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Abstract

The gas pl. '»e eactivities of Mo(a’S;, a’S,, a°D,, a°G,) with O, in the temperature range 297-620 K are reported.
Mo atoms were produced by the photodissociation of Mo(CO),, and MoCl, and detected by laser-induced fluorescence. The
disappearance rates of all states arc found to be pressure independent with argon buffer gas. The disappearance rate constants
of the s'd’ a”S,, a>S, and a°G; states are on the order of the gas kinetic rate constant, The s*d* a°D, states are not as
reactive and are found to be temperature dependent. Results are discussed in terms of the different electron configurations of

the states.

1. Introduction

The gas-phase chemistry of transition-metal (TM)
species has received considerable attention [1]. Of
particular interest is the influence of the ground and
low-lying excited electronic states on the reactivity
of TMs in oxidation reactions. It has been suggested
that the reactivity of TMs may be correlated with the
energy of the lowest lying s'd" ™' electronic state,
where » is the number of vaience electrons [2]. This
difference is presumably due to the energy barricr
associated with the s2d"~2 - s'd"~! promotion en-
ergy since it is the s'd"~ ! states which are expected
to be correlated to the lowest lying states of the
oxide products. Experiments on V [3] and Ti [4]
indicate the s*d"~2 configuration reacts at a much
slower rate than the s'd"~' configuration in reac-
tions involving several oxidants. These experiments,
however, are complicated by the additional energy of
the s'd"~! configuration over that of the s’d" ?
configuration which has an uncertain effect on the
reaction dynamics; i.e. the increase in reaction rate

may be an energy effect and not due to the different
electron configurations.

In an effort to understand the dynamics of TM
oxidation reactions, we report here a kinetic study of
the oxidation of the ground state (5s'4d” a’S,) and
three excited terms (5s'4d” a°S,, 5s24d* a°D,, and
5s'4d® a°G,) of molybdenum atoms with molecular
oxygen. The energy level diagram for these states is
shown in Fig. 1. In the case of Mo, the ground s'd’
a’S, state has a lower energy than the s’d* a°D;,
states, so that energetics should not enhance the
reactivity of this state over that of the s*d* configu-
ration. By studying these states of Mo, we can gain a
better understanding of how the electron configura-
tion of the TM affects the reaction rate.

2. Experimental
Pseudo-first order kinetic experiments ([Mo] <

[0,]) were carried out in a slowly flowing apparatus
using a laser photolysis/laser-induced fluorescence
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Fig. 1. Encrgy level diagram showing all the clectronic states of
Mo below 17000 em™' excitation cncrgy (Ref. [S)).

(LIF) technique [1]. Mo atoms were produced by the
248 nm photodissociation of Mo(CO), or MoCl,
with the unfocused output of an excimer laser
(Lambda Physics Lextra 200). Kinetic results were
independent of photolysis laser fluency (50-200
mJ/cm*) and Mo sources. Mo atoms were detected
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via LIF using an excimer-pumped dye laser (Lambda
Physics Lextra 50/ScanMate 2E). LIF excitation
and detection wavelengths are given in Table 1.
Interference filters (Melles Griot and Corion) were
used to isolate the LIF. A photomultiplier tube
(Hamamatsu R375) was used in collecting the LIF
which was subsequently sent to a gated boxcar sam-
pling module (Stanford Research Systems SR250),
and the digitized output was stored and analyzed by
a computer.

The reaction chamber and convection oven used
in these experiments are similar to those described
previously [1). The Mo precursor was entrained in a
flow of argon gas. The diluted Mo precursor, Ar
buffer gas, and O, flowed through calibrated mass
flow meters aud flow controllers (MKS types 1459C
and 0258C, and Matheson models 8102 and 8202-
1423) prior to admission to the reaction chamber.
Total flows were between 200 and 3500 sccm. Pres-
sures were measured with MKS Baratron manome-
ters, and chamber temperatures were measured with
a thermocouple. Typical precursor pressures were 1
to 100 p.Torr.

