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The d—d spectra of gaseous VCl,, CrCl,, FeCl, CoCl,,
NiCl;, and CuCl, are discussed in terms of ligand field
theory. The Tanabe-Sugano matrices for linear (Doon)
&, d', and d® systems are given and the d-orbital splitt-
ing parameters are determined for each molecule. The
results can be satisfactorily rationalized by empirical
MO calculations, based on the angular overlap model.
Alternative assignments of the spectra of VCl,, CoCl,,
and CuCl; are discussed in detail.

introduction

The application of ligand field theory to the optical
and magnetic properties of transition metal ions in
crystalline solids and in solution is now familiar to
most inorganic chemists. However, the study of small
gaseous molecules containing metals with a partly-fill-
ed shell can be much more rewarding in many ways.
The electronic absorption bands are often very sharp,
revealing much vibronic structure, and it may not be
long before ab initio SCF calculations are performed
on molecules like VCl,.

A number of workers!® have measured the electro-
nic spectra of the molecular dichlorides of the first
transition series, with the exceptions of MnCl,, where
the spin-forbidden d—d bands are very weak, and TiCls,
wich is unstable with respect to disproportionation to
Ti metal and higher chlorides.” Hougen, Leroi, and
James' reported the spectra of CuCl,, NiCl,, and
CoCl;, and presented interpretations on the basis
of crystal field arguments. Their analysis was
based on a weak-field scheme in Dun symmetry,
and free—ion values of the term separations
3P3F and ‘P—*F in Co** and Ni** were assu-
med. The bands observed at 9 kK and 18 kK in
CuCl; were assigned to the d—d transitions 2Z,*—I1;
and X *—»?A, respectively, and the crystal field para-
meters required to fit these energies were used in their
discussion of the spectra of CoCl, and NiCl..
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Subsequently, Jorgensen® questioned the assignment
of the 18 kK band in CuCl; to a d—d transition, on the
grounds that the high molar extinction coefficient re-
ported by Hougen et al. (e=500) was more consistent
with a charge transfer band, rather than a Laporte-
forbidden d—d band. DeKock and Gruen supported
this proposal by making careful intensity measure-
ments, and quoted a molar extinction coefficient of
over 3000 ¢ mole~! cm™ for the higher energy band
in CuCl;, which they observed at 19.0 kK. The 9.0
kK band was then assigned to the 2Z,*—»?A, transition,
while the Z *—l; transition was believed to lie at
an energy lower than 4 kK, outwith the region of the
spectrum accessible to DeKock and Gruen. New cry-
stal field parameters were chosen, and the d—d spectra
of VCl;, NiCl;, and CoCl, were reinterpreted using
these parameters in a weak-field scheme with the as-
sumption of a modest (14%) nephelauxetic reduction
in the free-ion separations *P—*F and ‘P—'F.

In the present series of papers,’!! we have shown
how the d-orbital splittings in copper(Il) compounds
can be satisfactorily rationalised in terms of an empi-
rical MO approach, based on the angular overlap
model and including crystal field effects. We have
successfully fitted the d—d spectra of square-coplanar,
tetragonal octahedral, trigonal bipyramidal and distort-
ed tetrahedral chlorocuprates(II) to a single freely-
chosen parameter, the ratioc 6% (S%.). The use of the
same value of this parameter in a calculation of the
d-orbital splitting in CuCl," placed the *Z;*—II, trans-
ition at about 10 kK, with the 2Z,*—?%A, transition
several kK higher in energy, in agreement with the
original assignment of Hougen et al.! In this paper
we extend the treatment to the other gaseous dichlo-
rides of the first transition series, with a view to ob-
taining reliable values of the ligand field splitting pa-
rameters and examining how far they can be rationa-
lised in terms of the angular overlap theory. For
completeness, we include the previously published
results for CuCl,, with some additional discussion.

Outline of Theory

Throughout this paper we assume, following pre-
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vious workers, that the gaseous dichlorides of the first
transition series are linear (Dson). Since no unequivo-
cal structure determinations have been performed,
this assumption is worthy of some discussion. Ga-
seous ZnCl; has been studied by electron diffraction®
and was found to be linear, with a Zn—Cl distance of
205 A. Molecular beam studies* have shown that
some alkaline earth dihalides are bent, but it appears
that the propensity for C,, symmetry decreases in the
series MF, y MCl; y MBr; y MI,. Since NiF; was found
to be linear, it seems reasonable to suppose that the
dichlorides of the first transition series are also linear.
The infra-red spectra of CuCl,, NiCl,, and CoCl; in the
gas phase'” and of NiCl; in an argon matrix® are con-
sistent with Do symmetry, although the gas phase
spectra are complicated by the presence of the dimeric
species M;Cl,. While electron diffraction data would
clearly be desirable in order to confirm the linear con-
figuration, it seems reasonably safe to assume Doon
symmetry. The lack of data on M—Cl bond lengths
is unfortunate, however.

In a linear molecule, the d-orbitals are split into
three levels: o,*(dz), Tg(dxeyz) and 8g(dayx2y2). Hence-
forth we shall omit all subscripts and superscripts in
writing the symmetry labels. Qualitative crystal field
arguments suggest the relative one-electron energies to
o>7n>8. MO theory leads to the same ordering; the
o-orbital is o-antibonding, the & orbitals nonbonding
and the w orbitals n-antibonding. The angular overlap
model'®? enables us to set these arguments on a more
quantitative basis. The extent to which a d-orbital
is destabilized by covalent bonding is assumed to be
proportional to the square of the group overlap inte-
gral Gmx between the d-orbital and the approprlate
symmetry-adapted ligand group orbital. This result is
obtained from second-order perturbation theory and
depends on the Wolfsberg-Helmholz approximation®
for the off-diagonal matrix elements Hmx. The vali-
dity of this approximation has been questioned? and
other semi-empirical prescriptions for Hmx have been
offered, notably that of Cusachs,”® but for simplicity
we shall abide by the formulation in terms of the
Wolfsberg-Helmholz approximation.

The angular overlap treatment leads to the follow-
ing expressions for the one-electron energies in terms
of the covalence parameters ¢* and w* for a linear
MCI; molecule:

E(o)=10c*
E(®)=10x *
E(8)=0
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If we now apply the perturbation of point charges
located at the ligand atoms, the energies- become:
E(0)=100 * +2a,+ (4/T)a: + (4/T)as
E(m)=10m *+2a,+(2/7)a,—(8/21)a,
E(8) =2a—(4/T)a:;+(2/21)a
an=q (r")/ R, where (r*) = [>’Rs’r"*’dr and R
is the metal-ligand distance.

The ligand field splitting is described by two para-
meters E; and E;, given by:

E,=E(r)—E(8)=10r*+4(6/7)ar—(10/21)a, (1)

E;=E(0)—E(8) = 100" +(8/7)a:+ (10/21)a, @

Before attempting to calculate E; and E; from these
expression, we shall analyse the experimental data
in order to extract values of the splitting parameters
which are consistent with the spectra.

