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On the lowest excited singlet state of osmium tetroxide?

K. M. Swift and E. R. Bernstein

Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523

(Received 8 January 1981; accepted 18 February 1981)

Two-photon spectra of OsO, in the region below the first strong one-photon transition are observed and
analyzed. The data fit a linear Jahn-Teller (T X ¢) calculation. An assignment of the two-photon features as
arising from a T electronic state, origin at 27 295 cm™', with a dominant linear Jahn-Teller active ¢,
vibration v, v', = 588 cm™' (v"', = 960 cm™'}, and with Jahn-Teller parameter D = 0.5 is proposed. Based
on these findings the two observed one-photon states are discussed and qualitatively analyzed in a parallel

fashion.

. INTRODUCTION

Osmium and ruthenium tetroxides (0OsO,, RuO,) have
been the subjects of intense investigation for many
years. Ultraviolet absorption, !~ photoelectron spec-
troscopy, 1*~!7 and magnetic circular dichroism
(MCD)!1-13:18 haye all been used to probe the electronic
structure of these molecules.

0sO, and RuO, are of interest as members of a large
class of tetrahedral, isoelectronic “tetroxo” compounds
(MOjJ"; M =Cr, Mo, W, Mn, Tc, Re, Ry, Os). These com-
pounds all show intense dipole allowed transitions in the
visible or ultraviolet. For the point group 7,, the di-
pole operator transforms as 7,, so these allowed states
are assigned as being of T, symmetry.

There is general consensus that the molecular orbital
scheme shown in Fig. 1 holds for these compounds. As
shown in the figure, the lowest energy electron promo-
tion e~ ¢, yields both T, and T, electronic states. The
first strong one-photon transition can then be assigned
as being of the e~ {, type. The ¢; orbital has mainly
nonbonding oxygen atomic orbital character. The e or-
bital is composed mainly of osmium 5d orbitals, which
have been split by the ligand field into a lower e orbital
and upper {, orbital. Transitions involving these or-
bitals are commonly called charge transfer transitions,
since an electron is transferred from the oxygen atom
to the osmium atom.

The other state arising from the electron promotion
e- !y, namely, the T state, has been observed for the
permanganate ion (MnOj) through careful crystal stud-
ies!®?® and MCD spectroscopy.?! It is weak and lies
well below the first intense transition.

We have investigated the low-lying regions of the
0s0, spectrum from 25 000-32 300 cm™! using the tech-
nique of two-photon gas phase fluorescence excitation
spectroscopy in an attempt to find new information about
the electronic structure of OsOy.

Il. EXPERIMENTAL

The tunable laser for these experiments was a
Nd/YAG pumped dye laser (Quanta-Ray DCR-1A and
PDL). Five dyes were necessary to cover the entire
range of reported spectra. In order to obtain sufficient
power in the low energy region 25000-28 000 cm™!, it
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was necessary to Raman shift (in high pressure H,) the
output of Rhodamine 640, 610, and 590 (Exciton)., For
the region 27700-30100 cm™ a special experimental dye
related to DCM was kindly donated to us by Exciton
Chemical Company, Inc.; DMSO was the solvent used.
For 29900-32300 cm™ Exciton DCM was used. In all
cases the laser linewidth was roughly 0.3 cm™,

Spectra were obtained by monitoring emission from
the sample following excitation. Input power was be-
tween 2-10 mJ/pulse. Emission was detected perpen-
dicular to the focused incident beam by an RCA 8850
photomultiplier tube protected by two Hoya B-390 filters
and a 1.0 cm path length of 80% saturated CuSO, * 5H,0
in water (250 g/liter). The output of the phototube was
put directly into the A channel of a boxcar integrator
(PAR 164/162), Dye laser power was monitored by a
silicon photodiode, whose output was put directly into
the B channel of the boxcar integrator. The spectra
were obtained by scanning the dye laser under computer
control, and sampling the output of the two channels of
the boxcar integrator for several laser pulses at each
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FIG. 1. Molecular orbital scheme for 0sQ;. The bottom part
of the figure shows the electronic states arising from certain
electronic transitions. The lower filled orbitals are drawn to
scale and are determined by photoelectron spectroscopy. I’
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FIG. 2, Survey two-photon photochemiluminescence spectrum
of 0sO,. The bracketed area is expanded in Fig. 3. The

vertical axis is the total emission intensity normalized to the
square of the laser power.

wavelength., Normalization for the square power depen-
dence characteristic of two-photon absorption was ac-
complished by dividing the signal channel {A} by the
square of the power channel (B). In addition, the opto-
galvanic spectrum of an Fe-Ne hollow cathode lamp was
recorded simultaneously for calibration purposes. Be-
tween five and 30 scans over the dye’s range were av-
eraged, depending on the signal to noise ratio. Circu-
larly polarized light was obtained with a Fresnel rhomb.

