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Kinetics of Co(a*F, b*F, &F) and Ni(a®F, a®D, alD) Depletion by O,, NO, and N,O
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The kinetics of depletion of the first-row transition-metal atoms Co and Ni upon interactions with@

and NO were studied in a fast-flow reactor at a He pressure of 0.70 Torr. The depletion rate constants were
determined for the first and second excited states of both atoms?fGoéfF;) and Ni(2D;, a'D,), as well

as their ground states, C8Fg) and Ni(&F;). For all oxidants, inefficient or no depletion was observed for

the ground states of both atoms. Low-lying Nifg) also showed inefficient depletion, though this state has
3P4¢! configuration. The first and second excited states of ¢Fg(lF;), which have the 3@s! configuration,

were depleted very efficiently. The depletion of NIfa), the 3d4s' configuration, depended on the oxidants;

i.e., O, depleted this state by the gas kinetics rate constant, while the depletion by NO@ndds about

1 order of magnitude slower. Efficient depletion of the atoms &f 8&5' configuration by Qwas interpreted

by an attractive interaction correlated to a stable intermediate. The singly occupied antibohdimitals

of O, are favorable to interact with singly occupied 3d orbitals of Co or Ni to form the intermediate. The
depletion of the ground states of both atoms by NO indicated the occurrence of efficient termolecular processes
at the low-pressure condition and implied the formation of a long-lived intermediate by the interaction between
the 4s orbital and the singly occupiedorbital.

Introduction reactive than the®® state (4d5< configuration), although the
aD state has a higher electronic enetgyUnfortunately, little

) : > : is known about the potential energy surfaces for the interaction
simple molecules with transition-metal atoms provides funda- ¢ the transition-metal atoms with simple molecules, and these
mental information about catalytic bond activation. Their nearly interpretations are speculative. We believe that more experi-

degenerates and (—1)d orbitals provide a unique opportunity  menta| information, even though phenomenological, is required
to study the roles of their electronic configuration and electronic .. 5 wide variety of reaction systems.

energy on reactions, because there are several electronic states
with different electron configurations within a narrow energy
range. In spite of the importance from both basic and
application points of view, little is known about reactions of
gas-phase transition-metal atoms compared with transition-metal
cations!

Recently, a laser-induced fluorescence technique was usedln
combined with a dc-dischargé'! or laser photolytic formation
of gas-phase transition-metal atoMs!® and these studies
provide useful information on the bimolecular reactions of the
transition-metal atoms. In some cases, such information is
extended to the interaction of electronically excited states as
well as the ground stafel® These studies have shown that
ground states, 3d24< configuration in most cases, are inert,
while the excited states of the Bd4s! configuration are very
active with most reactants. Since the"3ds' configuration
correlates to higher electronic energies in Ti and V, it is difficult
to discriminate the effect of the electron configuration from the > . .
effect of the electronic energy. Therefore, two explanations pondmo_n to study the effept of spirorbit levels on the
have been proposed in the case of reactions of Ti and V with interaction of these atoms with small molecules.
oxidants. One is the electron-transfer mechanism where the (2) The same electron configuration forms different spin states
electronic energy is a more dominant factor. In the reactions Which have similar energies. This condition provides the
with molecules of positive electron affinities, the electron- Opportunity to study the effect of spin multiplicity and surface
transfer mechanism can explain the relative reaction rates of CroSSINgs.
Ti(a®F), V(&'F), Ti(&°F), and V(&D) semiquantitatively?.-8 The (3) A unique property in Ni is that two triplet states are lying
other explanation is the orbital correlation between the reactantin the same energy region. Although the collisional intercon-
and the product, metal oxide. In this mechanism, the electron version between these states could be very fast because of the
configuration is a more dominant factor. Recent studies of the small energy difference, it is possible to study the effect of the
reactions of Mo(&5;, &S,, &@D;, &G;) with O, have shown  electron configuration on the interaction with oxygen-containing
that the dS; and &S; states (4ebs! configuration) were more ~ molecules under the same energy conditions.
These late transition-metal atoms have more than half-filled
€ Abstract published ifAdvance ACS Abstractfecember 15, 1996. 3d orbitals, and metal oxide formation is energetically inacces-

