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The theory of the trigonal t3;%" single-ion and (t3;"e™),(t%;"e"), pair configurations is presented in which account is taken of the
single-ion electron repulsion, cubic and trigonal ligand fields, Zeeman splitting, and the M—M = interaction of the pair. Application
of the theory to the electronic spectra of Mo,Xo>™ (X = Cl, Br) species offers a viable explanation for the broad spin-aliowed bands
observed above 16 000 cm™' in terms of singly excited pair states involving the trigonal t,. — e orbital transition. Furthermore,
the anomalously low orbital g values reported previously for the lower lying pair multiplets in the chloro complex! can be explained
by extensive mixing of the single-ion t,, and e orbitals by the M—M  interaction and are consistent with the value of J, ~ 7000
cm~! obtained from a recent analysis of the double excitation region of the electronic spectrum of Cs;Mo,Cl,.2

Introduction

In an earlier study,' we presented a detailed analysis of the
electronic spectrum of Cs;Mo,Cl, below 16000 cm™! on the basis
of a theoretical model involving the full t3t3 pair configuration,
incorporating both the M~M ¢ and = exchange interactions. The
cubic ¢, orbitals were not included in the above model, since in
the absence of M—M = bonding, the t,; and e, orbitals are not
mixed by the M—M ¢ interaction. The conclusion reached from
that study was that the M—M ¢ bond was quite strong with much
weaker = bonding, resulting in an almost complete factoring out
of pair states involving electron occupation of the trigonal t,,
orbital. The states converging to lower energy below 16000 cm™
were found to correspond to those predicted for an effective t3,t3,
pair configuration in which the trigonal t,, orbitals are absent due
to their participation in M-M ¢ bonding.

The t3,t2, pair configuration comprises the *A,’A, ground state,
3A,'E and 3A,'A| singly excited and 'E'E, 'E'A,, and 'A'A,
doubly excited pair states. These states are derived from the
4A*A, ground state, *A,’E and *A,?T, singly excited pair state,
and 2EZE, 2E2T,q, and 2T,2T, doubly-excited t3t3 pair state,
respectively, in the absence of any M~M ¢ bonding. Unfortu-
nately, we were not able to unambiguously assign the *E’ level
of the singly excited >A,'E pair state at approximately 8000 cm™.,
A reliable estimate of the M—M = bonding based on this band
region is therefore not possible, though initial assignments' had
indicated J, to be quite small, less than 1000 cm™. However, the
recent analysis? of the 'E'E double excitation around 13000 cm™
in Cs3;Mo0,Cly has shown that J, is not small but is approximately
7000 cm™! with J, = 25000 £ 5000 cm™!. Therefore, neglect of
the ¢, orbitals in the theoretical analysis is not justified.

Although the t3t3 pair model provides a satisfying explanation
of the observed multiplet structure below 16000 cm™! in the
electronic spectrum of Cs;Mo,Clg, it cannot account for the
anomalously low orbital g values found for certain of the t3.t3,
pair states. Furthermore, there remains the problem of assigning
the broad spin-allowed bands observed above 16000 cm™ in both
the chloro and the bromo complexes.> In the past, due to the
fortuitous resemblance to monomeric MoX¢*~ (X = Cl, Br)
spectra,*® these bands have been assigned on the basis of d?
single-ion excitations. Clearly, since the lower energy multiplets
have demonstrated the presence of strong M~M ¢ bonding, such
assignments lack credibility.

Ideally, what is required is a complete d*d3 calculation involving
both the t,, and e, orbitals. However, such a calculation involves
an awesome pair gasis size of 14400 which is clearly impractical,
and in many respects unnecessary, since it has been shown that
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the lower lying multiplets in the electronic spectrum of Cs;Mo,Clg
correspond to an effective t3,t3, pair configuration. It is therefore
useful to consider the (t3;"e"),(t;"e"), pair configuration which
not only includes those states arising from the t3,t3, configuration,
but also those resulting from electron promotion to the cubic e,
orbitals. In this respect, the full effect of M~M = bonding on the
pair states can be ascertained. The results thus obtained will be
relevant to the electronic spectra of not only Mo, X, species but
also the tungsten(11I) analogues exhibiting much stronger M—-M
= bonding.”®
Theory

(a) The t3;"e" Configuration. The trigonal t3;"e” single-ion
configuration derives from the octahedral d* configuration when
the t,, orbital and its accompanying electron are factored out
energetically. This may result from a large trigonal field or strong
M-M ¢ bonding in the case of dimeric systems. This configuration
comprises t3,, ti.e!, and e? subconfigurations, which span a total
of 12 multiplets (28 spin-orbit components) given by

th: ‘A, + 'A, + E
the' JA, +3A, +3E+ A + A, + 'E
e A, +'A +'E
The wave functions corresponding to the above states can be
constructed by using standard group theoretical techniques®'? as
th"e” STMy) = ¥ (-HM(2S + 1)!/2[AI)]"/? x

ntymy

Tiv2 -
1 1
( Ao AS >V<e © F)I'/z‘ze myD e myvy)
m my -M "oY2 Y
(1)
where the coupling coefficient for spin angular momentum cor-
responds to Wigner’s 3j coefficient® and the V coefficient is that
of Griffith’s real trigonal basis.'” Note that t,, transforms as the
E representation in C;, point group symmetry. The wave functions
for the Jt3, STM~) and [e? STM~) states are constructed similarly,
except that the one-electron product functions will both contain
either t,, or e orbitals. The appropriate trigonal one-electron
orbitals expressed in terms of cubic components quantized down
the trigonal axis are

te = (V2022 = %) - x2)/V/3
ty, = ~(V/ 2xy + y2)/V/3
e, = (V2xz + x2 - y2) /A3
e, = (V 2y - x)/V3 @
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Table I. Wave Functions for the t};"e” Single-lon Configuration®