Analysis of Experimental Data

(a) CuCl;. In this relatively simple d° (one-posi-
tron) system, assuming that the relative energies of the
d-orbitals are as proposed in the previous section, the

‘ground state will be *Z, arising from the configuration

& 1* 0. The d—d excited states are ’II, arising from
the configuration 8* n* o2, and 2A, arising from
the configuration 8 =* ¢?. The transition energies
will be simply:

ECZ-T)=E.—E,
ECI—’A)=E,

This assumes that the two-electron interactions bet-
ween core electrons and valence electrons are the
same in the ground state and the excited states. An
appreciable degree of symmetry-restricted covalence®
will invalidate this assumption. We have discussed
this point previously,’ and the errors incurred are in-
herent in all simple discussions of d' and d° spectra.
The success of the angular overlap model in dealing
with such systems suggests that such errors are of
little importance, or there are fortuitous cancellations.

As we have mentioned earlier, the electronic spec-
trum of gaseous CuCl; shows bands at 9.0 and 19.0
kK. If we reject the assignment of the latter band to
a d—d transition, two possibilities arise:

(i) The 9 kK is the 2Z—71 transition, with the
2$—?A transition at higher energy, obscured by the
intense band at 19 kK.

(ii) The 9 kK is the 2Z—?A transition, and the 2Z—
1 transition lies below 4 kK, outwith the range cover-
ed experimentally. Thus, either E; must be 15-18 kK
and E;=69 kK, or E;=9 kK and E;<5 kK. We
shall be in a position to decide between these alter-
natives after a detailed examination of the spectra of
the other dichlorides.

(24) C. K. Jorgensen, Prog. Inorg. Chem. 4, 73 (1962).



(b) NiCl,. In this d® (two-positron) system, singlet
and triplet states can arise. We consider only the
latter, since the ground state is most likely to be I,
arising from the configuration & = o, and the most
intense bands will be triplet-triplet transitions. The
strong-field configurations and the triplet states arising
from these have been given previously” and are:

S'nlo : T
Srlo: ‘A
§'n'c?: 2
Si'e? . T
& n'e? : ‘D,

The weak field matrices have been given previous-
ly;'*® in this work we adopt the strong field appro-
ach® The two-positron basis functions are as fol-
lows:

(7.0) ="TI(na)
(moo) =TI (To)

(8.0)=’A,(89)
(8,0) =A,(80)

(™) ="2(10%)
(8.8,) =*Z(87

v 27" [ (8,1.)—~(8umy) ] ="TI(67)
27" [ (B H-(Bome) ] =TL(8T)

2~ [ (alnnH(Sbﬂb) ] = 3¢b(81‘)
27 [ (Bumu)=(Bums) ] = Du(ET)

In these expressions, &, and = refer to the d.. and d,.
orbitals respectively, while &, and 8, refer to the d.y
and d.- orbitals respectively. We can now set out
the Tanabe-Sugano matrices. In the expressions
which follow, the diagonal elements are referred to
the lowest orbital energy of the system, corresponding
to the configuration & ='. The Racah parameter A
is left out. We find:

‘O(5w) : 2E~E,—8B

'A(89) ; E—8B
n on -4
81‘ 2E1—E|-"2B 3 V'GB
G 3/ 6B E.—~E,+B
T 5 t
& 2E.+4B —6B
o —6B 2(E.—E,)—5B

As a check, we may note that in the limit of an infi-
nitely weak field, where E, and E-»>O, we obtain two
states of energies 7B and —8B, corresponding to the
free ion terms *P and 3F respectively, separated by
15B.

This analysis ignores spin-orbit coupling completely.
This can be quite a serious matter; the high spin-
orbit coupling constant of Ni** ({aa=630 cm™') can
lead to appreciable splittings of the =, A, and @ states,
and mix triplets with singlets. The weak field matri-

(25) C. K. Jorgensen, Coord. Chem. Revs. 1, 164 (1966).
(26) Y. Tanabe and S. Sugano, J. Phys. Soc. Japan 9, 753, 766 (1954)

233

ces including spin-orbit coupling have been given by
DeKock and Gruen.” We shall not include such ef-
fects explicitly, but they must be borne in mind.
Expansion of the °[1 and X determinants and the
assumption of a ’II (no) ground state lead to the fol-
lowing expressions for the d—d transitions in NiCl;:

I(ro)—’A(80) =—14E: + E~7.5B + Y2 (E,*—6E,B—8E,B 4-225B%)"

II{ro)y>*Z(x*) = 12 E, + Y2 (E.*—6E.B—8E B+ 225B%)*
—V2(4E,’+ 28E,B + 225B%)"

T(ra)—'®(5%) = 2E—~7.5B + V2 (E*—6E,B—8E,B + 225B*)"
TI(mo)—~>TI(5w) = (E,*—6E,B—8E,B + 225B%)"

T(ro)>*2(8%) = V2E; + V2 (4E,* + 28E,B + 225B%)"
+ V2(E/—6E,B—8E,B +225B%)"

"The spectrum measured by DeKock and Gruen®
shows the following principal features:

(i) A weak, broad, highly-structured absorption in
the region 4-8 kK, with shoulders at 7.3 kK and 6.2
kK, a peak at 5.4 kK and a plateau extending to the
limit of detection at 4 kK.

(ii) Weak absorption around 10 kK and a sharp
peak at 11,7 kK, probably due to singlet excited
states.

(iii) A relatively intense, structured absorption cen-
tred on about 13.0 kK.

(iv) At higher energy, a series of weak bands and
shoulders, probably due to singlet states, followed by
an intense peak at 21.1 kK.

Two assignments appear to be feasible:

(A) That of Hougen et al.! They assigned the near
infra-red absorption around 5 kK to 1% (1%), A,
the 13 kK band to *[I—*® and the 21 kK to *[I°II,
with the 1% (&%) transition at higher energy and
masked by the intense charge transfer absorption which
begings to set in beyond 25 kK. This assignment was
based on the crystal field splittings obtained by their
analysis of the spectrum of CuCl,, with E;=9.0 kK
and E;=18.0 kK. However, in their weak field treat-
ment they did not allow for any nephelauxetic reduct-
ion of the free ion term separation 3P-’F.

(B) The assignment of DeKock and Gruen>? They
asigned the infra-red absorption to *II—*®, the 13 kK
band to TI—TI and the 21 kK band to II—*% (8%).
This assignment was based on the splitting parameters
found with some certainty for FeCl; and CrCl.. A
14% reduction of the free-ion value of *P—*F was as-
sumed, in a weak-field treatment.

