
8296 J. Am. Chem. Soc. 1986, 108, 8296-8297 

200 i-

o Y — ^ 

« \ J 

\ 7 * 
-200 - • / 

. 400 I 1 1 
270 300 330 

Wavelength (nm) 

Figure 3. Ground-state (•) and excited state (•) CD spectra of (A)-
Fe(bpy)3

2+. Each point on the spectrum represents the average of three 
experiments of 256 averages. For the three experiments, the average 
standard deviation (in Ae) for the ground-state values is 37, while the 
average standard deviation for the excited state values is 44. The dif­
ference in the absolute ground-state CD compared to previously reported 
values9'10 is probably due to differences in the optical purity of the sam­
ples. The experimental conditions were the same as described in Figure 
2. 

half-life of 18 min under our conditions. Thus, measurements 
at all wavelengths were made within 5 min of sample preparation.11 

Repeated laser excitation of the sample (532 nm, 2 Hz, 30 
mJ/pulse, 0.15-cm3 sample volume) did not noticeably accelerate 
the racemization. The ground- and excited-state CD spectra are 
shown in Figure 3. The ground-state spectrum is in agreement 
with the reported shape of the ground-state CD spectrum taken 
on a conventional spectrometer.10 The excited-state CD spectrum 
is red shifted and somewhat diminished in magnitude relative to 
the ground-state CD. The dip seen in the positive band below 
300 nm in the excited-state CD spectrum is reproducible, but we 
do not yet understand its origin. 

Both the absorption and CD spectra of the -KIT* bpy transitions 
red shift and decrease in intensity in the excited-state relative to 
the ground state. Unlike in the ground state, there is a lack of 
observed visible CT states with which the trtr* states can interact 
and be shifted to higher energy.2,10 Thus, a red shift in the irir* 
absorption in the excited state is expected. Though excitation at 
532 nm is into an MLCT state, it has been shown that ligand field 
states are populated within 10 ps of excitation.2,3 Both 3T1 and 
5T2 states lie at lower energy than the lowest MLCT states,2 and 
both could be important in the excited-state dynamics and 
spectroscopy. The ligand field nature of the metastable excited 
state(s) should not inhibit exciton coupling among the three irir* 
transitions in the bipyridyl ligands, so one expects10,12 (and ob­
serves) a strong CD in the red-shifted -K-K* transitions.13 Thus, 
the excited-state absorption and CD is consistent with a d-d 
excited-state description for Fe(bpy)3

2+. 
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In an experimental tour de force, Lichtenberger and Blevins 
(LB) were recently able1 to resolve a v(Mo2) vibronic structure 
in the metal-metal 6-orbital photoelectron ionization band ('A lg 

— 2B2g) of Mo2(O2CCHa)4 in the gas phase at 200 0C. LB 
performed a Franck-Condon (FC) analysis of the observed band 
profile. They noted the band to maximize at seven (or more) 
quanta of the excited state KMo2) of «360 cm-1 and concluded 
that the 2B2g metal-metal distortion is 0.13-0.18 A as calculated 
in various approximations. This value is much greater than that 
for the 5 -* S* ('Alg -»• 1A2J excitation previously2 characterized 
at liquid helium temperature (0.08-0.11 A in an equivalent ap­
proximation). 

A larger distortion for the & ionization than for the <5 —• 5* 
excitation was unexpected; since the 5* orbital is formally met­
al-metal antibonding, molecular orbital arguments would predict 
just the opposite trend. LB were led to suggest that the change 
in metal oxidation state in the ionization was of significance. 
However, recent Hartree-Fock-Slater calculations3 for Mo2-
(02CCH3)4 fail to indicate a large distortion for 2B2g (0.04 A 
calculated). LB explicitly excluded "hot bands" as having any 
important effect on the FC results (footnote 27 of ref 1). This 
seemed surprising to us, as about 30% of the molecules should 
be in metal-metal vibrationally excited states at 200 0C, assuming 
a ground-state 1/(Mo2) of =400 cm"1. We now show that the 
thermal effects are indeed significant. 

Assume an electronic absorption transition with energy £00 ar>d 
a single vibrationally active harmonic vibrational mode, which 
has equal ground- and excited-state frequencies.4 At zero tem­
perature, the intensity A(n) of the vibronic electronic transition 
involving n quanta of the excited-state vibrational mode, appearing 
at an energy E00 + nv, is5,6 

A(n) = P0I2 exp(-5)(5"/«!) (1) 

where \D°\2 is the pure electronic transition intensity and S, the 
Huang-Rhys factor, is the (0 —• l)/(0 —• 0) intensity ratio. For 
harmonic oscillators, 5 is generally related to distortion along the 
vibrational coordinate by 

Ae = 8 - 2 0 9 ( ] |r f )
1 / 2 (^) <2> 

where V1 and v{ are the initial and final state vibrational frequencies 
in reciprocal centimeters, M is the effective mass in atomic mass 
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Figure 1. Calculated absorption band profiles at indicated temperatures 
for vs = Cf = 360 cm"1, 5 = 7, and a Gaussian fwhm of 400 cm"1 for the 
individual lines. The electronic origin was arbitrarily placed at 10000 
cm"1. 
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Figure 2. As for Figure 1 but with a Lorentzian fwhm of 100 cm"1 and 
showing an expanded view of the region near the origin. 

units (equal to the reduced mass for a diatomic molecule), and 
AQ is the distortion in angstroms. 

