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Low-temperature polarized spectra for the band of K;M0,(SOy)43.5H,0 in the near-infrared region, between 5700 and
9000 cm™!, are reported. This band has rather remarkable vibrational structure which provides an exceptional picture of
vibrations in the excited state. The data are consistent with an assignment of the band as the 6* <— 8, 2By, < 2B,,, dipole-allowed
transition. The information, including hot bands developed in spectra above 80 K, indicate that the 0-0 lines of the two
crystallographic sites are at 6311 and 6418 cm™. However, there is no observed splitting of symmetry-related crystal (Davydov)
states. Extended Franck-Condon progressions for each site based on a metal-metal stretching vibration of 350 cm™! are
observed. In addition, Franck—Condon terms of three other vibrations are seen. There are also weak featureless bands

in the visible region at 16 800 and 24 000 cm™.

Introduction

Single-crystal electronic absorption spectra have been re-
ported by now for several compounds which contain dimeric
complexes of transition elements with quadruple metal-metal
bonds. Studies®™* of crystals with Re,Clg?> together with
results’ for Mo,Cl;*™ have confirmed that the lowest energy
observed electronic absorption is polarized in the direction of
the metal-metal bond. In the Dy, symmetry of the d® M,Clg™
ion, the spin-allowed * <— § transition involves the excitation
by, * < by, so the transition is 'A,, « 'A;; and should be
dipole-allowed along the z axis which is coincident with the
metal-metal bond. Therefore, this first transition can be
reasonably assigned as 6* < 8. Such an assignment is pre-
dicted by X« scattered wave calculations,>® although the
calculated energies for the transition have rather generally been
much lower than those observed.

Polarized crystal spectra’ of K;Mo0,(SO,)42H,0 have
indicated a band with its maximum at 19400 cm™! and also
a polarization consistent with a é* <« ¢ assighment. On the
other hand, the lowest energy electronic transitions in crystal
spectra for the molybdenum alkylcarboxylate dimers’™ have
exhibited much lower intensities. Vibrational structure for
these absorption bands at liquid-helium temperature have
indicated components in both the z and x,y polarizations which
imply some excitation by vibronic (Herzberg—Teller) per-
turbations.

In the synthesis of the red K,Mo0,(SO,),+2H,0, blue crystals
are frequently encountered,® especially if oxygen has not been
rigorously excluded. In this compound, KsMo,(SO,)s3.5H,0,
the Mo0,(SO,),* anion has been subjected to a one-electron
oxidation to form the M0,(SO,),>~ anion. The crystal structure
of both the red and blue compounds was reported by Cotton
et al.,!! and the present work was undertaken to obtain po-
larized crystal spectra for the oxidized dimeric anion. In the
meantime, Gray and co-workers!? have reported a richly
structured absorption band for KBr pellets of K;Mo,(S-
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0,)4:3.5H,0 in the near-infrared region between 1200 and
1600 nm which they tentatively assigned as the &% <«— § -
transition. ‘ '

Experimental Section

The preparation-of K;Mo,(SO,4)43.5H,0 has been described
previously.!! The compound crystallizes with a monoclinic lattice C2/c,
a:b:c = 30.654:9.528:12.727, and 3 = 97.43°. A number of very thin
crystals, suitable for spectroscopy, were found. Several crystals were
mounted on the goniometer head of a computer controlled four-circle
X-ray diffractometer. From preliminary oscillation photographs, the
crystallographic axes were determined by standard programs to be
in agreement with the reported values. From observations of the
crystals as various reflections were called into the diffracting position,
it was determined that the large faces of thin rectangular crystals were
100 with the ¢ axis aligned in the direction of the long dimension.
Other crystals in the form of prismatic needles had developed 100
and 010 faces. For the 100 face of monoclinic crystals, electric vectors
of the two transmitted plane polarized light waves are exactly aligned
with the b and ¢ crystallographic axes so it has been possible to obtain
absorption spectra for these b and ¢ polarizations. The indices of
refraction for the 100 face were determined for Na D to be n, = 1.581
and n, = 1.552 by the Becke line method with the use of calibrated
immersion liquids purchased from the Cargille Co. The thickness
for the crystals was determined from the interference colors between
crossed polarizers and the indicated birefringence. The thickness of
one crystal with optical faces could be confirmed as well by an in-
terference method from the wavelengths of a series of absorbance
maxima and minima in a region of low absorptions.!*> Uncertainty
in the thickness was about 10%. For the near-infrared region, where
detection is much less sensitive than in the visible and near-ultraviolet
region, it was possible to find crystals with faces sufficiently large
(0.5-1.0 mm) for the instrumental sensitivity and to mount these
crystals over slits in metal plates so the long dimension could be aligned
with the slit images in the sample compartment of the spectropho-
tometer.