We shall try to decide between these assignments
by calculating values of E: and E: which best fit the
experimental data. Let us first assume that Assign-
ment A is correct. We could, in principle, equate the
expressions given above to the three transition ener-
gies and solve for the unknowns E,, E;, and B. Un-
fortunately, the near infrared band around 6 kK is

196(2;1) C. W. De Kock and D. M. Gruen, J. Chem. Phys. 46, 10890
(1967).
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not too well defined. We therefore set the expres-
sions for the transition energies *[I—*® and *MI—°T
equal to 13.0 kK and 21.1 kK respectively, and solve
for E, and E: over a range of reasonable values for B.
We must now consider what values of B are to be
regarded as reasonable. DeKock and Gruen®Z pro-
posed a 14% reduction of the free-ion term separation
3P-2F on the basis that this value had previously been
successfully used® in the interpretation of the spectrum
of CoCl?~. However, subsequent work® on NiClZ-
indicated a much larger nephelauxetic effect, with B
taken as 0.75 kK, 0.72 of the free-ion value. The
nephelauxetic effect seems to be much the same in
NiCls#~ as in solid NiCl,, for which a value of B of
0.76 kK has been quoted.® We might therefore be
justified in using a similar value of B in gaseous NiCl,
on the grounds that B does not seem to be sensitive to
stereochemistry and coordination number. This is
consistent with the angular overlap model, which as-
sumes that the fractional charge on the metal is not
very dependent on the geometry, so that the central-
field contribution to the nephelauxetic effect is effecti-
vely constant. Provided that the reduction in B from
the free-ion value due to symmetry-restricted covalen-
ce? is not very different in gaseous NiCl, it seems rea-
sonable to use the same value of B as in NiClZ~.
However, in view of the doubts which might be cast
on this, we shall calculate E, and E; for three values
of B, 0.80 kK, 0.75 kK, and 0.70 kK. We feel that
B probably falls within this range and is most unlikely
to lie much beyond it. The expressions for the trans-
ition energies *II—*® and *[—"I are then readily solv-
ed to give E; and E,. The results are shown in Table
I, along with calculated values of the transition ener-
gies TI=’A and [I5°C (n?). The values of E; and E,
look distinctly unlikely, and the ground state is pre-
dicted to be *A. Even with the assumption of a A
ground state, it is not possible to obtain reasonable
values of E, and E; while allowing for the nephel-
auxetic effect. We are therefore forced to reject As-
signment A.

Table I. Splitting parameters and predicted transition ener-
gies for NiCl; on the basis of Assignment A. All energies
are in kK.

B 0.70 0.75 0.80
E, 154 16.2 16.9
E, —28.8 —21.7 -15.0
T—-A ~31.2 —24.8 —18.9
MT—-°Z(r?) —10.0 — 04 6.1

We now turn to the possibility that Assignment B
is the correct one. The expressions given above for
the transition energies *II—°I1 and *TI—°Z (&) are equ-
ated to 13.0 kK and 21.1 kK respectively. Assuming
that only positive solutions are acceptable the equa-
tions are easily solved by graphical means. The re-
sults are given in Table II. The values found for

(28) C. J. Ballhausen and A. D. Liehr, J. Mol. Speciry. 2, 342
(1958).

(29) F. A. Cotton, D. M. L. Goodgame, and M. Goodgame,
J. Amer. Chem. Soc. 83, 4164 (1961).

(30) O. Bostrup and C K. Jergensen, Acta Chem. Scand. 11, 1223
(1957,
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E: and E; are seen to be quite reasonable over the
range of B-values considered. Moreover, the calculat-
ed transition energies for II->*® and [I--°T () are
consistent with the broad infra-red absorption in the
region 4-8 kK. Thus we prefer Assignment B, in
agreement with DeKock and Gruen®? but for different
reasons: they preferred Assignment B to Assignment
A on the basis of a different assignment of the spec-
trum of CuCl; to that on which Assignment A was
based. Our values of the splitting parameters E, and
E; are also rather larger than those proposed by De-
Kock and Gruen since we assume a larger nephel-
auxetic effect.

Table Il. Splitting parameters and predicted transition ener-
gies for NiCl, on the basis of Assignment B. All energies
are in kK.

B 0.70 0.75 0.80
E, 5.8 54 5.2
E, 11.8 11.0 104
ST-A 7.1 6.6 6.3
EE(TY) 3.7 29 23

The inclusion of spin-orbit coupling would proba-
bly have a significant effect on our values of the split-
ting parameters, perhaps a few hundred wavenum-
bers. A more serious source of error is likely to arise
from our assumption of only a single value of B.
Allowance for the effects of symmetry-restricted co-
valence would require the use of five different values
of B, corresponding to two-positron interactions of the
types (¢8), (ww), (88), (on), and (8w). All these fac-
tors must be taken into account in assessing the vali-
dity of the splitting parameters given in Table II.

(c) CoCl,. The d’ (three-positron) configuration gi-
ves rise to quartet states and doublet states. If the
ground state is assumed to be *®, arising from the
configuration & = o, the most prominent features of
the spectrum will be transitions to quartet states.
Again, we neglect spin-orbit coupling. The strong-
field configurations and the quartet states arising from
them are:

S'mle 1 ‘@, 11
8 nlo? : ‘A
8’ : ‘T
8'nlo : ‘%
&nto 2 ‘X

The three-positron basis functions are found to be:
(8.8,) = *%(3%)
(r.m0o) = *Z(1tle)

(8.8p.) = IT.(5%r)
(8.8u0) = “IT(5°)
(alﬂanb) = ‘An
(BoTraTi) = ‘A,

27" [(Bama0) + (Bo1to0) ] =Dy
2-" [ (5;1\:.,0’)——(8.,1:,0')] = ‘(D.

274 [(8,m.0)—(8sms0) ] =‘ITu(5mer)
2-1[(8.100) + (8oa0) ] = ‘[1.(80)



The Tanabe-Sugano matrices are set out below. The
diagonal elements are relative to the lowest orbital
configuration 8" =* and the terms involving the Racah
parameter A are omitted.

‘¢: Ez—15B .
‘A 2E1—E1—15B

‘In &1 &no
&'n 2E.—6B 3/ 6B
&no 3/ 6B E~—9B
‘z g &'c
g Exr—E.—3B 6B
8o 6B E,+E—12B

As a check, we note that in the limit of a negligible
ligand field (E;, E;—>0) the states converge to the
energies of the °F and *P free-ion terms, separated (as
in Ni**) by 15B.

Expansion of the ‘Il and ‘L determinants and the
assumption of a ‘@ ground state lead to the following
expressions for the d—d transition energies:

‘O—'E(7’0) =7.5B—1(4E*~36E,B +225B%)"
‘O—'TI(6ne) =7.5B + 12 E,—V2 (E;2+ 6E.B +225B%)"
‘O—>*A(ST%) =E.—E,

‘O—'%L(8%0)=7.5B + 1»(4E —36E,B +225B%)"
‘©—°I1(8*r) =7.5B + 12 E.+ Y2 (E;* + 6E:B + 225B%)"

The electronic spectrum of CoCl; in the gas phase!?
is dominated by an intense band, with much structure,
at 14.2 kK. Weaker bands appear on the high energy
side, at 18.2 kK, and on the low-energy side, at 10.4
kK. There is increasing absorption farther into the
infra-red with a shoulder at 5.2 kK.

