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The electronic spectrum of the confacial bioctahedral complgklGsBrg has been investigated by single-crystal
absorption, Zeeman, and MCD spectroscopies. A total of seven distinct band regions were resolved and assigned
to transitions essentially within the?t,? configuration that arises when the pair ef brbitals in the #t,8
configuration is decoupled by strong Mo o bonding. The excited state separations, and in particular the
orbital g values, are sensitive to MéMo s bonding and show clearly that thebonding is weaker in the bromide

than in the chloride complex.

Introduction tiplets 3A2%A, and3A,lE compared to B + 3C for the *A*A,
and“A,2E multiplets that maintain their identity in the regime
of small Mo—Mo ¢ bonding. Furthermore, the observation of
sharp lines near 13 000 crhthat had no MCD could be simply
explained by assigning the lines to double excitations within
the btoe? configuration.

The strong Me-Mo ¢ bonding was firmly established, but
the magnitude ofl, (see Theory) was uncertain for several
reasons. Only one spirorbit level (E) of the first excited state
SE"(A{ + A + E' + E") was detected. The orbitglvalue
for the E"(E') level was found to be, surprisingly and
inexplicably, very smallk ~ 0.3. Further, we assumed that
the samek could be transferred to other multiplets. This led to
difficulties in identifying the second excited st&& and to an
incorrect assignment of the doubly excit§¥E'E)'E Ostate.

The extension of the pair model to includg erbitals?
provided a possible solution to the orbitalalue problert® as
well as providing a theoretical basis for the analysis of the broad
spin-allowed bands above 17 000 ¢hd* In addition, a study
of the splitting of the(*EXE)!A/', 1A, evels?! provided more
evidence for the growing belief that MéMo & bonding was
moderately large.

With the availability of superior detectors, we have re-
examined the spectra of @80,Xe (X = CI, Br) in order to
obtain more accuratg values, resolve some of the band
assignments, and determine the extent oW 7 bonding.
This paper deals with the magnetoptical study of CsMo,-
Brg and a comparison with Gl0,Clo.

CsMo,Brg is @ member of the classic series of face-shared
bioctahedral dimer complexeszM,X9 where the structural,
magnetic, and spectroscopic properties are strongly influenced
by the nature of the metal ion ¥, halide X, and univalent
cation A1"8 Even within the series MX¢3>~ (X = Cl, Br, 1),
significant structural differences exfst. For instance, the Me
Mo bond distance of 2.65 A in G&l0,Clg increases to 2.82 A
in CgMo2Brg. These structural changes are reflected in the
observed magnetic properties with the ground state siaglet
triplet splitting decreasing from 840 crhfor the chloride to
760 cnr! for the bromide comple&. The variation in magnetic
properties can be largely attributed to a decrease ir-Mo
bonding with increasing MeMo separation, as shown in a
recent Xa—SW study of the AMo,Xg (X = Cl, Br, I) systen?®

A magnete-optical study®1!of CgMo,Clg showed that the
absorption bands below 17 000 chcould not be understood
with a simple molecular-orbital model. Configuration interac-
tion is very large, and the multiplet splittings should be better
described by the exchange-coupled-pair model. The application
of the pair model to thett,® configuration showed that as the
Mo—Mo o bonding between the torbitals becomes very large,
the lowest set of multiplets converged to those derived from
the &2tz configuration wherest are the £ and ty orbitals
which are involved in Me-Mo &t and 6 bonding. Thus, for
CsMo.Clg, the exceptionally low energy of the sharp lines near
7800 cnt! could be explained as a consequence of the lower
interelectronic repulsion energyB6+ 2C, between the mul-
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Figure 1. Schematic diagram of the absorption and MCD equipment. Theory

] ] ) o i Exchange-Coupled-Pair Model. The exchange Hamiltonian and
and the molecular trigona axis) for the terminal bromide ligands is  tne coordinate system have been described elseWhEraNe sum-
55.3, close to the octahedral value of 54.7The cone angle for the  mayize here the details relevant to this paper. In the exchange-coupled-
bridging bromide ligands is significantly larger, 57,5ndicating a pair model, strong metaimetal bonding or strong superexchange across
compression along the direction caused by the Mavio bonding. bridging ligands is represented by large transfer integrals in the kinetic

MCD and Absorption Equipment. A schematic figure of our exchange terms. Within the kinetic exchange approximation, all terms
spectrometer is presented in Figure 1. The system was built around ain the exchange Hamiltonian are neglected except those that contain
Spex 1402 which operated as either a single or double (0.75 m) the transfer integrals. In this approximation the exchange Hamiltonian
monochromator. A damped high-speed stepper motor was fitted to can be written as
the original unit, which allowed precise wavelength movements, quickly
and reproducibly under control of the PC. The gratings used were a H,, = 1/2 Z J(a!,BB")[—ny(aa’) n(BB") — 4S(aa’)-S,(BB') +
1200 line/mm grating blazed at 500 nm and 600 line/mm gratings blazed aloa)
at 1 and 1.«m. The light source was usually a 24 V, 250 W quartz b(BA")
halogen lamp, imaged 1:1 on the entrance slit. The lamp was run in o(BB") n(oa) + (o) ny(BB] (1)

a cooled housing through a stabilized power supply.

