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The gas-phase reactivity of W (a 7S5 and a ’D;) with C,H, and NHj3 at room temperature was investigated using a
time-resolved laser induced fluorescence (LIF) spectroscopy. Tungsten atoms were produced by a 266-nm multiphoton
decomposition (MPD) of W(CO)s. The reactant pressure dependence of the pseudo-first-order depletion rates of W (a
7S3) could allow an estimation of the pseudo-second-order depletion rate constant of W (a 7S3), (4.5 4 0.5) x 10710
cm?® molecule™! s™! for C,H, and (0.73 4 0.10) x 10~'° for NH; at 6.0-Torr total pressure with an Ar buffer. A simu-
lation of the transient curves based on a modification of the observed apparent decay rate constants, involving nearby a
3Dy states in the presence of C,H, and NH3, allowed us to separately estimate the contribution of the chemical quench-
ing (W (a’S3) + R — product(s)) and the physical quenching (W (a’S3) + R — W (a°D,) + R) processes. In the case
of C,Hy4, chemical quenching appeared to dominate over the physical quenching, while the physical quenching was the
main depletion process in the case of NH;. The large reactivity of the W (a 7S5) state not only for C,Hy, but also for

NH;, is discussed in terms of the relativistic effects.

Many transition-metal atoms have a number of nearby states
derived from the electronic configurations of d*~2 s? and d"~!
s', which give a chance to investigate how the electronic con-
figuration affects the reactivity other than the energy. The gas-
phase transition-metal chemistry has so far provided funda-
mental information for metal-ligand interactions.' Those ex-
perimental results would be useful for understanding the cata-
lytic processes on the active sites of transition-metal surfaces
and also for developing theoretical calculations involving a
spin-orbit interaction or a configuration interaction, and so
on.*3

In the gas-phase reactions of W (a °D; and a ’S3) with some
oxidants, the a 7S; (5d° 6s') state reacts more efficiently with
0,, NO, N,0, and SO, than the a °D; (5d* 6s?) states,*’ sug-
gesting that the electron configuration plays the dominant role
in the kinetic behavior of gas-phase tungsten. All of these oxi-
dation reactions are reported to be bimolecular, where the
common product is thought to be WO, owing to the indepen-
dence of the reaction rates with respect to the total pressure.
The major depletion process for the a Dy, a *Dy and a ’S3
states was reported to be chemical quenching, though the con-
tribution of physical quenching could not be excluded com-
pletely for the a SD,, a D3, and a D, states. Because the
quenching rate constants of the a 3D, states were found to
be characteristically J-dependent for these oxidants, except
for SO,, the oxidation mechanism has been thought to be di-
rect oxygen atom abstraction, but not the electron transfer
mechanism.? The reactivity of W atoms for other reactants,
except for these oxidants, have not been reported so far.

Relativistic effects may become conspicuous in chemical re-
actions involving heavy elements, such as the third transition
metals.>!® The relativistic contraction and stabilization of

the s shells, from the inner up to valence shell, and the relativ-
istic expansion and destabilization of the d shell can be expect-
ed to have a certain effect on the chemical and physical inter-
actions of the transition-metal elements with the reactants. An
anomalous gas-phase chemical tendency of Au, for CO, NHs,
and C,Hy, which could not be extrapolated from the trends in
the reactivity from Cu, to Ag,, was interpreted in terms of re-
lativistic effects.!! The large reactivity of W, (X) with C,H,
and NHj, compared with Cr; (X) and Mo, (X), was also
thought to have originated from relativistic effects.'> W (a
7S3) atoms having naked 5d and 6s electrons would give a
chance to study the relativistic effects in chemical reactions
by a comparison of Cr (a ’S3) and Mo (a ’S3) atoms with
the same electron configuration.