Information about the gas-phase kinetics for reactions of

In this work, we have studied the reactions of neutral cobalt
and nickel atoms in their ground electronic states and in their
first and second excited states, C{ab*F, and &F) and Ni-
(&%F, D, and aD), with oxygen-containing molecules. The
electron configurations and energies of these states are sum-
arized in Table 17 These energies are also shown in Figure
with energy levels of early transition metals, Ti and V. As
can be seen in Figure 1, these systems provide the following
unique conditions for studying the details of the interaction
between transition-metal atoms and simple molecules:

(1) Strong spir-orbit coupling in Co or Ni provides large
splittings among spirorbit sublevels. In the depletions of early
transition-metal atoms, i.e., Sc, Ti, or V, rate constants have
been observed to be independent of the spirit levels!® This
has been interpreted partly by very fast interconversion among
these levels upon collision with buffer gases. The large-spin
orbit splitting in cobalt and nickel could provide a unique
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TABLE 1: Configurations and Energies of the Low-Lying TABLE 2: LIF Transitions Used To Probe Co(a*F, b*F, and
States of Co and N# a%F) and Ni(a®F, a°D, and a'D)2
atom configuration term J energy, cm? species transition energy, ctn  wavelength, nm
Co 3d4¢g aF 9/2 0.00 Co(eF) 2Gy1—a'Fop 25568.68 391.10
712 816.00 2P —aFr 27 529.86 363.24
5/2 1406.84 2*Fro—aFsp2 27 370.43 365.36
3/2 1809.33 2Fs—aFapn 27 407.04 364.87
3P4 b*F 9/2 3482.82 Co(KF) Z*Gop—b*Forp 25786.91 387.79
712 4142.66 Z4D7/2—b4Fg/2 25811.70 387.42
5/2 4690.18 2*Dsj—b*F712 25 806.10 387.51
3/2 5075.83 2*D3;o—b*Fsp2 25 753.45 388.30
3P4 2F 712 7442.41 Z°D1p—b*Fap 25 666.82 389.61
5/2 8460.81 Co(&F) V2Grjo—&F 26 691.18 374.66
Ni 3dt4g aF 4 0.000 Y?Gyj—aFsp2 25672.78 389.52
3 1332.153 Ni(a%F) PR—aF, 29 084.478 343.83
2 2216.519 25F—aF; 28 830.987 346.85
3cP4s 2D 3 204.786 22D— & 28 696.319 348.48
2 879.813 Z'F—aF; 28 814.523 347.05
1 1713.080 Ni(a®D) 2°F,—a%Ds 28879.692 346.26
3dP4s a'D 2 3409.925 zng—a3D2 28 440.969 351.61
*Data taken from ref 17 DD,  soleorss  azar
Ni(alDy) 25F;—alD; 29 832.810 378.46
aEnergies and wavelengths are derived from data in ref 17.
10000+
manometer (MKS Baratron, Type 122A) was used to measure
i the total pressure inside the flow tube, and thermal mass
J=5/2 flowmeters (KOFLAC Model 3710) were used to measure the
| oF, flow rates of the reactant gas and He.
9=172 A tunable titanium sapphire laser (Continuum TS-60) or a
_— tunable dye laser (Continuum ND-60) with LDS698 dye were
a’F, used to measure the density of the cobalt or nickel atoms. Both
= 9=t lasers were pumped by a Nd:YAG laser (Continuum NY-82).
3 i To obtain the wavelength for the transitions of the cobalt and
J=3/2 nickel atoms, the frequencies of these tunable lasers were
= 5000 J=5/2 doubled by a KD*P crystal and a bandpass filter was used to
& s=12 BF eliminate fundamental radiation. The transitions and energies
é I oo used for detecting the electronic states of Co and Ni are
& S =2 a'D, summarized in Table 2. For some states whose populations
r and the LIF signal levels are low, two different transitions were
= 2D, J=2 used to confirm the measurements. Spectrally unresolved
- =72 J=32 J=1 , fluorescence was collected by a lens system and focused through
— =52 gep J=3“:,’?a D, a 2.0-mm slit into a photomultiplier tube (PMT) (HAMAMAT-
s o J=1/2 J_:Z_ oF S_U Photonics R-92_E_3). The PMT current was amplified by a
9=4 S — g=s; ’ W|de-_|qand preamplifier (NF E!ectronlcs, Model BX-31} and the
o L2 ? ./ =4 amplified voltage pulse was integrated by a boxcar integrator
Ti v Co Ni (SRS, Model SR-250).