Stranger

Table I1I. Electrostatic Integrals for the Trigonal t,, and e Orbitals?

t5e PA2 = (1/vV2)([3:43,] = 1542
I'AD = (1/vV )5t + 1515,
I'Ep) = /vt = [thtz])
'E,) = (1/v2)(It3 15| + 1515
thee! PAD = (1/2(t5exl + [taex] + 165 + 15,651
PAy) = (1/2(t5e5) + [t.e5] - [thexl - Itg,e3D)
PE = (1/2)(Ihe5) + 3,51 - It - o)
PE,) = (1/2)(Ithe5] + Itaees] + Ihesl + I,e80)
A1) = (1/2)(I6e3l - Igex] + 15l - Itg,e5)
['A2) = (1/2)t3e5) - Itz | - Ithexl + It,elD)
o = (1/2)(the5] - G671 = [thesl + Itaes])
P'E,) = (1/2(t58] - Itae)] + Ithed) - Iy,
e? PA2) = (1/v2)(Jefe;l - le)exD)
I'An = (1/v2)(Jefezl + leje)
I'Ex) = (1/v2)(Iefe;] - lexes)
I'E,) = (1/v2)(leie;] + lejex))

20Only the M = 0 spin components given.

Table II. One-Electron Reduced Matrix Elements of the Electron
Repulsion Operator®

(tallga(AD|Its) = V(3Fy)
(tollgs(ADIIt2) = 2V/(TFy)
(tallg2(EMt2) = 2v/(3F)
(tallga(EMIt2) = 4V/(5F,)
(tlig2To)|It2) = -3V (2F))
(tallg(T)lle) = -V (105F,)
(tollg(To|ley = 3V/(5Fy)

¢Taken from ref 11. #Changes sign on interchange of t, and e.

(ellgo(A))lle) = V(2Fy)
(ellgs(A))lle) = =V (42F,)
(ellgz(E)lle) = -4V/(Fy)
(ellgas(E)lle) = 2v/(15F,)
(tallga(To)lIt2) = 2v/(30F,)
(tillga(T)lle) = 2v/(3F3)

By the use of expression 1, the M = 0 spin component of all states
have been determined and are listed in Table I.

Electrostatic Interaction. As shown by Griffith,' the electron
repulsion operator can be expressed as a product of one-electron
operators in the form

G= Zez/rjk =2 Zgil‘-y(j) gir,(k) (3)
<k iTy j<k

where j and k sum over the electrons and the g;r., are one-electron
operators transforming as the irreducible representation T' with
component v. In the above expression, i sums over the spherical
harmonics of zero-, second-, and fourth-order rank, which may
form different bases for the same irreducible representation I'y.
As such, the matrix elements of g;r, are proportional to the square
root of the Slater—Condon parameters Fy, F,, and F4 for d”
configurations. Application of the Wigner—Eckhart theorem to
the matrix elements of G leads to the expression

(T D7l GIT 'y Ty yy) =

r v r r, ry r s

z V< , >V< , (Tilgir Ty ) (Taligir 1T
Ty YT MY Y2 Y2 Y

(4)

where T,v,, Ty, and T'y'y,’ label the orbitals involved, which,
for the cubic group, span t, + e representations. For the g,
operators, I is restricted to those representations that are contained
in both direct products ', X I')” and T'; X T'y’. Furthermore, if
T, =T,/orT, =Ty, then T is restricted to the symmetrized
squares [I',]? or [T';]?, which span A, + E+ T,and A, + E
representations for the t, and e orbitals, respectively. The necessary
reduced matrix elements in (4) have been tabulated by Daul and
Day'' and are listed in Table II in terms of the F, parameters.

For the real trigonal orbitals given above, it is necessary to use
the trigonal ¥ coefficients tabulated by Griffith'® in evaluating
the matrix elements of G. With the use of expression 4, the
electrostatic integrals were calculated for the trigonally adapted

(11) Daul, C.; Day, P. Mol. Phys. 1977, 33, 1421.

J(x.x) = J(X.X) = Fy+ 4F, + 36F, = A+ 4B + 3C
Jxy) =J(xX)=Fy-2F,-4F;,=A-2B+C
J(x,Y) = Fg+ 2F,-24F,= A+ 2B+ C
J(X,)Y)=Fy~4F,+ 6F,= A-48B+ C

K(xy) = K(x,X) = 3F, + 20F, =3B+ C

K(x,Y) = F,+30F,=B+C

K(X,Y) = 4F, + |15F, = 4B+ C

(xX||Yy) = F,-5F, = B

(xX|Y) = (xY|IXy) = -2F, + 10F, = -2B
(xyllxY) = (xp||Xy) = 2v/2F, - 10v2F, = 2v/2B
(xy||Yx) = (xy|lyX) = ~V2F, + 5v/2F, = -v/2B

9Where x, y, and X, Y are components of the t,, and e orbitals, re-
spectively. Other integrals can be found from the interchange (x — y,
y—x)and (X —~ Y, Y — X).