The available range of detectors contributed significantly to the
performance of this system and the quality of the data. We used a
Hamamatsu R-269 (S-5) tube in the 300 nm range and a R-669
(extended S-20) tube in the 46850 nm range. These tubes were of
semitransparent design and gave optimal stability and baseline perfor-
mance. For high-resolution measurements in the=8I) nm region —2)(ot’,B5") = 4h(a,f") h(B,a’)/U (2)
a Hamamatsu 943-02 Cs/GaAs photomultiplier was utilized. A liquid-
nitrogen-cooled, low-capacitance, 1 mm diameter InSb diode (Cinci-
natti) was used with an optimized transimpedance amplifier unit in the
range from 850 to 1700 nm together with custom reflecting condensing simplified notationJ(ao,88) = J(a,f).

optics. ) o ) Figure 2 gives a schematic drawing of the structure of the;Bvig*-

The system featured three lock-in amplifiers in a heterodyning jon, The choice of coordinate axes is the same as in our earlier3#rk.
arrangement. Light was chopped at 400 Hz and the polarization The spin functions and all operators are defined with respect to the
modulated at 60 kHz. A Princeton Applied Research 124A lock-in  atched set of trigonal axes, the single-io (Y« Z2) and Ko, Yo,
amplifier (marked CP in Figure 1) measured the signal at 60 kHz. Its 7y and the pairX, Y, Z) axes where<,’ = —Xa, Y2’ = —Ya, andZy’ =
output, when operated at maximum bandwidth, was sent to one (markedz, - The orbital functions on the Mo ions are defined with respect to
Het) of the two Stanford Research SR510 lock-in amplifiers, both (% v, Z.) and (s, Yo, Zo) axes, respectively, so that the same
referenced to the 400 Hz chopper frequency. The Het lock-in provided transformation connects the cubic and trigonal basis on each center.
the signal that was modulated at both 400 Hz and 60 kHz and Thys, for both centers and b, the real trigonal orbitals which
consequently strongly rejected the interference from either the modulator giagonalize the cubic field, denoted by the simplified notatieq %y
or the chopper. The detector output was also fed to the second SR51G,) or (x, v, 2), are related to the real cubic orbit$ihrough
(marked TL) which measured the total light level.

where the orthogonalized d orbitadlsand 3 belong to metal ions on
centersa andb, respectively, and the sum is over all d orbitals. The
generalized occupation numbexsia’) and spin operatoiS(a.a’) which
apply to orbital changes as well as spin-flips have been defined éérlier.
In the kinetic approximation

whereh(a,j) is the transfer integral between orthogonalizednd
metal d orbitals on centei® andb, respectively, andJ is the usual
transfer energy. For cases whaxe= o’ andp = f', we use the

The 486 PC was fitted with a National Instruments GPIB-PC2A ty= (25 —&E—n)IV6
interface card and Metrobyte Mstep-5 stepper motor driver card. The
former allowed the PC to fully control the SR510 lock-in amplifiers. ty=(5— mniv2
The latter provided ramped stepper motor drive pulse trains to move
the wavelength of the monochromator. An important feature of this t,=(E+n+ C)/«/3

arrangement was that the gain of the two SR510’s was automatically
adjusted. This provided the necessary wide dynamic range for accurate

measurement of MCD and absorption over an extended wavelength &= &
range. This system was an extension of the approach used in our _
versatile single-beam-polarized single-crystal spectroniet@he PC §=8& ©)

calculated the ratios of the output of the Het and TL lock-in amplifiers  The t, orbitals are optimized for MeMo ¢ bonding in theDg, Css-
to give both the MCD and absorption.

The magnete-optical cryostat was a 6T SM-4 Oxford Instruments  (16) Sugano, S.; Tanabe, Y.; Kamimura,Multiplets of Transition Metal
Spectromag unit. lons in Crystals Academic Press: New York, 1970.
(17) Hopkins, M. D.; Gray, H. B.; Miskowski, V. MPolyhedral987, 6,
705.
(15) Krausz, EAust. J. Chem1993 46, 1041. (18) Krausz, E.; Stranger, R.; Dubicki, L. Unpublished data.
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Figure 3. Molecular orbitals for C8vlo,Bre and the correspondence
of their energies with the single-ion ligand field parametgrs, and
transfer integral$i(o.,5) (see text).

Mo.Xg dimer. They form thes and o* molecular orbitals of & and

&'' symmetries, respectively, with the energy separation
E(o) — E(0*) = 2h(z2) 4)

The by and ty orbitals are collectively labeled ag &nd form nominally

Y3m and %30 Mo—Mo bonds. The corresponding molecular orbitals
are d€¢ andd*e”, with the energy separation

E(8) — E(6%) = 2h(xX)
= 2h(y)y) (5)

Similarly, the g and g orbitals form nominally?/sw and¥30 Mo—Mo
bonds and the corresponding molecular orbitals;ageand z*e'’. In
this case, superexchange through theonding framework of the
bridging ligands is more important than Mo bonding and reverses
the sign of the transfer integral so that
E(m) — E(7*) = 2h(e,.8) (6)

is a positive quantity.

The exchange parameter in (1) that describes the Mo ¢ bonding
is

—2)(z,2) = 4h(z,2*/U

=J, Q)

where we use the simplified notatial{zzz2 = J(zz). The corre-
sponding parameter for the, brbitals is

—2J(x,X) = 4h(x,x)*/U (8)

In the earlier work® we wished to compare the exchange interactions

between a standard Mdvio ¢ and a standard MeMo s bond and
accordingly introduced the parameter

J. =9 x 4h(xx)*/U

=9 x (—2J(x,X)) 9)
The parameted, is used again in this paper although its utility is
somewhat spoiled by the fact tha(x,x) contains not only the negative
contribution from Me-Mo & bonding but also a positive contribution
from 7 bonding between the metal and bridging ligand orbitals.
Figure 3 shows the ordering of the molecular orbitals fosM@%-
Bro obtained from a spin-restrictedoX-SW calculatior?. The molec-

ular orbital energies can be expressed in terms of the single-ion ligand

Stranger et al.