The material used was commercial OsO,, purified
further by distillation under high vacuum through a 4 A
molecular sieve. OsO, reacts with grease, so a grease
free vacuum manifold was used. The sample cell was
filled with the full vapor pressure at room temperature
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FIG. 3. First 2000 cm™! of the two-photon photochemilumi~
nescence spectrum of OsO4. Assignments for this region,
given by a linear Jahn—Teller calculation, label various fea-
tures. The vertical axis is total emission intensity normalized
to the square of the laser power.
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TABLE 1. Tabuiation and assignment of observed
two photon energy levels of 0OsO, T, first excited
electronic state.

20, (cm™)  Intensity® Assignment

26 805
26 965
27041
27141
27 568
27745
27790
27 955
27 984
28108
28 217
28316
28483
28562
28627
28792
28 843P
28 981
29 054
29069
29160
29182
29235
29373
29440
29517
29771
29848
30025
30119
30161
30226
30298
30363
30403
30447
30582
30729
30 850
31028
31054
31197
31254
30358
31381
31486
31827° VVS
31974
32034
32171
32241

2Ny~ E), 4)(Ty— T,

25(T,) or 4}(Ty)
34(T)

35(E)

33(T,)
35(E)
35(Ty)
33 (E)
33(A)

33(Ty)

33 (E)

meggzgz3513EZZZEE"’ZZ"’(ﬁ‘”322‘”“3”“”82352232;222252

354 [T,]

EEgE

W =weak, VW=very weak, M= medium, S=strong,
VS8=very strong, VVS=very very strong.
bChanges intensity with circularly polarized light.

(21°C). Vapor pressure was measured to be about 5
Torr with a Baratron gauge.

1. RESULTS AND DISCUSSION

The observed spectrum is shown in survey form in
Figs. 2 and 3 and the complete data are tabulated in
Table I. There are no features until about 26800 ¢cm™,
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TABLE II. Polarization and selection rules for
two-photon transitions in T; symmetry.

vibronic AK selection

symmetry rule Polarization behavior
A~ A AK=0 Completely polarized
E+- A OK=0, £2 Unpolarized

Ty~ Ay AK=x1, £2 Unpolarized

at which point a very complicated spectrum begins. The
spectrum extends into the region of the first strong one-

photon state which begins at 31359 cm™, 8

In an attempt to elucidate the vibrational parentage of
the transitions, emission from the sample excited at
two pump energies of 31830 and 30582 cm™! was dis-
persed in a 1 m monochromator., Emission was found
not to be from the moiecule OsO, but from neutral os-
mium atoms [Os(I)]. No molecular emission could be
found. Still, the excitation spectra that were obtained
could be genuine two-photon OsO, spectra, if in fact the
rate-limiting step for the dissociation followed by emis-
sion is the initial two-photon absorption by OsO,.

This situation is not without precedent. For example,
pyrazine and triazine two-photon spectra have been ob-
tained by monitoring the emission from cyanyl (CN) pro-
duced by photodecomposition of the sample by the la-
ser.’®* However, the possibility of contamination of
the spectrum by the photoproducts exists. Thus, the
spectrum must be analyzed as OsO, in order to prove
that it is entirely due to OsOy.

In order to assign the spectrum, we must consider
the two-photon selection rules. McClain and Harris
have given an excellent treatment of this problem, *
Properties of the two-photon transition tensor give both
selection rules and polarization behavior, In short, the
transition is allowed for identical photons if the transi-
tion tensor is symmetric; it is circularly polarized if
the tensor has a nonzero trace. These results are ap-
plied to the group 7; in Table II. Also contained in
Table II are the AK selection rules obtained by the
method given by McClain and Harris.

