex angle of 6° (See Fig. 3).

We must now ask ourselves: are there any experimental proofs as to this
rather remarkable behavior of VCl,? Unfortunately there are none at the time
of writing. The existing electron diffraction data !?* cannot, without refine-
ment, decide whether the predicted behavior is true *.

Three other methods of substantiating these predictions are possible how-
ever. One would be an investigation of the Raman spectrum. By this tech-

* This is due to the fact that the molecule librates freely at the temperature at which the dif-
fraction measurements are performed. Hence the measured Cl—Cl distance is an average dist-
ance, t.e., the bond distance found for a strictly tetrahedral molecule. The Jahn-Teller motions
may yet be detected, however, by their production of an anomalous temperature dependent
scattering factor. This possibility should be investigated.
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Fig. 3. Jahn-Teller motions in the VCl, molecule, g > 0..

nique one could decide whether the symmetry of the molecule is instantane-
ously lower than 7' Furthermore, an investigation of the paramagnetic
resonance spectrum should yield results identical to those found 0 for
Cu(H,0),SiFg, that is, an isotropic g-factor is expected when the molecvle can
interconvert freely. On the other hand we would get an anisotropic g-factor
if the molecule is trapped in one of the potential holes. As pointed out previ-
ously by the authors ¢, it would furthermore be possible to estimate the sign
of g by using the result of such a measurement. Lastly, optical measurements
at low temperatures should exhibit anomalously intense vibrational progres-
sions in the ¢ mode *. It seems to the authors that these three experiments
are well worth doing. Such work is now in progress 19,20,22,

* This last experiment is difficult to interpret for VCl,, but has been performed 2! and analy-
zed 15 for Cu+ +:ZnO.
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The work reported in this note is being continued in two mutually comple-
mentary directions by the authors. One direction is an attempt to include
the molecular orbital approach in the calculation of the Jahn-Teller configura-
tional instability for tetrahedral molecules in both their ground- and excited-
states 14, and the second is an attempt to mathematically describe the con-
comitant Jahn-Teller nuclear motions in these self-same systems without
regard to any specific model 15,
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REFERENCES

. Van Vleck, J. H. J. Chem. Phys. T (1939) 72,

Moffitt, W, and Liehr, A. D. Phys. Rev. 106 (1957) 1195,

Opik, U. and Pryce, M. H. L. Proc. Roy Soc. London A238 (1957) 425.

Moffitt, W. and Thorson, W. Phys. Rev. 108 (1957) 1251.

Longuet-Higgins, H. C., Opik, U., Pryce, M. H. L. and Sack, R. A. Proc. Roy Soc.

London A244 (1958) 1.

. Liehr, A, D. and Ballhausem, C, J. Ann. of Physics [N.Y.] 3 (1958) 304,

. Van Vleck, J. H. Physica 26 (1960) 544,

. Liehr, A. D. Revs. Modern. Phys. 32 (1960) 436,

Jahn, H, A, and Teller, E. Proc. Roy. Soc. London A161 (1937) 220.

. Abragam, A, and Pryce, M. H. L. Proc. Phys. Soc. London A63 (1950) 409,

. Lister, M. W. and Sutton, L. E. Trans. Faraday Soc. 37 (1941) 393.

. Lipscomb, W. N, and Whittaker, A. G. J. Am. Chem. Soc. 67 (1945) 2019.

. Wilson, E. B., Decius, J. C. and Cross, P. C. Molecular Vibrations,! McGraw-Hill,
New York 1955,

. Ballhausen, C. J. (to be published) and Advances in Chemical Physics (Ed. I. Prigo-
gine), Interscience Publishers Inc., Vol. 4 (1961),

. Liehr, A. D. (to be published), and Progress in Inorganic Chemistry (Ed. F, A. Cotton),
Interscience, Vol. 4, (1961).

. NB_allhausen, C. J. and Ancmon, E, M., Mat, Fys. Medd, Dan. Vid. Selsk, 31 (1958)

o. 9.

. Ballhausen, C, J. Kgl. Danske Videnskab, Selskab. Mat. Fys. Medd. 29 (1954) No. 4.

. Herzberg, G. Infrared and Raman Spectra of Polyatomic Molecules, D. Van No-
strand, New York 1945,

. Walrafen, G. E. To be published.

. Chien, J. C. W. To be published.

. Pappalardo, R. To be published.

. Robin, M. 7To be published.

[ — -~
PRO=OOPID Ot Lo

— e
S Ot

—
L =3

bSO DO BD
D O ©

Received December 16, 1960.

Acta Chem. Scand. 15 (1961) No. 4



