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Fluorescence spectrum of Mo, in argon and krypton
matrices?®

M. J. Pellin, T. Foosnaes, and D. M. Gruen

Chemistry Division, Argonne National Laboratory, Argonne, Illinois 60439
(Received 24 December 1980; accepted 30 January 1981)

The time resolved fluorescence spectra of Mo, isolated in Ar and Kr matrices at 14 °K are presented.
Depending on excitation wavelength, either of two separate vibrational progressions with 475.7 {+4.5) cm™"
spacings can be observed in emission. Similarities between several features in the two emission spectra lead to
the conclusion that the progressions arise from Mo, trapped in two distinct sites, each characterized by its
own absorption spectrum. Excitation spectra elucidate the overlapping absorption spectra of the two sites.
The measured emission lifetimes are long and not single exponential. In krypton matrices, lifetimes of 0.85
msec from one site and a biexponential emission decay of 0.70 and 1.94 msec from a second site are observed.
In argon matrices, 2.1 msec emission decay times in one site and a triexponential decay with components of
2.1, 3.93, and 6.3 msec were measured in a second site. Phonon structure in the well resolved spectra show
that the matrix coupling is different for the two matrix sites. Various empirical correlation rules are used to
test the validity of @, as well as to compare it to other experimental quantities for Mo,. These rules indicate a
1.9 A bond length for Mo,. The fluorescence lifetimes and the large spectral shift of the emission relative to
the excitation energy lead to the conclusion that the emission does not emanate from the initially excited level.
Instead, the emission appears to come from one of the higher spin multiplicity levels in a dense manifold of
states lying at somewhat lower energies than the ‘X .} level coupled by laser radiation to the ‘Z; ground state.

. INTRODUCTION

Transition metal clusters ranging from a few to a
few hundred atoms play a key role in such diverse areas
as nucleation phenomena, ! photography, ? and catalysis.®
For catalysis these clusters not only represent a new
class of specific, active catalytic species4 in organo-
metallic compounds, but they also are models for ad-
sorbate—adsorbent interactions in heterogeneous cataly-
8is.® In each of these areas of interest, and catalysis
in particular, the properties of the metal—metal bond
play a key role. The d-electron character of transition
metal bonding provides a variety of unusual characteris-
tics including high spin multiplicities, dense manifolds
of low lying states, high bond orders and high dissocia-
tion energies.” In transition metal organo-metallics
containing multiple metal-metal bonds, a variety of
ligand substitution and addition reactions have been
demonstrated.® Indeed, it has been suggested that sub-
stitution reactions at the metal-metal multiple bond are
an integral part of the specific catalytic activity of sev-
eral unsaturated transition metal cluster compounds, ®

Diatomic molybdenum is particularly interesting in
this regard. Organo-metallics containing molybdenum—
molybdenum bonds have bond orders ranging from 3 in
Mo,Cl15* ¥ and Cp,Mo,(CO),® to 4 in Mo,(0,CCH,), ! and
Mo,(PhNC(O)CH3),. ! Calculations suggest that the
naked metal cluster has a bond order as high as 6, #12-17
Correspondingly, the equilibrium molybdenum-molyb-
denum bond distance 7, is found to vary from an ex-
ceptionally short 2.1 A in Mo,Cl;!? to 3.39 A in
Cp,M0,(C0Oy),.® Many of these compounds are found to
display catalytic activity. In the present study the metal
diatomic Mo, isolated in rare gas matrix supports will
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be investigated using time resolved laser fluorescence
spectroscopy.

Mo, was first detected as a new absorption feature at
~520 nm which appeared upon thermal annealing of
molybdenum-doped argon and krypton matrices.!® Fur-
ther characterization of this molecule carried out by
several groups!®!%=22 jdentified two weaker absorption
bands at 308 and 232 nm. ?"?! The main absorption fea-
ture at 520 nm shows structure that varies with anneal-
ing.'™?! This structure is perplexing since the features
within it have neither regular spacings nor similar
shapes. In argon and krypton matrices, under some
conditions of matrix preparation, an average spacing of
181 cm™ for this 520 nm absorption has been observed?
which can be compared to that reported for CrMo of
147 cm™, 13

Gas phase spectroscopic measurements have been
reported for Mo, molecules produced by flash photolysis
of Mo(CO);.%*"?" The absorption spectrum 50 psec after
photolysis shows a band at 519 nm which has been as-
signed to Mo,.?*"?" The feature is perplexing in that it
shows a regular absorption peak progression with an
~18 em™ spacing. Emission from the photolyzed car-
bonyl has been analyzed by two groups. One group?
interpreted the A !>* emission band observed at 519 nm
as corresponding to a 40 em™! vibrational energy spac-
ing. In a more extensive analysis of the emission spec-
trum, ** two new bands designated B and C at ~390 and
314 nm respectively were observed as well as the A!T*
emission at 519 nm. The A band emission shows a
group of peaks with a 33 cm™ spacing, assigned as a Av
=0 sequence. Thus the spacing most likely represents
the difference between ground and excited state w,’s.
This assignment is based on progressions in the B and
C emissions which show spacings of 477.1 cm™. Un-
fortunately, none of the vibrational progressions are
well resolved and no ground state vibrational level
higher than »'' =4 is observed. It should be noted that
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FIG. 1, Apparatus used to measure laser induced fluorescence

spectra.