Rotational contours can be quite useful for symmetric
top assignments, since a one to one correspondence
exists between AK selection rules and vibronic sym-
metry. 2 For the spherical top, on the other hand,
the K levels are degenerate; thus, for a given energy,
symmetric top intensity factors must be summed sub-
ject to AK selection rules. In the notation of Ref. 26,

,J'>" IJ>1 W=Z WJ'K',JK=E(C0MOR0+CZM2R2) »
KK KK

in which Ry=0,,,04 and R,=b%5., the Placzek-Teiler
coefficient. 2’

Summation of symmetric top factors is accomplished
using the following relations:

D by si B = (2T +1)5,,,
KK*
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202K, =(2J' +1)/5 (for a given AK).
K

The latter relation is first derived in Ref. 27. The re-
sult is that the formulas for the intensity work out sim-
ilarly for E- A; and T,~Ay:

E~-A; W=(Cy/5)2d +1)(|MY |2+ MY ]2+ [M3)D),
Ty~Ap: W=(Cy/5)(27 +1)

(1M, |2+ M%) 2+ M3 P+
Aj=Ap W=Cy2J +1)|M{|2 .

2|,

Rotational contours can thus distinguish between A;~ A4,
and E~ A, or T,~A{, but not between E-~- A4, and T,~ A;.

Expressions for the energy and Coriolis coupling of
a gpherical top may be found in Refs, 28 and 29. Em-
ploying these formulas, calculation of rotational con-
tours proceeds in the standard fashion.?** A linewidth
of 2-4 cm™ was employed for each rotational transi-
tion. Some experimental and theoretical rotational con-
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FIG. 4. Rotational contour for 3} (T,). (a) Experimental,
single scan of the feature, Weak peak to high energy side of
3} is not part of the 3} contour. (h) Calculated contour with
B'"=0.1349 cm™, B’=0.13 cm™}, {=-0.6.
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FIG. 5. Rotational contours for 29373, 29440, and 29517 cm™!
features: (a) Experimental features, single scan, (b) Calcu-
lated for the feature at left—B’’=0,1349 em™, B’=0.13 cm™!,
{=~-1,0, (c) Calculated for the central feature—B’’=0,1349
em™!, B’=0.128 em™, £ =-0.6. (d) Calculated for the feature
on the right B**=0,1349 cm™, B’=0,128 cm™, £ =-0.4,
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tours are presented in Figs. 4-6. Note that the experi-
mental contours extend over about 50 cm™!. This would
seem to eliminate the possibility of atomic two-photon
absorption spectra arising from photogenerated atomic
species [Os(I)], such as was reported in Refs. 30 and 31,

It is clear that calculated contours of 34(T,) (Fig. 4)
and the 29373, 29440, and 29517 cm™! features (Fig. 5)
agree only fairly well with the experimental ones. The
experimental bands are somewhat simpler than the cal-
culated ones. This situation occurs for some of the
other features as well. There are three mechanisms
which can increase the experimental linewidths: life-
time broadening associated with the photochemistry ob-
served in this region, laser linewidth (~0.3 cm"), and

effects due to the presence of multiple isotopes. Os-
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FIG. 6. Rotational contour for 3 (4,): (a) Experimental
(seven scans). (b) Calculated withtwo overlappingA bands, the
lower one is probably 33 (A)—B ** =0, 1349 cm™, B{ =0, 145 cm™!,

$=0.125 cm™!, with origins separated by 60 cm™!, Higher
energy contour weighted with an intensity factor of 0.7 that of
the lower energy contour.

J. Chem. Phys., Vol. 74, No. 11, 1 June 1981



K. M. Swift and E. R. Bernstein: Excited singlet state of OsO,
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FIG. 7. Vibronic energy levels for T,x¢, from Ref. 32. For

a T, electronic state all 1 and 2 subscripts are interchanged.
The vertical axis is in units of Kw.

mium has four abundant isotopes: !%80s, 18%0s, 13%0s,
and *?0s. The difference between v, for '*30sO, and for
192080, is expected to be about 1 cm™. It should be
noted that a diatomic or triatomic symmetric top model,
which might be appropriate for photoproduct absorption,
generates a poorer rotational contour fit in all instances.