Table [V, Electrostatic Energies for the t3;"e” Single-Ion States
2, A;) = 4- 5B
I'E) =A+ B+2C
'A)) = 4+ 7B + 4C

thee! PA))=A+4B+A
PA)=A-8B+A
PE)=A-2B+A
|'A;) =A+4B+2C+ A
Ay =A4+2C+ A
'lE)=A+2B+2C+A
e? [fA;) = A-8B+2A

I'E} = A + 8B + 4C + 2A
'A) = A +2C+24a

(1 *Ajlityee’ *Ay) = 6B
“%e IAl"t%eel lAI> =-28
(B A |le? 'A;) = 4B + 2C
(t3, "E||tie' 'E) = 2B

(t3, 'E||e? 'E) = 2B

t,, and e, orbitals. The nonzero integrals are listed in Tabie I11
in terms of both the Slate-Condon F, and Racah 4, B, and C
parameters. Finally, from the two-electron wave functions and
electrostatic integrals given in Tables 1 and 111, respectively, the
electrostatic energies for the multiplets arising from the trigonal
t2."e" single-ion configuration are readily calculated and are given
in Table 1V. In this table A is the energy separation of the t,,
and e orbitals, which, in the cubic case, corresponds to 10Dgq.

Orbital Moments. In order to predict the g values for the
(t3;"e", (13;"e"),, pair states, the single-ion orbital moments must
be calculated. From the one-electron orbital moments

(tallle,) = iV 2k’ (5)

where the orbital components x and y refer to the trigonal
quantization and k and k’are the one-electron orbital reduction
parameters, the orbital moments for the t3;"e” single-ion multiplets
can be calculated by using the wave functions given in Table I.

The nonzero matrix elements are found to be

(t, ‘e L )3, 'E,) = —i2k

(tZXIIZItZy> = ik

(thee! *EulL,lthe’ °E,) = ik
(the! VE|L,|the’ 1Ey> = —ik
(3 'ExL|the’ 'E,) = —i 2K’
(the! 'ELJe? 'E,) = -i 2k’ 6)

(b) The (t3"e"),(t3;"e"), Pair Configuration. From the 28 t3;"e"
single-ion spin—orbit states, a total of 784 pair spin—orbit states
occur. However, if spin—orbit coupling is ignored, the pair basis
size reduces to 328, corresponding to the M = 0 spin components
only. This basis breaks up into 136 (S = 0), 156 (S = 1), and
36 (S = 2) pair states where S is the total pair spin. The ap-
propriate pair basis functions can be constructed by using
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ST S, TYSTMy) = & (<SS (25 + 1)1AAI)] 2
MMy
a0

2 Sy Sy (N T S, T My )| Sy Ty My'vy))
n, n
Ml Mb, M Yo b’ ll ala Ialb bibMp Tb

7N
where n, and n,’ label the single-ion configurations involved in
the pair state.

In relation to the M,X,*~ chromophore, the above pair state
functions have C,, symmetry, corresponding to the single-ion point
group of the pair. When the two single-ion centers are equivalent,
one can form symmetric and antisymmetric combinations given
by
[£S, TSy TySTMy) =

(1/4/ (IS, TS/ Ty'STM~) @ |S,T,/S,T,STM7)] (8)

In order to determine the parity correctly, one must use an operator
that is capable of distinguishing between these combinations. For
D4, pair symmetry, the appropriate operator is ¢, which is per-
pendicular to M—M axis. Operating on the pair functions (8)
results in

Uh|:|:SaFaSb,Fb,SI‘M‘Y ) =
(£)(-1 Y5 S=SHm(|FTTIS, TS Ty STMY) (9)

where the (&) sign refers to the symmetric and antisymmetric
combinations of C,, bases in (7), and n is the number of electrons.
If the function does not change sign on operating with gy, it
transforms as the appropriate symmetric (I'') D,, representation;
otherwise, it transforms as the antisymmetric (I'”’) representation.
Exchange Interaction. In the case of moderate to strong M—-M
bonding, the kinetic exchange approximation can be adopted where
ferromagnetic contributions involving inter-center electron re-
pulsion terms are neglected.! In this case, using the formalism
of Tanabe and Fuchikami,'*"4 the effective exchange Hamiltonian
can be expressed as
Ho= T Jao S8)-n(ac) m(@8) = 45, (ac'yS,(88) +
alaa

b(88")
8(B’) ny(aa’) + 8(aa’) ny(BB')] 8(ap’) 6(Ba’) /2 (10)

where the localized orbijals aa’ and 88’ belong to metal centers
a and b, respectively, and aa’ and 58’ sum over both the t,, and
¢ single-ion orbitals. The generalized occupation number n{aa’),
spin operator S(«a’) and exchange parameter J(aa/,38’) are given
by

n(aa’) = Za*aoaa'n
4
S(aa’) = 2(0)S|0")a’ 1y
a0’

J(aa/,88') = -2h(af’) h(Ba") /U (an

where a,,” and a,, are the familiar creation and annihilation
operators operating on spin-orbitals in the second quantization
scheme, h(ap) is the one-electron transfer or hopping integral,
and U is the one-electron transfer energy.

From the real trigonal orbitals given in (2), one can show that

h(xx) = h(yy) = (2h; + h,)/3
h(XX) = h(YY) = (h; + 2h,)/3

h(xX) = h(yY) = v/ 2(h; - h,) /3 (12)

where x and X refer to the t,, and e, trigonal orbitals, respectively,
and hy and h, are related to the cubic orbitals quantized down
the C3 axis by

h; = h(x2-p%,x?~y?) = h(xy,xy) h, = h(xz,xz) = h(yz,yz)

In the kinetic exchange approximation, the J(ao/,88") reduce to

(12) Fuchikami, N.; Tanabe, Y. J. Phys. Soc. Jpn. 1979, 47, 505.
(13) Shigi, H.; Tanabe, Y. J. Phys. Soc. Jpn. 1982, 51, 1415.
(14) Fuchikami, N.; Block, R. Physica B+C 1983, 119B+C, 252.
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Table V. Diagonal Exchange Energies for Selected Pair States

pair state multiplet diagonal
|£S,T,S,TuST) Dy, symmetry  exchange energy®
1HARA; 'A) Ay 3J
|+3A,%A,; *A)) A, 2J
e L