the 477.1 cm™ value for the ground state vibrational
spacing of gas phase Mo, is not in agreement with pre-
liminary Raman measurements of matrix isolated Mo, 20
which indicate w, =315 cm™,

Calculations using extended Hiickel'? and SCF-Xo -
Sw:13:18 techniques have identified the ~520 nm absorp-
tion feature as a 'z}~ '3} transition. Ab initio theoreti-
cal calculations of the Mo, electronic structure are dif-
ficult due to the high multiplicities possible in a bonding
scheme involving two d° 5! atoms. Recently several ab
initio calculations on the ' ground state of Mo, have
been reported. **!%17 These calculations indicate bond
lengths of 2.02 A5 and 1.97 A and ground state vibra-
tional frequencies of 388 cm™ !4 and 475 em™, 1° respec-
tively. It is important to note that the calculations'4'!®
give much lower binding energies than measured for
Mo, by mass spectrometric methods.?® Multiconfigura-
tion self-consistent field methods with configuration in-
teraction are evidently accurate only near the equilib-
rium internuclear distance. In one calculation no at-
tempt was made to determine the well depth, 14 while it
was predicted to be 20 kcal mol™ in the other calcula-
tion, 15 in serious disagreement with the experimental
value of 95 kcalmol™'.?® Extensive ab initio calculations
presently being made include the excited state structure
of Mo, and indicate that the first optically allowed state
above the ' ground state is a 'T] state.?® Analogy be-
tween the excited state structure of Mo, and that of Cr,,
on which extensive calculations have been performed, 3
can be drawn as well. In particular it is interesting to
note that the free atom states which give rise to the '=;
ground state of Mo, also can form into a manifold of
higher multiplicity states (e.g., 1}, °Z;,...) which
must lie above it. Similarly by analogy with Cr, 30 the
1'2; excited state of Mo, must lie to higher energies than
the manifold of higher multiplicity states which form
from the geminate free atom states,

The purpose of the present series of investigations
was to determine the molecular parameters of Mo, in
ground and excited states. This information will be use-
ful as a probe of the Mo-Mo bond. A future goal is to
examine reactions of Mo and Mo, with small molecules
in matrices so as to be able to study changes in the
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Mo-~Mo bond in situations of potential interest to cataly-
sis.

Il. EXPERIMENTAL

The laser fluorescence apparatus consisted of a laser
excitation source, a detection system, and a matrix ap-
paratus which included a metal generation source (Fig.
1). A Molectron MY34-DL16 unstable Nd : Yag laser-
dye laser system was used as an excitation source. The
system produces 15 nsec dye laser pulses which are not
temporally smoothly varying, but rather show the two-
peak, mode beating behavior characteristic of unstable
Nd:Yag laser systems. The laser frequency width was
generally about 0. 75 A. However, no change in the
emission specira could be detected upon etalon insertion
which narrowed the bandwidth to 0,008 A, The energy
of the excitation pulse (with C500 laser dye) in the 490~
540 nm range could be increased to 10 mJ/pulse., In
general, energies of 0.1 mJ were sufficient to saturate
fluorescent emission.

The laser pulse was directed onto the front surface
of the matrix plate at right angles to the detection equip-
ment (see Fig. 1). Emission from the matrix was col-
lected and then focused on the slits of a 1 m Czerny-
Turner spectrometer. The ultimate resolution of the
spectrometer was =0,3 A, Light at the exit slit of the
spectrometer was detected with a C31034A RCA photo-
multiplier tube in a cooled housing. The output of the
photomultiplier could be monitored either by a Tektron-
ics 912AD transient digitizer interfaced to an LSI 11/2
microcomputer or by a gated photon counting system.
The transient digitizer could monitor lifetimes as short
as the laser pulse itself. For the long lifetimes of the
transitions measured here, it was found that the photon
counting unit used in a boxcar mode produced more ac-
curate results. The low guantum yields also made pho-
ton counting desirable.

The matrix apparatus consisted of a 25 mm diameter,
2 mm thick sapphire deposition plate secured o a copper
block with indium seals. Temperatures at the bottom
of the block were monitored with a eryogenic diode sen-
sor. The minimum temperature of 14°K was maintained
throughout deposition and spectroscopic analysis by a
Cryodyne Cryocooler (Model 21) closed cycle helium
refrigerator. The matrix plate was located in a vacuum
dewar with 16~7 Torr base pressure. The dewar had
three windows allowing both absorption and fluorescence
experiments to be conducted. Research grade Ar and
Kr gases were used as received. Gas deposition rates
were maintained at a constant rate in the range 8-15
mmol/h by a calibrated flow meter.