The experimental procedures for measuring polarized spectra at
liquid-helium temperatures have been described previously.>!* For
the study of hot bands, the temperature of the sample holder was
measured by means of a platinum resistance thermometer. The
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eccentricity of our polarizers had not been determined previously in
the infrared region, and the eccentricity does decrease with increased
wavelength of the light. Accordingly, the absorbance of crossed
polarizers was recorded from 2000 to 600 nm. The results indicated
that the eccentricity increased linearly with wave number from a value
of 40 at 5000 cm™! to 220 to 16 700 cm™!. The eccentricity is high
enough to provide satisfactory polarized spectra if the absorbances
and polarization ratios are not too high.

Results and Discussion

Considerations of the Crystal Structure. In the monoclinic
C2/c unit cell there are eight Mo,(SO,),> ions. However,
since this is a side-centered cell, there are only four ions in
a primitive cell. There are, therefore, four crystal states for
each molecular excitation. Each of the ions is related to only
one of the other three by space group symmetry operations.
Thus, there are two types of ions in the structure. In one type
there is an H,O molecule bonded terminally to each Mo in
the ions; these are designated as the isolated ion type. In the
second type an H,O molecule, bonded terminally to an Mo,
is also bonded to the Mo of another ion to give chains of ions

linked together by H,O bridges. These are designated as the’

chain-type ions.

The structures of the isolated and chain-type ions are
virtually identical. For example, the Mo—Mo distances are
respectively 2.167 (1) and 2.162 (1) A which is some 0.05 A
longer than the 2.111 A of Mo0,(SO,),*". The longer bond is
consistent with the loss of an electron from the é bond in the
oxidized species. The distance from Mo to a terminally bonded
water oxygen is 2.550 (4) and 2.545 (3) A, respectively, for
the isolated and chain ions. This fairly long distance, compared
to the 2.046-0.084 A distances for the molybdenum-sulfate
oxygens, is indicative of rather weak terminal bonds to the
waters.

Loewenschuss et al.'> have reported Raman and IR spectra
for the crystals and noted that many of the vibrational bands
occurred as pairs separated by 10-25 cm™'. They attributed
these separations to the different crystal sites for the molecules.
For example, the Mo—Mo stretching frequencies were 373 and
386 cm™! which is surprisingly close to the 371-cm™" value for
Mo,(SO,)4*, considering that the bond order has been reduced
from 4 to 3.5.

A Frenkel exciton band of states should exist for each
molecular transition of each molecule in a primitive lattice
cell.!® For each pair of molecules, equivalent by space group
symmetry operations, these Frenkel states for the sites (1) and
(2) may be designated &,’(k) and ®,’(k) where k is the wave
vector. The two Davydov bands may then be represented by

&/(k) = (&/(k) + &/ (K)V2 (1a)
and
&y/(k) = (2/(k) - 3/(K))/V2 (1b)

Transitions are electric dipole allowed only to the two Davydov
states ®;/(0) and &,/(0).

If (u;) and (u,) are the usual electr1c dipole operator for
molecules at these symmetry related sites, there will be the
corresponding transition moment vectors, u; and u,

My = f‘Pl’(ﬂl)%o dr (2a)
and
b= [ oo dr (20)

where ¢,° and ¢’ are the ground- and excited-state molecular
wave functions for site 1, etc. The vector u, can be represented
as the vector

u = xa + yb + z¢ 3)

where 4, 5, and ¢ are unit vectors along the crystallographic
axes. The glide and reflection operation converts the transition
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moment vector u, into vector u, for the site (2) which is
py = x4 — yb + z¢ (4)

The transition moment from the ground state, ®°, to the
Davydov state ®(0) is accordingly

= [ B8O + 1)@ dr =y + = V2(xa + 20)
(5)
For the Davydov state ®;(0) the moment is

n= f‘i’u’(o)(ul + 1)@ dr =, — p, = /206 (6)

For spectra measured in the 100 face the transition to Davydov
state ®;(0) will be allowed in ¢ polarization and forbidden in
b whereas the transition to Davydov state ®;;(0) will be allowed
in b polarization and forbidden in ¢. In each polarization
therefore there will be possible only two peaks for each
molecular transition, one from the chain-type site and the other
from the isolated ion-type site.

