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were used for the mass spectrometric analyses without further purifica-
tion. The introduction of the second label in 8b apparently has to be
explained by the intermediacy of an S,S biradical.””

All mass spectrometric experiments were carried out in a commercially
available VG Instruments ZAB-2F mass spectrometer which is of BE

(17) Egsgaard, H.; Carlsen, L. Unpublished results.

configuration (B stands for magnetic and E for electric sector), with
standard tandem mass spectrometry conditions (see text).
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Abstract: The calculation of both the excitation profiles of the resonance-enhanced Raman bands and the intensities of the
overtone and combination bands of the rich resonance Raman spectra of Cs;[Re,OCl,0] and Cs[W,OCl,(] is reported. The
calculation uses the time-dependent theory of Lee, Tannor, and Heller. The geometric changes attendant upon excitation
of each molecule from the ground to the excited state in resonance are calculated. All of the excitation profiles and the resonance
Raman spectra can be fitted by use of one multidimensional potential surface.

The geometrical changes that a molecule undergoes when it
is electronically excited are important in determining its spec-
troscopic and photochemical properties. Transition-metal com-
plexes are of particular interest because they frequently undergo
large displacements along many normal modes when excited. The
magnitudes of the displacements can be calculated from the in-
tensities of vibronic bands in electronic emission or absorption
spectra if band structure can be observed.2® More commonly,
however, only broad unstructured bands are obtained from big
transition-metal complexes in condensed media. An alternative
method of calculating the displacements uses the intensities in
resonance Raman spectra.™'* This method is especially powerful
for large inorganic molecules in condensed media because most
of the displaced modes can be individually observed and calculated
even when only a broad envelope is observed in the electronic
spectrum. The new time-dependent theory developed by Lee,
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Tannor, and Heller is especially efficient.!4?

The high polarizability of the axial =-bond system of
[M,0X,0]"* ions (M = Ru, Re, Os, or W; X = Cl or (in some
cases) Br) is well-known to make them ideal species for Raman
studies.’¥20 The [Ru,0Cl,o]* ion was established from early
crystallographic work to be linear, with D, symmetry,?! and many
other such ions are known to have this structure.!® Raman studies
using excitation lines at resonance with the lowest allowed elec-
tronic transition of the [Re;OClp]> ion (the e,* «— ¢, ‘E, — ‘E,
transition of the linear Re~O-Re =-bonded system‘ ) glves rise
to long (up to 12-membered) overtone progressions in the v (a,;),
vs(ReORe), symmetric Re—-O-Re stretchmg fundamental at 230
cm™'. At least eight progressions in v, are observed in the reso-
nance Raman spectrum of this ion; in most cases, the enabling
modes for the v, + v;», progressions are other Raman-active
fundamentals but, in three cases, they are the first and third
overtones of infrared-active (Raman inactive) fundamentals. The
other isostructural ions give rise to similar resonance Raman
spectra.'®20 The observation of long progressions in a totally
symmetric mode offers the opportunity of calculating the geometric
changes attendant upon excitation from the ground to the resonant
excited state.

In this paper, the geometric changes in the [W,0Cl,,]* and
[Re,OCl,0)* ions upon excitation within the contour of the band
assigned to the e,* < ¢, transition are calculated. Excitation
profiles of fundamentals, overtone, and combination bands are

(14) Lee, S.-Y.; Heller, E. J. J. Chem. Phys. 1979, 71, 4777.
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calculated and compared with those derived from the experimental
spectra.

Experimental Section

The details on the Raman spectra of Cs3[Re;OClo]'® and Cs,[W,0-
Cl,0]® have been reported elsewhere. The intensities of each reso-
nance-enhanced band at each available excitation wavelength have been
estimated from the product of the peak heights and full-widths at half-
height (triangular approximation). The relative intensities of all of the
peaks in the resonance Raman spectra were also estimated by use of the
triangular approximation method.

Theory

The theoretical treatment of the resonance Raman data is based
on the time-dependent theory of Lee and Heller.!*"'7 The cal-
culation in the time domain is very efficient because the evaluation
of Frank-Condon (F-C) factors and the sum-over-states is
avoided. The intensities of a large number of vibrational bands
including overtone and combination bands can readily be calcu-
lated. Because the details of the theory have been presented in
both the original theoretical papers'#!” and in applications to other
metal-containing molecules,'#!? only the essential features are given
here.