The source of metal atoms was a sputtering device
consisting of a Mo hollow cathode and a Pt anode.’! A
chief advantage of this source is that it generates Mo
atoms without heating the metal to a high temperature.
Estimated Mo/M ratios, where M is the matrix gas,
varied in the range 10"-103. Deposition times varied
from 5 to 30 min.

Cluster species of molybdenum could only be gener-
ated under carefully controlled conditions. Not only the
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Mo/M ratio, but also the deposition rate had to be moni-
tored. This indicates that cluster formation occurs
chiefly on the growing matrix surface before thermal
accomodation is complete. Only slight changes in de-
position conditions produced absorption spectra denoting
the presence either only of atoms or of various combina-
tions of atoms, diatomics, higher clusters, and col-
loidal metal.

In order to insure the invariance of matrix samples
during fluorescence experiments, as well as to charac-
terize the matrix itself, absorption spectra were taken
before and after each experiment. Changes in absorp-
tion spectra upon thermal annealing have been demon-
strated previously.? However, changes in either the
fluorescence or absorption spectra were found to be
minor when the Mo, peak was photo-annealed. After the
first few minutes of irradiation, the absorption and
emigsion peak shapes remained invariant even after
many hours of irradiation. The changes that occur in
the initial photo-annealing experiments in Ar can be
characterized as due to a small loss in intensity of the
533 nm peak in absorption and a change in the Franck-
Condon factors for emission making the second emission
peak more intense than the highest energy emission
peak. All spectra displayed here were recorded after
the initial photo annealing period.

The stability of the absorption band of Mo, upon photo-
excitation is in contrast to that exhibited by any of sev-
eral atomic lines which are rapidly photo-bleached. In
low Mo/M matrices, a concomitant growth in the Mo,
absorption band is observed. At slightly higher Mo/M
ratios, growth of another lower energy band is detected
after irradiating the monomer absorptions, This band
had previously been identified as Mo,. !

(H. RESULTS

The absorption spectrum of an Mo-doped Ar matrix
is shown in Fig. 2. The most intense features have been
associated with Mo atoms.!® In particular the well-
resolved triplet at ~350 nm and the less well-resolved
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FIG. 2. Absorption spectrum of Mo doped Ar matrix. The
feature of ~ 518 nm has been identified as Mo,.
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FIG. 3. Absorption spectrum of Mo, molecules in Ar matrix
at 13°K.

triplet at 290 nm are assigned to the z 'P—a S and the

y 'P—a 'S atomic transitions. The magnitude of the
splittings in these peaks have been interpreted as due to
the effect of the matrix environment on the spin-orbit
coupling and configuration interaction of Mo atoms. 18
Smaller absorption peaks on the low energy side of these
triplets have recently been identified as due to Mo atoms
in a second matrix site.®

A carefully determined absorption spectrum of the
feature in the 490-540 nm region, previously identified
as Mo,, 1*°% ig shown in Fig. 3. In agreement with ear-
lier experiments, we find that upon thermal annealing
the atomic absorptions bleach more rapidly than the
dimer feature. Furthermore, photo-diffusion experi-
ments involving excitation of Mo atoms at 355 nm show
a rapid decrease in the Mo absorption intensity while
the 518 nm dimer absorption exhibits an increasing in-
tensity during the irradiation, thus lending additional
support to the assignment of this feature as Mo,. Ex-
amination of Fig. 3 shows that the band structure lacks
regular spacings and the peaks have widely varying
shapes.

While excitation at 517.8 nm produces no detectable
emission in the 518—-690 nm spectral region, highly
structured emission is observed in the 630-880 nm
wavelength region as illustrated in Fig. 4. The twin
peaks at 690.5 and 692.2 nm repregent long lived emis-
sion resulting from excitation of the sapphire matrix
plate itself. The emission, probably from Cr®*, is use-
ful as a fiducial wavelength marker as well ag for ap-
paratus alignment,

J. Chem. Phys,, Vol. 74, No. 10, 15 May 1981
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FIG. 4. Emission spectrum of Mo, in an Ar matrix. The up-
per curve is observed for 517.8 nm excitation, The lower
curve results from 502, 2 nm excitation.

The fluorescence spectrum in the 720860 nm spec -
tral region can be assigned to the Mo, molecule. Exci-
tation at 522.9, 533.6, 540.5, or 543.3 nm produce an
identical emission spectrum which will be labeled “red”
site emission. Excitation at 502.2, 507.8, and 498.2
nm gives a different emission spectrum that will be
referred to as “blue” site emission. Excitation at
507.8 nm produces a small component identical to red
site emission. Both spectra displayed in Fig. 4 show
progressions which are quite regular. The exact peak
positions and spacings are presented in Table I. While
shifted with respect to one another, the two emission
spectira are remarkably similar even with regard to the
Frank-Condon factors which differ only slightly.