2

[-*A,'E 3E) g’ 0
|+33A21‘A1 33A2) :A2: (2),]
AL AL °Ay) A"
[+'E'E 'A}) Ay 2J
|[+'E'E 'A;) 1A, 2J
|+'E'E 'E) 'E’ 0
|+1E'A, 'E) g’ 0
|_IEIA] IE> IE// 2.’
[+1A,1A; 1A A J
[+H3A5A 1A)) 1A/ 2+ 2417
[FASA* 1A) ‘A W+ 2=
[+H3ALA* 'A,) Ay 220+ 1]
|_3A23A1. IA2> 1A1” 2.’ + 2.’" l/zJ”
|+3A’E* 'E) 'E” 20+ 20 -1,
[-*A,’E* 'E) 'E’ 2+ 2+
[+HASA# 1A)) ‘A v
|_3A23A2# IAI> lAzu 3J/

“Single-ion states arising from t}.e' configuration symbolized by *;
e? configuration symbolized by #, otherwise t3, configuration.
®Exchange parameters J = J,,, J’ = J,x, and J” = J, 4y, can be ex-
pressed in terms of J, and J; by using expression 13.

six unique parameters for the (t;"e™),(t2;"e"), pair configuration,

which in turn can be expressed in terms of just two exchange
parameters, J, and J;, as follows:

J(xx) = (~1/18)[J, + 4J; + 2/ U J)) /U
JXX) = (-1/18)[4], + J; + 2/ (U Jp)1 /U
I X) = (<1/9), + Js - 2V (L)) /U
J(xX.Xx) = (=1 /18)[2J, + 2J, + SV (J I )1 /U
JxexxX) = (<V2/18) [/, + 205 = V (U I)) /U
JXXX) = (- 2/18)[2), + J, + V (JJ)1 /U (13)

To be consistent with previous work,! we define J, and J; as
follows:

J.=4h2JU  Jy=4h?/U
The matrix elements of the various S(aa’) and n(aa’) operators
in H,, can be evaluated by using expressions A1~A3 given in the
Appendix. The diagonal energies with respect to H,, are given
in Table V. for a number of pair states of interest.

Zeeman Splittings. The Zeeman perturbation for both singly
and doubly excited pair states can be written as

HZeem = _(F’a + F’b)Hz (14)

where u, = -B(L, + 2S,) and similarly for u,. It is convenient
to use a basis in which the pair spin and orbital moments are
coupled according to

|£S,T,Sy Ty’ STtr) =

[A(t)]‘/z(—l)'-'ZV<S ro
My

M ~v -r

> [£8,I'sSy' Ty’ STmy) 13

where the V coefficient contains spin functions labeled with respect
to C;, point group symmetry. For this symmetry, the pair spin
functions [00), {1&1) and |10) transform as {A,0), |E£1) and
|A,0), respectively. The |£5,T,S,'Ty'STM~) pair functions in
(15) are the same as those given in (8) except for the orbital
doublets |E7), which contain complex components r. They are
related to the real components via the unitary transformation

Evi = (1/V2(-E,+E) E.,=(1/V2(E, +E)
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Table VI. Zeeman Splittings for Selected Orbital Doublet Pair
States

pair state spin—orbit state ~ Zeeman energy
{£S, T SyTWST(T,)er)% Dy, symmetry (units of 8H)?
[+3A,’A, *A(E)E=1) SAy(E) g
{+°A,'E *E(A,)E%1) *E”(E”) +2k
[*A;'E *E(A )E+1) *E/(E) 2k
|+3A,'E E(E)Ex1) SE"(E) F(g + 2k)
[—JAZIE JE(E)Eil) JEI(EII) ;(g + 2/()
[+3A,'A; PA(E)E+£]) A (E") +g
-*A A PAL(E)E+1) A(E) +g
|+'E'E 'E(A))Ex1) 'E(E") Fdk
[+'E'A| 'E(A)Ex1) 'E(E’) *2k
|-'E'A; 'E(A)Ex1) 'E"(E") *2k
[+3A,’E* 'E(A))Ex1) ~ 'E"(E") +k’
[-*A’E* 'E(A))E<£1) 'E(E’) +k’

“T, is the spin representation in Cy, symmetry. ®g is the spin-only g
value =~ 2; k and k’ are the one-electron orbital-reduction factors de-
fined in (5). An asterisk denotes the single-ion state belonging to the
the! configuration.

the phases being those of Griffith.!® From the wave functions given
by expression (15) as well as the single-ion orbital moments given
in (6), the Zeeman splittings of the pair |£S,T,S,'T/STtr)
spin—orbit basis can be calculated and are listed in Table VI for
selected spin—orbit doublet states |+STEr).

Results and Discussion

The preceding sections have laid a theoretical foundation for
the analysis of trigonal d*d®> M—M ¢-bonded dimers. Attention
is now turned to a discussion of the main features arising from
this theory and their application to the electronic spectra of known
pair systems, in particular, Mo,X¢* (X = CI, Br).

Single-Ton States. In the absence of M-M = bonding, the singly
excited d°d? pair state energies converge to those calculated for
the t3;"e" smgle-lon configuration in the M—M o-bond limit. As
such, the calculated multiplet energies within the t3;"¢” single-ion
configuration should serve as a useful starting point in the dis-
cussion of the electronic spectra of M—=M a-bonded d*d® dimeric
systems.