Two assignments have been proposed:

(A) Hougen et al.! assigned the intense band at
14.2 kK to the *®—>'X (8%) transition, while the band
at 10.4 kKK was assigned to *®—*A. The infra-red ab-
sorption around 4 kK was attributed to the ‘®—*TI
(8To) transition, while the ‘®@—*IT (82x) transition was
predicted to occur at high energy, ca. 30 kK where it
would be masked by charge transfer absorption. The
weak bands on the high energy side of the 14 kK band
were assigned to doublet states.

(B) DeKock and Gruen® assigned the band at 18.2
kK to *®—*I1 (8*x) and the 14.2 kK band to ‘®—*‘L
(8%¢). The weak band around 10.4 kK was thought
to be a component of the ?G free-ion state and the ab-
sorption around 4 kK was assigned ‘®—>*A.

We shall now discuss these in turn. Assignment A
was proposed by Hougen et al.! on the basis of a
weak field scheme with neglect of any nephelauxetic
effect and the assumption of splitting parameters as
proposed by them for CuCl,. Their calculated trans-
ition energies were in good agreement with those ob-
served. However, if we assume in our strong-field

(31) F. A. Cotton, D. M. L. Goodgame, and M. Doodgame, /. Amer.
Chem. Soc. 83, 4690 (1961).
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approach that B is reduced to about 0.70 kK (as
found® for CoCli~) a very different picture emerges.
Attempts to fit the expressions given above for the
transition energies ‘®—*A and ‘®—*T to reasonable
values of E; and E, give E;~11 kK and E.~22 kK,
but predict a negative transition energy for ‘©@—‘Z
(n%s). In other words, such a large ligand field split-
ting leads to a *Z (n%¢) ground state unless unreaso-
nably high values of B, close to the free-ion value, are
postulated. Assignment A must therefore be rejected.
The possibility arises that the ground state is indeed
‘T (m'o) but a closer examination suggests that this
is unlikely. A detailed discussion of this point is pre-
sented in the Appendix.

Assignment B presents some problems too. DeKock
and Gruen’ allowed for a 14% reduction in the free-
ion separation *P-'F, but this would seem to be an
underestimate. From the expressions given above for
the transition energy *®—*%L (8%), we find values of
E; in the range 11.2-11.4 kK for values of B in the
range 0.65-0.75 kK. If the 18.2 kK band is assigned
to the ‘*®@—*IT (82r) transition, E; is found to be in the
range 9-11 kK. Thus a negative transition energy is
predicted for ‘@—*A, and for *®—*% (n’s). Indeed,
*% (=) should be the ground state, but we have al-
ready discarded this possibility for the reasons out-
lined in Appendix A. Asisgnment B cannot be easily
upheld. We must therefore consider the possibility
that the troublesome band at 14.2 kK is in fact due to
some impurity, despite the fact that it is the most in-
tense band in the d—d region. It is unlikely that it
could be a band of the dimeric species Co.Cly. This
has been observed by mass spectrometry”? but De-
Kock and Gruen’ took great care to establish the ab-
sence of electronic transitions due to dimers in their
spectra. However, Leroi et al.? assigned an infrared
vibraticnal frequency in gaseous CoCl, to the dimer.
A more probable source of impurity could be the
CoCl, melt. Trutia and Musa® claimed that the spec-
tra of Hougen et al.! included features of both the
melt and the gas phase. Co" in chloride melts** ap-
pears to assume a tetrahedral environment with an in-
tense (e~ 350) band around 14 kK, assigned to the
‘A;—'T, transition, as in CoCl¢~. The band at 18.2
kK does not appear in the melt. Gruen* considers it
unlikely that his spectra of gaseous CoCl; were con-
taminated by the CoCl, melt since precautions were
taken against this possibility; there is no evidence of
such contamination in the spectra of the other di-
chlorides, comparing their spectra with those of the
molten species,” although it must be borne in mind
that the 14 kK band of molten CoCl; is much more
intense than those of the other dichlorides and only
a very small amount of the melt in the path of the
incident light would affect the spectrum of gaseous
CoCl,.

We therefore suggest a different assignment to those
previously given.S We ignore the 14.2 kK band and

(32) R. C. Schoonmaker, A. H. Freidman, and R. F. Porter,
J]. Chem. Phys, 31, 1586 (1959). °
. Trutia and M. Musa, Specirochim. Acta 25A, 1165 (1967).
A. Trutia and M. Musa, Phys. Stat. Solidi 8, 663 (1957).
D. M. Gruen, J. lonrg. Nucl. Chem. 4, 74 (1957).
D. M. Gruen, private communication.
(37) D M. Gruen and R. L. McBeh, Pure Appl. Chem. 6, 23 (1963).
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. M. Gruen and R. L. McBeth, /. Phys. Chem. 66, 57 (1962).
M. Gruen and R. L. McBeth, J. Phys. Chem. 63, 395 (1959).
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assign the 18.2 kK band to the *®—*II (8%r) transition,
and the weak 10.4 kK band to ‘®—*Z (8%¢). The lat-
ter band may well correspond to the system observed®
between 12.3 and 12.6 kK for CoCl; in an argon ma-
trix at liquid helium temperature, and assigned® to a
state arising from the ‘P term. An increase in energy
of some 2 kK is not unreasonable over a temperature
range of about 1000 deg. This assignment leads to
much more satisfactory splitting parameters. In Table
I1I we give value of E; and E; required to fit the trans-
ition energies with B in the range 0.65-0.75 kK.
These are seen to be reasonable compared with the
values found for NiCl; and they predict the transition
‘®—*A to occur around 4-5 kK, in agreement with
the observed spectrum.

Table HI. Splitting parameters and predicted transition ener-
gies for CoCl,. All energies are in kK.

B 0.65 0.70 0.75
E, 6.8 6.0 4.9
E. 10.8 10.2 9.2
‘O—'A 4.0 4.2 43

(d) FeCl,. The d® configuration is a relatively sim-
ple one, and less equivocal assignments should be pos-
sible. The four-positron wave functions which re-
present the quintet states are:

(8.5:m,m) =%
(8.m.muo) ="A,
(Sbﬂ,ﬂba') = sAb
(8.8vm.0)="TL.
(8.5,mu0) ="I1,

The strong field energies of these states, relative to
the orbital energy of the configuration & =2, and
omitting the Racah parameter A, are:

5H=E2+E1—"21B
‘L=2E,—21B

Assuming a A ground state, the d—d transition ener-
gies are simply:

*A—'Il=E,
SA—’L=E,

The spectrum’ of gaseous FeCl, shows bands at 4.60
kK and 7.14 kK. Thus, assuming that E,>E;, we
fmd E1=4.6 kK, E2=7.1 kK.