Careful comparisons between the two emission spec-
tra can be made in several ways. Perhaps the most
striking comparison is displayed in Fig. 5 where exci-
tation or “action” spectra are developed by scanning the
excitation wavelength through the absorption band while
monitoring emission at a single wavelength. There can
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FIG. 5. Excitation spectra of Mo, in Ar. Solid curve is ob-

tained by monitoring emission at 750.5 nm and scanning the
excitation frequency. The broken line is derived similarly
except emission was monitored at 757.1 nm.

be little doubt that the “red” and “blue” emission spectra
are due to different matrix sites occupied by Mo, and
that the complicated Mo, absorption spectrum represents
the superposition of the spectra of the dimer in the two
sites. In general, the intensities of the fluorescence
spectra should mirror the absorption spectrum of the
species responsible for the emission being monitored.
Since excitation spectra do not monitor the absorption
spectrum directly, several processes which can alter
the comparison need to be considered. For example,

if absorption features have different quantum yields for
emission, then the relative absorption intensities will
not be accurately reflected in the excitation spectrum.

TABLE I. Emission data of Mo, in an Ar matrix at 13.5°K.
Emission Excitation Transition®  FWHM  Av=p{'—vf}
&) v{cm™) A Q) vi—yp {em™) (em™)
7244.6 13803.4 5140 0—~0 3.1 478.9
7505.0 13324.5 5140 0—1 9.6 473'2
7781.3 12851.3 5140 0—2 17.9 473.8 Av=473.2+5 cm™!
8079.2 12377.5 5140 0—3 28.4% 466‘ 9
8395.9 11910.6 5140 0—4 sk '
7308.1 13682.5 5022 0—0 2.9 474.6
7571.2 13207.9 5022 0—1 8.3 482.8
7858.5 12725.1 5022 0—2 17,4 471'4 Av=477.9+6 cm™!
8160.8 12253.7 5022 0—3 30.5% 482.9
8495.6 11770.8 5022 0—~4 essd .

AThe zero phonon line is not well resolved.
PThe zero phonon line is not resolved.
°Tentative assignment.
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The excitation spectrum in Fig. 5 was produced with
saturating excitation pulses which changed no more than
10% in intensity over this spectral range. It can be seen
that the relative intensities for emission from the two
sites are different. Indeed a rough measure of the rela-
tive quantum yields can be found by adjusting the rela-
tive emission peak heights to the corresponding absorp-
tion intensity at that wavelength. Clearly the blue site
emission has about four times larger quantum yield than
the red site. The absolute magnitude of the quantum
yield was found to vary from matrix to matrix. Com-
parison with emission intensities from a quantum stan-
dard (cresyl violet)*® fixed the yield (photons absorbed/
photons emitted) in the 10 range. The absence of the
528.9 nm absorption peak in the excitation spectrum
should also be noted.

A second major distinguishing feature in addition to
differences in quantum yield between the emission spec-
tra from the two sites are the fluorescent lifetimes.
Figure 6 displays the emission decay rates. Excitation
at 502.2 nm (blue site) results in an emission lifetime
of 2.1+0.2 msec regardless of the blue site fluores-
cence peak which is being monitored. Similar emission
lifetimes are observed by excitation at 498.2 or 507.8
nm. By contrast, excitation at 517.8 nm (red site)
gives a decay curve which can be analyzed in terms of
the separate processes with lifetimes of 2,1, 3.4, and
6.3 msec, respectively, The decay curve is the same
at this level of resolution for emission monitored at
.727.4, 753.5, 781.2, or 811.5 nm. Further careful
measurements at various wavelengths within the 753.5
nm peak produce no significant lifetime differences.

A final comparison between the two Mo, emission sys-
tems can be drawn from high resolution spectra of the
emission peak shapes. Figure 7 presents a comparison
of the highest energy fluorescence peaks produced by
excitation into either the red or blue absorption sites.
We interpret the structure as due to a strong zero pho-

non line followed by phonon band structure. The struc-
T T T T T T T T T T T T ' T 1 T
Mo, in Ar

eee 5{7.9nm excitation
484502 2nm excitation ]

7=6.3msec

Intensity (Arb. Units)

1 gl

Ll#lL*AALIl];llILllng

0 5 10 15 20
Time (103 sec)

FIG. 6, Lifetime of emission at 757.1 nm produced by excita-
tion at F17.8 nm is shown with the solid curve (). 750.5 nm
emission decay is displayed with the broken line (A). Excita-
tion wavelength was 502.2 nm,
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FIG. 7. Comparison of emission peak shapes produced from

Mo, in an Ar matrix with 517. 8 and 502. 2 nm excitation. The
peaks are the highest energy of the respective progressions.

ture is more intense for red site emission, indicative

of a larger shift along the phonon axis between the emis-
sion level coupled to the red site absorption.?® The
zero phonon lines full-widths at half-maximum (see
Table I) of 3.1 and 2.9 cm™ should be compared to the
absorption peaks which have FWHM’s~200 cm™.