The Raman scattering cross section is given by!’

@s =1 f (6460 expllir ~Dpdr ()

where |¢r) = u|x;) is the final vibrational state of the ground
electronic surface multiplied by the transition electric dipole
moment, |¢(1)) = exp(—iH,t/h)|¢) is a moving wavepacket
propagated by the excited-state Hamiltonian, |¢) = u|x) is the
initial vibrational state of the ground electronic surface multiplied
by the electronic transition moment, I is the damping factor, o’
= w; + w), hw; is the zero-point energy of the ground electronic
surface, and hwy is the energy of the incident radiation.

The resonance Raman scattering amplitude is governed by the
motion of a wavepacket on a multidimensional hypersurface
representing the excited electronic state potential. The initial
wavepacket, ¢, makes a vertical transition onto the potential
surface of the excited state which, in general, is displaced relative
to that of the ground state. The displaced wavepacket is not a
stationary state and evolves according to the time-dependent
Schrodinger equation. The quantity of interest is the overlap of
the moving wavepacket ¢(f) with the final state of interest ¢;. ¢
is the wave function of the normal mode k with vibrational
quantum number ;. If it is assumed that (a) only one electronic
excited state is involved, (b) the potential surfaces are harmonic,
(c) the normal coordinates are not mixed in the excited state, (d)
the transition dipole moment, u, is constant, and (e) the force
constants are the same in both the ground and the excited states,
then the overlap for the totally symmetric modes has the simple
form

Al jwyt
{|e(t)); = {1 {exp[—-—;—(l — exp(—iwt)) - MT"] X

-— l ny Akng

- -1 M
(1 - exploion) ™

exp(—iwpt) (2)

In eq 2, wy is the wavenumber of the zero-zero electronic transition
(Eg) in em™!, w, and A, are respectively the wavenumber in cm™
and the displacement of the kth normal mode, and n; is the
vibrational quantum number of the kth normal mode in the ground
electronic state (1, = 0, 1, 2, etc.). Equation 2 is used to calculate
the cross sections for the fundamentals and all the various overtone
and combination bands. For example, in order to calculate the
cross section of the combination band (v, + »3) in a three mode
case,n, =0,m =1, and n, = I.

None of the approximations that are used in the derivation of
eq 2 are requirements of the time-dependent theory. The harmonic
approximation is used in this paper because the number of pa-
rameters to be fitted is thereby reduced and because it allows the
simple expression for the overlap (eq 2) to be used. Because there
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Figure 1. Illustration of the time-dependent theory of resonance Raman
scattering for a totally symmetric mode (left) and for a non-totally sym-
metric mode (right). ¢ is the initial wavepacket, ¢(¢) is the moving
wavepacket, ¢; is the final state of interest, and 4, is the displacement
of the upper potential surface along the normal coordinate Q.

is no distinct evidence of normal mode mixing in the molecules
studied here, all of the fits were done without including the ad-
ditional parameters of mode mixing. Assumption (e) introduces
at most an error of 10% if the distortions are very large.2 When
the vibrational frequencies in the excited state are not known, this
assumption must be used but does not introduce serious error.
These assumptions are good for many systems and are valid for
the examples reported here.

The calculation of the resonance Raman scattering amplitude
for a non-totally symmetric mode presents a more complicated
problem. A simple model that will be used here to describe the
potential surface in the excited state along the non-totally sym-
metric mode is the inverted harmonic oscillator. This surface is
used to model the actual potential surface in the region of the
ground-state internuclear geometry as shown on the right in Figure
1. This simple model has a zero slope at the internuclear geometry
and decreases in energy in both directions along the normal co-
ordinate as is required for a non-totally symmetric mode. This
simple model will break down at large A’s because the surface
is unbound. However, if T is sufficiently large, the wavepacket
will only explore the immediate vicinity of the F-C region and
the inverted surface is a good approximation. The initial wave-
packet, ¢, makes a vertical transition to the potential surface on
the excited state. The wavepacket propagates on the surface by
spreading on the parabolic barrier because it is not an eigen-
function of the surface and the slope of the surface of a non-totally
symmetric mode and of the inverted harmonic oscillator surface
is zero at the equilibrium internuclear position of the ground state.