(e) CrCl,. The d* situations is analogous to the d°
one discussed above. The four-electron wave func-
tions of the quintet states are the same as the four-
positron ones given for FeCl,. The strong-field ener-
gies relative to the orbital energy of the configuration
8 are:

SL=2E—21B
5H=E:+Ez—2|B
‘A=2E,+E;—21B

The d--d transition energies are given by:

Inorganica Chimica Acta | 5:2 | June, 1971

LI =FE~E,
T>'A=E,

The spectrum of CrCl® shows bands at 5.4 kK and
9.0 kK. Thus E;=3.6 kK and E,=9.0 kK.

(f) VCl;. The d* case is analogous to the d’ confi-
guration discussed above for CoCl,. The three-elec-
tron wave functions of the quartet states are the same
as the three-positron functions given for CoCl:.. The
strong-field energies, relative to the orbital energy of
the configuration &, are:

‘A : 2E,—15B

‘d: E,+E—~15B
‘Il & dno
&n E,—6B 3y 6B
5o 3\/—63 Ez+ Er—gB
‘T o &c
e 2E.+E,—-3B 6B
5o 6B E1—12B

Taking the ground state to be ‘II (8%x), the d—d trans-
ition energies are:

‘N—-*A=E~12E,~7.5B 4 Y2 (E;*—6E.B + 225B%)"

‘TI—>*'Z(8%) = 1o E,— V3 (4E.*+ 36E,B +225B%)" +
+ V2(E;’—6E,B + 225B%)"

‘I—'® = 1HE—~7.5B + 14 (E*~-6E,B + 225B%)"
‘TI—>*II(6no) = (E*—6E,B + 225B%)"

‘TI—»'Z(r'e) = VLE, + Y2 (4E*+ 36 E,B + 225B%)" 4+
+ 15(E*~6E,B + 225B%)"

The spectrum of gaseous VCI shows a relatively
intense peak at 14.5 kK with a broad, structured ab-
sorption on the low-energy side with maxima at 9.6
kK and 10.7 kK. Two assignments are possible:

(A) DeKock and Gruen® assigned the 14.5 kK band
to the ‘II—>‘YX (w’0) transition, and the absorption
around 10 kK to the *TI—*1I transition.

(B) Alternatively, we might assign the 14.5 kK
band to ‘TI—*I, and the 10 kK absorption to ‘TI—*‘Z
(m’e) transition at higher energy and masked by the
intense charge transfer absorption beyond 20 kK.

First let us consider Assignment A. A major diffi-
culty is the ill-defined position of the low-energy band.
The peaks at 9.6 and 10.7 kK could be the spin-orbit
components of the *II state but this is not very likely
since the spin orbit coupling constant for V2* is only
0.19 kK. It seems most probable that the peak at
9.6 kK arises from a quartet state, while the sharper
peak at 10.7 kK is due to a doublet state ((A) su-
perimposed on the broad envelope of the quartet band.
We therefore solve the expressions for the d—d trans-
ition energies for E; and E;, with *[I—>'T1=9.6 kK and
MT—'T (nl0)=14.5 kK. Values are calculated for
values of B in the range 0.55 kK - 0.65 kK. This

(40) W. E. Smith, |. Chem. Soc. (A) 2677 (1969).



corresponds to a nephelauxetic effect comparable to
that assumed for CoCl; and NiCl, and may be com-
pared with the value of B of 0.615 kK found® for
crystalline VCl,. The results are shown in Table IV.
E; and E; are seen to be rather small and some distur-
bing features arise. For low values of B, 0.55-0.60
kK, the ‘II—*® transition is predicted to appear aro-
und 4 kK, but the spectrum shows no absorption at
this frequency. With higher values of B, we find that
E,>E; and a ‘T (8%) ground state is predicted.

Table 1IV. Splitting parameters and predicted transition
energies for VCl; on the basis of Assignment A.

B 0.55 0.60 0.65
E, 29 3.0 43
E, 6.8 5.9 3.0
TI-*A 0.2 0.4 27
‘TI—>'L(8%) 1.9 1.1 -19
M- 4.1 33 14

Table V. Splitting parameter E, and predicted transition
energy ‘II»‘® for VCI, on the basis of Assignment B.
Energies in kK.

B 0.55 0.60 0.65
E, 13.7 13.3 12.9
TI-'d 10.0 9.8 9.5

We now turn to consider Assignment B. If we
equate the expression for the ‘II—-*II transition energy
to 14.5 kK, we find values of E; for the various va-
lues of B as given in Table V. These values of E;
give calculated transition energies for the ‘TI—*® trans-
ition in good agreement with the observed absorption
around 10 kK. Unfortunately, both these transitions
are independent of E; and no other d—d bands are ob-
served. However, E; must be around 7 kK if the
%% (8%) and ‘A states are to lie sufficiently low in
energy, and the ‘T (wlo) state sufficiently high in ener-
gy, to be unobserved. With E;=7.0 kK and B=0.60
kK, the ‘TI—'Z (8%) transition is predicted to appear
at 3.4 kK, the ‘TI—'A transition at 2.9 kK and the
‘[I>*T (m%o) transition at 24.2 kK. This would be
consistent with the observed spectrum.

Assignment B therefore seems preferable. We shall
return to the problem in the next section when we
discuss the results of angular overlap calculations on
the gaseous dichlorides.

Angular Overlap Calculations for Gaseous
Dichlorides

We now attempt to calculate E, and E; for the com-
pounds under consideration by means of the angular
overlap model discussed above. In each case, we
could find values of o* and =* which yield the split-
ting parameters found by analysis of the spectrum.
However, a more valuable exercise would be to calcu-
late the covalence parameters in each case by reference
to the ligand field splittings found in wellknown sy-
stems, e.g. MCL?~. The procedure will be to deter-
mine the ratio 0*/(S%.)?=n*/(S"x)* by analysis of the
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spectrum of such a system. By calculating the overlap
integrals S(3p,, 3d;) and S(3px, 3d.) at the appropria-
te internuclear distances, the covalence parameters for
all the gaseous dichlorides can be found. The overlap
integrals are calculated using the 3d-radial wave func-
tions of Richardson et al.* for the M* ions and the
functions of Clementi”? for neutral chlorine. The
crystal field parameters a; and a; are found from the
wave functions of Richardson et al. for a charge of
+0.5 on the metal, as suggested previously’ for chlo-
rocuprates(1I).