From the electrostatic energies given in Table IV, the energies
of the single-ion ti;"e" multiplets (in units of the Racah B pa-
rameter) are plotted in Figure 1 as a function of A/B. In this
calculation, the Racah C parameter has been set to the value of
4.5B. For A/B values greater than 4, the multlplets group into
three distinct levels correspondmg to the ti,, t2ee‘ and e con-
flgurauons in order of increasing energy. The |t3’A,) level re-
mains the ground state for all values of A/B but interacts with
[tie! 3A;) as can be seen from Table IV. For moderate to large
values of A/B, the next two lowest energy multlplets are the
spin-forbidden 'E and 'A, states belonging to the t3, conﬁguratlon
Transitions to these two states are expected to be sharp since they
have the same A/B dependence as the ground state. If configu-
ration interaction is neglected, these two levels lie at 68 + 2C and
12B + 4C, respectively, from the *A, ground state (see Table IV).
The sharp singly excited pair transitions observed at approximately
8000 and 11500 ¢cm™ in the electronic spectrum of Cs;Mo,Clg!
are associated with these two single-ion states in the M—M ¢-bond
limit.

The next group of multiplets comprise the spin-allowed 3A,,
3E, and ?A, states arising from the ti.¢' configuration. Transitions
from the ground state to the A, and 3E levels are electric-di-
pole-allowed and are expected to be broad due to their positive
slope as a function of A/B with respect to the ground state. Using
the ligand field parameters B = 495, C = 1820, and Dq = 1880
cm™! for the MoCl* chromophore, obtained from the recent study
of Mo** doped into the cubic host Cs,NaYCl,,'* the spin-allowed
ti.e! multiplets are calculated to lie between 17 500 and 24 000
cm~!. This result is of some significance as broad spin-allowed
bands are observed in this region in the electronic spectra of both

(15) Stranger, R.; Moran, G.; Krausz, E.; Giidel, H. U.; Furer, N. Mol.
Phys. 1990, 69, 11.
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Figure 1. Energies (in units of E/B) of the trigonal t3;"e" single-ion
multiplets as a function of A/B where A is the energy separation of the
t,. and e orbitals.

Mo,Cls*" and Mo,Bry*>>* The remaining spin-allowed 3A, state
belonging to the e? configuration is calculated to lic above 30000
cm™ and, although electric-dipole-allowed, will most likely be
obscured by impurity charge-transfer bands observed in all pre-
vious Mc;le‘ and MoBr,*~ spectra between 25000 and 35000
cm—l 4,6,1

A recent analysis of the 13 000-cm™ absorption band in Cs;-
Mo,Clg? has indicated the presence of a moderate M-M =-ex-
change interaction, with J, around 7000 = 1000 cm™!. Fur-
thermore, as will be shown shortly, a M-M r interaction of this
magnitude is indeed necessary to explain the anomalously low
orbital g values found for the lower lying multiplets at approxi-
mately 8000 cm™!. It is therefore pointless to proceed any further
with the analysis of the electronic spectrum of Mo,Clg*” on the
basis of the t3;"e" single-ion model alone. In order to model the
M-M = interaction correctly, it is necessary to include the full
(t3."em),(t3."e"),, pair configuration. From here on J;, associated
with the M—M 4§ bonding, will be neglected since recent calcu-
lations'® have shown this overlap to be negligible in M02C19 .

Pair States. The energy levels associated with the (t3;"e"),-
(t3;"e"),, pair configuration can be calculated by operating on the
pair functions (8) with H,, (10). The electrostatic energies given
in Table IV must also be included. lfconfiguration interaction
is 1gnored the diagonal exchange energles of selected pair states
(8) are given in Table V. For the t3tf, pair confxguratton the
splitting between (+) and (-) combinations of pair states is seen
to be 2J,, (=Jx/ 9) in all cases except for the JA,’A, ground state,
whereas for the (t%,), (the )y pair configuration, the splitting is
given by J,xyy, Which again approximates to J, /9. From the value
of J, = 7000 cm™' obtained from the analysis of the 13000-cm™
absorptlon in Cs;Mo,Cl,,? first-order exchange sphttmgs of around
800 cm™' are predlcted for both the 13,3, and (t3,),(tl.e"), pair
states shown in Table V.

The energies of selected singly and doubly excited (ti"e"),-
(t3;"e"), pair states are shown in Figure 2 as a function of the
M~-M = interaction, parametrized by J,. For this calculation,

(16) Stranger, R.; Smith, P. W.; Grey, I. E. Inorg. Chem. 1989, 28, 1271.
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Figure 2. Energies of the (t3;"e"),(t2;"e"), pair states as a function of J,,
calculated for B = 400 cm™!, C = 4.5B, and A = 20000 cm™'. Only the
ground-state S = 0, 1, 2 spin levels, S = | singly excited and S = 0
doubly excited pair states belonging to the t},t3, configuration, and the
S = 0 singly-excited pair states belonging to the (t3,).(t}.e')s configura-
tion are shown. Dashed lines correspond to the S = 1, 2 pair states and
full lines to the S = O pair states. Pair states are labeled on the lhs of
the figure while the resulting Dy, multiplets are labeled on the rhs. Pair
states arising from the t},e' single-ion configuration are indicated by an
asterisk.

the single-ion ligand field parameters were set at B = 400 cm™,
C=4.5Band A = 20000 cm™. The energy levels shown in Figure
2 include only the ground-state S = 0, 1, 2 spin levels, the § =
1 singly excited and S = 0 doubly excited pair states belonging
to the t3,t2, configuration, and the S = 0 singly excited pair states
belonging to the (t3,),(t}e"), configuration.

Overall, for J, < 5000 cm™, the energies of pair states belonging
to the t],t3, configuration are similar to those previously calculated
(see Figure 9 of ref 1) by the use of the t3t3 model in which the
cubic e, orbitals were neglected. There are differences however.
First, the Landé interval separation between the 'A’, 3A,” and
A\ ground state pair levels breaks down much sooner, in the
present case for J, > 2000 cm™'. Second, in the t3t3 model, the
splitting between the 'A,” and 'A,’ doubly-excited pair states
increases with J,. In the present model, this is also occurs until
J, reaches approximately 6000 cm™, from which the splitting stays
relatively constant.