In this study, we measured the transient behavior of the low-
lying states of a tungsten atom W (a °D; and a ’S3) upon an
interaction with C,Hy as a typical m-acceptor, and NH; as a
typical o-donor in order to understand the relation between
the electronic structure and the reaction mechanism. A low-ly-
ing energy level diagram of tungsten atom is shown in
Fig. 1.3 The a °Dy state with the d* s configuration is the
ground state, and the other a *Dj states (1 < J < 4) locate in
an energy region lower than 6219 cm~!. The a ’S; state with
a different electron configuration of d> s' has only 2951 cm™!
more energy than the ground state. However, in such a crowd-
ed system, the transient behavior of each state must be affected
by the physical quenching of nearby states as well as by the
chemical quenching, especially in an experimental system
where the multiphoton decomposition of metal carbonyl by fo-
cused laser light is used for the pulse production of transition
atoms. We have tried to discriminate the two processes, che-
mical and physical quenching, by calculation trials of all the
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Energy level diagram of W atom below 8000 cm™".
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Table 1. Excitation and Monitoring Transitions Used in LIF Spectroscopy

Center wavelength

Excitation Monitoring
. .. L. of monochromator
Monitoring level transition transition
(20 nm fwhm)
(A/nm) (A/nm) (A/nm)
7 5 7 7
5 z 'D3 < a°’Dy z'Dy —> a’S;
a°Dy (500.76) (430.33) 430
5 5 5 5
5 z° P, < a°Ds z°P, —> a°D,
a°D; 407.11) (383.61) 383
5 5 5 5
5 z°P, < a°’D, z°P, »> a°D,
a°Dy (383.61) (383.61) 383
5 5 5 5
5 z°F, < a°D, z°F, —» a°’D;
a°D, (384.73) (384.73) 384
5 5 5 5
5 z °F; < a°Dy z °F; — a°Dy
a°Do (384.86) (384.86) 384
7 7 7 7
7 z 'Py < a’S; z'P, > a’S;
a’Ss (429.58) (429.58) 430

transient figures of the related states (a °D; and a ’S3) with one
consistent set of rate constants obtained from a modification of
the apparent decay rates. In a laser vaporization/flow tube/LIF
experiment developed by Lian et al., Mo (a ’S3) atoms have
been reported to react with C,H4, but not to react with
NH;.'* Such a specific reactivity was discussed in terms of
the extent for reduction of the electronic repulsive interaction
as an early barrier. Another object of this study was to see
whether the trend of reactivity can persist in W atoms of the
same group VI concerning relativistic effects.

Experimental

The concentration of each low-lying electronic state of tungsten
atom was pursued by using a time-resolved LIF technique in a
mass-flow-controlled cell at room temperature. Our time-resolved
LIF apparatus was very similar to a typical one.!>'® A photolysis
266-nm light source was a pulsed Nd:YAG laser (Spectron SL
803, A = 266 nm). The laser beam, after passing through a Teflon
iris (6 mm in diameter), was focused onto the center of a reaction
cell using a quartz lens (f = 15 cm). As a source of resonance
light for LIF, a Nd:YAG laser (Spectra-Physics GCR290-10)
pumped dye laser (Lumonics HD-500) with a dye of Stilbene
420 (2 x 107* M in CH3;0H) was used with a 10 Hz repetition

rate synchronized with the photolysis light by a digital delay gen-
erator (SRS DG535). The electronic transition used to monitor
each state and the associated wavelength of the monochromator
for fluorescence observation are given in Table 1. The fluores-
cence was detected by a photomultiplier (Hamamatsu R-928) set
behind an exit slit of the monochromator (Spex Minimate;
f =20 cm, reciprocal dispersion = 4 nm/mm), the output of
which was subsequently sent to a digital oscilloscope (Tektronix
TD320). The digital output was stored and analyzed by a PC.
The typical average laser shots were 256 to obtain an LIF intensity
corresponding to W atom concentration at each delay time.
W(CO)¢ (Aldrich, 98%) was degassed by several freeze-thaw cy-
cles at —10°C and used without further purification. A sample
mixture of W(CO)g (<10 mTorr) and Ar as a carrier gas was al-
lowed to flow slowly through a brass cell with two suprasil
windows. The flow quantity of each gas was controlled by a ca-
librated mass-flow controller (STEC-400MARK?2 or 3: full scale,
10 scem; accuracy, < 0.2 scem) prior to admission to the reac-
tion cell. The mass-flow controller was used as purchased without
any further calibration. The total mass-flow rates were between
5-10 sccm, and the reactant (C,H; and NH3) flow rates were
0.02-1.0 sccm. The total pressure was kept constant at 6.0 Torr
with an Ar buffer, which was monitored with a capacitance man-
ometer (MKS 220BH: full scale, 10 Torr; accuracy, < £0.015
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Fig. 2. (a) C,H4 addition effects on the transient LIF curves
of W (a 7S3) at 6.0-Torr total pressure with Ar buffer gas.
C,yH4 pressures are 0.0 ((J), 0.05 (O), 0.1 (A), 0.2 (V),
and 0.3 Torr (). Each solid line is a single-exponential
decay fit obtained with an appropriate decay rate
constant. (b) Determination of the apparent second-order
depletion rate constant. Solid line is a linear fit.