It is necessary to make some assumptions regarding
the metal-ligand bond lengths in the gaseous dichlori-
des. None of the compounds discussed has been the
subject of a detailed structure determination. We as-
sume that the M—Cl distance in each case is 0.20 A
shorter than in the corresponding MCl*~ ion, or 0.40
A shorter than in crystalline MCl, in the absence of
data for MClL?~. These assumptions are based on
the bond lengths found by electron diffraction’® for
other dichlorides compared with the corresponding
distances in MCl; (cryst.) and MCL?~. For example,
ZnCl; (g) has a Zn—Cl distance of 2.05 A, compared
with ~2.26 A in various tetrachlorozincates.®* The
variation in the M—Cl distance across the series should
be similar in the gaseous dichlorides to that in the
tetrachloride ions; the addition of electrons to the
anti-bonding ¢- and w-orbitals in MCl; should have a
similar effect on bond lengths as the addition of elec-
trons to the t, orbitals of the tetrahedral species.

(a) CuCl,, We shall include here our previously
reported” results for CuCl,. In calculations on chioro-
cuprates(Il) we have assumed o*/S/2=n*/S. =170
kK. This value has rationalised the d—d spectra of
square coplanar, tetragonal octahedral, trigonal bipy-
ramidal and flattened tetrahedral geometries. The
mean Cu—Cl distance as found in Cs;CuCls*# is 2.22
A. We therefore take the Cu—Cl distance in CuCl,
(g) to be 2.02 A. At this distance, S%m=0.100,
Smx"=0.064. Hence ¢*=1.70 kK, =n*=0.70 kK,
The radial parameters (r*) and (r*) are 1.4 a,’ and 5.2 a0’
respectively so that a, and as are found to be 1.51 kK
and 0.38 kK respectively, taking q (the point charge on
each chlorine atom) to be —0.25. The splitting para-
meters E, and E; are then found to be 18.9 kK and
8.1 kK. These values would be consistent with the
assignment of the 9 kK band to the transition *Z—1I,
with the 2X—?A transition hidden under the intense
19 kK absorption. The calculated transition energies
are certainly not consistent with the alternative -assign-
ment. If, instead of calculating ¢* and IT* on the basis
of our previous analysis of the spectra of other chloro--
cuprates, we find a value of the ratio */(S%m)’=7/
(S*mx)? to fit the 9 kK band exactly, we find that if the
band is assigned to the 2Z—I transition, the 2Z—?A
transition is predicted to appear at 15.8 kK, which is

(41) }. W. Richardon, R. R. Powell, W. C. Nieupoort, and W. F.
Edgell, |. Chem. Phys. 36, 1057 (1962).

(42) E. Clementi, Supplement to IBM Jornal of Research and
Development 9, 2 (1965).

(43) D.W. Mecek and |. A. lbers, Inorg. Chem. 9, 905 (1970).

(44) H. P. Klug and L. Alexander, /. Amer. Chem. Soc. 66, 1036
(1944).

(45) B. Brehler, Naturwiss. 46, 69, 106, 554 (1959).

(46) L. Heimholz and R. F. Kruh, J. Amer Chem. Soc. 74, 1176
(1952)

(47) B. Morosin and E. C. Lingafelter, J. Phys. Chem. 65, 50 (1961).
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consistent with the observed spectrum. If, on the
other hand, we assign the 9 kK band to the T—?A
transition, the *£—7II transition is predicted to occur
at 5.1 kK where it should not have escaped detection.
Thus the angular overlap theory strongly supports the
original assignment of Hougen et al.' as regards the
9 kK band.

(b) NiCl,. A convenient reference system in order
to find the ratio o* (S%,,)? is tetrahedral NiCl?~. X-ray
analyses®* give a metal-ligand distance of 2.27 A in
NiCL?-, so we assume a distance of 2.07 A in gaseous
NiCl,. Analysis of the d—d spectrum of NiCl?~ indi-
cates” a tetrahedral splitting parameter A, of 3.6 kK.
Our theoretical model expresses this splitting of the
e and t; orbitals in a tetrahedral complex as:

A =(20/3)0*—(80/9)r* +(20/27)a,

At 2.27 &, $9,,=0.089 and S%,,=0.047. (r* for Ni®*+
is 6.5 a,* so that a, (taking q to be 0.63) is 0.60 kK.
Thus we find ¢*=0.72 kK and n*=0.20 kK for
NiClZ?-. This leads to 0*(S%m)* =T*(S"m)*=91 kK.
At 2.07 A, S%=0.105 and $"».=0.063. Thus for
gaseous NiCl;, 0*=1.01 kK and =*=0.36 kK. (1%
for Ni®** is 1.63 a,? to that a, and a; for NiCl; are
1.49 kK and 0.38 kK respectively. Hence we obtain
Ei=4.7 kK and E;=11.9 kK. These values are seen
to be in quite good agreement with those given in
Table 11, as found by analysis of the spectrum on the
basis of Assignment B.

(c) CoCl,, We proceed in exactly the same way as
for NiCl;. Tetrahedral CoCli~ has a Co—Cl distance
of 2.28 A,* so we take the bond lengths in CoCl; as
2.08 A. The d—d spectra of tetrahedral tetrachloro-
cobaltates indicate’ a splitting A, of about 3.0 kK.
At 2.28 A, §%.,=0.099 and S",,.=0.054. /r*) for cobalt
is 8.3 a,*, leading to a,=0.67 kK for CoCl?~. Thus
the observed splitting is accounted for by ¢* =0.62 kK
and ©* =0.19 kK. This yields 0%(S%m)? =Y (S me)? =
63 kK. At an internuclear distance of 2.08 A, S%m=
0.116 and S™mx=0.078, so that ¢*=0.85 kK and =* =
0.39 kK for CoCls. (r") for cobalt is 2.07 a,> so we
obtain a,—1.87 kK and a,=0.49 kK. These para-
meters lead to E;=5.2 kK,, E;=10.9 kK for CoCl,,
in good agreement with the values quoted in Table III
on the basis of the assignment proposed.

(d) FeCl,. Tetrahedral FeCL>~ would appear to be
a convenient reference sysetm. The mean Fe—Cl di-
stance is reported® as 2.31A, so we assume a distance
of 2.11 A in gaseous FeCl,. Unfortunately, we are
confronted by some difficulties in determining A..
Furlani et al. quote a value of 4.0 kK, but this was
based on the observation of a single band in a region
where is much vibrational absorption from the cations
present, and the presence of further d—d transitions
at lower energy could not be excluded. This is im-

(48) P. Pauling, Inorg. Chem. 5, 1498 (1966).

(49) G. C. Stucky, J. B. Folkers, and T. J. Kistenmacher, Acta
Cryst. 23, 1064 (1967),

{(50) ] R. Weisner, R. C. Srivastava, C. H. L. Kennard, M. Di
Vaira, and E. C. Lingafelter, Acfa Cryst. 23, 565 (1967).

(51) R. Mason, E. D. McKenzie, G. B. Robertson, and G. A.
Rusho!m, Chem. Comm., 1673 (1968).