TABLE Iil. Comparison of observed and calculated®? vy (ty)
vibronic components in the lowest excited T, electronic state
of 080, (in cm™!). Parameter values are y4{=588 cm™! and &
=1.0(D=0.5).

n=1 Eigenvector

Assignment Observed Calculated® coefficient?
33:;‘:;;) 26 965 (26 965]° e
{0,0) [27 295]° 27295
35(Ty) 27745 27746 0.70857
3B 27 984 27978 0.64057
33(T) 28316 28314 0.18714
3% (E) 28483 28488 0.58802
33(Ty) 28 562 28559 0.42760
33(E) 28627 28642 0.368 91
3341 28792 28809 0.63308
33Ty 28981 28942 ~0.092403
33(E) 29069 29081 -0.27411

avalues supplied by R. Englman; see Ref. 32.
PCalculated by subtracting 330 cm™! from origin.
®Forbidden; calculated from hot bands 2§, 49.
dobserved and predicted to be polarized.

5985

TABLE IV, Ground state OsO, vibrations.®

(em™)
12} ay Symmetric stretch 965
v, e Bend 333
vy t; Antisymmetric stretch 960
vy ty Bend 329

2R. S. McDowell and M. Goldblatt, Inorg.
Chem. 10, 625 (1971).

To fit the feature at ~28 800 cm™ it was necessary to
overlap two totally symmetric contours of different ex-
cited-state moments of inertia with origins separated by
60 cm™ (Fig. 6). In fact, the lower energy feature has
a moment of inertia 7% larger than the ground state and
the high energy feature has a moment of inertia 7% lower
than the ground state. Such changes are typical of Jahn-
Teller perturbed systems and have been noted before,
The agreement between the overlapped calculated con-
tours and the experimental feature is quite reasonable.
(See the discussion below.)

The strongest argument for the spectrum being due to
0sO, is that the first nine major features fit the Jahn—
Teller (T xt,) vibronic calculation of Caner and Engl-
man®? nearly exactly (average deviation=11 cm™) for a
parameter value k=L/V6/iw=1.0 or D=0.5 (see Fig,
7). For a comparison of calculated and experimental
features, refer to Table III. The value of the unper-
turbed excited state frequency is 588 cem™, so the vibra-
tion is most likely u;, whose ground state frequency is
960 cm™ (see Table IV). The other ¢, vibration v, is
probably too low in energy (329 ¢m™! in the ground state)
to be considered for this series. This conclusion is fur-
ther supported by discussion in the ensuing paragraphs,

Two other pieces of information fit in well with the
above interpretation. First, the seventh peak in the
progression (28 792 cm™) is polarized, in accordance
with the calculated feature of A; symmetry predicted to
lie at 28809 cm™!, As was mentioned earlier, the con-
tour is a combination of two polarized features. We
assume that the lower one is 33(4,). Second, the for-
bidden T origin is predicted to lie at 27295 cm™, and
a ~330 cm™ hot band appears to be built on this position
as it should be, since 2)(7,~ E) and 4)(T, - T,) will be
allowed. Hot bands located 330 cra™ below the major
features are not generally found, however, presumably
because they involve a change in quanta for two vibra-
tions, vy and v, or v,. The Boltzmann factor for v4 hot
bands is very unfavorable.

Intensities for the [T1><t2] v, manifold are qualitatively
in agreement with the » =1 coefficients of the computed
eigenvectors, as would be expected for a Herzberg-
Teller vibronic coupling intensity mechanism.?® For
example, the following predictions (see Table III) can
be accurately made: 33(A1) at ~28800 cm™ is quite in-
tense; 33(T,) at 28 316 cm™ is less intense than 3}(E) at
28483 cm™; and 33(T,) at 28981 cm™ is less intense than
33(E) at 29069 cm™. Other trends in these data are also
predicted correctly by the eigenvector calculations.

J. Chem, Phys., Vol. 74, No. 11, 1 June 1981
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Thus, nine energies and intensities, plus two addi-
tional pieces of information, are fit by two parameters
(the linear Jahn-Teller coupling strength and the ex-
cited frequency). The fact that one vibration should
dominate the entire spectrum is similar to the situation
in triazine, for which v; dominates the spectrum.?’
What is unusual here, however, is the absence of any
obvious totally symmetric progression built on the v;
series. Features above the one at 29 069 cm™ are dif-
ficult to assign to specific v; components since at these
higher energies there are many states arising from a
degenerate vibration. Moreover, calculation of the
upper levels is less accurate since the basis includes
only the lower harmonic oscillator functions. Some fea-
tures may be one quantum of the totally symmetric vi-
bration v; built on the lower v; features, but longer v,
progressions are not apparent.