Torr) attached directly to the center of the flow cell.

Results

Typical depletion plots of W (a 7S3) in the presence of C,Hy
at 6.0-Torr total pressure using an Ar buffer are shown in
Fig. 2(a), where approximate single-exponential decays were
observed. The solid lines through data are single-exponential
decay fits. These pseudo-first-order rates estimated from the
single-exponential fitting increased proportionally with in-
creasing the CoHy pressure (Fig. 2(b)), giving an apparent sec-
ond-order depletion rate constant of (4.5 £ 0.5) x 10719 cm?
molecule™! s~!'. Similar plots obtained in the case of NH; ad-
dition are shown in Fig. 3. The apparent second-order deple-
tion rate constant of (0.73 £0.10) x 1071 ¢cm?® molecule™!
s~! was estimated from the NH; pressure dependence of the
pseudo-first order decay rates (Fig. 3(b)). Each error was
one statistical deviation (o) in the linear fitting. W (a ’Ss,
d® s') is more interactive with C,H,4 than with NHj3 in a similar
manner as Mo (a ’S3, d° s').

Because a multiphoton decomposition (MPD) of W(CO)g
was used for the pulse production of metal species in our ex-
periment, many electronic states other than the a 7S; state were
inevitably produced. The a ’S; state is metastable in W, dif-
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Fig. 3. (a) NH;3 addition effects on the transient LIF curves

of W (a 7S3) at 6.0-Torr total pressure with Ar buffer gas.
NHj pressures are 0.0 ((7), 0.1 (O), 0.2 (A), 0.3 (), and
0.4 Torr (<). Each solid line is a single-exponential decay
fit obtained with an appropriate decay rate constant. (b)
Determination of the apparent second-order depletion rate
constant. Solid line is a linear fit.

fering from Cr and Mo, and the transient of this state must
be affected by physical quenching from/to nearby states. Thus,
the transient behaviors of some low-lying states of tungsten (a
SDy) in addition to the a 7S3 state were also investigated as a
function of the reactant pressure (C,H4 or NH3) in order to dis-
tinguish between the chemical quenching and the physical
quenching to nearby states.

Figures 4 and 5 show the addition effects of C;H4 and NHj3
on the transients of W (a °D;) together with W (a ’S3) at a total
pressure of 6.0 Torr with an Ar buffer. The apparent depletion
rate constants estimated from the additive concentration de-
pendence of the decay rates are summarized in the third col-
umn of Tables 2 and 3. Each solid line in the figures is a cal-
culated curve based on the assumption of an appropriate
mechanism involving physical and chemical quenching pro-
cesses, as mentioned below. Without any additives, except
for Ar buffer (6.0 Torr) and a trace of W(CO)¢ (<10 mTorr)
as precursor of W atoms, each electronic state (a *D; and a
7S;) shows a characteristic transient behavior, as shown by
the open square symbols in each figure. The apparent growth
in the a °Dy, a °D3, a °D, and a Dy states indicates the occur-
rence of the physical quenching of the upper states correlating
to these states, probably by Ar. The lack of growth in the a
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Fig. 4. C,H, addition effects on the transient LIF curves of W (a 7S3) (a) and W (a °D; ; J =4 (b), 3 (c), 2 (d), 1 (e), and O (f)) at
6.0-Torr total pressure with Ar buffer gas. C,Hy pressures are 0.0 ({(J), 0.05 (O), 0.1 (A), 0.2 (V), and 0.3 Torr (<). Each solid
line is a calculation curve on the assumption of an appropriate mechanism involving physical and chemical quenching processes.