Figure 8 illustrates that the same situation obtains
for the next highest energy emission peaks found at
750.5 and 757.1 nm except that the zero phonon lines
have broadened making it more difficult to separate
them from their respective phonon side bands. The
broadening increases for emission peaks occurring at
progressively lower energies. As a result the exact
zero phonon line energy as well as FWHM becomes pro-
gressively more difficult to determine. Nonetheless,
in every instance the emission peaks are much sharper
than their corresponding absorption peaks.

The absorption spectrum of an Mo-doped Kr matrix
is shown in Fig. 9. As in Ar, the most intense features
have been identified with Mo atoms.!® The features at
~350 and 290 nm represent the matrix split Z°P~4a 'S
and y "P-a 'S atomic transitions. In Kr it is apparent,
as has been pointed out in earlier work, that the “red”
Mo atom absorption site is present in lower abundance
than in Ar.% The Mo, absorption feature!®-?? in Kr
shows quite different structure than in Ar (Fig. 10) with
the peaks due to “blue site” stronger and sharper rela-
tive to “red” site absorption. Again, as in Ar, photo
bleaching with a 355 nm pulse produces increases in
Mo, absorption intensities for matrices with low Mo/Kr

J. Chem. Phys., Vol. 74, No. 10, 156 May 1981
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ratios. If these photo bleaching experiments are run at
30°K then the difference spectrum (absorbance after ir-
radiation-absorbance before irradiation) displayed in
Fig. 11 is produced. The spectrum indicates the pres-
ence of two Mo, species as in Ar, It also shows that the
red site is thermally more stable than the blue site.

The presence of two distinct Mo, species in Kr ma-
trices is further demonstrated by laser induced emis-
sion experiments. Figure 12 is representive of the
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FIG. 9. Absorption spectrum of a Mo doped Kr rhatrix. The
feature in the 490-540 nm region has been assigned to Mo,.
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FIG. 10. Absorption spectrum produced by Mo, in a Kr matrix
at 13°K,

|
500 510

emission produced by excitation throughout the Mo, ab-
sorption region except for excitation at 540 nm. As
with Ar matrices, either of two distinct sets of emis-
sions are observed from Mo, in a Kr matrix. Excita-
tion at 504.2, 510.9, 511.9, and 514.9 nm produces a
regular progression of emission peaks whose exact po-
sition can be found in Table II. Excitation at 524.7 or
537.4 nm produces a similar but spectrally shifted
emission progression (see Table II for peak positions).
It is clear from Fig. 12 that the Franck-Condon factors
for emission are different for the two progressions seen
in emission,

0.2 T T T— T —T T

0.l

A ABSORBANCE (optica! density units)

-0.2

L 1 i I I ]
490 500 510 520 530 540 550 560
A{nm)

FIG. 11. Difference spectrum of Mo, absorption produced by
subtracting the absorption spectrum of the matrix after irradia-
tion from that taken before irradiation. Irradiation was at 355
nm for 30 min while the matrix was at 30°K.
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FIG. 12. Emission spectrum of Mo, in a Kr matrix. The up-
per curve is observed for 510.6 nm excitation and the lower for

527.1 nm excitation.

Additional analysis of the emission spectrum can be
drawn from the excitation spectra (Fig. 13). Compari-
son with Fig. 10 shows that every absorption feature is
represented in the excitation spectrum except for the
537.4 nm absorption feature. This aspect is similar to
the absence of the 528.9 nm absorption peak from the
Mo, excitation spectrum in Ar matrices.

Relative quantum yields for the two absorption sites
can be found from the emission intensities since laser
power varied only slightly (+5%) over this wavelength
range. As with Ar matrices the blue site absorption
has about a four times larger quantum yield than red
site absorption. Absolute quantum yields are slightly
larger than in Ar matrices but still on the order of 107,

The time evolution of emission at 766.1 and 753.5
nm when excited at 510. 6 and 527. 4 nm, respectively,
can be found in Fig. 14. Similar decays were elicited
at a variety of excitation and emission wavelengths.

TABLE II. Emission data of Mo, in Kr matrices at 18.5°K.
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FIG. 13. Excitation spectra of Mo, in Kr. The solid curve is
obtained by monitoring emission intensity at 753. 5 nm and scan-
ning the excitation frequency. The broken line is similarly de-
rived except emission was monitored at 766, 1 nm.

Both-decays show at least two exponential dependences.
Again as in Ar the longer lifetime is associated with a

lower quantum yield.

High resolution emission spectra show larger phonon
interactions than their argon matrix counter parts (Figs.
15 and 16). Indeed, no distinct zero phonon line can be
detected in emission at 724.5 or 753.5 nm. Emission
at 739.1 nm shows only a barely resolved zero phonon
line which is lost in the next emission peak at 766,1 nm.
As in Ar matrices the lines substantially broaden as the
progression moves toward lower emission energies.