For nonzero temperature, the spectrum becomes a sum of 
spectra for the various electronic ground state thermally populated 
vibrational levels. For equal ground- and excited-state frequencies, 
we have lines at energies E00 + pv, where p = n-m and m is some 
number of ground state vibrational quanta. A computationally 
convenient expression for the total intensity at E00 is5a 

A(P) = 12J0I2Z""/2 e x p ( - 5 y ^ f ) /p(25Z ' / 2 / l 

where 

Z = e\p(-p/kT) 

Z) (3) 

(4) 

and the /p are modified Bessel functions. 
In Figures 1-3 we show some calculations for v = 360 cm"1; 

an E00 of 10000 cm"1 was arbitrarily assumed. A value near 6.7 
eV would be correct,1 but this does not, of course, affect relative 
intensity distributions. 

The T = O K calculation for 5 = 7 is similar to the data and 
calculation of LB. However, our calculation shows that the band 
at 473 K (200 0C) is substantially broadened; interpreted as a 
T = 0 K spectrum, it appears to require at least nine 360-cm"1 

quanta to maximize from the "origin" (which is actually a hot 
band), and it does not resemble the experimental data. 

Insight into what is happening is provided by Figure 2, where 
we use a narrow line width for clarity. At higher temperatures, 
not only do the "normal" hot bands grow in (negative values of 
p in eq 3), but intensity also increases forp = 0,1,... , while (Figure 
1) intensity decreases for p near 7 (the maximum). The integrated 
intensity remains constant. The important point is that the in­
tensity at p = 0 is not temperature independent and that neglect 
of this point will result in serious underestimation of calculated 
hot band intensities if both S and T are large. The reason for 
this is that, for large S, vibrational overlaps for, e.g., 1 -* 1 and 
2 —* 2, transitions are much larger than those for 0 —*• 0. Figure 
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Figure 3. As for Figure 1 but with S = 3. 

3 shows a calculation for a much smaller value of S, that is S = 
3. At 200 0C, the band profile between the maximum and the 
"origin" (which is actually a hot band) resembles the data of LB. 
Thus, we conclude that the 2B2g distortion is significantly less than 
estimated by LB; 5 = 3 corresponds to Ag = 0.11 A, according 
to eq 2 in the diatomic approximation. 

There are other effects we have not taken into account of in 
our calculations. One particularly important one is that the 8 —* 
8* absorption under high resolution at low temperature shows2 

many other vibronically active modes in addition to the dominant 
c(Mo2). These additional modes either have relatively small S 
values or are non-totally symmetric, but combinations of them 
with Hv(Mo2) make important contributions to the intensity. The 
qualitative effect of such modes on a thermally broadened spec­
trum will be78 to increase the apparent S for V(Mo2), as intensity 
due to progressions in v(Mo2) based upon other modes adds to 
the pure broadened v(Mo2) progression. Obviously, the apparent 
^(Mo2) for such a spectrum is not entirely reliable either. We 
think it likely that such effects indeed contribute to the 8 ionization 
band, and our estimate of distortion should be considered as an 
upper limit. 

We think it is safe to conclude, however, that the distortions 
along the metal-metal coordinate for the 1A18 -*• 2B2g and 1A18 

-» 1A211 8 excitations of Mo2(02CCH3)4 are similar, a somewhat 
more intuitively satisfying situation than was left by LB's original 
interpretation. This is the most that can be said at present. 
Perhaps, following the lead of LB, more highly resolved ionization 
spectroscopy data will become available in the future. 

Calculation Details. Calculations were performed upon a 
PDP-11 computer using programs written by the authors. The 
modified Bessel functions in eq 3 were computed by standard9 

series representations. While this approach works well at the 
relatively high temperatures of the present calculations, for low 
temperatures the Bessel function series may exhibit round-off error 
induced computational difficulties. A calculation involving com­
puting the spectra for individual ground-state vibrational levels 
(which involves53 calculating generalized Laguerre polynomials 
by a series10 approach) and doing a Boltzmann sum is then 
preferable. This approach is considerably slower than that of eq 
3 and may suffer from convergence errors for high temperatures 
because of the strongly oscillatory nature of the Laguerre poly­
nomials. 
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