" Polarization ratios for the absorption of light were calculated
for the oriented gas molecule model in the following way. For
a Dy, molecule either a transition moment will be oriented
along the fourfold symmetry axis z or else there will be two
orthogonal and equal moments, which are both orthogonal to
z for a degenerate pair of transitions, i.e., for x,y polarization.
From analogy with the absorption in uniaxial crystals the z
molecular polarization is commonly labeled = while the x,y
polarization is designated ¢. For light linearly polarized along
the z axis of a collection of noninteracting molecules, a molar
absorptivity, ¢,, can be defined, and for light polarized per-
pendicular to z, there is a molar absorptivity, ¢,, However,
for the 100 face of the crystal the light must be polarized along
only either the b or ¢ crystallographic axes. The crystallo-
graphic molar absorptivities are then computed by the
expression!’ in matrix form

e\ _ fcos? 8, sin?0\ /e,
€& cos? 8, sin*8,/ | e, Q)

where 6, is the angle between the z molecular axis and ¢ and
6, is the angle between the z and b.

For the isolated ions, in this compound 8, is 49.09° and 4,
is 89.65° so for z polarization (e./€;);, = 1.3 X 10* and
(ec/es)1, = 0.536 = 1/1.86. For the chain-type ions, 8; =
67.50° and 6, = 23.00° 50 (¢/€p)2 . = 5.79 and (e,/€p), =
0.179 = 1/5.59. In case there was no difference in the energy
or in the molecular intensities, a polarized intensity can be
calculated by simply adding the intensities contributed from
each site. The ratios from such combined intensities would
be (e./€;). = 8.95 and (e./¢y) = 0.374 = 1/2.70.

The sites for both types of ion possess only the inversion
symmetry element. Hence the Dy, molecular symmetry is
compromised by the crystal fields. The extent of the disruption
of the selection rules will depend upon the relative strength
of the crystal fields. If the crystal perturbations are small,
there may be no significant differences from the calculated
polarization ratios, and it may be possible to infer molecular
polarizations. However, the crystal field does have the po-
tential to split the degeneracies which occur under Dy;. In that
case the two ¢ transitions will be split in energy and appear
separately with their individual transition moments which no
longer need to be orthogonal to each other or to the metal-
metal axis.

Crystal Spectra for K;Mo0,(S0,),3.5H,0. At the present,
there are no theoretical computations of orbital or of transition
state energies for the sulfato complexes. Accordingly, as a
qualitative guide to aid in predicting possible molecular po-
larizations of the observable transitions, the one-electron orbital
energies are plotted in Figure 1 for the Mo,(O,CH), complex
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Figure 1. One-electron orbital energies in electron volts for the
Mo,(0,CH),; molecule from Xoa scattered wave calculations of
Norman et al.® The orbitals are filled as expected for Mo,(SO4)4*
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Figure 2. Room-temperature polarized spectra in the near-infrared
region for the 100 face of KiM0,(S0,)3.5H,0. Crystal thickness
was 14 u. Absorbances can be converted to molar absorptivity by
multiplying by 190 cm™ M™%,

from Xa scattered wave calculations by Norman et al.'® The
formate complex possesses the four bridging ligands with
Mo-O bonds as does the tetrasulfato complex and also
possesses Dy, symmetry. The orbitals in the figure have been
filled as expected for Mo,(SQ,),*; i.e., there is only one
electron ‘in the b,,—é bonding orbital. The lowest energy
transition predictecf from Figure 1 would be by, (§*) «— by, (0),
2By, < 2By, This transition is electric dipole allowed in z
polarization. In the case where vibrational structure to the
band can be resolved, there are expected to be Franck~Condon
progressions seen in z polarization based on totally symmetric
molecular vibrations. Generally, the progression for the
metal-metal bonded complexes has been based on the met-
‘al-metal stretching vibration although for Re,Cls?" the ap-
pearance of a second progression, also with spacings of the
metal-metal stretch, demonstrated the involvement of a second
vibration.? The intensity of these dipole-allowed transitions
will be dependent upon the overlap of the radial portions of
the by, and by, orbitals.