See discussion in the text.
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Fig. 5. (a) NHj addition effects on the transient LIF curves of W (a ’S3) (a) and W (a Dy ; J = 4 (b), 3 (c), 2 (d), 1 (e), and O (f)) at

6.0-Torr total pressure with Ar buffer gas. NHj pressures are 0.0 (), 0.1 (O), 0.2 (A), 0.3 (), and 0.4 Torr (¢). Each solid line
is a calculation curve on the assumption of an appropriate mechanism involving physical and chemical quenching processes. See

discussion in the text.
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Table 2. Second-Order Rate Constants (k®upparent; k@ physical, and &@ chemicat/1071% cm?
molecule™! s7!) of W (a °D; and a ’S3) with C,H,; at Room Temperature

Level energy k@ chemical k2 physical
a) (2) chemical physical
State (R.P.) /cm’l k apparent (O_/AZ)b) (O-/AZ)b)
~0.0139 0.40
5 ©)
a>Dy (1.0) 6219.33 0.42 + 0.04 (0.002) (0.074)
~0.013 0.35
5
a’Dj; (1.5) 4830.00 0.28 £0.02 (0.002) (0.065)
~0.05 (— a’S3)
~0.013 (0.009)
5
a’D, (5.0) 3325.53 0.11 £0.02 (0.002) 020 (— a D))
(0.037)
~0.05 (— a°Dy)
7S5 (9.0 2951.29 45+0.5 52 (0.009
a’'S; (9.0 . : : (0.96) 0.10 (= a°Dy)
(0.018)
~0.013 0.20
5
a°D; (8.0) 1670.30 0.14 +0.01 (0.002) (0.037)
0.013
5
a °Dy (20.0) 0 0.013 £ 0.002 (0.002) -

a) Presumed relative initial population for kinetic simulation. b) The absolute cross section
0 (= k/<v>); <v> = (8kT /)"’ = 541 ms~'. ¢) One standard deviation of the linear
fitting. d) A swung mark (~) means that the simulation is not sensitive to the value prob-

ably including +200-300% error.

Table 3. Second-Order Rate Constants (k(z)appmm, k(z)physical, and k@ ghemica/1071% cm

3

molecule™! s7') of W (a D, and a 7S3) with NH; at Room Temperature

) Level energy k® chemicat kP physical
a) (2) > Py
State (R.P.) Jem™! k apparent (O-/AZ)b) (O'/Az)b)
~0.0015% 1.8
5 )
a Dy (1.0) 6219.33 0.84 & 0.02¢ (0.0002) 0.27)
~0.0015 1.6
5
aD; (1.5) 4830.00 0.50 +0.03 (0.0002) (0.24)
~0.30 (— a’S3)
~0.0015 (0.045)
5
a’D; (5.0) 3325.53 0.57 &+ 0.05 (0.0002) 0.90 (= a°D))
(0.14)
~0.20 (— a’D,)
0.20 (0.045)
,
(0.11)
~0.0015 0.52
5
a 3Dy (8.0) 1670.30 0.37 £0.03 (0.0002) 0.078)
0.0015
5
a 5Dy (20.0) 0 0.0015 =+ 0.0004 (0.0002) —

a) Presumed relative initial population for kinetic simulation. b) The absolute cross section
o0 (=k/<v>); <v> = (8kT/7T,uy)1/2 =663 ms~'. ¢) One standard deviation of the linear
fitting. d) A swung mark (~) means that the simulation is not sensitive to the value prob-

ably including +200-300% error.

D, state may be interpreted by a faster mixing with the a ’S3
state, owing to the small energy gap of 370 cm™!, or the larger
initial concentration compared with the upper a D3 and a Dy
states, so that the contribution of physical quenching to this
state may be obscured at a glance. The concentration of the
ground state of a 5Dy increases until about 100 us, and then
decreases over a fairly long time (~ms). Upon the addition
of reactants, the transient behaviors show that the a 7S; state
is more interactive for C,H, than any a 5D, states, and that

the ground state (a SDy) is chemically less reactive for both
reactants. The absence of a fast production of the a D state
synchronized with the fast decay of the a 7S state by the ad-
dition of C,Hy4 suggests that the main depletion process of the
a ’S; state is chemical quenching. Compared with the case of
C,H, (Fig. 4), there seem to be significant growths in the a
SDs, a Dy, and a °Dy states by the addition of NHj in
Fig. 5, suggesting that physical quenching is the main deple-
tion process for the upper states of these states.
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Fig. 6. An assumed quenching processes of W (a’S3, and
a°Dy) in the presence of C,H4 or NHj3 for the calculation
of the transient concentrations of W (a’S; and a°D;). In
the kinetic schemes, k°’s are the chemical quenching con-
stants and kP’s are the physical quenching constants.