Table 1. Ordering of the Low-Energy Multiplets of [M8rg]®~ in
the Limit of Strongc Mo—Mo Bonding, Zerar Mo—Mo Bonding,
and Zero Spir-Orbit Coupling

interelectronic

(t20)%(t20)> multiplet Dgn States repulsion energy
ATA A/ 24B
EA; EE 18B + 6C
E'E A AL B 12B + 4C
SALMAL SALBAY 12B + 4C
SAE SE°E 6B + 2C
3A23A2 1A1',3A2”15Al' 0

2B andC are the Racah interelectronic repulsion parameters.

Hamiltonian, as in the angular overlap moéfelThe diagonal matrix
elements in Figure 3 should be supplemented by two off-diagonal
elements[Zr|Hes|00= v’ + h(e,X) and [&* |Hex|0* 0= v'— h(g,X). A

is the cubic ligand fieldp and v’ are the standard trigonal field
parameterd® and the molecular orbital splittings are simply twice the
transfer or resonance integral.

In the exchange-coupled-pair calculations to follow, we have ignored
the trigonal field parameters and v'. The Xo.—SW calculations
suggest thab is approximately 0 ane-450 cnt? for the bromide and
chloride complexes, respectively. The off-diagonal trigonal field
parametery’, can be nonvanishing because of the trigonal compression
of the bridging Me-X o bonds. Estimates based on the angular overlap
model® indicate that' is less than 1000 cm and is of positive sign.
The mixing of g and tg orbitals in CgMo2Xq (X = Cl, Br) is therefore
expected to be dominated by a pair mechanism involVipge) (eq
10).

Since thes Mo—Mo bonding is strong, the ground configuration
for CgMo2Brg is 0%(05*)4. The molecular orbital model does not give
a simple description of the lower lying electronic states. The latter
can be obtained only after calculating the configuration interaction
between the states originating fra¥* 3 andd30** configurations "
states) and frond*, 6*4, andd26*? configurations ["' states).

The interelectronic repulsion energies of the d electrons are relatively
large, and a simple description is obtained if we use an exchange-
coupled-pair model. Provided the M®o ¢ bonding is strong, the
to, orbitals can be decoupled and the lower lying states will be derived
from the (ke )(t2)? configuration. The single-ion#)? configuration
in Cs, site symmetry givedA,, 'E, and'A; states with relative energies
0, 8B + 2C, and 1B + 4C, whereB andC are the Racah interelectronic
repulsion parameters. Table 1 lists all the multiplets derived from the
(t2e)2(t26)? configuration in order of increasing interelectronic repulsion
energy. As noted earli¥rand emphasized in the Introduction, this
model is a good starting point for assigning the main features of the
optical spectra given in Figures 7 and 8.

The spin-restricted X—SW calculation$ give the following esti-
mates for the transfer integral¥z,z) = —10 400 7800) cn1?, h(x,x)
= —2000 1100) cnt?, andh(e,e) = 1400 (1900) cm! for Css-
Mo2Xo where X= CI (Br). By using eqs 7 and 9 we obtaip ~ J,/3
andJ, ~ J,/6 for the chloride and bromide complexes, respectively.
SinceJ, must be very largex15 000 cn1?), it is clear thatl, is also
moderately large.

The first attempt at calculating the low-lying excited states of Cs
Mo,Cls applied the pair model to the’t,® configuration!® Inspection
of Figures 11 and 12 in ref 10 shows that, &r~ J, andJ, ~ 15 000
cm?, the calculated ordering of the excited states is similar to that
obtained empirically in this paper.

The above model could not account for the low orbgavalues
observed in the first excited state of the chloride complexJ;Ifs
indeed large, then the neglect gf@bitals is not valid because Mo
Mo z bonding will mix g and bg orbitals through the nonvanishing
h(x,e). If both the smalh Mo—Mo bonding and the contribution from
the bridging ligands are ignored, then one can derive

h(x,8) = —v/2h(x,X) (10)

The inclusion of gorbitals into the & basis makes the pair problem

field parameters and the transfer integrals of an effective one-electron (19) Schi#fer, C. E.Pure Appl. Chem197Q 24, 361.
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Figure 4. Calculated energy levels for the lower lying excited states
of the (b "e"a(t2"€")p configurations as a function of metainetal

7t interactiond,. The levels are plotted relative to the ground state at
zero energy. The Racah interelectronic parameters are400 cnt?,

C = 4B, the cubic field parameteA = 20 000 cm?, the transfer
integralsh(e,,&) = 2000 cnt?, andh(x,8) = f\/2h(x,x), as in eq 10,
and the transfer energy = 20000 cnt'. Dashed and full lines
correspond to th& = 1 andS= 0 pair levels, respectively. The pair
states are labeled by thelt,? parentage on the left and by the
representation of the moleculBx, point group on the right.

very complicated. As a first approximation, advantage is taken of the
strong Mo—-Mo ¢ bonding to restrict the basis tgL"e")a(t2> ™€M)y
wherem andn take the values 0, 1, and 2. The details of this model,
labeled hereafter as &) (t.e) have been givefl and the calculated
energy levels for GMo.Brg are given in Figure 4.