With only single-electron occupancy of the b,; orbital the
transition by,(8) < e,(n), 2E, < 2B2§ is a possibility. Such
a transition would be dipole allowed in x,y polarization, and
in this case the Franck—Condon progression based on the
metal-metal stretching mode would be seen in x,y polari-
zations. Other possible low-energy transitions, €.g., eg(7*) <
D2g(8), byg(8) <= e(0), both 2E, < 2By, and by,(8) +— 2,,(0),
2A 1y < By, are electric dipole forbidden. Such transitions
could be excited by the vibronic perturbations. They would
be expected to appear as low-intensity progressions with
separations of the metal-metal stretch which originate 5; cm™!
above the unobserved 0-0 transition, where 7; is the wave-
number of the exciting vibration in the excited electronic state.

The room-temperature spectra for both b and ¢ polarizations
in the near-infrared spectra for a crystal of K;Mo0,(SOy).
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Figure 3. Polarized spectra in the near-infrared region at 5.3 K for
the 100 face of K3;M0,(80,)43.5H,0. Crystal thickness was 14 u.
Absorbances can be converted to molar absorptivities by multiplying
by 190 cm™ M.
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Figure 4. Polarized spectra in the visible and near-ultraviolet region
for K3M0y(S0,)4-3.5H,0. Crystal thickness was 76 u. Absorbances
can be converted to molar absorptivities by multiplying by 37.

3.5H,0 are shown in Figure 2. The spectra show remarkable
vibrational detail for room-temperature spectra, there being
eight broad peaks discernible between 6040 and 8400 cm™ for
an average spacing of 349 cm™. The ¢ polarized spectrum
was approximately five times as intense as that for b polar-

_ ization. Indeed, the two most intense peaks for ¢ polarization

were off the recorder scale.

Figure 3 shows the wealth of vibrational detail developed
in this electronic band when the crystal was cooled to 5.3 K
which is in contrast to the weak and broad featureless bands .
in the visible and near-ultraviolet region which are shown in
Figure 4. The short central spectrum in Figure 3 was re-
corded for ¢ polarization with somewhat wider slit widths than
the lower section. Although resolution was reduced by the
larger slits, it was possible to demonstrate the multiple
components in the regions of high absorption. Even so, peaks
at 6780, 7103, and 7135 cm™! were off-scale. The b polari-
zation was recorded at approximately the same slit widths as
the lower ¢ spectrum and only the 6780-cm™ peak was off-
scale.

Every component had a higher intensity in the ¢ polarization
than in the b. In every feature which was sharply resolved,
the agreement in wave number between the two polarizations
was quite generally within £1-2 cm™!, about the limit of
resolution. Since such components arise from transitions to
different Davydov states, no splitting of Davydov states ori-
ginating from a single molecular state of a common crystal
site was detectable. -

There are seven Franck—~Condon progressions with moderate
to high intensity which are clearly discernible in the spectra.
The first observed member of each progression is labeled in
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Table I. Resolved Vibrational Components in the Near-IR Band of
K,Mo, (80,),-3.5H,0

component v, cm™! Ap® em™!
Al 6311 0-0 (isolated)
Bl 6339 (28)
C1 6418 0~0 (chain)
6455 vw (145)
6545 vw (234)
D1 6561 (250)
6577 vw (266)
El 6640 sh (329)
A2 6660 349
B2 6691 352
F1 6746 (328)
C2 6780 360
D2 6917 356
E2,A3,B3 70030 343
Gl 7066 sh (648)
F2 7103 357
c3 7135 355
D3 7252°¢ 335
E3,A4,B4 73500 348
G2 7431 sh 365
F3 7456 353
C4 7487 sh 352
D4 7602 350
E4,A5,BS 7699 349
G3 7784 sh 352
F4 7810 354
D5 . 7947 346
ES5,A6,B6 8046% 348
G4 8134 350
Fs 8156 347
E6,A7,B7 8386 340
G5 8484 350

@ Values of AV in parentheses give the energy in wave numbers
above the indicated 0~0 line for the first observed member in a
progression. Values without parentheses give the separation from
the preceding member in the progression. b A merged peak.
¢ A broad peak in vicinity of high quartz absorption.

Figure 3. Wave numbers for each component are listed in
Table L.

The lowest energy feature in the helium spectra is the sharp
peak, A, at 6311 cm™ in ¢ polarization. Therefore the band
at 6040 cm™ in the room-temperature spectrum is clearly a
hot band. A shorter but perhaps broader peak, B, occurs at
6339 cm™!, only 28 cm™! higher in energy. The A and B
transitions are virtually absent in the b spectrum where there
is a very weak absorption with a maximum at about 6330 cm™.
The c:b intensity ratio is very high and appears consistent with
z polarization for the isolated ion site. The second members
of the A and B progressions are clearly resolved in ¢ polar-
ization and a weak shoulder, E1, occurs at 6640 cm™.. The
three components E2, A3, and B3 have merged, and five
additional merged peaks continue as a major progression in
the ¢ spectrum. The A7 (343 cm™), indicated for the merged
E2, A3, B3 peak, was calculated from the wave number of the
A2 peak. Hence, this rather low Ap has probably resulted
because the maximum of the merged peak did not coincide
with A3 transition.