Figure 1. Electronic energy level diagram of the low-lying states of ~ Rate Constant Determination. In the systems studied here,
Ti, V, Co, and Ni. the following processes are possible, where M* and*OX

. ] . ] . ) indicate an excited state of metal atom and vibrational excited
sible for their ground states in the interaction with @&d NO. OX, and X= 0O, N, Ny:

Even though the electronic energy is taken into account, only

electronic energy transfer is possible fop @nd NO as a M 4+ OX— MO + X (1a)
bimolecular process. Therefore, these systems provide the

opportunity to study the entrance channel interaction. M* + OX— MO + X (1b)
Experimental Section M* + OX —M + OX (2a)

A flow tube/LIF instrument used in these experiments has * . *

been described in detail previouslyBriefly, metal atoms were M* + OX =M+ OX (2b)
created in a dc-discharge source where a cobalt (Nilaco, 99.99%) M + OX 4+ He— MOX + He (3a)
or nickel (Nilaco, 99.99%) rod was used as the cathode. The

atoms are carried downstream in the He buffer gas (300 K). M* + OX + He— MOX + He (3b)

About 5% Ar was added to the flow to stabilize the discharge,

and the reactant gas was introduced 24 cm downstream from Among the three oxidants used here, the simple bimolecular
the metal source. The densities of the unreacted metal atomgeactions, egs 1la and 1b, are energetically possible only:or N
were measured by laser-induced fluorescence (LIF) at known The quenching processes, eqgs 2a and 2b, are accessible only
atomic transitions. He (99.9999%), Ar (99.999%,(@9.999%), for the electronically excited states. The time-integrated rate
NO (99.9%), and MO (99%) gases were obtained from NIHON  expressions for the simple bimolecular processes, eqs 1 and 2,
SANSO and used without further purification. A capacitance are given by
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=— TABLE 3: Effective Bimolecular Rate Constants for the
IN[M(nox)/Ml (kon + K)o @) Reactions of Co(4F, b*F, a?F) and Ni(a3F, a®D, alD) with O,
M(nox) is the time-integrated metal atom concentratiwlg,is Kexpy 10712cmP 572
the metal atom concentration when no reactant gas is present,  reaction (0.7Torrof He  kus¥kepi  Emax” kd/mol
txn IS the mean reaction timapy is the reactant number density,  Co(eFo) + Oz NR >3900 20.6
andkixn andkg are the rate constants of the bimolecular reaction Co(&F7) + O, NR
and quenching, respectively. Co(dFsp) + Oz NR
All electronic states could be depleted via termolecular Co(@Fsz) + Oz NR
.. .. CO(b4F9/2) + Og 33+ 3 6.0 4.5
associations, eqs 3a and 3b. The termolecular association cowr,) + 0, 57+12 3.5 3.1
reaction, eqs 3a and 3b, can be given by the following co(#Fs;,) + O, 1034+ 26 1.9 1.6
mechanism: Co(Fsp) + O, 115424 1.7 1.3
Co(&F7) + O, 75+ 20 2.6 2.4
K, k(He] Co(&Fs;) + Oz 52+ 24 3.8 3.3
M* + OX N [M---OX]* —— MOX 5) Ni(@Fs) + Oz NR >3900 20.6
Ni(a:Fg) + O 0.14+0.02 1900 18.8
[M---OX_]’_* formed at t_h_e tota! collision rate con_starkcl may “:g;g%i%zz l?lllgi 01 >3g§8 213.'2
be stabilized by collision with He (ats) or unimolecularly Ni(a®D) + O, NR >3900 20.6
dissociate back to reactants (). Phenomenologically, the Ni(a®D,) + O 0.30+0.06 640 16.1
depletion rate constarkgnen is given by Ni(a'D2) + O, 186+ 64 1.0 0.1