The overlap for non-totally symmetric modes, (¢dd(f)),, on
such a surface has been derived by Kinsey et al.2

‘V nj! . W W, -1/2
"—— C; + -l-s} '_jl - 'L X
i )2\ 7T 2N T,

(@de(1))es = I1
isj('w—j, + .wi) n/2
w; w;

; w, w/ )
¢+ 35 = -
2 (I)j (I)j

(22) Johnson, B. R.; Kinsey, J. L. J. Chem. Phys. 1987, 87(3), 1525.
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Figure 2. The magnitude of damped overlap for f = 0, |{ddd(?))

exp(-T'?)|, versus time. w; = 370.7 cm™!, w;"= 100 cm™ (—), 400 cm™
(---), and 1000 cm™' (-+-), and T = 50 ¢cm™.

In equation 3, w; is the wavenumber of a non-totally symmetric
mode in the ground state in cm™!, w,’is the wavenumber of the
inverted harmonic surface in the excited state in cm™, ¢; is equal
to cosh (w;) and s, is equal to sinh(w;), and n; is the vi{)rational
quantum number of the jth non-totallly symmetric normal mode
in the ground electronic state (n; = 0, I, 2, etc.).

Figure 2 shows a plot of the magnitude of the overlap for f =
0, [{#d®(t) )y, versus time. The magnitude of the overlap de-
creases as the wavepacket spreads out. There is no recurrence.
The steeper the inverted potential (i.e. the higher w,’), the faster
the wavepacket spreads out and the faster the overlap decreases.
Because the inverted harmonic potential surface can model only
a small area around the Frank—Condon region, this model can
only be applied to short-time dynamics.

The total overlap is the product of the overlap of totally sym-
metric modes ({@d#(?))s) and that of the non-totally symmetric
modes ({ @@ (t)) ).

(#dd()) = (Ddd(1))s X (DAD(1) ) s 4

The Raman scattering amplitude in the frequency domain is the
half-Fourier transform of the overlap in the time domain as shown
in eq 1. The Raman intensity /i into a particular mode f is

Iies = 0 [ag]* [ag) (5)
where w, is the wavenumber of the scattered radiation.

Application of the Theory to Csy{Re,0Cl,,] and CsJW,0CI,]

Calculation of the Excitation Profiles and Resonance Raman
Spectra. The resonance Raman spectra and the excitation profiles
of Cs;[Re,OCl,,] and Cs [W,0Cl,4] are calculated from a given
set of values for A, wy, wp, w/, wy, T', and Eqq by use of eq 1 through
4, Ey, is estimated from the electronic absorption spectrum and
the w;’s and w;’s are determined from the Raman and infrared
spectra. w, is the excitation wavenumber used to obtain the
resonance Raman spectrum. The variable parameters are A, and
T and the parameter governing the steepness of the inverted
potential is w,. Only one set of parameters is used for each
complex to calculate all of the excitation profiles for the funda-
mental, overtone, and combination bands, to calculate the reso-
nance Raman spectrum at a given excitation wavelength, and to
calculate the absorption spectrum.

CsJW,0Cl,,). The excitation profiles of best fit for the fun-
damental »,, (W~O~W), and overtones 2, and 2y, (the first
overtone band of §( W~O-W)) are shown in Figure 3. They are
calculated by use of the parameters given in Table I. The cal-
culated and experimental excitation profiles (Figure 3) are in good
agreement. The band widths and shapes of each excitation profile
and relative intensities are accurately calculated. The calculated
maxima of the excitation profiles lie at ~18 500 cm™', about 400
cm™! higher than the maximum of the electronic absorption band
(~18 100 cm™) with which the specified laser line is in resonance.

The absorption spectrum can also be calculated by using the
same parameters that were used to calculate the excitation profiles.
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Figure 3. Calculated and experimental resonance Raman excitation
profiles of v, (1), 2v, (A), and 2vg (O) for Cs,[W,0Cl,0].
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Figure 4. Calculated and experimental (CsCl disc, ca. 80 K) resonance
Raman spectrum of Csy[W,0Cl,,] at 520.8-nm excitation: solid line,
experimental intensities; boxes and triangles, calculated intensities.