Another transition, very strongly polarized in the ¢ direction,
appears as the peak D at 6561 cm™, D is a fairly broad peak,
not as intense as A or B, which seems to contain at least three
closely spaced transitions of which only the one at 6545 cm™
has appreciable b intensity, Seven D peaks are clearly seen
in Figure 3. The third peak at 7252 cm™ is close to a quartz
absorption and may be abnormally broadened.

The C progression has the most intense peaks in the spectra,
the C1 peak being very sharp. A strong F progression begins
just 34 cm™! before the C2 peak so there is a very intense pair
at 6746 and 6480 cm™. The first member of the G progression
appears as a shoulder at 7066 cm™, just 37 cm™! below F2.
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Figure 5. Absorption spectra in ¢ polarization for K;Mo,(SO4) 4

3.5H,0 for various temperatures in the hot-band region of the infrared

band.

The G2 shoulder at 7431 cm™ is about as intense as C4 at
7487 cm™}, and G3 at 7784 cm™! is comparable to F4 at 7810
cm™. The C, F, and G progressions have high intensity in both
polarizations. It is clear that the vibrational features seen at
room temperature are primarily due to the merged C, F, and
G peaks. It is also clear that these transitions are much
stronger in ¢ than in b polarization. Although some ¢ peaks
are badly off-scale, it appears that the polarization ratio is
consistent with the 5.8 calculated for the z polarization of the
chain ion site.

Recordings of the ¢ spectra in the hot-band region below
6250 cm™! are shown in Figure 5 for a series of temperatures
ranging from 5.3 to 230 K. As the temperature increases, a
pair of bands develop centered at 5936-6040 cm™!. At room
temperature, only one broad absorption could be seen in this
region which was strongly ¢ polarized. The two peaks lie just
375 and 378 cm™! below the A1 and C1 peaks in the helium
spectra which agree closely with the values of 373 and 386
cm! reported for the metal-metal stretch from the Raman
spectrum.'* In addition a logarithmic plot of the integrated
absorbance A dv for the two components in Figure Svs. 1/T
gave a Boltzmann factor corresponding to 320 £ 30 cm™.
These results appear consistent with the assignments of Al
and C1 as the 0-0 transitions, respectively, for an electric
dipole-allowed z-polarization transition in the isolated and
chain-type ions, respectively. The 107-cm™! separation of Al
and C1 can be attributed to the effect of the sites on the
transition energies. Such results preclude the assignment of
the transition as the 6 <  transition which would be x,»
polarized and is consistent with the é* < § transition.

The origins of the other progressions seen in the spectra then
will result from the addition of a totally symmetric vibration
to the 0-0 energy. Each of these other totally symmetric
transitions can give rise to a separate Franck-Condon pro-
gression, but apparently the intensity of higher terms is not
observable. Only the metal-metal stretch suffers a sufficient
relaxation in the excited state to give extended progressions
on each of the other vibrations.

There is no detectable difference in the spacing of the
observed progressions. The average of the 22 spacings Ap in
Table Iis 350 £ 6 cm™!. The uncertainty appeared to arise
primarily from merging of components such as the A, B, E
in some peaks or from weak poorly resolved shoulders in some
instances.

The pattern of totally symmetric vibrations for the isolated
and chain-type sites can now be compared. The F1 occurs 328
cm™! above Cl, and El is 329 cm™! above Al. They can
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apparently be associated with 256- and 274-cm™ Raman bands
attributed to Mo-O stretches.’® The D1 peak is 250 cm™!
above Al. The component 250 cm™! above C1 would fall at
6658 cm™! which would superimpose it on the A2, B2 peak
so the intensity in this region may be in part due to this vi-
bration. The G1 peak is 648 cm™ above C1. If this energy
is added to A1, it would place a component at 695 cm™ which
is under the edge of the EAB merged peak. The 648-cm™ line
would probably be correlated with the fairly strong 618-
638-cm™! peaks of the Raman spectrum.,

The one feature for the isolated site which does not appear
for the chain site is the peak B1. This occurs only 28 cm™
above Al, and from its shape and intensity it would seem
appropriate to assign it to phonon excitation on the 0-0
transition of the isolated ion site which does not occur on the
chain site.