(52) C. Furlani, E. Cervone, and V. Valenti, J. Inorg. Nucl. Chem.
25, 159 (1963).
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portant, because the X-ray analysis” showed an ap-
preciable distortion from regular tetrahedral geometry,
as we might expect from a d® system, and there is
Mdssbauer evidence ** for appreciable splitting of the
e orbitals. Thus the available spectroscopic data for
FeCL?~ cannot be easily analysed to yield the cova-
lence parameters. An alternative course of action
might be to invoke the useful ‘rule of thumb* that the
tetrahedral splitting A, in MX,?~ is usually very close
to 0.5 of the octahedral splitting in crystalline MX,.
However, octahedral Fe' systems show large band
splittings™® which may be caused by a Jahn-Teller
distortion in the °E, excited state. The electronic spec-
trum of solid FeCl;® shows the *T—’E, transition
split into components at 5.8 kK and 7.6 kK. Applying
the analysis of Vechter,” it would seem that the lower-
energy band best corresponds to the octahedral splitting
A, so we estimate A;=2.9 kK, a value more in line
with those found for Co and Ni. S at 2.31 & is
0.109 and S™uxis 0.061. (r*) for Fe*** is 10.8 a,*,
leading to a,=—0.96 kK for tetrahedral FeCl?-. Thus
we find ¢*=0.51 kK and =*=0.16 kK for FeClZ~
giving o¥(S%m )’ =n¥(S"m)*=43 kK. At 2.11 A,
S%mx=0.124 and S"»x=0.086. Thus for FeCl, we use
0*=0.66 kK, n*—0.32 kK. (1% is 2.78 a2, so that
a; and a, for FeCl, are 2.40 kK and 0.57 kK respecti-
vely. We finally obtain E;=5.0 kK, E;=9.6 kK.
These may be compared with the experimentally ob-
tained values of 4.6 kK and 7.1 kK respectively. The
agreement is not quite so good as for CoCl; and NiCl,,
but is reasonably satisfactory considering the assump-
tions involved.

’

(e) CrCl,. In this case we are in even more serious
difficulties in trying to determine the ratio 6% (S%)
Salts of CrCli~ have been made,® but no spectrosco-
pic data is available. The anion is very probably a
highly distorted tetrahedron, like CuCl2-. If we as-
sume that a hypothetical regularly tetrahedral CrCLZ-
ion had A,~3 kK, comparable to the values found
for other metals, we can proceed with the analysis.
We take the Cr—Cl distance in our hypothetical ion to
be 2.32 A, with §%,,=0.136 and S*n.=0.084. Thus we
find o¥(STm)?=m¥(S"m)? =27 kK. At 2.12 A, the
internuclear distance assumed for gaseous CrCly, §%,,,=
0.148 and S™n=0.116. These lead to o*=0.59 kK
and =*=0.36 kK for CrCl,, With a,=2.9 kK and
a;=0.9 kK, we obtain E;=5.8 kK, E;=9.5 kK, com-
pared with the experimentally-determined values of
3.6 kK and 9.0 kK.

(f) VCl.. No tetrachlorovanadate(I1) has been re-
ported, but the electronic spectrum of crystalline VCI,
has recently” been the subject of a thorough study.
On the basis that A, for VCl2~ should be half of A
for crystalline YCl,, we would estimate A,=4.6 kK.

(53) P. R. Edwards, C. E. Johnson, and R. ]J. P. Wililams, J. Chem.
Phys. 47, 2074 (1967).

(54) T. C. Gibb and N N. Greenwood, /. Chem. Soc. (A) 6989
(1965).

(55) G. Winter, Aust. J. Chem. 21, 2859 (1968).

(56) F. A. Cotton and M. D. Myers, J. Amer. Chem. Soc. 82, 5023
(1960).

(57) W. E. Hatfield and T S. Piper. Inorg. Chem. 3, 1295 (1964),

(58) G. D. Jones, Pays. Rev. 155, 259 (1967).

(59) B. G. Vcchter, Opt Spectry. 1U.S.S.R.t 20, 139 (1966).
113(%)96'1. J. Seifert and K. Klatyk, Z. anorg. allgem. Chem. 334,
).



This seems rather high in comparison with the known
tetrachlorides of the first row transition elements. We
shall therefore assume a more representative value of
A;=3.5 kK for VCl¢-, and V—Cl bond length of 2.30
A. With this internuclear distance, S%mx=0.153 and
S™mx=0.103. With a,=2.25 kK, we find ¢*=0.67 kK
and 7*=0.30 kK, leading to 0*(S%u)2="7¥(S"m )=
29 kK. At 2.10 A, the distance assumed for gaseous
VCl, S%mx=0.162 and S™ux=0.140. Hence ¢*=0.76
kK and ©*=0.57 kK. With a,=3.2 kK and a;=1.3
kK, we obtain E;=7.8 kK and E,=11.6 kK, compa-
rable with the values obtained by analysis of the spec-
trum on the basis of assignment B for VCl,. Tt is
difficult to see how the values of E; and E; consistent
with Assignment A can be accounted for by theory.

Discussion

The angular overlap calculations give values of E,
and E; in good agreement with the experimental splitt-
ing parameters for NiCl; and CoCl;, but rather less
satisfactory results for FeCl, and CrCl;. For CuCl; and
VCl; the results are reasonably good on the basis of as-
signments differing from those of DeKock and Gruen.’
It is unwise to accept or reject a spectroscopic assign-
ment solely on the basis of crude theoretical arguments;
however, it does seem that the angular overlap method
is a reasonable guide in deciding upon alternative as-
signments since it provides us with calculated ligand
field splittings to within a couple of thousand wave-
numbers in cases where there is enough data to permit
the determination of the constant ratio 6%/ (S%)2 The
less satisfactory results for FeCl,, CrCl;, and VCl; are
partly due to the lack of such data. Another impor-
tant factor is that the crude point-charge model used
to calculate the electrostatic conributions to the ligand
field splitting is likely to be inadequate for the elements
towards the left-hand side of the series, where the re-
latively diffuse d-orbitals lead to large values of a, and
as. The inclusion of Madelung-like terms® in the MO
treatment would lead to larger fractional charge on the
metal atoms and consequently smaller crystal field
terms. This might explain why our calculated values
of E; and E, are consistently on the high side.