Discussion

The addition of C,H, or NH; on the transients of W (a °D;)
together with W (a 7S3) at a total pressure of 6.0 Torr with an
Ar buffer resulted in the following qualitative kinetic beha-
viors: a) W (a 7S3) was more interactive with C,H, than
NH;, while W (a °D;) was less interactive with C,H, than
NH;. b) The important quenching process for W (a ’S3) by
C,H, seemed to be chemical, because fast production of the
lower state (a °D;) corresponding to the decay of W (a ’S3)
was apparently not observed. c¢) The depression efficiency
of the a 7S; state by NH; seemed to be comparable with those
for the a °D; states, except for the a Dy state. d) There
seemed to be some upper states which are physically quenched
to the a °Dy, a °Ds, a °D; and a >Dy states, mainly by Ar buf-
fer.

Some numerical calculations were carried out in order to de-
duce semi-quantitative information about the kinetics of the a
7S5 state and the a 7D, states with C,H, and NH; from their
transient data. The presumed kinetic mechanism used for
the numerical calculation is shown in Fig. 6. In the kinetic
schemes, k¢; is a pseudo second-order rate constant for chemi-
cal quenching of the i-state, and kP;; is a physical quenching
rate constant of the i-state to the j-state. Because the energy
differences between two states of AJ = 1 in a *D; multiplet
were larger than 1390 cm™!, which are fairly large compared
to the thermal energy at room temperature (~200 cm™'),
any energy transfer from a lower state to an upper state in
the a >D; multiplet was ignored in the calculation, while the
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physical quenching between the a ’S; state and the a °D, state
was introduced to the calculation owing to its small energy gap
of 374 cm™~'. At first, the transients of these states (a ’S; and a
SD;) observed under no reactant addition were simulated. This
simulation fixed the relative initial concentrations of these six
states and some rate constants unrelated to the reactant. The
presumed initial concentration ratios are given in Tables 2
and 3, which are roughly similar to the Boltzmann distribution
at 1800 K ([°D4]:[°D31:[°D,J:["S31:[° D1 1:[’Dy] = 1.0:2.4:5.7:
10.7:12.7:16.1) when the statistical weight (2J + 1) is taken
into consideration. The difference in the initial concentrations
between two systems of C;H4 and NH; might be due to the ex-
perimental scatter. Three states of Wy, Wy, and W, had to be
introduced into the reaction mechanism in order to simulate
the rise behaviors of the corresponding three states: a Dy, a
D3, and a ’S;. The possible candidates for these Wy, Wy,
and W, states are the upper states of a 5Dy or a ’Ss, as shown
in Fig. 1. The initial relative concentrations of the Wy, Wy,
and W, states were assumed to be 3.0, 1.5, and 2.0 when [a
SDy4] at t =0 was set to 1.0. The residual parameters are
the chemical and physical quenching rate constants of the re-
actant with Wy, Wy, W, a 5Dy, a °D3, a 7Dy, a ’Ss, a °Dy,
and a >Dy states, where the a °D, and a ’S; states had two phy-
sical rate constants quenched to the a ’S3 and a °D; states and
to the a 3D, and a D, states, respectively. The disappearance
of W atoms due to an escape from an observation zone was
postulated to have the same rate constant kg (= 2.5 x 103
s~1) for all states. Because there is not any physical quenching
process for the lowest state, a >Dy, the slope of the decay rates
vs reactant pressure plots was thought to give a chemical
quenching rate constant, k% = (1.3 £0.2) x 1072 cm® s~!
for CoH,s and k%) = (1.5+£0.4) x 107 c¢cm® s=! for NH;.
In a simulation, it was assumed that these chemical quenching
rate constants were adaptable for every a Dy state. The phy-
sical quenching rate constants of the a >D; states were estima-
ted from the difference between the apparent total quenching
rate constant and the chemical quenching rate constant, the va-
lues of which were used as the initial values in the trial
calculation. Because the chemical quenching rate constants
of the a °Dy states were fairly small compared to the apparent
quenching process in both cases of C,H, and NHj3, the altera-
tion within one order in the chemical quenching rate constant
did not affect these calculation curves significantly. It was
therefore impossible to recognize the characteristically J-de-
pendent of the chemical quenching rate constants of the a
SD; states, as observed for some oxidants.® The observed tran-
sient data without C,H4/NHj3, especially the three data sets in
Figs. 4a, 4d, and 5d, show a substantial disagreement with the
simulation results compared to the case with the reactant. This
may suggest that there are some minor processes not included
in our mechanism, such as the physical and chemical quench-
ing by coordinatively unsaturated tungsten carbonyls or CO
produced in photolysis. By the addition of the reactant, these
minor processes may have less effect on the total reaction me-
chanism, owing to the appearance of the main processes with
the reactant.