The delay time between the photolysis pulse and
the dye-laser pulse was varied by a digital delay
generator (Stanford Research Systems DGS535) con-
trolled by a computer. The trigger source for these
experimenis was scattered pump laser light incident
upon a fas: photodiode. LIF decay traces consisted of

Table 1
States used for probing molybdenum atoms "
State Agncitation Transition Detection filter (nm) ® Transition detccted
a’s, 386.41 2'Py-a’s, 400 same

390.30 27Py-a’s, 400 same
a’s, 550.65 2*pPy-a’s, 600 z°Py-a®D,
a’D, 429.39 25FP-a®D, 550 2 FP-a’G,
a’D, 429.21 z°F$-a*D, 550 z2*F-a*G,,
a’D, 429.32 2*¥{-a’D, 550 25FP-a%G,,
a®D, 428.86 2 Ff-a’D, 550 z2FP-a’G,
a’D, 4172 2 FP-a D, 500 z5FP-a’*Gs
%G, 428.71 SPy-0°G, 550 x*PP-a’D, ,
a’G, 429.66 SPP-a’G, 550 x*PY-a’D,,
a :GJ 431.51 »*Dy-a*G, 500 y’D§-b°D,,
a’Gq 432.20 ¥ D{-a %G, 500 y'DY-b*D,,
a’G, 39111 2 HY-a G, 550 z3H%-a’Hg,,

* Refs. [5) azd [6].
" Broad band filter with fwhm = 50 nm.
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Fig. 2. Typical Mo decay curves with added O,. Data is for

Mo(a®D;). Temperature = 295 K, total pressure = 20,0 Torr,

Ma(CO),, partial pressure = 0.05 mTorr. The solid lincs through

the data are cxponential fits. (a) P(O,) =47 mTorr; 1 /7 = 0.0196

ps~ 1 (b) P(O,)=91 mTorr; 1/7 =0.0353 ps™'; (¢) P(O,)=
363 mTorr; 1/7=0.115 ps™'.

200-800 points, each point averaged over 2--5 laser
shots.

3. Results

The decay rates of Mo atoms as a function of O,
pressure were investigated from 296—620 K at 20
Torr total pressure using argon bath gas. Typical
decay plots are presented in Fig. 2. First-order expo-
nential decays of the Mo in the presence of O, were
observed for the a’S,, a’Dj, and a°G, states. The
lines through the data in Fig. 2 are exponential fits
from which the pseudo-first order rate constant, 1/7,
is obtained. The second order rate constant is deter-
mined from a plot of 1/7 versus O, pressure. A
typical plot for obtaining second order rate constants
is presented in Fig. 3; the slope yields the observed
bimolecular rate constant. Measured rate constants
for the a’S,, a°D, and a°G, states are listed in
Table 2. Those for Mo(a”S;) and Mo(a’D,) at 298
K were collected at total pressures ranging from 10
to 300 Torr for a°D, and from 10 to 100 Torr for
a’S, in Ar buffer gas (they are pressure indepen-
dent). The quoted uncertainties of 20 represent the
sum of statistical scatter in the data and instrumental
uncertainties such as gas flow measurements [1].
Results obtained for the a’Dy,, spin—orbit states
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Fig. 3. Typical plot for determining k.,4. Data is for Mo(a®D,).
The points at 47, Y1, and 363 mTorr O, arc those obtained from
Fig. 2. The solid line is a lincar regression fit from which
kg = (90209 %107 "% em? s7! is obtained.

are not listed in Table 2 but were found to be
identical (within exﬁpcrimental uncertainty) to those
presented for the "D, spin-orbit state, indicating
either rapid interconversion among said states or
identical rate constants. Rate constants for the a’°D,
and a°D, states are compared in Arrhenius form in
Fig. 4. Arrhenius expressions are:

k(a°D,) = (1.65£0.22) x 107"

X exp(7.4 + 0.5kimol~' /RT)cm*s™!
k(a°D,) = (1.22+0.58) X 107"

Xexp(5.7 + 1.4kJmol ™' /RT )cm*s ™!

where the uncertainties represent +20.
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Fig. 4. Armhenius plots for the collisional disappearance of
Mo(a®D,) and Mo(a’D,) with O,. Error bars represent +20.
Solid lines are weighted exponcntial fits to the equation k(T)=
Aexp(— E, /RT). Sec text for results of fit.
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The decay behavior of the a’S, state in the
presence of O, was observed to be biexponential as
shown in Fig. 5. To analyze the time-dependence of
the a*S, state, we assumed the following four pro-
cesses were of primary importance:

Mo(a%$,) + U, — MoO + 0 (1)
Mo(a’D,) + 0, 5 MoO + 0 )
Mo(a’D,) + O, 3 Mo(a’S,) + 0; 3)
Mo(aSDJ)+Arf; Mo(a®S,) + Ar* (4)