In this model the# orbitals are assumed to be completely decoupled
by the strongg Mo—Mo bond. The limitations of this assumption,
and the consequent neglect of cross-exchange tégmsnay lead to
some error in the value o, which is treated as an adjustable
parameter. The effect of thg-etyg mixing on the orbital reduction
parameters has been investigateédlhis previous work employed the
assumption thal(e,,e) = 2h(x,x) which is valid only for pure Me-

Inorganic Chemistry, Vol. 35, No. 14, 199@221

Table 2. Lowest Energy States for gdo.Xy (X = Cl, Br)

trétos? parentage Das, spin—orbit  band transition Zeeman
|£SS Ty STHE level assignt  dipole  term BlI2)
[PASAAL T Al
E." Myy +2ke
|—3ALE3E" Al + A bl m F(g— 2ke)
Es' Py (g + 2k)
A"+ A Pz T(g— 2k)
|+3AE3E E. b2 Py 2k
E." Myy F(g + 2ke)
" A } p:
—_3A.1A .3 2
—azacar{ 22 ©) P
|—EE A0 A" b3
[+1EXE 1A, D A b4
' Al }
3A 1A L3
[+°AALCA, [{ E." b5 Myy +g
|—1E2ALE"D) E." b6 my  t2k
[EXEE'D E. b7 Py Fake

2| £(STS Ty )STO= (UV2)[I(ST2S Ty)STO (ST SIS
bThe band assignments follow Figures 6 and 7. See t&tie
magnetic dipole () and electric dipole (g allowed transitions from
the ground statéA,' appear in the crystak(myy,pyy), o(Mzpxy), and
7(Myy,p,) polarizationsd The g values are derived from pured,e
functions. g is the effective spin-only value in the limit of zero spin
orbit coupling, andk is the one-electron orbital reduction factor for
tog Orbitals.

functions for the spirrorbit components can be written {SI)tr0=
[SM'MO

|(3E”)E2E”D: |:':1 EinD

(CE"ELC=10E,"D

ICEMA, A, 0= [F1E,"O (11)

We assume that the effects of spiorbit coupling on the spig
value are not large, and in our empirical analysis of the Zeeman spectra
we provisionally usey ~ 2. The orbitalg value for the®E" state is
defined asE."|L,|E." 0= K(*E"). The magnitude oK(>>*T") depends
on the detailed composition of tH&" state. In Table 2 we have
assumed that the wave functions can be approximated by the pair
functions derived from the£t,& configuration so that

K(CA,'E)°E"E) = 2k,
K((E'E) 'E) = —4k,
K((E'A) 'E"E) = 2K, (12)

where in the limit of a purext?t,¢ configuration the effective parameter
ke reduces to the one-electron orbital reduction paraméter

Mo bonding. These calculations were repeated with the more realistic (—)iliy|l,|tol] In generalke will differ for different multiplets.

values forh(e,,e) obtained from the ¥X—SW calculationsyiz., h(e,&)
= 2000, andh(x,x), which has a negative sign, was varied. This

The calculations ok. based on the {fe¥(t..ef model are sum-
marized in Figure 5. Note that the changekdris nearly all due to the

refinement did not alter the dependence of the reduction parametersvariation inh(x,e) which is related tal, through expressions 9 and
on J, except to cause a small change in the magnitudes (next section).10. This is confirmed by calculations whedg is held constant and

Magnetic g Factors. Theg values are listed in Table 2 and require
some comment. We have neglected sgnbit coupling in the pair
calculations simply because at the level of theeff(t..e model the
spin—orbit matrices are extremely large.
omission would be unjustified and lead to meaninglgssalues.
However, in CsMoXe (X = CI, Br) the large energy separations

In most cases such an

h(x,&) is treated as an independent parameter. The new source of the
orbital moments is the off-diagonal matrix eleméy|l,|e,[= iv2K.
Figure 5 shows several qualitative features which find support in
the following empirical analysis of the optical spectra. First, khe
parameters for botRE" and !E" states are significantly reduced as
h(x,e) and hencd, increase. This is a consequence of the increase in
g;—tag Mixing that is also responsible for an increase in the “trigonal”

between the observed multiplets (see Figures 6 and 7) that are causedplitting of the3E” and3E' states. The gadmixtures in théE' and

by interelectronic repulsion andMo—Mo bonding will tend to quench
the effects of spirrorbit coupling so that spin should be a fairly good
qguantum number. Consider the first excited multiSt. The wave

1E' states evidently have opposite phases, and in theselcaseeases
with h(x,e). Thus for the’E' state &, approaches the effective spin-
only values. The previous difficultyin detecting the second excited
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Figure 5. Dependence of the orbital reduction paramekelslerived
from the (be£)f(t2¢e model) onJ,. The input parameters weke= 1,
B = 400, C =1600, Dg = 2000, h(e,e) = 2000, andU = 20 000
cm L. The change irke is nearly all due to the change hx,e) and
follows J, becausel, = 36h(x,x)%U and we have assuméxx,e) =
—/2h(x,x) (egs 9 and 10).
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Figure 6. Single-crystal polarized absorption spectrum ofNis;Bro
at 6 K.

stateE' may now be resolved. Furthermore, a very large orlgtal

value is predicted for the''E)'E' state, even when the reduction in

ke caused by covalency is taken into account.

Results and Discussion
General Spectral Features. The polarized spectra of gs

Mo2Brg and CsMo,Clg are shown in Figures 6 and 7,

Stranger et al.
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Figure 7. Single-crystal polarized absorption spectrum ofNiz,Clg
at 6 K.