The rate constants estimated from the visual fittings for W
(a °D; and a ’S3) are summarized in Table 2 (for C,Hy4) and
Table 3 (for NH3) together with the apparent second-order
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quenching rate constants. Some noticeable tendencies can be
seen in their reactivity, though the resultant rate constants were
not definitive because of the arbitrary kinetic model and of the
arbitrary optimization of the fitting. The apparent second-
order quenching rate constants of W (a 7S;) with C,Hy4 and
NH; of (4.540.5) x 1071 and (0.73 £0.10) x 1079 cm?
molecule™ s7!, estimated simply from the reactant pressure
dependence of the pseudo-first-order depletion rates of W (a
7S3), are slightly smaller than the sum of two rate constants
for the physical and chemical processes. It seems to be reason-
able that the state, which has an upper state with a tendency to
be physically quenched, has a larger total quenching rate con-
stant than the apparent depletion rate constant.

The a 7S5 state is chemically more reactive with C,Hy than
NH;. Such a characteristic reactivity for the sr-acceptor and
o-donor molecules has been observed in the ground state (a
7S3) of the Mo atom, where the second-order rate constant
for the Mo + C,H, at 296 K was 2.3 x 10~"3 cm? s~! (at
7.8 Torr He), while that for the Mo + NH3 was too small to
be evaluated, <5 x 107! cm? s7!.'* Less reactivity of Cr
(a’S3) for NH; and C,H, has been observed at room tempera-
ture in the gas phase.'>!6 A significant reactivity of W (a ’S3),
even for a o-donor (NH3), contrary to the cases of Cr (a ’S3)
and Mo (a ’S3), may be interpreted as indicating a larger po-
larizability of the tungsten atom caused by 6s/5d hybridization,
though the reported values of the static average electric dipole
polarizabilities for ground state these atoms (Cr; 11.6 (£2.9),
Mo; 12.8 (£3.2), W; 11.1 (£2.8))!7 do not show such a
tendency. A 6s-orbit contraction and stabilization as a result
of relativistic effect may make this hybridization easier. How-
ever, some of the resultant collision complexes, W(NH3), can
be expected to be unstable and to dissociate spontaneously.
This dissociation process would contribute to the physical
quenching to the lower electronic state, while the stabilization
process for a collision complex would contribute to the chemi-
cal quenching.

The a 7S state (5d° 6s') is chemically more reactive with
C,H, than any states of a D; (5d* 6s2) by a factor of 500
(Table 2). The bond formation of W (a ’S3) with C,H4 can
be interpreted by the Dewar-Chatt-Duncanson mechanism
based on the analogy of the MO calculation of Mo (a 7S3)—
CoH,. %1% The chemical reaction of W (a 7S;) with C,Hy
could be treated as a second-order reaction in kinetic simula-
tions, which may suggest that this addition pathway reaches
a high-pressure limit, even at 6.0 Torr Ar buffer gas, and that
the adduct complex W(C,H4)* has a rather long lifetime. In
the s! configuration, the singly occupied d orbital of tungsten
might overlap effectively with the vacant 1 orbital of C,Hy
owing to the smaller electronic repulsion, weakening the C—
C bond to form three-membered ring complex having some in-
ternal coordinates easy to flow into for the excess energy in the
association coordinate. Such a long-lived M(alkene)* com-
plex has been expected by a statistical unimolecular rate theory
(RRKM theory), which assesses the plausibility of a saturated
termolecular mechanism, even at 1 Torr He.* The reduction of
the 6s electron repulsion for the 7 electron of C,Hy can be in-
terpreted in terms of the formation of 6s/5d hybridization. The
first step is a weak adsorption of the C;Hs on the W atom,
which is connected with a spin flip from a septet to a
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Table 4. Second Order Rate Constants k® for Chemical
Quenching of W (a ’S3, a D) with Some Simple Mole-
cules at ~300 K (k?/10~'2 cm® molecule™! s~1)