Emission

Excitation Trangition® FWHM Av=y{’ —vi)
A (A) v {em™) 2 A) Yl eyt (em™) {em™)
7274.3 13747.0 5274 0—0 coex
7534.9 13271.6 5274 C0—~1 couk 475, 4
7812.1  12800.6 5274 0—2 - 471.0 Av=476.5%4 cm™!
8115.2 12322.6 5274 0—3 cesk 478.0
8445.1 11841.2 5274 0—~4 ceek 481.4
7390. 6 13530.7 5106 0—0 5.8 4178
7661, 1 13052, 9 5106 0—1 13.1 :
7951. 9 12575.6 5106 0—~2 26.1% g;i AV 475.3%3 cm™
8264.4 12100.1 5106 0—3 seed '
8599.2 11629.0 5106 0—4 ces® 471.1

*The zero phonon line is poorly resolved.
PThe zero phonon line is not resolved.
°Tentative assignment.
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FIG. 14. Time evolution of emission at 766.1 nm produced by
excitation at 510.6 nm (0), Also displayed is the time evolution
of 753.5 nm emission produced by 527.4 nm excitation (A).
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FIG, 15. Comparison of emission peak shapes from Mo; in a
Kr matrix produced by excitation at 510.6 and 527.4 nm. The
peaks are the highest energy emissions of their respective
progressions.

Pellin, Foosnaes, and Gruen: Fluorescence spectrum of Mo,

Mo,in Kr
:'é
%
=
by
=
w
2
w
._
=
Aex=510.6 nm
1 ! 1 y 1 ] )
765.0 770.0
heyx=527.4 nm
ol 1 11 1 1
750.0 755.0
WAVELENGTH (pm)}
FIG. 16. Comparison of emission peak shapes from Mo, in an

Ar matrix produced by excitation at 510.6 and 527.4 nm. The
peaks are the second highest energy emissions of their respec-
tive progressions.

V. ANALYSIS

The emission spectra of molybdenum doped argon and
krypton matrices (Figs. 9 and 12) are indicative of the
presence of two distinct matrix sites for Mo,. A decon-
volution of the absorption spectrum into individual com-
ponents from the two sites is accomplished by means of
the excitation spectra (Figs. 5 and 13). Since the an-
nealing behavior of the two sites is different, spectra
measured during annealing studies are also useful in
giving information on site occupation (Fig. 11). The
similarity of the emission spectra from the two sites
in argon or krypton matrices shows that the electronic
structures of Mo, in the two sites are only slightly af-
fected by the matrix environment.

It is an over simplification to conclude that Mo, occurs
in only two sites. Rather it is clear from the sharp zero
phonon lines observed in fluorescence that the absorp-
tion bands are inhomogeneously broadened. Thus each
“site” appears to be composed of a group of somewhat
different Mo, molecular environments in the matrix.
These arrangements are distinct enough to have the
widely different fluorescent decay rates indicated by
double and triple exponential time dependences for fluo-
rescent emission (Figs. 6 and 14). Similar multiple site
occupations have been observed for many atoms includ-
ing Mo. ¥ It would appear that further work on quantum
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efficiency and fluorescent lifetime measurements could
prove helpful in elucidating the details of host-matrix
interactions particularly in regard to the characteriza-
tion of the nature of different sites.

Although the overlapping absorption bands of Mo, in
Ar and Kr matrices appear superficially to be quite dif -
ferent (Figs. 3 and 10), their shapes when deconvoluted
into the individual site components (Figs. 5 and 13) are
remarkably similar. The absorption bands for Mo,
show peaks with small and irregular spacings. For in-
stance, the blue absorption site of Mo, in an argon ma-
trix has spacings of 53, 167, 75, 152, and 70 cm™,
Since the emission spectrum is both regular and dis-
plays 475 cm™! spacings, identification of the absorption
peaks with excited state vibrational spacings implies a
strongly perturbed excited state energy well. Although
no other optically allowed excited state is present at this
energy, *° matrix interactions could couple the !z state
with the dense manifold of higher multiplicity states lo-
cated in this energy region producing the observed
strong perturbation of vibrational structure.

An additional complication in the absorption spectrum
is the presence (in most matrices) of another Mo mul-
timer. Excitation spectra (Figs. 5 and 12) clearly show
that the absorption peak appearing at 528.8 nm in argon
and at 537.4 nm is krypton is not due to Mo, molecules.
Annealing behavior as well as photoaggregation proper-
ties make an assignment of this species to Mo; attrac-
tive. Fluorescence from this species has not as yet
been observed.

It is of interest to compare the peak assignments given
here to those previously reported21 for Mo containing
argon matrices. In the present series of experiments
structure is observed in the 500 nm region of the ab-
sorption spectra as had been previously reported. !’
This may well be due to slower deposition and thus more
“crystalline” matrices in these experiments than in the
work of Ozin and Klotzbiicher.'® It appears likely how-
ever that the 534 and 542 nm peaks previously assigned
to Mo polymers?®! in argon matrix supports are in fact
part of the Mo, absorption spectrum.