Table 3. Vibrational Energies of GMo,Brg?
vibrational modes/crmt

Dan symmetry 21 V2 V3 Va Vs
Al 195 138 97
A’ 221 165 70 35
E 253 170 113 70 53
E" 232 141 115 48

2 Data taken from both vibrational studfsnd electronic spectra
(vide infra).

An important result is the observation of band 7, which
exhibits a rich vibronic structure, strong MCD, and large
values. A careful re-examination of this region revealed that
band 7 also exists for the chloride.

Finally, the activities of the vibrations, particularly the'A
modes, of the MgX, pair, vary between the different multiplets
and, even for a given multiplet, they vary remarkably between
the chloride and bromide. To aid in the discussion to follow,
Table 3 gives the vibrational energies forsM®,Brg that were
obtained from both Raman and infrared stutflemd from the
vibronic fine structure of the electronic spectrundg infra).

Band 1 (7400-7900 cnt?). This spectral region exhibits
complicated vibronic fine structure, and only the main features
will be discussed. From Figure 4 and Table 2, the lowest excited
multiplet is 3E"(°A2!E), which consists of £ + A’ + E +
E" spin—orbit levels, and only the transition to' s electric
dipole allowed ino polarization. For C#Vlo.Clg, the absorption
near 8000 cm! (band 1) was shown to be due entirely to
transitions to théE'" multiplet1?12 The absorption near 7500
cmtin CgMo2Bre, shown in Figure 6, is similarly assigned.
The o- and z-polarized spectra of @&lo,Brg between 7400
and 7900 cm! at 6 K are shown in Figure 8. The Zeeman
spectra &5 T are expanded in Figure 9 to highlight weaker
features. The axial absorption and corresponding MCD spectra
at 5 T are shown in Figure 10.

Theo polarization is dominated by the strong origin at 7574
cml. Two weaker lines occur at 7661 and 7769 ¢émbut
the latter line has an identical Zeeman splitting and MCD sign

respectively. The two spectra are very similar in band positions, as the origin and is therefore a totally symmetric vibrational
relative intensities and polarizations. Most bands are predomi- sideband involving thex(A1') mode of~195 cnl. For Cs-

nantly 7 polarized except for the absorption near 7500 tm
The bands of the bromide are shifted by 3800 cn1? to lower
energy compared to those of the chloride complex.

A new and mainlys-polarized absorption, band 5, was

Mo,Cly, however, thev4(A,') vibration with an energy of 127
cm~1is active in the’E''(E') state whilevy(A7') is inactive.

The Zeeman splitting of the origin givesg, = 3.2, indicating
both spin and orbital contributions to the magnetic moment.

observed for the bromide. Closer examination of the absorption On the basis of its strong intensity and negative MCD sign, it
near 13 700 cmt reveals that band 5 also occurs in the chloride s assigned to théE"(E') spin—orbit level. From Table 2, a
spectrum, but in this case it overlaps with band 4 and gives the zeeman splitting ofF(g + 2k is predicted, wherg is the

impression of stronger vibronic activity and longer progressions

for band 4 in the spectrum of gdo,Clg.10:11

(20) Smith, P. W.; Stranger, Rust. J. Chem1986 39, 1269.
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Figure 9. Polarized absorption and transverse Zeeman (lighslic)
spectra of band 1 for GSlo.Brg at 1.6 K.

effective spin-only value and is the one-electron orbital
reduction factor. If we assunge~ 2, thenk. ~ 0.6 is obtained

for the 3" multiplet, compared tée ~ 0.3 found for the same
origin in CgMo0,Clg.t° As shown previoush? and as shown
under Theory, th& parameter for théE'" multiplet is strongly
dependent on the magnitude lofx,e) and through eq 10 it
depends also od,. The higher value ok, for CgMo0,Brg is
therefore attributed to a decreaseldiprelative to that for the
chloride complex and is consistent with the 0.17 A increase in
the metat-metal distance in the bromide complex.

Theo line at 7661 cm? is not associated with the main origin
at 7574 cm?, as the Zeeman splitting is too small to be resolved.
Both the Zeeman and the MCD spectra of this line are
complicated and indicate the overlap of two or more vibronic
origins. The following analysis of tha spectra shows that
both the E and A’ + A2 electronic origins lie below the strong
o origin. Consequently, the 7661 cio line must be assigned
to a vibronic origin associated with either th& &r A;" + A’
spin—orbit levels.

The & polarization of band 1 is substantially weaker, and

Inorganic Chemistry, Vol. 35, No. 14, 199@223
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Figure 10. Axial absorption and MCD spectra of band 1 forsMe,-
Brg at 1.6 K.

most lines are vibronically induced since transitions to3Eeé
multiplet are electric dipole forbidden im polarization. The
x line at 7495 cm? is very weak and sharp (fwhh of 0.5 c#).
This line also occurs in the axial absorption spectrum shown in
Figure 10 but not inc polarization and therefore must be
assigned to the magnetic-dipole-alloweé'(E"") spin—orbit
level. The symmetric Zeeman splitting (Figure 9) and positive
MCD (Figure 10) are consistent with this assignment and give
g: = 1.36. Since the predicted Zeeman splitting for t&&-
(E™) origin is +2ke, we obtaink. ~ 0.7, in good agreement
with ke ~ 0.6 derived for theéE"(E') origin.

In Figure 9, ther lines at 7689, 7715, and 7806 cirhave
the same large Zeeman splittingg,~ 3.2, as they origin. They
must therefore be vibronics based on #i'(E') level and
assigned asgs, v, andvy E" vibrations with energies of 115,
141, and 232 cm, respectively. The same coupling pattern
was observed for théE”(E') level in the chloride spectrum.