_ akys's are hard-sphere rate constants calculated by using the
kphen_ kk[He]/(ks + ky[He]) (6) diameters of the metal atoms and molecules and averaged relative
velocities (see ref 19, Enax = —RT IN(KexpiKi1s).
Under constant He pressure, the time-integrated rate expression

i i is i TABLE 4: Effective Bimolecular Rate Constants for the
including processes-13 is given by Reactions of Co(dF, b*F, aF) and Ni(a’F, a®D, alD) with
M6, )M = ~(kn by + Kol () 22
kexph 102¢cmis? Emax.c
Laser-induced fluorescence intensities with reactant concentra-  reaction 0.7 Torr of He 1.2 Torr of Hekns¥kexp?  kJ/mol
tion nox and without reactant gaknox) andlo, are proportional Co(&Fsp) + NO 1.4+ 0.3 224 0.4 146 12.4
to M(nox) andMy, respectively. Therefore, the rate constants, Co(eF.) + NO 1.7+ 04 22405 120 11.9
Kexn + kg + Konen Were derived by fitting semilogarithmic plots ~ Co(&Fs) + NO 19+0.4 2.7+0.5 110 11.7
of I(nox)/lo VS Nox Using a least-squares routine. We refer to  CO@EFa2) +NO 2.0+ 04 100 11.5
these values as effective rate constants. The reactionttime, ggESEQ’Z) TNO - 7716 2.6 2.4
: A e 22) +NO 93+ 19 2.2 2.0
was determined by laser vaporizatiechemiluminescence  co(Fg,) + NO 93+ 19 292 20
measuremerft. Under 0.7 and 1.2 Torr of He pressure condi- Co(i#Fs) + NO 110+ 22 1.9 1.6
tions, they were 2.0 and 1.3 ms, respectively. Co(a&F72) +NO 99+ 20 2.1 1.9
One possible error of the depletion rate constants may comeC_O(afFS/z) +NO  90+18 23 21
from fluorescence quenching. Collisions of reactants during “:E;Eg I mg i'éi 2'3 34+0.7 Zg 1;;’
lifetimes of the excited states of the LIF transition quench the \jiiz3r,) + NO 3.9+ 0.8 51 9.8
fluorescence and cause phenomenological depletion of metalNi(aD;) + NO 214+0.4 25+ 0.5 94 11.3
atoms. Itis possible to estimate the collision frequencies during Ni(a®D,) + NO 2.1+ 04 2.8+ 0.6 94 11.3
the lifetimes. The maximum partial pressures of the reactants Ni(a’D1) + NO 3.6+£07 4.6+0.9 55 10.0
are typically 0.01 Torr. By using hard-sphere rate constants, Ni(a'D2) + NO 5.5+ 1.1 36 8.9
kns, 19 the collision rate is around & 1P s™L. The fluorescence akysg's are hard-sphere rate constants calculated by using the
rates of the excited states arex110’to 1 x 108 s 1.20 Since diameters of the metal atoms and molecules and averaged relative

they are 2-3 orders of magnitude larger than the collision Velocities (see ref 19F kexy's of 0.7 Torr of He are used.Emax =
frequencies, we conclude that the fluorescence quenching isRT IN(kexp/kits)-

negligible for our experimenta! cpnditions. ) One interesting point mentioned in the Introduction is the
We report two standard deviations as the uncertainty for the itterance among spinorbit sublevels. It is clear from Tables