This electronic band therefore has provided tentative fre-
quencies for four of the six possible totally symmetric mo-
lecular vibrations in the excited electronic state under Dy,
symmetry. A number of weak peaks can be seen in the first
300 cm™ above Al origin. Three of these are listed in Table
I. Some may originate in phonon effects, but it seems that
the component at 6545 cm™ has an appreciable b intensity
and might correspond to a transition excited vibronically by
an E; vibration in x,y polarization.

The relative intensity of the C transition to the A transition
deserves some comment. From eq 1 and the orientation of
the z axes with respect to the b and ¢ crystallographic axes
it can be calculated that the chain site, giving the C pro-
gression, gives over 99% of the molecular absorption intensity
to the b and c polarizations. The isolated ion, giving A, places
only 46% of its intensity in ¢ polarization and virtually nothing
in b. The C transition is indicated to be the more intense.
Even so, from the height of the very narrow C1 peak, part of
the Al intensity appears to be concealed in some broadness
of the peak and also to have been drawn off into the B phonon
band.

There seems but little doubt that this infrared band is the
6% <— § transition for the Mo,(SO4),* ion. This band appears
at much lower energies in this ion than in Mo,(SO,),* because
the 8-bonding orbital is only half occupied so the splitting of
the bonding and antibonding orbitals has been reduced. A
similar effect should also occur on reduction from the d?
configuration upon oxidation. The dimeric ion T¢,Clg* is a
known species,!” in which the bond order has been lowered to
3.5 by the addition of an electron into the &* orbital. A
spectroscopic study and Xa scattered wave computation?®
indicated a band in the infrared region with maximum at 6500
cm™! which was assigned as the 2B,, < 2By, (6* < §).

The oscillator strength for the Mo,(SO,),> infrared band
was estimated from the integrated intensity of the room-
temperature ¢ polarized spectrum. Since the ¢ polarization
is predicted by the oriented molecule model to have 67% of
the molecular absorption, the factor (!/4 X 0.67) was used to
predict a value of 8 X 107 for an isotropic medium. This value

is somewhat lower than the oscillator strength® of 2 X 1073

observed for K,Mo,Clg:2H,0. However, it is rather close to
the value of 1.1 X 1073 indicated for K,Mo,(SO,), despite the
0.05 A longer metal-metal bond which is expected to reduce
the orbital overlap and accordingly the transition moment.

One intriguing puzzle which remains is the absence of any
vibrational structure whatsoever to the 19 400-cm™ band of
KiMo,(S0O,)42H,0 while the oxidized compound provides
such a richly structured band. The behavior for K ;Mo,(S-
0,)¢2H,0 is quite exceptional in view of the highly structured
spectral bands observed with the other chloride, sulfate, and
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carboxylate dimeric complexes of Mo, Re, and Tc with strong
metal-metal bonds.

The weak absorptions in the visible region cannot be as-
signed with any certainty.- The band with maximum at 16800
cm! is responsible for the characteristic blue of the crystals.
It is more intense in b than in ¢ polarization which would be
consistent with molecular x,y polarization. However, it seems
too weak to be associated with the by,(8*) < e,(r), 2E, + 2By,
transitions which are dipole allowed and expected to be
stronger than the 6* <— & band. The oscillator strength without
reduction to account for random orientation amounts to just
3.5 X 107, Thus its intensity is close to what might be ex-
pected for an excitation by a vibronic perturbation. However,
its intensity does not fall off at lower temperatures which
usually occurs for vibronic transition. It may be that crystal
field perturbations contribute to the transition intensity. It
might conceivably be the transition e (*) < b,,(d) or possibly
6*(Mo—-0) < 4. The still weaker %)and at 24000 ¢m™! also
does not possess the temperature dependence of a vibronic
transition. This might be the spin-forbidden transition, E,
<« 2By, associated with the very strong transition beyond the
range of the meéasurements at 32000-33000 cm™. This
intense band could then be the § «— , 2E, «— 2By, transition.
With the occurrence of the 6% < § transition at about 6300
cm! it seems somewhat surprising that the § «<— 7 transition
has such high energy. Perhaps the high energy of the 2E,
electronic state above the ground state may be related to the
high electron correlation energy required to move an electron
from a filled to a half-filled orbital in comparison to removal
from a filled to an empty orbital.
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