Thex lines at 7564, 7662, 7699, and 7746 ¢nall exhibit
asymmetric Zeeman splittings, indicating that the vibronics are
associated with the electric-dipole-forbiddés' (A, + AJ')
spin—orbit levels. From Table 2, the A+ A, spin—orbit
levels have an off-diagonal Zeeman termie(@ — 2ke) which
gives rise to an asymmetric Zeeman splitting because the A
and A levels have a small zero-field splitting. To gain electric
dipole intensity insz polarization, the A + A levels must
couple with either A" or A, vibrational modes. The sign of
the asymmetric splitting, whether the most intense Zeeman line
lies to higher or lower energy, varies from line to line, indicating
that both A" and A" vibrational modes are vibronically active.

The temperature dependence measurements shown in Figure
11 reveal a weak hot band a{7435 cn! associated with the
7564 cnt! cold vibronic origin. This places the A+ A,
spin—orbit levels at approximately 7500 cth very near the
SE""(E") electronic origin at 7495 cri. The energy difference
between the hot and cold bands indicates an inducing mode of
approximately 65 cm! which corresponds closely to the
v3(A2") vibration. The proximity of the Eand A' + A, spin—
orbit levels may explain the complicated Zeeman structure
observed for a number of andx vibronic origins to higher
energy. For instance, theline at 7661 cm! may consist of
two vibronics, E coupled withv(A2'") and A’ + Ay’ coupled
with v,(E).

Band 2 (11 100-11 600 cnt?). According to Figure 4, there
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Figure 13. Polarized absorption spectrum of bands 3 and 4 for Cs
Mo2Brg at 6 K.

Wavenumber/cm'! The o line displaced by 262 cri exhibits an overall negative
Figure 11. Temperature dependence mfolarization for band 1 in MCD which is consistent with coupling of the' Brigin with
the spectrum of GMoBrs. an vy(E') vibration of ~260 cnt!. However, the MCD fine
structure and large bandwidth indicate other contributions to
— T 1 ] this absorption.

From Table 2, the Zeeman splitting for thedgigin is +g if
assigned to théA,;" multiplet and+2k. if assigned to théE'
multiplet. From the AA/A)max value in the MCD spectrum,
we obtaing, ~ 2.0 in agreement with the spin-onty value
predicted for the’A,"(E') spin—orbit level. However, they
value of 2 is not inconsistent with the alternative assignment,
as calculation® show thatk. is close to 1 for théE’' multiplet.
Although covalency will reduck, the increase it from e;—
tog admixing may be greater than indicated in Figure 5 owing
to the uncertainty in the value ofx,e) and in the accuracy of
eq 10. Therefore, we are unable to distinguish between these
two assignments on the basis of the magneigatical data.
However, the large splittings of th¥'E double excitations,
which are caused by moderately largg are well accounted
for by the theory, and it seems unlikely that the corresponding
3ALIE single excitations would depart significantly from the
theoretical predictions. Consequently, the assignment of band
2 to the3E'(*A,'E) multiplet appears to be more reasonable.

11600 11360 11i20 Transitions to théA " multiplet are then assumed to be weak.
Wavenumber/cm They may overlap with band 2 and contribute to the absorption
Figure 12. Polarized ¢,) absorption and axial absorption and MCD  near 11 400 cmt. In the earlier work, band 2 was assigned to
spectra at 1.6 K of band 2 for €402Bro. the3A," multiplet, since the possibility that, could be greater
are two possible assignments for band 2,3’ (3A,1A;) and than 5000 cm* was not taken seriously and thevalues for
3E'(3A,1E) multiplets. The analogous absorption forsks,- the 3E" andE' states were assumed to be identical.
Clg is seen at~11 500 cntl. Theo- andz-polarized spectra Bands 3 and 4 (1220813300 cm?). The o and &

and the axial absorption and MCD spectra at 1.6 K are shown polarizations of bands 3 and 4 are shown in Figure 13. This
in Figure 12. The line widths are much broader compared to absorption region has no MCD, and therefore the excited states
those of band 1, ang spectra are much more intense than have no spin or orbital angular momentum. The spectra closely
The absorption band is dominated by the strangrigin at resemble those of the chloride complex and have been assigned
11 133 cmil. Both thedA " ((ALtA ) and3E ((A,1E) multiplets as transitions to the doubly-excitéB'E levels. As seen from

consist of A" and E spin—orbit levels which are electric dipole ~ Figure 4, this multiplet splits intdA;", Ay’, and*E’, and the

allowed inz ando polarizations, respectively. Theoriginat ~ 'E' state is predicted to lie more than 2000 ¢rabove théA;"

11 133 cm! is therefore assigned to the/Aspin—orbit level. state. For the chloride complex, the separation betwéeh

Progressions in thes(A1') andv4(Ay') totally symmetric modes andA;' origins was estimated to be700 cnTl. Consequently,

account for all ther lines observed to higher energy. the entire absorption in the region 12 2aIB 300 cm* for Css-
The o absorption displays a more extensive and congested M02Bryg is attributed to transitions to thé\;" and*A;' states,

vibronic fine structure. The sharpest feature at 11 172'dsn and this assignment is consistent with the absence of MCD for

assigned to the'Espin—orbit origin. From Table 2, a positive  this band.

MCD signal is expected for either tfA " or 3E' assignment. Below 12 700 cm?, theo spectrum is slightly more intense

Theo lines displaced by 95 and 138 ciexhibit positive MCD thans for both bromide and chloride complexes. The polarized

and are therefore vibronic sidebands involving thé\,') and spectra consist of a false origin at 12 281 cm and ar false

v3(Ay") vibrational modes, respectively. Theines displaced origin at 12 257 cm?, from which all the higher lying fine
by 80 and 112 cm! have negative MCD and must be assigned structure up to 12 600 cm can be accounted for by progres-
to vibronics involvingv4(E') andvs(E') vibrations, respectively.  sions in v4, v3, and v Ay’ modes, as shown in Figure
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Figure 14. Temperature dependencesmpolarization of bands 3 and 6 K.