Table I. Calculated Displacement 4’s

complex wg,? cm™! assignment Ak
Csa[W,0Clol¢ 130.0 n(B(0-W-Cl))  0.90
2233 v (W-0-W) 4.00

264.5  v3(W-Cly) 1.36

328.0 vo(W=Cl,,) 0.78

Cs3[Re;OC10]¢ 137.1 n(3(0-Re=Cly))  1.20
229.8 v;(Re-~O-Re) 4.00

288.2 v3(Re-Cly) 0.76

3547 vy(Re-Cl,,) 0.82

2 At ca. 80 K. ®The A,'s are the displacements of the dimensionless
normal coordinates. ¢Eg = 16100 £ 500 cm™' (estimated from the
electronic absorption spectrum), I' = 1250 cm™!, and @, = 520.8 nm
(19201 em™), w; = 370.7 cm™ (vg), and @/ = 110 cm™. ¢ Egy = 17600
% 200 cm™' (estimated from the electronic absorption spectrum), I' =
140 cm™, and w) = 514.5 nm (19436 cm™), w; = 411.3 cm™ (v,), and
wj’ = 190 cm™.

The calculated full-width at half-maximum and the peak maxi-
mum are 3450 and 18475 cm™!, respectively. The experimentally
observed values are 3275 and 18 100 cm™, respectively.

The calculated intensities for all of the observed fundamental,
overtone, and combination bands at an excitation wavelength of
520.8 nm (19201 cm™) are compared with the experimental
resonance Raman spectrum in Figure 4. The experimental
Raman intensites are represented by vertical solid lines and the
calculated intensities by squares or triangles. The numerical values
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Table I1. Calculated and Observed Intensities of Bands Observed in
the Resonance Raman Spectrum of Cs,[W,0Cl (]

calcd intensity® obsd intensity  w,, cm™ assignment
1.7 1.7 130.0 v4(8(0-W-Cl,))
100.0 100.0 2233 v (W-0-W)

16.3 16.1 264.5 p3(W-Clyy)
8.3 8.3 328.0 va(W-Clo)
19.3 19.2 444.6 2y

8.6 8.3 737.4 20,

3.3 2.5 960.1 vy + 2ug

2Calculated by using the parameters in Table I, w, = 520.8 nm.
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Figure §. Calculated and experimental (KBr disc, ca. 80 K) resonance
Raman excitation profiles of », (D), », (0), and v, (¢) and v, (A) for
CSJ[Rezoclm].

of the calculated Raman band intensities are compared to the
experimental values in Table II. The calculated resonance Raman
intensities are in very good agreement with those in the experi-
mental spectrum.

The doubly degenerate non-totally symmetric v, mode (370.7
cm™') is modelled by using two one-dimensional modes that have
the same wavenumber for the ground electronic state and by two
inverted harmonic oscillator surfaces for the excited electronic
state. A value of 110 cm™! is used for the inverted harmonic
oscillator in the calculation. The spreading of the wavepacket
on the inverted harmonic surface in the two dimensions effectively
quenches the recurrences of the overlap along the totally symmetric
modes. This quenching results in smooth excitation profiles in
the frequency domain. This aspect of the inverted potential surface
is similar to that of the damping factor.

The magnitudes of the displacements of the totally symmetric
modes are insensitive to the non-totally symmetric mode. The
excitation profiles and the resonance Raman spectrum of the
[W,OCl,]* ion were calculated without the non-totally symmetric
modes and the inverted harmonic oscillator surfaces. The cal-
culation shows the same results as the ones with non-totally
symmetric modes.

Cs;[Re,OCI o). The excitation profiles of best fit for the fun-
damentals »(Re-O-Re), v, (ReCl,,), »3(ReCly), and vy(5,
(OReCl,,)) are shown in Figure 5. They are calculated by use
of the parameters given in Table I. The calculated and experi-
mental excitation profiles are in good agreement with one another.
The band widths, shapes, and relative intensities of each excitation
profile are accurately calculated. All the calculated excitation
profiles are normalized to the maximum of the », band. The
maxima of the calculated excitation profiles are at ~ 19800 cm™!.

J. Am. Chem. Soc., Vol. 112, No. 10, 1990 3757

Raman Int.

a a
o &
2 ‘ET ?T‘A ‘?‘? 'T?‘i Lﬂ 124 @ n
0 300 600 900 1200 1500 1800
1

Wavenumber/cm”
Figure 6. Calculated and experimental resonance Raman spectrum of
Cs3[Re,0Cl ] at 514.5-nm excitation: solid line, experimental inten-
sities; boxes and triangles, calculated intensities.