In this analysis, the reverse processes of (3) and
(4) were assumed insignificant (as required by mi-
croscopic reversibility) and collisional quenching to
the ground state for both terms was assumed negligi-
ble. Solution of the resulting two rate equations
yields:

[SSZ] = [“Sz]“exp( ~k[0,])) +[°D,],
k3[0,] + &,[Ar]
(ky = ky = k3)[0,] - &,[Ar]
X (exp{ = [( k5 + k3)[0,] - &,[Ar]] ¢}
—exp(=k[0:10) 5)
[SD,] = [“D,]“exp[ - (k[0.]+k,[Ar])e]  (6)

» (]

Relative Intensity
N

0 4

0 20 40 60 80 100
Delay Time (us)

Fig. 5. Typical Mo(a*S,) state biexponential decay curve. Tem-
peratute = 296 K, total pressure = 40.0 Torr, P(O,) = 50 mTorr,
Mu(CO), purtial pressure = 2 pTorr, The solid line through the
data is the bicxponential fit in which T, = 8.61 ps, T2 =355.7 s,
and A /B =081 (sce Egs. (7) and (8) in text),

Table 2
Measured rate constants for collisions of Mo (2’8, a°S,, a*D,,
a5 GJ ) with 02

Mo state * Energy T (K) k2o
(cm™1) (10" " cm*s™")
S5s'4d” a’s, 0 296-611 1043

5s'4d” a’s, 10768.33  296-450 10+3

5s%4d* a®D, *  11832°¢ 296 0.93+0.18
325 11402
343 13102
in 14403
386 1.8+03
428 21404
457 24404
475 3.2105
499 28405
548 3.6+06
550 3105
614 38106
620 47408

5s%4d* 2D, 11142.83 297 0.80+0.16
332 1.2+0.2
354 14402
358 14402
373 15402
406 1.8+03
423 21403
458 22403
502 28104
549 3.4+05
611 38406

5s%4d* a*D, 12346.31 297 1.8+0.3
339 21104
348 22+04
379 25104
308 2.5+04
442 3105
462 29405
471 38408
475 45+08
479 31105
502 38406
549 49408
612 52+08

5s'4d® a°G, 16747 * 297-378  18+4

* Ref. [5]).

® Determined from monitoring the long time behavior of the a*S,
state.
¢ Weighted overage of spin-orbit states.

where &, is the J-states averaged removal rate con-
stant due to O, for the 2°D, term (= k, + k,), [*S,]
represents the time dependent a’S, state concentra-
tion and [°D,] represents the time dependent a’D,
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states concentration. This model yields the requisite
biexponential behavior for the a’S, state along with
the single exponential behavior observed for the
a°D, states. Unfortunately, attempts to fit the a°S,
LIF signal versus laser delay experimental daia to
Eq. (5) were unsatisfactory; i.e. there are too many
parameters in Eq. (5) to vniquely determine the rate
constants. However, Eq. (5) is of the form:

LIF(¢) =Aexp(—t/7,) + Bexp(—t/T,) @)

where LIF(t) represents the laser-induced fluores-
cence signal of the a’S, state. With only four pa-
rameters to fit, the experimental data could be fitted
satisfactorily. Fits of the LIF signal versus laser
delay to Eq. (7) yielded the short and long temporal
time constants, 7, and 7,, respectively, along with
the relative amplitude, A/B. The values of 7, and
T, obtained were used to determine removal rate
constants for the a°S, and a°D, states, respectively;
i.e. the slope of the 1 /7, versus O, pressure yields
the removal rate constant (k,) for the a°S, state
while the slope of 1/7, versus O, pressure yields
the removal rate constant (k,) for the a*D term. The
value of the rate constant, k,, for the a’°S, state was
found to be (1.0 £0.3) X 107" cm® s™! and was
independent of temperature and Ar buffer gas pres-
sure (10—100 Torr) within experimental uncertainty.
The values of &, for the a®D, states are listed in
Table 2 and represent an average removal constant
for all the J states of the a*D, term. The fact that
the measured removal rate constants determined in-
directly from the decay of the a°S, state are essen-
tially the same as the rate constants measured di-
rectly by monitoring the individual a’D, states is
convincing evidence for our model.