As J, increases beyond 5000 cm™, the interaction between pair
states belonging to the t3.t3, and (t3,),(t}e"), configurations is
significant. Eventually, all pair states are factored out to higher
energy, mimicking the gradual formation of two M—M = bonds.
In the extreme case, where all four electrons are paired off in M—-M
= bonds, none of the pair states shown in Figure 2 exists, apart
from the ‘A’ ground state, and instead, the electronic spectra to
low energy will be dominated by MO transitions involving the
M-M ¢- and 7-bonding and antibonding orbitals.

Even with the restricted number of energy levels shown in
Figure 2, it is clear that the density of states increases with energy.
In particular, a large number of spin-singlet states occur in the
15000-30000-cm™ range. Because of the proximity of both singly
and doubly excited spin-singlet states in this region, extensive
mixing occurs with the likely result of similar transition intensities
for both types of states. Clearly, when one or more exchange
pathways are significant, extensive configuration interaction can
occur. In this case, in order to model the exchange splittings and
transition intensities correctly, it is necessary to include the full
pair basis set.
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Electronic Spectra of Mo,X,>~ (X = Cl, Br). In relation to
previous work, the larger value of J, ~ 7000 cm™ determined from
the analysis of the 'E'E double-excitation region of Cs;Mo,Cl,,2
does not affect the assignments given in ref 1 with the exception
of the 3E’ level belonging to the singly-excited *A,'E pair state.
For J, = 7000 cm~11, the 3E, level is now calculated to lie ~3000
cm™' to higher energy (see Figure 2), and since no bands were
observed below 11000 cm™, it seems likely that this level is buried
within the singly-excited 3A,'A, pair state transition observed at
approximately 11500 cm™.

Previous work on the spectral region above 16000 cm™ in
Mo,Clg> has been limited to room-temperature solution or re-
flectance spectra, where two broads bands were observed at ap-
proximately 19250 and 23 750 cm™.>* Because of the similarity
of the dimer bands above 16 000 cm™' to those of monomeric
MoCl¢*, earlier band assignments were in general based on d?
single-ion transitions from the 4A, ground state to the spin-allowed
T, and *T, ligand field states.*> More recently, one-electron
transitions within a MO framework have been proposed,'” but
unfortunately, these assignments were based on incorrect polar-
ization data for the lower energy bands.'®

Since the multiplet structure below 16 000 cm™ has now been
successfully assigned on the basis of an exchange-coupled pair,
it is more than likely that the spin-allowed bands observed above
16000 cm™ can also be similarly assigned. Indeed, as seen from
Figure 2, a number of spin-allowed pair states associated with
the (t3.).(ti.e'), configuration are predicted above 16 000 cm™,
with transitions from the 'A,’ ground state to 'E, and 'A,” levels
being electric-dipole-allowed. Although these states involve
electron occupation of what are formally cubic e, orbitals, they
are only associated with the d* 4T, and *T, liganj field states in
the weakly coupled limit (/, = 0), since M~M ¢ bonding factors
out the trigonal t,, orbitals. The analogous bands in Mo,Bry*"
have been reported at approximately 18 000 and 22 500 cm™,43
involving a shift of around 1200 cm™ to lower energy in relation
to the chloro complex. This shift can be largely attributed to a
reduction in A for the bromo complex. A detailed magneto-optical
study of the spin-allowed bands above 16 000 cm™ in Cs;Mo,Cly
will be reported in a later study.

g Values. The effect of the M—M ¢ interaction on the g values
of the orbitally degenerate d°d? pair states is quite marked. The
orbital moments within the t3t3 pair configuration can be calcu-
lated from the eigenfunctions, obtained from the diagonalization
of the pair matrix given in the appendix of ref 1, by using standard
group theoretical treatments'® for the orbital angular momentum
operator within the t3 configuration. In the absence of spin—orbit
coupling and trigonal field effects, the single-ion 2E, state has no
orbital moment. However, increasing the value of; J, results in
a progressive mixing of the 2E and 2T, single-ion states. Since
the latter has an orbital moment of 1, the orbital contribution to
the singly and doubly excited pair levels involving the 2E state
increases with J,. The M—M ¢ interaction mixes in not only the
single excited *A,?T,, pair state but also the doubly excited 2E’T,,
and 2T, .*T), pair states. In fact, one can show!® for large J, and
J, = 0, that the 3E” and 3E’ multiplets, derived originally from
the A,’E pair state, converge to

PE’) =

AV 2AAZE| + 2 APT o) + PEIT )~V 2PT 14T
and
PE”) =

BV 2AZE + 2FART | - PEPTil + V 2PTuT o))
Similarly, the 'E’ multiplet, derived originally from the doubly
excited 2E2E pair state, converges to

I'E") = Va(~PE’E| + 2PPE*T 4| - 2I°T 4T 14l)

(17) Trogler, W. C. Inorg. Chem. 1980, 19, 697.
(18) Saillant, R.; Wentworth, R, A, D. Inorg. Chem. 1969, 8, 1226.
(19) Stranger, R. Ph.D. Thesis, University of Tasmania, 1987.
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Table VII. Reduced Matrix Elements of 3, (STy||S(aa)|IS'T’"y")(aa’) and .. (STy|{r(aa)IST'y' ) (aa’)®