Some information about the nature of the two absorp-
tion sites can be derived from the emission data. In
both Ar and Kr matrices the red absorption site is ther-
mally more stable, and shows larger phonon interac-
tions in its emission peaks compared to the blue site
(Figs. 7, 8, 15, and 16), The time dependence of the
emission can be used to test various models for the in-
teraction of Mo, dimers with the surrounding matrix
cage.

Clearly, the observed luminescence cannot emanate
directly from the optically allowed 'T; state at 520 nm
which is populated from the ground state by laser radia-
tion. The lifetime of emission from either site in Ar
or Kr matrices is far longer than expected for an opti-
cally allowed transition, Further, the shift in energy
between excitation and emission photons is probably too
large to be accounted for by a Stokes shift. Finally,
consideration of the quantum yields and emission life-
times of the red and blue absorption sites in Ar or Kr
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FIG. 17, Emission path for excited Mo,. K, may not be a
single rate but rather a variety of couplings between 1 and 2.
Kem is the emission rate to any of the ground state vibrational
levels.

shows that the time dependence of emission is generally
not a single exponential decay (see Figs. 6 and 14).
However, the relationship 7,,,, = T..q holds where 7 is
the lifetime of emission while blue and red refer to ab-
sorption sites. The measured quantum yield relation-
ship between the two sites i8 QY,,,=4(QY,,,) where blue
and red again refer to absorption sites. The quantum
yield for direct emission from the 'Z; excited state in
either the red or blue site is related to the emission
lifetime since QY =7K_,, is the pure radiative decay
rate. With QY= 4(QY . the assumption of direct
emission would lead one to conclude K,y nyye = 4 (K aq,rea) -
It seems highly unlikely that the small changes in elec-
tronic structure exhibited by Mo, in the two sites could
be responsible for such a major change in oscillator
strength.

A more plausible explanation for the origin of the ob-
served emission can be found in Fig. 17. Excitation oc-
curs along the optically allowed 'z}~ !} path. How-
ever, the 12; state represents the highest energy state
of a dense manifold of spin states having multiplicities
as high as 13 and both 7 and ¥ symmetries. The matrix
environment can be expected strongly to couple these
levels. Emission then would occur from a “trap” level
which would have high spin multiplicity and be located
at a lower energy than the initially excited 12; state,

Emission from such a state could be both long-lived
and strongly shifted to longer wavelengths with respect
to the exciting wavelength. Furthermore, the emission
path described in Fig. 17 does not require one to as-
sume a major change in oscillator strength between Mo,
in the red and blue sites as is the case for the direct
emission model, Rather, in such a three level scheme
the quantum yield and lifetime are related as QY =K,/
(K + K)T, where K, represents the rate at which Mo,
decays from the optically excited ‘E; state to the emit-
ting trap level. K, is the sum of all other decay rates
of excited molecules from the optically excited level,
Here 7 represents the emission decay time and is 7
=K p5(Kpag + Kp)™! with K., being the pure radiative de-
cay rate and K, being the sum of all other decay pro-
cesses from the emitting level (2). Thus the measured
quantum yields (Q¥niue = 4QY,,,) and lifetimes (7,
= Ty 4) Tequires only that one or a combination of the
nonradiative rates (Kj,, Ki,, or K,,) are affected as a
result of changing site distributions. The population of
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FIG. 18. Ground state repopulation as a function of time fol-
lowing excitation, The absorbance of Mo, in an Ar matrix was
monitored at 517. 8 nm following a 517. 8 nm excitation pulse.

state 2 has complex kinetics which can be expressed as
follows:

No(#) = Ny (0)K (Ko + Kpgq — Ko = Kyg) ™!

x {exp[ - (Kyo+ Ky5)t] — exp[ = (Kppq + Kot} . (1)

The population of state 2, the emitting state, is zero be-
fore excitation. The laser pulse which is short com-
pared to the times of interest populates state 1 by excit-
ing ground state atoms at time {=0. The population in
state 2 then increases at a rate Ky, + K, [Eq. (1)]. Thus
one might expect to observe an emission rise time,

This rise time would be expected to be short since the
rate K, includes the direct radiative rate for the opti-
cally allowed '=;~!T; transition. The lack of detectable
direct emisgsion would further indicate that K, is much
larger than this pure radiative rate. Experiments de-
signed to measure this rise time show it to be less than
1 psec. The low light intensity made experiments with
better time resolution inconclusive.

Emission appears to come from a single vibronic
level since the spectrum due to a simple absorption site
is unchanged over a broad range of excitation wave-
lengths. The emission lifetimes are much longer than
typical vibrational relaxation times and the emission
peak spacings are too large to represent differences in
ground and excited state vibrational energies.