precision of the fits to multiple data sets. The accuracies are 3_g at the rate constants of the spirbit sublevels belonging
limited mainly by the atom production source. Other smaller y, yhe same electronic state were different in some systems.
contnbunons to our absolgtg uncertainty are from the measure-Among the four levels of CofF;), the rate constants increase
ment Of trn, incomplete mixing of the reagent gases, and the ih the energy: i.e., CofFo) has the smallest rate constant
accuracy of the flow rate and pressure measurements. We,, 4 Co(BFs3») has the largest one. Some sublevels of Hi(a
estimate the absolute sensitivity.c.)f our instfument toex D) show depletion upon the interaction with, @r N.O;
1071 cm?® s based on our ability to easily observe a 5% | o ever, the other sublevels do not. Such a difference in rate
decrease in our signal at a reagent gas flow rate of 100 sccm.;qnsiants among the same electronic state was not observed in
the cases of Ti and V with oxidants; i.e., the rate constants for
the spir-orbit sublevels were identical to one anothérThese

The effective rate constants determined in this study are have been interpreted to mean that the interconversion among
summarized in Tables-35. The depletions of the ground state the spin-orbit levels is very fast upon the collision with buffer
of Co and low-lying triplet states of Ni were inefficient for all gas® However, this is not the case for Co and Ni. Co and Ni
oxidants studied here. No large difference was observed have large energy spacings between the-spibit levels. That
between the rate constants of the two triplet states of Ni which is, the energy differences between the highest level and the
have different electron configurations. The two excited states lowest level in Co(BF) and Co(&F) are 1593 and 1018 crh
of Co and the singlet excited state of Ni were very reactive. respectively. These are much larger than those off)((887

Results
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TABLE 5: Effective Bimolecular Rate Constants for the T —3
Reactions of Co(4F, b*F, aF) and Ni(a®F, a3D, alD) with Ni@’F,) + O,
N»O
Kexpy 10712cmP 571 -

reaction (0.7 Torr of He) Kus¥Kexp  Emax” kd/mol >
Co(&For) + N,O NR >4100 20.7 g
Co(&F7) + N2O NR >4100 20.7 c
Co(&Fsi2) + N2O 0.50+ 0.22 410 15.0 e
Co(&Fs) + N2O 0.44+ 0.09 460 15.3 =
Co(i#Fer) + N2O 33+9 6.2 45 ®
Co(b#F7) + N0 32+ 14 6.3 4.6 =
Co(#Fsr2) + N2O 35+ 9 5.8 4.4 g
Co(B#F3) + N2O 25+ 6 8.1 5.2 5
Co(&F72) + N,O 24+ 6 8.5 5.3 z
Co(&Fs;2) + N2O 37412 55 4.3 107 .
Ni(a®Fs) + N.O NR >4000 20.7
Ni(a®Fs) + N,O 5.9+ 1.2 34 8.8 : : :
Ni(a®F2) + N0 14+ 3 14 6.6 0 100 200
Ni(a®Ds) + N,O NR >4000 20.7
Ni(a%D5) + N,O NR >4000 20.7 O, Flow Rate / sccm
Ni(a®D,) + N,O 10+ 2 20 7.4 Figure 2. Semilogarithmic plots of th#1(nox)/Mo LIF intensities for
Ni(a'Dz) + N,O 14+ 3 14 6.6 Ni(a®F,) vs flow of O,. The solid line is the optimized least-squares fit

2kys's are hard-sphere rate constants calculated by using the of eq 7 to the data.

diameters of the metal atoms and molecules are averaged relative
velocities (see ref 19%. Enax = —RT IN(Kexpr/ks)-

. .
Ni(a'D,) + O,
10%
cm™ 1) and Ti(&F) (286 cntl), which are comparable to the I
thermal energy, 210 cm.2! Therefore, the interconversion
among the spirrorbit levels by collisions with He is expected
to be much slower for Co and Ni, possibly allowing for a
difference in rate constants to be observed. The difference in
rate constants among the spiorbit levels has been also
observed in the oxidation of Mo{@,)?? and Fe(&D;),2% where
the energy differences between the highest level and the lowest
one are larger than the thermal energy, i.e., 1481 and 978 cm
in Mo and Fe, respectively.