JAZ IAl lEx \Ey JAZ- JAI- JEX- JEyn

A, x4y xy-yx  xy+yx xx-yy xX + yY -xY + yX -xY -yX -xX +yY
A, xx+yy —xx+yy xy+yx  -xY+pX ~xX - yY xX-yY -xY -yX
'E, xx+yy  ~xy+yx x¥+pX xX -yY -xX - yY xY-yX
'E, xx+yy  xX-pY -xY - yX -xY + pX -xX -yY
A xx+y+ XX+YY xy-yx-XY+YX xy+yx-XY-YX xx-yy-XX+YY
A L. xx+y+XX+YY -xx+yy-XX+YY xp+yx+XY+YX
E* xx+yy+ XX+YY -xy+yx-XY+7YX
3E,’ x+yy+XX+YY

A" ALY 'E* E* A # A IE, ¥ IE,*
Ay | —xX -pY xY - pX xX +yY xX-yY
A, | xY-yX xX +yY -xX + yY xY +yXx
'E, | xY-ypX -xX +yY xX +yY -xY + yX
'E, |-xX+yY xY + yX xY -yX xX +yY
AP xx+ - XX =YY xy-px+XY-YX xy+yx+ XY +YX xx-y+XX-YY xX+yY xY-pX xY+yX xX-yY

A —xyFyx - XY+ YX xx+yy-XX-YY

-xx+yy+ XX-YY

xy+yx-XY-YX -xY+yX xX+pY -xX+yY x¥+yX

EX [ xp+yx+ XY+ YX —xx+ypyp+XX-YY xx+yy-XX-YY -xp+yx+XY-YX xY¥+yX -xX+yY xX+ypY -x¥+ypX
3Ey' xx=-yy+ XX-YY xy+yx-XY-YX xy-yx-XY+YX xx+yy-XX-YY xX-yY xY+yX xY-yX xX+yY
IAZ- lAl- ]Ex. ]Ey' JAZ# ]Al# ‘Ex# lEy#
A [ xx+py+ XX+ YY xy-px-XY-YX xy+yx-XY-YX xx=-yy=-XX+YY xX+yY xY-yX xY+ypyX xX-yY
‘A xx+yy+ XX+YY xx+yy-XX+YY xp+yx+XY+VYX -xY+pX xX+yY -xX+ypY xY+yX
'E.* xx+yy+XX+YY -—xy+yx-XY+YX xY+pX -xX+ypY xX+yY ~x¥+ypX
'E,* xx+yyp+XX+VYY xX-pY x¥Y+pX xY-pX xX+ypY
AL # XX+YY XY-YX XY+YX XX-YY
A # XX+YY -XX+VYY XY+YX
E, # XX+YY -XY+YX
'E,# XX+YY

“An asterisk denotes a state belonging to the t},e' single-ion configuration. A # denotes state belonging to the e? single-ion configuration.

The dependence of orbital moments on J, for the singly excited
4A,°E and doubly excited 2E2E pair states is shown in Figure 3.
Clearly, for J, > 2000 ¢cm™, the orbital moments have converged
to the values 2k and 4k, respectively.

The mixing of the E and 2T, single-ion states by J, has been
recently observed in the trigonal Cr** pair tris(u-hydroxy)bis-
(1,4,7-trimethyl-1,4,7-triazacyclononane)chromium(I11),% where
the axial M-M exchange is much weaker with J, =~ 2200 cm™'.
From Figure 3, an orbital moment of approximately 2 (for k& =
1) is predicted for the singly excited “A,?E pair state in excellent
agreement with the reported values between 1.95 and 2.05 for this
complex.

From the recent magneto-optical study of Cs;Mo,Cly,! the
orbital moments for the singly excited 3A,'E pair state (associated
with the A,’E state in the weakly coupled limit) were found to
lie in the range 0.5-0.8. These values deviate significantly from
the predicted value of 2 (for k = 1), yet J, is approximately 20000
cm™!, 10 times greater than that found for the tris(u-hydroxy)
Cr®* pair. Apart from J,, an obvious difference between the two
pair systems is the magnitude of J,. For the Cr** complex, J,
is quite small, approximately 180 cm™!, whereas for the Mo** pair,
the analysis of the 'E.'E double excitation has indicated J, ~ 7000
cm™.

Within the 133 exchange-coupled pair model, inclusion of J,
makes a negligible difference in the calculated orbital moments.
This is not the case for the (t3;"¢"),(t3:"e™), pair configuration
where the cubic ¢, orbitals are included. For this configuration,
increasing J, causes extensive mixing between the t,. and e sin-
gle-ion orbitals, and this leads to a dramatic departure from the
orbital moments and Zeeman splittings (see Table V1) predicted
for certain of the t3,t3, pair states.

Orbital moments can be calculated from eq 6 and the eigen-
functions obtained from the diagonalization of the complete
(t3:"e), (3", pair configuration. The effect of increasing J,
on the orbital moments for the *E’ and *E” multiplets belonging
to the singly excited *A,'E pair state is shown in Figure 4. In
the absence of any M~M = bonding (J, = 0), the orbital moments
for the t2,t2, pair states correspond to those calculated for the t3t3
pair configuration in the M—M o-bonded limit, in particular, values
of 2.0k and 4.0k are calculated for the singly excited *A,'E and

(20) Riesen, H.; Giidel, H. U. Mol. Phys. 1987, 60, 1221.
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Figure 3. Dependence on J, of the orbital moments for the *A,’E and
2E2E pair states using the t3t3 exchange-coupled model of ref 1. Calcu-
lation was performed for B8 = 467 cm™, C = 48, and Dg = 1920 cm™'.

doubly excited 'E'E pair states, respectively (see Table VI). If
the single-ion e, orbitals are included in the calculation, slightly
lower values are obtained, as seen from Figure 4, due to the mixing
of t3, and t}.e' single-ion states by the electrostatic interaction.
As J, increases, the orbital moment for the ’E’ multiplet remains
relatively stable at approximately 2k. In contrast, the orbital
moment for the *E” multiplet decreases dramatically from ~2k
at J, = 0, to 1.0k and 0.5k for J, = 8000 and 12000 ¢m™!,
respectively. The latter values are in good agreement with those
observed experimentally, especially for k < 1, and confirm the
presence of a moderate M—~M =-exchange interaction (J, ~ 7000
cm™), in the Cs;Mo,Cly exchange-coupled pair.