The lower electronic state in such an emission se-
quence need not be the ground state. As pointed out
earlier Mo, has a variety of higher multiplicity states
that lie in energy between the ground state and the 12;
state, 23" Evidence that the lower state in emission is
indeed the ground state can be drawn from several
sources. Figure 18 shows the time dependence of
ground state repopulation following excitation. This ex-
periment demonstrates that the return of the atoms to
the ground state following excitation is on time scales
commensurate with the emission lifetime, Unfortunate-
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ly, the relatively poor signal to noise of this experiment
does not allow any multiple exponential behavior to be
distinguished. A second indication that the vibrational
progression measured in these emission experiments

is that of the Mo, ground state is in the agreement of the
presently measured w, with that found in flash photolysis
experiments.? In those experiments an emission pro-
gression with w,=477.1 cm™ was tentatively identified
as being due to ground state Mo,. As well, the presently
measured w,=475.7 (+4.5) em™ is in good agreement
with the best ground state ab initio calculations which

predict w, =475 ¢m™,

High resolution spectra of the zero phonon emission
lines do not show resolved structure due to different
isotopic species (Figs. 7, 8, 15, and 16). Natural
molybdenum has six isotopes with greater than 9% natu-
ral abundance. Thus there are 21 Mo, isotopic species
with appreciable abundance. It seems likely that the
7245 and the 7308 A emission peaks observed in argon
matrices as well as the 7274 and the 7390 A emission
peaks observed in krypton matrices correspond to the
v'' =0 vibrational level of the ground state since no
emission could be detected on the high energy side of
these peaks even with a three order of magnitude in-
crease in detection sensitivity. Any other vibrational
quantum number assignment would require strongly
varying Franck-Condon factors for two adjacent vibra-
tional levels. The existence of such strongly varying
Franck—Condon factors is made more unlikely since the
regular vibrational spacing observed in emission is in-
dicative of a harmonic ground state energy well. It may
be possible to get a feel for the relative ground and
emitting state bond strengths from the widths of the
emission lines in species having the lowest and highest
vibrational frequencies (Mo Mo®? and Mo!*’ Mo!%?).

The energy difference exhibited by these two diatomics
for vibronie transitions emanating from the lowest vi-
brational level of an excited electronic state »' =0 and
ending in an arbitrary vibronic level of the ground state

11

v’ can be expressed in the harmonic oscillator approxi-
mation as

172 - -
Ecm‘1 :Z)”(K” ! [MS%IZ - ‘J’l%z])
FHEY K - il (2)

where K'' and K' are force constants for the ground and
excited electronic state, respectively. ug, and pj g are
the reduced masses of the two homonuclear diatomics.
Thus a plot of the FWHM’s of the zero phonon lines of
the emission peaks versus v’’ should be linear. An ex-
amination of Tables I and II shows that this is, indeed,
the case. Under the assumption that the highest energy
emission peak corresponds to v’ =0 it is readily appa-
rent from Eq. (1) that 3(K'1% - K'"V2)(u;h/% - uitd) <3
cm™! (the measured FWHM of 3.1 em™ is a convolution
of the signal width with the spectrometer bandwidth).
Thus K’ > K'’ but of the same order of magnitude as ex-
pected from theoretical predictions.29 Any other ground
state vibrational quantum number assignment (that is
identification of the 7241 A peak with v’’>0) would indi-
cate that the excited state force constant is smaller than
the ground state’s constant.
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Tables I and II show that w, does not change within the
experimental error of the measurements in going from
the blue to the red site in either Ar or Kr matrices. A
force constant of 1.62x10?+2x10% dynem™ is indicated
for w,=475.7+4.5 cm™. By comparison the force con-
stants for H,, N,, and Si, are 1,46x10* dynem™, 5.82
x10% dynem™, and 5.41x10° dyncm™, respectively. **
The Mo, bond therefore represents one of the strongest
diatomic bonds consistent with the measured AH g5 =97
+5 keal/mol. %% A bond order as high as six is suggested
from the results of extended Hickel molecular orbital
and SCF-X-SW calculations. "!2

Mo, has by far the highest vibrational frequency among
transition metal diatomics so far measured. Raman
spectra of Zny, * Cd,, ¥ and Ag, *® indicate w,’s of 80,

58, and 194 cm™. Absorption spectra indicate 110 and
194 cm™! excited state vibrational spacings for Mn, and
Feg. 82

Certain empirical relationships between bond lengths
and force constants have been noted for diatomic mole-
cules.® While the constants derived are not directly
applicable to transition metals, it is interesting to apply
these rules to Mo,. From w,=475.7+4,5 cm™ a bond
length 7, of 1,90+0.02 A is indicated. From rotational
information derived from flash photolysis experiments a
bond length of 1.929 A was deduced.?® The force con-
stant can be related to AH 3y by another still another set
of empirical rules, *’ which gives a computed value of
AH =89 kcal/mol comparing favorably with that deter-
mined from mass spectrometric measurements. %%
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