Table HI. Calculated and Observed Intensities of Bands Observed in
the Resonance Raman Spectrum of Cs;[Re,OCl, 0]

obsd
caled intensity? intensity wy, cm”™! assignment
33 3.6 137.1 v4(6(0-Re-Cl,))
100.0 100.0 229.8 v)(Re-O-Re)
5.5 7.2 288.2 v3(Re~Cly)
9.4 10.8 354.7 v(Re-Cl,,)
53.0 53.0 459.2 2y
5.8 6.0 518.3 vy + vy
9.9 11.4 583.9 n+ v
0.5 3.0 643.6 vy + vy
31.0 29.5 688.9 3y,
5.1 5.4 748.4 2 + 1y
8.5 10.2 812.6 2, + 1y
12.8 13.0 822.6 2vg
19.2 18.1 918.5 4y,
4.2 5.4 977.8 3y, + v,
6.9 8.4 1042.3 3y, + 1y
13.2 10.8 1051.4 v + 2ug
123 15.1 1146.5 5v)
3.3 3.0 1206.5 4v, + vy
5.5 6.0 12715 4v, + v,
11.2 6.0 1279.2 20, + 2ug
8.1 5.4 1375.8 6y,
2.6 1.2 1436.4 Suy + vy
43 3.0 1499.6 Svy + vy
9.0 3.0 1507.4 3u;, + 2y
5.4 24 1603.4 v
7.0 3.0 1734.6 4y) + 2ug

2Calculated by using the parameters in Table I, w; = 514.5 nm,
sample at ca. 80 K.

The maximum of the electronic band of interest is at 19900 cm™1,
The absorption spectrum can also be calculated by using the
same parameters that were used to calculate the excitation profiles.
The calculated full-width at half-maximum and the peak maxi-
mum are 1913 and 19850 cm™, respectively. The experimentally
observed values are 2000 and 19900 cm™!, respectively.

The calculated intensities for all of the observed fundamental,
overtone, and combination bands at the excitation wavelength
514.5 nm (19436 cm™) are compared to the experimental reso-
nance Raman spectrum in Figure 6. The Raman intensities in
the experimental spectrum are represented by vertical solid lines.
The calculated intensities are represented by squares and triangles.
The numerical values for the calculated Raman band intensities
are compared to the experimental values in Table III.  The
calculated resonance Raman intensities are in very good agreement
with those in the experimental spectrum.

The doubly degenerate non-totally symmetric vy mode (411.3
cm™) is modelled by using two one-dimensional modes that have
the same wavenumber for the ground electronic state and by two
inverted harmonic oscillator surfaces for the excited electronic
state. A value of 190 cm™! is used for the inverted harmonic
oscillator in this calculation.

The principal progression-forming mode, »,, is very close to
being a simple harmonic oscillator up to vibrational quantum
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number 6, with the anharmonicity constant x,, = —0.11 cm™. The
overtone band wavenumbers derived from the calculation differ
from the experimental values by a few cm™ as the vibrational
quantum number increases. Other modes show only one harmonic.
The assumption used in the calculation that the potential surface
are harmonic is reasonable for this molecule.

The damping factor used in the calculation is 140 cm™. In the
absence of the spreading wavepacket on the inverted potential
surface, this damping factor would be small enough to give re-
currences in the overlap in the time domain. However, the in-
clusion of the spreading of the wavepacket along the non-totally
symmetric mode quenches the recurrences to give smooth exci-
tation profiles.

The magnitudes of the displacements of the totally symmetric
modes are insensitive to the non-totally symmetric mode. The
excitation profiles and the resonance Raman spectrum of the
[Re,OCl,o]? ion were calculated without the non-totally sym-
metric mode and the inverted harmonic oscillator surfaces. This
calculation gave the same results as the one with non-totally
symmetric modes. In this case, a higher damping factor (200 cm™
instead of 140 em™!) was used to get the smooth excitation profiles.

Quantitative Evaluation of Bond Length and Bond Angle Changes
on Excitation. The relationship between the changes in normal
coordinates (AQ’s) and the changes in symmetry coordinates
(AS’s) for [ReyOCl o] was studied by Campbell and Clark.'®
The relationship between the AQ’s and AS’s is

A 046 028 000 025\/ A%

AQ; ) o022 o063 000 015 |{ AS: 6

ag; ] looo oo 099 000 J| as, ©)

AQ. 027 013 000 060/ \as,

The symmetry coordinates are

AS, = (1/v/2)Zar(ReO) 7
AS, = (1//2)Zar(ReCl,,) 8)
AS; = (1/V8)ZAr(ReCly) ©)
AS, = (1/4)[X48 - L Ad] (10)

where 8 = £Cl,ReCl,, and a = LOReCl,,.