Metal-Metal Bonding. The value of J/, ~ 7000 cm™ found from
the analysis of the 'E'E double excitation,? as well as the present
study, is now in far better agreement with observed J,/J, ratios
between 0.1 and 0.3 for other trigonal d’d® dimers.2®2!  Fur-
thermore, it compares well with J,/J, =~ 0.3 determined from

(21) Riesen, H.; Gidel, H. U. Inorg. Chem. 1984, 23, 1880.
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Figure 4. Dependence on J, of the orbital moments for the *E’ and *E”
multiplets of the singly excited A,'E pair state. Calculation was per-
formed for B = 400 cm™!, C = 4.5B, and A = 20000 cm™'. An asterisk
denotes that the curve for the *E’ multiplet is shown only to J, = 10000
em!, as discrimination from other *E’ multiplets is not possible beyond
this range.

Table VIII. Coefficients for the Reduced Matrix Elements of S(aa’)
and n(aa’) Given in Table VII?

n n’ S S’ S(aa’) n(aa’)
0 0 1 1 V3/V2 1

0 0 0 0 0 1

0 0 0 1 -v3/2 0

0 1 1 1 V3/2 1/v2
0 1 0 0 0 1/v2
0 1 0 1 -v3/2v2 0

0 2 1 1 V3/V2 1

0 2 0 0 0 1

0 2 0 1 -v3/2 0

1 1 1 1 V3/2v2 1/2

1 1 0 0 0 1/2

1 1 0 1 -V3/4 0

1 2 | 1 V3/2 1/v2
1 2 0 0 0 1/vV2
1 2 0 1 -v3/2v2 0

2 2 1 1 V3/V2 1

2 2 0 0 0 1

2 2 0 1 -V3/2 0

?n and n’ label the single-ion configurations involved in the reduced
matrix element where t, = 0, the! = I, and e2 = 2. Coefficient re-
mains unchanged when » and n’ and/or § and S’ are interchanged.

extended Huckel calculations?®22 on the analogous Cr*, V2, V3+
and Ti** dimers.

Although J, is nearly 30% of the value of J,, the effect on the
M-M =-bonding~antibonding e’-¢” molecular orbital separation
(see Figure 2 of ref 17) is considerably smaller. This difference

(22) Leuenberger, B.; Giidel, H. U. Inorg. Chem. 1986, 25, 181.
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arises because J, is defined in terms of cubic orbitals quantized
down the trigonal axis, whereas the ¢’ and ¢” molecular orbitals
are by necessity defined in terms of trigonally adapted metal t,
orbitals. The transformation between these orbital bases ana
associated exchange parameters is given by (2) and (13), re-
spectively, with the result that the increase in the e’—¢” separation
is only '/gth of the increase in J,. As such, within the molecular
orbital framework, the M—M =-bonding interaction is still quite
weak, being only about 3% of the M—~M o interaction.

Appendix

The matrix elements involving the operators S(aa’) and n(aa’)
in H,, (eq 10) can be evaluated from

(1S TanySyTuST My|S,(ac’)-Sy(88)) |0/ Sy Ta'ny' Sy Ty ST M™y') =
L 3(SS) (MM [MI)]V2A(I)]1/3(=1)S*56%S x

RO
Ty

ra rb r v rul Fbl ) SI Sb S
Yo Yo Y o v Sy SS ]
(1S TavallSa(aa Min' STy v,y (mSeTuyulISo(88)In' Sy Ty vy
(AD)
(S, TanySpTeSTMy|n,(aa’) ny(88)|ny'S T/ m/SyTyST' M) =
Z/é(SaSa’) 8(SpSy) 8(SSY) 6(MM’) X

TaVa
Temy

[ADYVAINI)]/3(=1)5e 45648 x

r, r r,, I,y r
v a » T v |' b/ F) x
Ya Yo Y Ya Yo Y
("nSnFn‘Yull"l(aa’)”"alsalral‘h,) ("bsbrlﬂbl|"b(ﬂﬂ,)""blsb’rb’7b,)
(A2)

14

(S TampSyTWST My|ny(aa’) |n,'S, ' Ty'ny' Sy T'M'y') =
L o(myny’) 6(S.S,") 6(SSy') 8(TTy') 0(vuyy) 8(SS) X

kRN
Yon'

S(MM’) IMDIFVIMIN 2 (1,S, Tovallng(aa)||n'Sy Ty y,')
(A3)
where in this case the V coefficient corresponds to Griffith’s real
trigonal basis,'® and n, and ny label the single-ion configurations
involved in the pair states. The reduced matrix elements of the
operators 3_,,S(aa’) and ¥, n(aa’) over the multiplets arising
in the t2;"" single-ion configuration can be determined from Table
VII by multiplying by the appropriate coefficient given in Table
VII1. Furthermore, the relations

(S'T'Y||S(aa’)|ISTy) = (-1)SS(STY||S(a’a)(|S'T'y")
(ST’Y'||n(aa’)|ISTy) = (STy|ln(a’a)||ST’y’)  (A4)
also apply.

Registry No. Mo,Clg>, 52409-23-1; Mo,Bry’", 45976-45-2,