Co, Ni+ O,. The rate constants for the interaction of Co or 10'1,
Ni with O, are summarized in Table 3. No depletion was
observed for the ground state of Co, Ct{®, whereas the first
and second excited states of Cti{l &F;) showed very efficient
depletion upon interaction with O We also measured the rate O, Flow Rate / sccm
constants at a higher He pressure, 1.2 Torr. The rate constantsigure 3. Semilogarithmic plots of th#(nox)/Ms LIF intensities for
at the two pressures have no systematic differences and agredli(a'D,) vs flow of O, The solid line is the optimized least-squares
within experimental error, although there may be a contribution fit of eq 7 to the data.

from termolecular reactions because the change of total pressure 2 Torr. For comparison, the rate constants were also measured
is small. for some of the other levels in Cda) and Ni(&F;, &D,) at

Figure 2 shows the normalized LIF intensity for Nitg) as two He pressures. The results are also listed in Table 4. In
a function of Q flow. Among six spir-orbit sublevels of the  the all systems, the higher He pressure provides a little larger
lowest two triplet states, only the upper three levels, {3, rate constant, which implies that the depletion has a contribution
aD1), showed depletion and no depletion was observed for the from the termolecular process, reaction 5. According to eq 6,
lower three levels, Ni@#,, &D3s2). The rate constants were the second-order rate constant will increase with the He pressure
on the order of 10*3 cm® s™! and the depletion was quite  at low pressure condition. Our data show systematic increase
inefficient. Here, the rate constants depend on the-spihit of the rate constants by the increase of the He pressure, though
sublevels, which is reasonable since in most combinations of the increase may not be large enough to fit our data with eq 6.
the two sublevels, the spacings are larger than the thermalSince no bimolecular depletion channel is energetically possible
energy. The only exception could be the spacing between Ni- for the lowest spir-orbit levels of Co and Ni, Cof#&s2) and
(a%F4) and Ni(&@Ds), i.e., 204.79 cm!. Compared with the  Ni(a3F,), the termolecular process, reaction 5, is only the
triplet states, Ni(D2) showed very efficient depletion. Figure explanation, which is consistent with the pressure-dependent
3 shows the normalized LIF intensity of Ni@y) as a function rate constants for both states as observed. However, in the cases
of the &; flow, which has a measured rate constant of (#86  of the other sublevels, there may be some contribution from
64) x 1002 cm? s7L. the bimolecular process.

Co, Ni + NO. The rate constants for the interaction of Co Among the spir-orbit levels, the rate constants show no
or Ni with NO are summarized in Table 4. Unlike;Qll the systematic difference larger than experimental errors. As
states studied here including Ctfg and Ni(&@Fs, &Ds3)) mentioned above, the interconversion among the -spihit
showed depletion upon interaction with NO. Because the levels by collisions with the buffer gas are not fast enough to
ground spir-orbit levels of Co and Ni, Co(&g) and Ni(&F,), wash out the difference of rate constants. Therefore, similar
have only termolecular process, egs 3a, we measured the rateate constants among the levels indicate that the depletion
constants for these levels at two different He pressures, 0.7 ancdefficiencies are similar for all sublevels.

Normalized LIF Intensity

0 1 2
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The depletion of the singlet excited state of Ni by NO was
not efficient in contrast with that of £ The rate constant was
of the same order of magnitude as those of #i(@D). The
two excited states of Co showed efficient depletion upon
interaction with NO. The rate constants of the spimbit levels
are different from one another in both electronic states.
Co(&F) showed little smaller rate constants than GBjpand
this result is similar to the depletion by,O

Co, Ni + N»O. The rate constants for the interaction of Co
or Ni with N,O are summarized in Table 5. The following

J. Phys. Chem. A, Vol. 101, No. 2, 199783

than the rate constants determined for Ge{le?F;). Therefore,
we concluded that most of the depletion in the interaction
between Co or Ni and £is due to a bimolecular process.