What is really significant about the results of the
empirical calculations is that they help to rationalize
trends in the observed values of E; and E: along the
series. E; is seen to fall steadily along the series
CuCl;)NiCl;)CoCl\FeCl..  This can be explained par-
tly in terms of the decrease in the empirical constant
% (S%x)% but another important factor brought out
by these calculations is the fact along this series, the
d-orbitals become more diffuse and the contraction in
the M—Cl bond length in going from MClZ~ to MClx(g)
leads to a smaller increase in S%.. But E; varies rather
less along the series, and the ratio Ei/E: increases.
This arises from the fact that STustill increases sharply
with decreasing internuclear distance and the ratio
S™mx/S%m increases as the d-orbitals become more dif-
fuse towards the left hand side of the series. The
higher values of the splitting parameters in passing

(6t) C. K. Jorgensen, S. M. Horner, W. E. Hatficld, and S. Y.
Tyree, Internat. ]. Quantum Chem. 1, 191 (1967).
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from FeCl; to CrCl; and VCl; is partly due to the
large electrostatic contribution to the splitting at this
end of the series, although the ratio &% (S%)* seems
to be increasing as well.

It is only fair to point out that in cases such as those
discussed here, where we are applying the ’squared
overlap’ rule in comparing systems with very different
internuclear distances, ‘the results will be rather de-
pendent on the exact form of the functions used. Tt
is quite likely that the use of other wave functions,
or other assumptions regarding fractional charges,
would lead to significantly better (or worse) results.
However, our simple treatment seems to give the cor-
rect general picture and we do not propose to specu-
late on possible refinements ot the method.

We should now include some further discussion of
the assignments we have suggested for CuCl;, CoCl,,
and VCI; as alternatives to those previously given. In
the case of CoCl;, reasonable values for E; and E; can
only obtained by rejecting the 14.4 kK band and there
are some legitimate grounds for doing so. In the case
of CuCl;, there seems to be ample scope for further
argument. We tend to favour the assignment of the
9 kK band to the lower-energy d—d transition, 2ZZ—2I1
with the 2Z—?A transition lying around 16 kK, hidden
under the intense 19 kK band. DeKock and Gruen®
cited the E.S.R. studies of Kasai ef al.? as further evi-
dence for their assignment, which placed the 2Z—I
transition below 4 kK. Kasai et al. studied the CuF,
molecule in an argon matrix and estimated the 2Z—1
transition in this molecule to be at 5.2 kK. They were
unable to find any bands in the absorption spectrum at
higher energy than 11 kK or lower than 5 kK; the
near infra-red region was inaccessible. Since F~ is
generally placed higher in the spectrochemical series
than Cl-, it would seem reasonable to suppose that
the *Z—I transition would be at ca. 4 kK in CuCl,
with the 2X—?A transition at 9 kK. However, a clo-
ser study reveals that the results for CuF, are quite
well accounted for on the basis of our model. An
electron diffraction study of ZnF,® gave a bond length
of 1.81 A. This is only 0.22 A less than the Zn—F
distance in crystalline ZnF,,* compared with a reduct-
ion of 0.50 A comparing crystalline ZnCl, with gaseous
ZnCl,. This is not at all surprising, since steric effects
on bond lengths will be much less with fluoride li-
gands than with chloride. Thus the Cu-F distance
in molecular CuF; is likely to be ca. 1.80 A, probably
a little shorter than in ZnF,. Analysis of published®®
ligand field spectra of copper(11)-fluorine systems by
our method inducates a value for ¢%(S%.,)? of ca. 100
kK. At an internuclear distance of 1.80 A, §%,.=0.098
and S™m«=0.055, which leads to * =0.96 kK and =* =
0.30 kK for molecular CuF,. We would then predict
d—d transition energies of about 11 kK for *T—?A
and about 7 kK for Z-»4I, consistent with the ob-
servations of Kasai ef al.®® It is of some interest to
note at this point that the spectrochemical series for

(62) P. H. Kasai, E B. Whipple, and W. Wecltner, J. Chem. Phys.
44, 2581 (1966).

(63 P. A. Akishin, V. P. Spiridonov, and V. A. Naumov, Zhur.
fiz. Khim. 30, ®51 (1956).

(64) W. H. Bauer. Acta Cryst. 11, 488 (1958).

(65) D. Oclkrug. Z. Phys. Chem. (Frankfurt) 56, 325 (1967).

(66) O. Schmitz-Dumont and D. Grimm, Z. «norg. allgem. Chem,
355, 280 (1967).
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halide ligands with Cu® (in so far as the series has
much meaning for grossly non-cubic systems) appears
to run in the reverse order to that found for most me-
tals: chlorocuprates appear to have larger ligand field
splittings than fluorocuprates, and the d—d transitions
of trigonal bipyramidal CuBrs*~ have recently been
shown® to lie at higher energy than in CuCls-.

In the case of VCl,, the angular overlap calculations
certainly favour Assignment B and there are other
reasons, as outlined previously, for rejecting Assign-
ment A. We feel that the results of such calculations
can offer useful evidence for or against a particular
assignment, but further corroboration is required. In-
fra-red studies on VCl, would help to settle the point.

Appendix

The possibility of a *Z(n%) ground state in CoCl,.
If the ground state in CoCl; is assumed to be
*I(n%0), the following d—d transition energies are pre-
dicted:
‘T'®=-7.5B+ 1»(4E,’—-36E, B+ 225B%"
‘S—'A=E;—E,—7.5B+ V2(4E,*~36E,B -+ 225B%)"

‘T-'M(3n0) = 1HE—~V2(E;’+ 6E.B +225B)" +
+14(4E,’—36E,B +225B%)"

‘T I8 r) = 1HE; + V2 (E;’+ 6E,B+225B%) +
+ V2(4E,*~36E,B 225B%)"

‘L*'L(8%0) =(4E,’—36E,B 4+ 225B%)"

(67) G. C. Allen and G. A. M. El-Sharkaway, Inorg. Nucl. Chem.
Letters 6, 281 (1970).
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An essential condition that *XZ(w?s) should be the
ground state is that the transition energy ‘Z(mlo)—>‘®
should be positive, and this will be so only if E,>9B.

The assumption of a ‘Z(n’c) ground state leads to
three plausible assignments:

(A) The 18.2 kK band is assigned to the ‘Z—*2(8%)
transition: the ‘X(8*r) state lies at higher energy and
is unobserved, and the 14.4 kK band is assigned to
the *XL(w’0)—*II(dnc) transition.

(B) The 14.4 kK band corresponds to the ‘2—*X(8%)
transition and the 18.2 kK band to the *X—*n(§r)
transition,

(C) The *3(8%) state is at 10.4 kK and the *r(8%r)
state at 18.2 kK. the 14.2 kK band is ignored, as di-
scussed in the main text.

Assignment A, with the assumption of B in the
range 0.65-0.75 kK, leads to E;~11 kK and E;~22
kK. However, the ‘*—*TI(§ne) transition is predicted
to appear at ~7 kK, where no absorption is observed.
The assignment is therefore inconsistent with the spec-
trum as a whole.

Assignment B leads to E;~9 kK and E;~8 kK. It
seems unreasonable to propose E;<E,.

Assignment C requires that E; < 9B which is incom-
patible with a *I(w’¢) ground state.

We therefore conclude that a *Z(n’s) ground state
is improbable.
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