4 for CgMo,Bra.

. ) ) , seen from Figure 4, for moderate valueslgfthe3A,” multiplet,
114_ Both thea gndn origins must be VIbrorlIC,_aS tHe - derived from the3A,'A; state, is predicted to lie between
A" transition is both electric and magnetic dipole forbidden. (CE'EYA; and ¢E'E)IE. The3A; multiplet consists of A
From the temperature dependence ofythzepectrlum shownin 54 g spin—orbit levels, and band 5 is tentatively assigned to
Figure 14, a hot band is observed-at2 210 cnt™. If this hot the Ay’ spin—orbit component. No MCD is observed in this
band is associated with the false origin at 12 257 &nthen region. The magnetic-dipole-allowéd, (E") level is expected
the *A;" electronic origin is predicted to lie at12 233 cm'* to be very weak and broad and is unlikely to be detected.
and the inducing vibration has,Asymmetry with an energy of  j,vever, we have to assume that the vibronic coupling to the
~24 cntl. The very low energy of this inducing mode is 3A,/(E") level is also very weak.
consistent with the sharp rise in hot band intensity seen in Figure Band 6 (14 406-15 200 cnt?). The optical data for band 6

14. Theo false origin at 12 281 i must therefare invalve are given in Figure 16. The bandwidths and intensity are similar

. | ) . 1
Lgirg:ugug?noi;n(;,;/ 'b{_?]téogo‘;\;:g ir;lgirr:ergzlg:; d4e850r2::t,rum to those of bands 3 and 4, and the MCD indicates spin or orbital
b g foslE ). P 9 P degeneracy in the excited state. From Figure 4, only two

also e_xh|b|ts dramatic temperature dependence associated Wltfgissignmems of the excited state are possiBELE)LE’ and
coupling to low-energy-inducing modé%.

1F1 =
Above 12 700 cm?, both thes andx spectra exhibit three ( EBAl)dE f he chlorid lex has b it
main origins from which the remaining fine structure is due to and 6 for the chloride complex has been assightaithe

: : N \vsilrati ; 1E' state on the basis of thpvalues. From the MCD of the
progressions in the,(A1') vibration with an energy of~195 . X ’ .
cm~L In o polarization, the three lines are located at 12 750, line at 15 333 lCI’T'il (F|_gure 2 in ref .10)91 was estimated to be
12 852 and 12 933 cm. These origins are all vibronically 0'6__1'0' The'E assignment implied thatig~ 0'6._1'0 and
induced, arising from the coupling of the forbiddéA.’ was in good agreement with the value 2 0.5 obtained from

electronic state withvs, v, andv1 E' vibrations, respectively. the Zeeman spectra.of_ band 1. ]

The lowest energy origin also exhibits both higher and lower  The former analysis is not valid because we now know that

energy shoulders which may be assigned to weaker vibronicsth® Mo—Mo z bonding tends to increase tig value of

arising from the coupling of; andvs E' vibrations, respectively. ~ (‘E'E}'E state and reducds for the @A21E)3.E” and (E'AL)'E"

In 7 polarization, the three main vibronics occur at 12 745, States (Figure 5). The MCD of the prominentine at 14 608

12 844, and 12 901 cm, corresponding to coupling of tHa,’ cm~1for the bromide complex (Figure 16) givgs~ 1.8. S_lnce

electronic origin withvs, v,, andvy A" vibrations, respectively. ~ @ven largeg values are observed for band 7 (next section), we

The 12 745 cm! line also exhibits lower energy structure. The Must assign band 6 for both the bromide and the chloride to

component at 12 714 crh is sharp and corresponds to the the IE" multiplet. Theg; valug fqr t_hg bromide implies that

coupling of the!Ay' origin with thev.(A2") mode of~40 cnt . 2ke~ 1.8 for_thelE” level an_d is S|gn_|f|cantly greater than that

From theo and-r vibronics, the forbidde®A,' state is estimated ~ for the chloride, a fact consistent with the stronger-\do s

to lie near 12 680 cmi. This is supported by the observation bonding in the chloride complex. The same dlfference in th(?

of extremely temperature-dependent hot bandsjolarization ke values between the bromide and the chloride complexes is

(see Figure 14) at-12 650 cnl, presumably associated with ~ Observed for the®f\,'E)*E"” state (band 1).

the cold vibronic at 12 714 cra. Since transitions to thte" state are electric dipole forbidden,
Band 5 (13 406-13 900 cnTY). Theo andx spectraofband  the prominent line at 14 608 cm! must be a vibronic. Most

5 are shown in Figure 15. A similar absorption occurs ig-Cs  0f the higher lying structure has MCD with the same sign as

Mo,Clg near 13 750 cmt (Figure 7), where it overlaps with  theo false origin and can be assigned to progressiong,ins,

band 4 and makes the vibrational progressions appear to be moré@ndvz A;' vibrations.

extensive than for the bromide complex. For the bromide The strongo line at 14 608 cm! and the weakew lines at

complex, the relative intensities and separations ofttiees 14 543 and 14 455 cm all have the same MCD sign and must

at 13 482, 13589, and 13 645 chnand theo lines at 13 595 be assigned to vibronics derived from the coupling of #e

and 13676 cm! are very similar to the vibronic structure origin with either A" or A, vibrations. The energy separation

associated with the'E'E)'A,' absorption between 12 600 and between these false origins is consistent with couplingsto

13200 cm™. It therefore seems likely that the vibronic structure v, andvy A" vibrations, and théE” origin is estimated to lie

of band 5 is also associated with an’ Apin—orbit level. As at 14 375 cm.
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Figure 16. Polarized absorptiono,r) and MCD spectra of band 6
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Figure 17. Polarized absorptioro,r) and MCD spectra of band 7
for CsMo2Brg at 1.6 K.