For the interaction of Co or Ni with NO or D, no
termolecular reaction has been measured. If we take the
termolecular rate constant for Gr NO or NbO as a measure
for the termolecular rate of the Ustate, the limiting second-
order rate constants for removal of ground-state Cr by NO and
No,O are (1.0+ 0.1) x 10 and 3.0 x 107 cm? s,
respectively?® smaller than our detection limit. This is con-

reactive channels are energetically possible for the interactionsistent with the results of C& N,O and Ni+ N,O. Although

of Co or Ni with N,O .24

Co+N,O—CoO+N,  AHg=—214.9 kJ/mol
(8)
Ni + N,O—NiO+N,  AHg=—217.4 k/mol

9)

Although these reactions are energetically possible for all levels,

the lowest energy spinorbit levels, Co(&F o277 and Ni(&F,,
a®D3 ), show no depletion upon interaction with ,®.
Co(dFsp2,3) were depleted inefficiently, and Ni@ s, &D;)

the termolecular process is possible for the lowest energy
sublevels, they showed no depletion. If the rate constant of
the termolecular process does not depend highly on the-spin
orbit level within the same electronic state, the process is
negligible for the Cot N,O and the Ni+ N,O systems. On
the other hand, the depletion rate constants for thetQ¢O

and the Ni+ NO systems show a little pressure dependence.
Although the dependence is small, this is consistent with the
occurrence of the termolecular reaction which could be the only
explanation of the depletion of the ground states, ¢Fa(a and

were depleted rather efficiently. We have measured the rate Ni(@*Fs).

constants for Co(&s/2 37 at two He pressures; however, no
systematic difference was observed.

Among the bimolecular processes, eqs 1 and 2, the oxide
formation is not accessible for NO and.ONhile the electronic-

Ni(a!D) was depleted at the same rate as the lower energyto-translational (E-T) energy transfer is possible for any excited

triplet states of Ni, Ni(&F,, &D;). Among the four sublevels
of Co(b*F) and two sublevels of Cofl), the rate constants were

the same within experimental errors. Because the interconver-

state, the electronic-to-vibrational (E-V) energy transfer is only
possible for Co(t;, &F;) and Ni(@D;). Although no direct
experimental evidence is obtained, much larger rate constants

sion among these sublevels by collisions with the buffer gas is for Co(b*F,, &F;) and Ni(@D,) with O, and NO could imply

not fast enough to smear out the difference of the rate constantsthe occurrence of the E-V energy transfer.

The reaction

these results indicate that the rate constants of these levels arehannels are only available for C6 N,O and Ni+ N;O

the same.

Discussion
Product Channels. As mentioned in the Experimental

Section, one possible process of depletion is the association,
reaction, reaction 5. Under the low-pressure condition, the rate
constant of the association reaction is expected to show a
pressure dependence (eq 6). Among the interactions of Co or

Ni with the oxidants studied here, only CéFg + NO and
Ni(a®F,, &Dj) + NO showed a little pressure dependence. Even

in the other reactions, our pressure range may not be large
enough to show a clear pressure dependence in the rat
constants, and it is useful to consider the extent of the associatiorfb‘

reaction.

For the ground state of Co and Ni, the termolecular rate
constants with @ under Ar buffer gas conditions have been
determined at 298 R® The termolecular process of Ce O,
is very inefficient, and the rate constant is less than 41@3)

x 10732 cmP s71. The ground state of Ni has a larger rate
constant, (1.2 0.3) x 10730 ¢cmf s~1. If this rate constant for

Ni is used to estimate the contribution from the termolecular
reaction, the second-order rate constant at 0.7 Torr of Ar is
calculated to be 0.04 10-12cm3s~1. This value is 1 order of

€

systems. Metal oxide formation, eqs 8 and 9, is accessible for
the ground states of Co and Ni. The dissociation energy of
O—N,is 167.1+ 0.5 kJ/mol which corresponds to the formation
of OCP) + N,. The ground state of D is not directly
correlated to this channel but to @) + N,. Even if we take
into account the electronic energy, 1.967 eV, the oxide formation
channels are energetically possible. Although no enhancement
of Ni(a®F,, D3, &D,) was observed, this may not indicate that
the depletion is entirely via reaction 9, since the enhancement
is proportional to the initial populations of the upper states which
could be very small. In some experiments, a little enhancement
of Co(eFsp, 32 was observed on interaction with Q.
Ithough it could be difficult to specify the initial states of the
enhancement, this result implies that the electronic energy
transfer can be important even in reactive systems liketCo
N20O.