0, NO” N,O” SO,” CHy  NHj
a’Dy 18 7.1 1.5 36
a’Dy 25 15 1.9 22 ~1.3  ~0.15
a’D, 13 9.9 1.1 16
a’S; 180 190 58 400 520 ~20
a’D; 11 49 0.14 21 ~13  ~0.15
a’Dy 16 28 0.003 6.0 1.3 0.15

a) Ref. 6. b) Ref. 7.

quintet. This coordination may subsequently be assisted by
a m-back donation, because of the relativistic extraction of
the 5d orbital. The addition product of W(C,Hy) is expected
to have a bent structure with a triplet (or quintet) electronic
state with a loose C--C bond, the interaction of which may
be similar to the Cr (a ’S;3) + 0,

The second-order rate constants for the chemical quenching
of W (a7S3) for C;H, and NH; at room temperature are sum-
marized in Table 4 together with the presumed constants of W
(a °Dy). C,H, is chemically reactive for the a ’S3 (5d° 6s!)
state as much as the oxidants,®” and the electron configuration
also plays an important role in the coordination reaction of
C,H4 in the same manner as the oxidation reactions.

There seems to be slight difference in the efficiency of phy-
sical quenching between C,;H4 and NHj for the a SD; states,
where NH3 is observed to physically quench these states more
effectively than C;Hy4. The degenerate deformation vibration
frequency of NH; is 1627.5 cm™! and the C=C stretching vi-
bration frequency of C,Hy is 1623.3 cm~!, which are approxi-
mately resonant with the energy gaps of the a >°D; manifold
(J=0to J=1, 16703 cm™}; 1 to 2, 16552; 2 to 3,
1504.5; 3 to 4, 1389.3). The facts that the physical quenching
efficiency of NHj is about a few times as large as that of C,Hy,
and that the physical quenching efficiency monotonously in-
creases with increasing the level energy, are not consistent
with the direct energy-transfer mechanism. These facts sug-
gest that NHj is relatively easier to form a collision complex
with a °D; than C,H, because the early barrier, probably for
sd hybridization, may be overcome by the large dipole moment
of NH;. However, the resultant complex, W(NH3), seems not
to be stable at room temperature and to dissociate, where the a
SD; state may be physically quenched to the lower spin-orbit
state. On the other hand, it is fairly difficult for C;Hy to over-
come the early barrier because the electron density on CoHy
approaching the W atom is not high, resulting in the small
quenching efficiency. The cross sections of intramultiplet mix-
ing between the a °D; states with AE &~ 1500 cm™! are on the
order of 0.1 A2, which are smaller than those observed in the
Cr ("Py) states with AE =~ 100 cm™! by two orders.?°

Summary

The a 7S5 state of the tungsten atom is chemically more re-
active with C,Hy than with NHj3, though it does react chemi-
cally with NH; differing from the other group-6 elements
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(Cr, Mo). Both reactions, W (a ’S3) + C,H4 and W (a ’S3) +
NHj3, could be analyzed as being bimolecular, implying that
even at a low total pressure of 6-Torr Ar the adduct complexes,
W(C,H,)* or W(NH3)*, had a relatively long lifetime, enough
for deactivation. The a 7S5 state (5d° 6s!) is chemically more
reactive with C,H, than any states of a °D; (5d* 6s?) by a fac-
tor of 500 (Table 2). The physical quenching appeared to
dominate over the chemical quenching for W (a °Dj) in both
cases of CoHy and NHj3. The large interaction between W
(a ’S3) and W (a °D;), not only with CHy, but also with
NH3;, is consistent with the relativistic contraction of the 6s
shell and the relativistic expansion of the 5d shell.
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