The individual bond length and bond angle changes are cal-
culated by using eq 6—-10. For example, the Re-O bond length
change is calculated in the following manner. By rearranging eq
6,

AS, = 0.46A0, + 0.22A0, + 0.27AQ, (11)

Inserting the AQ’s from Table I gives AS, = 2.34. Fromeq 7,
Ar(Re-0) = (1/4/2)AS, = 1.65. To convert from the dimen-
sionless normal coordinates used in the time-dependent calculation
to angstroms, the relative atomic mass of the Re atom is used.?
The individual Re—O bond length change in [Re,OCl,0]* is 0.046
A. Since only the magnitudes of AQ's are determined from the
calculation (not the sign), it is assumed that the signs of the
changes of all AQ's are the same in the e (#*) orbital. The Re-O
bond length change will be smaller if the signs of the changes in
AQ’s are different from one another.

The maximum Re-Cl,, bond length change is 0.026 A. It is
calculated by using the same procedure as that described above.
The relative atomic mass used to convert dimensionless A into
angstrom units for AS, (1.8) is the sum of the masses of rhenium
and chlorine.

(23) The formula to convert the dimensionless displacement A into A is

3
5= 6023xl0220 x 10° X A

where m is the mass involved in the vibration in the units of gram atomlc
weight (e.g. C= 12 8), wis the wavenumber of the vibrational mode in cm™,
h = h/2x where h is Planck’s constant in 3 cm? 57, c is the speed of light in
cm s, § is the displacement in A, and A is the d|menS|onless displacement.
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Figure 7. The calculated changes in bond lengths and angles for
[Re,OCl )% and [W,0CI,4]* ions.

The Re—Cl,, bond length change of the [Re,OClyg]* ion is
0.016 A. The mass used to convert the dimensionless A into
angstrom units for AS; (0.76) is the mass of chlorine.

The O-Re-Cl,, bond angle change of the [Re;OCl,0)* ion is
1.7°. Itisalso calculated by using the same procedure as described
above. The mass used to convert the dimensionless AS, (1.84)
into degrees is | /(2uc) + 8ug.)0? where ug, is the reduced mass
of chlorine, ug, is the reduced mass of rhenium, and p?is 1/r-
(ReCl, )%

The structural changes in the case of the [W,0Cl,4]* ion on
excitation to the resonant state have been calculated by using the
same method as that used for the [Re,OCl,o)*" ion. Since no force
field analysis has been done on the [W,OCI,,]* ion, the potential
energy distribution of the normal coordinates used for [Re;OCl,)*
was also used for the [W,0Cl,0]* ion to calculate its bond length
and bond angle changes. The results are that the W-0O, W-Cl,,,
and W-Cl,, bond lengths change by 0.046, 0.027, and 0.029 X,
respectlvely The O-W-Cl,, bond angle changes by 1.58°.

Interpretation of the Bond Length and Angle Changes. The
calculated changes in bond lengths (in A) and angles (in deg) for
[Re,OCl,p)% ion and [W,0Cl,]4 are shown in Figure 7. The
principal structural changes are in the axial direction. This is fully
consistent with the idea that the resonant transition is the axially
polarized, electric-dipole allowed transition of the =-bonded system.
In orbital terms, this transition involves excitation of an electron
from a nonbonding e () orbital to an antibonding e (#*) orbital
and, as such, would be expected to lead to an increase in the M-O
bond lengths and to changes in the M-Cl,, bond lengths on
account of their extensive coupling to »(M~-O-M). A schematic
representation of the axial e; and e, w-molecular orbitals of the
[M,0X,]" ions is shown below.
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The magnitudes of the bond length and angle changes are very
similar in the [Re,OCl,)* and [W,OCl,4]* ions. The small
differences will not be interpreted because the potential energy
distribution of the normal coordinates for [W,0Cl,0]* is lacking.
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The magnitudes of the bond length changes are comparable with
those (~0.03 A) calculated by Frank-Condon analyses?* to take
place in [MnO,]~2» [MnO,]*,” [MoS,]%" and [WS,}?",° on
exciting the highest nonbonding electron to the lowest antibonding