The one-~photon spectrum also lacks a well defined
totally symmetric progression, though at first glance
the spectrum appears to possess a long series in v;.

It may be that vy perturbs the one-photon spectrum as
well. In fact, the first six T,X{, vibronic coupling cal-
culation 7, levels actually fit the first few one-photon
features fairly well (average deviation 43 cm™) for a
parameter value k=L/V674w=1,0 or D=0.5 and v;
=736 cm™ (see Table V). This good agreement indi-
cates that v, is involved in the progression in the lower
T, state. These conclusions are consistent with those
reached through MCD studies of both MnOj 3 and

0s0,. 112 The value of the Jahn—-Teller parameter for
the lower T, state is about a factor of 2 larger than that
of MnO; (D=0.27). %

Our two-photon data also support this conclusion, as
there is an intense polarized feature at 31827 cm™ and
the calculation gives a one-photon forbidden A, vibronic
symmetry feature at 31846 cm™. This is the only pre-
dicted A, [T,x t,] level within =1000 cm™ of the observed

feature.

TABLE V. Comparison of one-photon
data® for the T, state of OsO, with the
vibronic coupling T,xt, calculation®

(D=0.5, ¥4=736 cm™!), sh, shoulder;
-1

p, peak. Frequencies in cm™', Error
in frequencies 5—-20 cm™!.
Band® Observed Calculated®
A 31261 sh
31359p 31294 (T,)
31398 sh
A-B 31661 sh
[31827 p (A)]° 31846 (4)
B 32093 sh
32197 p 32305 (Ty)
B-C 32479 p 32489 (Ty)
C 32950 sh 32931 (T
33059 p 33041 (Ty)
C-D 33297 p 33262 (T,

2Reference 8 band designations.
bObserved two-photon peak, this work.
°*Measured from Ref. 32 figure (+ 20
em-Y).

K. M. Swift and E. R. Bernstein: Excited singlet state of OsQ,

TABLE VI. Comparison of one-
photon data® for the upper T, state
of 0OsO,4 with vibronic coupling T,
X ¢, caleulation®? (D=1.1, v{=754

cm™), sh, shoulder; p, peak.
Frequencies in cm™. Error in
frequencies 5—20 cm~!,
Band® Observed  Calculated®
K 38421 sh
38509 sh
38643 sh
38733 p 38743
38 906 sh
K-L 39112 sh
L 39381 sh
39523 sh
39592 p 39573
39765 p 39742
L-M 40100 sh 40139
M 40433 p 40478
40605 p 40 5&:)3

2Reference 8 band designations.
PMeasured from Ref. 32 figure
(=20 cm’l). All features T5.

One can then examine the second intense one-photon
transition beginning at 38 733 cm™ for possible agree-
ment with the calculation. For D=1.1 and v;="754 cm™,
one again finds agreement (see Table VI) with an aver-
age deviation of 31 cm™. We therefore believe that the
irregularities in the progression intervals in the one-
photon data are due to a linear Jahn-Teller perturbed
v3(t,) manifold in both T, electronic states. However,
due to the diffuse nature of the one-photon spectrum,
conclusive proof for this apparently reasonable conclu-
sion must await further spectroscopic studies now in

progress.

The v; vibration involves the central osmium atom
moving in one direction, with the oxygen atoms moving
in the opposite direction. The mode is the only one in-
volving movement of the osmium atom. Therefore, it
is to be expected that v; would be quite important for vi-
bronic coupling (both Herzberg—Teller and Jahn-Teller)
in a charge transfer transition.

We are continuing the investigation of two-photon fea-
tures in the one-photon region. We also plan to employ
the photoacoustic detection method in order to gain fur-
ther information with regard to the photophysics and
photochemistry of this system.

IV. CONCLUSIONS

A low lying T, state of OsO, has been observed by two-
photon spectroscopy. The spectrum is dominated by a
Jahn-Teller perturbed v4(t,) vibrational progression.
This interpretation is strongly supported by the T X,
vibronic coupling calculation of Caner and Englman,
which gives the location of the 7'y electronic origin as

27295 cm™, v;=588 cm™, and D=0.5. Both one-
photon allowed T, states are also qualitatively inter-

J. Chem. Phys., Vol. 74, No. 11, 1 June 1981
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pretable in terms of these concepts. Finally, OsO, is
observed to be photochemically active, producing neu-
tral osmium atoms which then emit.
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