From the above analysis we are unable to differ-
entiate between chemical reaction and energy trans-
fer for the a°D, states. However, straightforward
manipulation of Egs. (5) and (7) result in a relation-
ship between the ratio A/B and the individual rate
constants:

[’S,], (% ~ky—k;—k,R
A/B = ['D,T ks + kR B

(8)

where R =[Ar]/[0,]. Note this results in a ratio
relationship between rate constants so that one of the
values of & is arbitrary. In our analysis, we set &,

equal to 1.0 X 107'* ¢m® s~! and determined the
other rate constants relative to this value. A /B ratios
for biexponential decays obtained at 296 K for dif-
ferent values of R wcre used to determine the
parameters in Eq. (8). Unfortunately, the values of
[°S,1,/[°D,1,, ks, ks, and k, are not well deter-
mined from a fit of the data when all the parameters
are allowed to vary independently. A satisfactory fit
to the data is obtained, however, if the ratio
[°S,1,/[°D, ], is held fixed. In fitting the data to Eq.
(8), we made the assumption that the relative produc-
tion of low lying metastable electronic states from
the photolysis event is proportional to the degenera-
cies of the states produced. This relative population
behavior for metastables has been observed previ-
ously in experiments utilizing a discharge source for
alkaline earth atoms [7,8). Thus, for analyzing the
data the ratio [*S,] /[°D,], was set to 0.20. With
this assumption and with the added constraint that &,
is equal to 9 X 107'? cm® s~! determined from T,
values, a satisfactory fit to the data is obtained in
which the values of &,, k, and &, are 2.4 X 1072
em s7!, 6.6%107" em® s7! and 3% 107" em®
s~!, respectively. We estimate the uncertainty of
these values at +50%. Of course, these values are
only valid if the value used for [a°S,] /[a°D,],
terms is correct; however, it is reassuring that the
resulting value of k., the reaction rate constant of
Mo(a’D,) with O,, is approximately the same as the
rate constant for the reaction of the “D,, ground state
of tungsten (the Group 6 metal right below Mo) with
0, [9] in which electronic energy transfer would be
expected to be negligible.

4. Discussion

The removal rate constants for the ground state
a’S, and excited a°*S, and a*G, states of Mo in the
presence of O° are independent of temperature over
the indicated ranges and are near the gas Kinetic rate
constant. Our value for the a’$; state is within the
experimental uncertainty of the value determined
recently using a flow tube [10]. The production of
MoO from Mo(a’S;) and O, has an exothermicity
of 98.7 kJ/mol [11]. Thus, the most likely product
for this reaction is MoO. The rather high reactivity
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of the ground state towards O, may be due to its
orbital correlation with 28°12¢'6w' MoO(X °II,)
[12]. The a’S, and a’G, states also have rapid
removal rates; however, we do not know whether
these excited states are quenched by O, or MoO is
produced.

The bimolecular rate constants for the s>d* a°D,
states are significantly less than the rate constants for
the s'd® states. Bimolecular rate constants for the
a’°D, term are slightly higher than those for the a*D,
term. We attribute this higher rate constant for the
J =4 state to electronic-to-vibrational energy trans-
fer rather than chemical reaction due to the near
resonance between the a°S,-a*D, energy difference
(1578 em™') [5] and oxygen's tundamental vibra-
tional frequency (w, = 1556 em ') [13].

A comparison of the rate constants and Arrhenius
parameters for the s'd® states with the s*d* a®D,
states indicates the former are more reactive. Based
on the s'd" ! promotion argument, this is expected
if MoO is the product formed. The ground state and
low-lying excited states of MoO have a single elec-
tron in the 12 molecular orbital. The 12¢ orbital in
MoO is a nonbonding molecular orbital primarily
centered on the metal atom which correlates to the 5s
orbital in Mo [12]. Since the s'd® configuration states
do not require promotion of an s electron in the
formation of MoO while the s°d* states do, it is
expecied the s'd® configuration states should he
more reactive than states with the s°d* configuration.

S. Summary

We have shown that a ground state TM atom with
an s'd" ' electron configuration is very reactive
lending support for a s°d" " * —s'd" "' promotion
model. The excited s'd* a°S, and a°G, states also
have large removal rate constants near the gas ki-
netic value. The s°d* a®D, states are significantly

less reactive than the ground state despite having
over 10000 cm™' more electronic energy. Thus, the
electron configuration appears to be a dominant fac-
tor in the kinetic behavior of gas phase Mo.
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