(24) Clark, R. J. H.; Dines, T. J. Angew. Chem., Int. Ed. 1986, 25, 131.
(25) Clark, R. J. H.; Stewart, B. J. Am. Chem. Soc. 1981, 103, 6593.

orbital.
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Abstract: Electronic absorption and magnetic circular dichroism (MCD) spectra of Rhy(TMB),** and Ir,(TMB),** are reported
along with polarized single-crystal absorption spectra of [Ir,(TMB),][B(C¢Hs)4]*CH3,C¢Hs (TMB = 2,5-diisocyano-2,5-
dimethylhexane). Interpretation of the spectra is based on a valence-bond model that accommodates highly perturbed dimer
transitions as well as monomer-like dimer excitations. In this model, half of the dimer electronic excited states possess ionic
character; these states involve metal-to-metal charge transfer (MMCT). The intense absorptions of Ir,(TMB)* are assigned
as follows: do* — po [Aj,('A),) = E,(*Ay,) and Ay, ('A,,)] at 820 and 635 nm; d,, ,, — p; [A},('Ajg) — Ey, Ay (CE,) and
E,('E,)] at 373, 331, and 320 nm; and d,, — p, [A14('A};) — E,(*B,,)] at 304 nm. Several weak features are observed to
lower energy of the Aj;('A,;) — E,(°A,,) band. The most prominent of the weak features (~430 nm) is assigned to the transition
to 'A; (a single-center d,» — p, excitation). High-energy features (A < 300 nm) in the spectra of Rhy(TMB)2* and Ir,(TMB)*

are assigned to MMCT arising from d,,,, — p, excitations.

The electronic spectra of face-to-face, metal-metal-bonded d®—d®
complexes have been extensively discussed on the basis of a mo-
lecular orbital (MO) model.'"'® In this piciure, the metal-based
d,: (filled) and p, (empty) orbitals each interact strongly to produce
pairs of bonding and antibonding orbitals. Configuration inter-
action between the empty and filled sets (which might alternatively
be visualized as dative d—-p bonding) provides the weak ground-
state bond, while the lowest energy singlet and triplet excited states,
derived from the de* — po one-electron transition, are strongly
stabilized relative to their respective monomer d,2 — p, states.

While this picture accounts for some important aspects of the
metal-metal interaction, it also has been noted that several mo-
nomer d — p excitations are only slightly perturbed in the d®—d?
complexes.! This observation and the rather long metal-metal
bonds (3.1-3.3 A)'M12 syggest that d—d? species should be ex-
amined in terms of valence-bond (VB) theory.

In addition to beginning such an examination, and to com-
plement earlier investigations of rhodium complexes (Rh,-
(TMB),**, TMB = 2,5-diisocyano-2,5-dimethylhexane; Rhyb,2*,
b = 1,3-diisocyanopropane), we undertook a detailed study of the
electronic spectrum of Ir,(TMB),>*. A change in the metal from
rhodium to iridium should perturb the electronic structure, thereby
altering the characteristic d®-d® electronic spectrum and allowing
us to test key aspects of the MO and VB models. We report here
the electronic absorption and magnetic circular dichroism (MCD)
spectra of Rhy(TMB),?* and Ir,(TMB)2* along with polarized
single-crystal absorption spectra of [Iry(TMB),][B(C¢Hs),la
CH,CH;.

Experimental Section

All synthetic procedures were carried out with standard Schlenk
techniques unless otherwise specified. Tetrahydrofuran (THF) was

* To whom correspondence should be addressed.
* California Institute of Technology.
!Northern Illinois University.

0002-7863/90/1512-3759%$02.50/0

distilled from CaH, prior to use. Other solvents were taken from freshly
opened bottles and were not purified further, except as noted. All solvents
were Schlenk degassed prior to use. Standard procedures were used to
prepare 2,5-diisocyano-2,5-dimethylhexane (TMB),!! [Ir,(TMB),][B-
(C4Hs) 15" [Ir(COD)Cl]; (COD = 1,5-cyclooctadiene),'* [Ir(CO-
D),]BF,,"* and [Rhy(TMB),J(PF,),."! The literature preparation of
Ir(COD)(acac) (acac = acetylacetone),’s a precursor to [Ir(COD),]BF,,
was modified as noted below. All other chemicals were reagent grade
or comparable quality and were used as received. The '"H NMR spectra
were obtained on a 400-MHz JNM-GX400 FT NMR spectrometer.
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