The true lIE" origin is magnetic dipole allowed in axial
polarization, and indeed a very weak line with positive MCD
is observed in the axial spectrum-atl4 375 cntl. From this
origin, the prominentr lines at 14 441, 14 501, and 14 537¢im
can be assigned to vibronics formed by couplinggovs, and
v, vibrations of E symmetry.

Band 7 (15 006-15 600 cnT?!). The optical data for band 7
are given in Figure 17. The rich vibronic structure is mainly
due to progressions in the(A;') vibration with energy 95 crrit

Stranger et al.

The latter must involve the coupling of tAE’ state with an E
vibration, since the true origin must have an M@Qierm of
negative signg, ~ —3.8). The true origin may lie at or below
15106 cntl. A very weak and sharp line witfg,| ~ 3.9 is
observed at 15 106 crh (Figure 16), but the MCD is poorly
resolved and the sign of th&term is uncertain.

Exchange-Coupled-Pair Calculations. The calculated ener-
gies in Figure 4 give an approximate fit to the observed
multiplets for CsMo,Clg with J,, ~ 16 000 cn! and a slightly
smaller value ofl, for CgsMo,Bro. This result corresponds to
the transfer integrah(x,x) ~ —3000 cnt! if U (eq 2) is given
the value 20 000 crmt. The Xa—SW calculationgive h(x,x)
= —2000 (~1100) cnv? for the chloride (bromide) complexes,
respectively, and therefore suggest significantly smaller values
for J,. In fact they imply thatl,(Cl)/J,(Br) ~ 4, provided the
to, orbitals are fully decoupled in both cases. The observed
orbital g values for the first excited statéH') do indicate a
significantly smalleid,, for the bromide complex, but it appears
that Figures 4 and 5 cannot be used quantitatively.

It seems that thd, values in our calculations are almost a
factor of 2 larger than expected from theXSW calculations.
Whether this is a consequence of the neglect ofth@arameter
(incomplete decoupling of the,torbitals) or errors in eq 10 or
even the neglect of spirorbit coupling we do not know. Itis
worth emphazing that the transfer enertly is a critical
parameter in the pair calculations. It is defined on the basis of
the differences between one-center and two-center repulsion
integrals,U = [do|aod— [@3|aS00 TheU parameter appears
to have remarkably small values in dimers with strong-M
bonding!” so that the accuracy of the second-order expressions
such as eqgs 2 and 7 may be questioned. For exaroples
been assignéd the values 10000 cm for [ReCls-
(PMe&Ph)]1+2+ up to 16 800 cm? for [Mo(SOy)4]3 /4.

Bonding in CssMo2Xg Complexes. The parameter that is
directly related to the net MeMo bonding is the transfer
integralh(a,8). The SCFXa—SW calculation$ gaveh(x,x)
= —2000 cnt? for the chloride, a moderately large value for
the bonding between the strongly misaligngdtbitals. If we
ignore the very small Mo—Mo bonding, the departure of the
toe Orbitals from the optimum alignment for MéMo = bonding
is so large that it seems appropriate in these cases to introduce
fractional bond orders. Thus the bond order fogMls,Cly is
1o + Y + Ysm, wheres represents a standard Mo «
bond.

However, the molecular orbital energyh(2,x), associated
with the Y3 bonds is particularly sensitive to changes in the
direct Mo—Mo bonding because it represents a balance between
the negative contributioh(x,X)wm arising from direct Me-Mo
7 bonding and a positive contribution from M&(bridge)
bonding. If we apply the angular overlap modeb the MaXq
dimer and define the halide p orbitals to hg{angential to the
equilateral triangle of the bridging halides) and (padially
directed toward the center of the triangle), then for the case
where the bridging angle MeX—Mo is 70.5 (corresponding

and based on three false origins at 15 354, 15 382, and 15 4020 two fused octahedra) one can show that

cm~L. The analysis of the line shape of the MCD vyielgjs~
3.8. The large value dj; is also apparent in the spectrum at

h(X!X) = h(X!X)MM + 3/2e.7!y + 1/6e.7rx - l/Senz

5 T where the Zeeman splittings of the false origins are partially ~ Thus the donor bridging orbitals, principally the tangential

resolved.

py orbitals, give a significant perturbation energy which tends

There is on|y one |0W_|ying state that can have such a h|gh to cancel the direct MeMo x bonding. This cancellation is

g; value, and from Table 2 the assignmenrEE)E is

almost completefor CgMozlg so that in this case thelfsr

unambiguous. This is also consistent with the theoretical model Pond” is so weak that there is no nebonding.  If the terminal

which indicates that thg value of the {EE)'E’ state increases
with increase in Me-Mo s bonding (Figure 5).

The lines at 15 354 and 15 402 cinhave negative MCD
while the more intense line at 15 382 cthhas positive MCD.

halides are replaced by more electron-withdrawing groups, then
h(x,x) may reverse sign and the smalbonding will be entirely
due to metatbridging ligandz bonding or superexchange.
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