Reaction Efficiencies and Activation Energies.One way
to describe the efficiencies of the depletion processes measured
in this study is to compare the measured rate constants with
calculated hard-sphere rate constakis,!® These comparisons
are given askqg/kexpi Values in Tables 35. These values
indicate that Ni(&, &D) needs more than a few hundred
collisions for depletion by @ while only one to six collisions

magnitude smaller than the rate constants determined in thisare enough to deplete N#@) and Co(8F, &F). Assuming that

study for Ni(@Fsp, @D;). The rate constant for Co may not

these systems are governed by an Arrhenius beha({iby,=

be applied for the excited states, since the termolecular ratesA€ =¥, and the hard-sphere rate constants can be used as upper

for the electronic states of the 3d4s! configuration have been
reported to be larger than those of the"3ds’ configuration.
One typical rate constant is given by the termolecular rate of
Cr(a@S, 3d4dh); i.e., the rate constant of the termolecular
association with @by using Ar as the third body is (6.%

1.1) x 1002 cmf s71.26 |f this rate constant is used, the second-
order rate constant with 0.7 Torr of He is expected to bex1.6
10 12cmP st This value is +2 orders of magnitude smaller

limits for the A factor, we can calculate the upper limits for the
activation energymay). These results are also listed in Tables
3—5. Very inefficient depletion of Ni(#, D) provides very
high Emaxs, i.e., 14-19 kd/mol. In the depletion of Nil®)

and Co(BF, &F), the estimatedEnaxs are less than 1 kcal/
mol, which indicates that these depletion processes probably
have no barrier or the barrier is very low if one exists.

In the cases of Cot NO and Ni + NO, the depletion
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efficiencies for Co(#) and Ni(&F, &D) are around 100
collisions for depletion. The estimatdg,xs are around 10
kJ/mol. Ni(dD) needs about 40 collisions to be depleted by
NO, andEmax is 9 kd/mol. This inefficiency is different from
the interaction with @ where almost every collision leads to
depletion of Ni(8D). Only the excited states of Cdfh &F)

Matsui et al.

Ni has one more electron, the interaction betweey pnd 3d;,
suggests the configuration of the intermediate has singly
occupied 4s and/p* orbitals. If the reaction starts from
Ni(alD) + O,(3Zg), these two electrons must be in the triplet
state. Howeverab initio calculation has predicted that the
lowest state of the triangular Nj@s a singlet state as mentioned

show about the same order of rate constants as the gas kineti@bove?® When we take into account the inefficiency of the

collision and theEnaxs are a few kilojoules/mole.
Reaction Mechanisms. Co, Ni+ O,. In order to have some

process which proceeds on the singlet surface evolved from Ni-
(@3D) + Ox(3=y), our results suggest that the triplet surface of

insight into the reaction mechanism, it is useful to compare the NiOz is more stable than the singlet one.

rate constants determined here with those of the other transition-

metal systems. Tifk) + N, and V(&D) + N, are used, since

The intermediate complex formation is also useful to explain
the relative order of rate constants. Among the four levels in

no reactive channel is accessible. The reported rate constant€o(b*F;), the higher energy levels show larger rate constants.

are (6.54 2.2) x 10712 and (0.50% 0.03) x 1072 cm? s74,

In the complex mechanism, the number of exit channels depends

respectively, and have been explained by the crossing betweerpn the energy content in the complex. Therefore, the intermedi-

two repulsive surfaces. The ground states and the first excited
states of Ti and V have electron configurations of£&8(3d-
4%) and 3d4s(3d*44)), respectively. Due to the large spatial

extent of the closed 4s subshell, the surface evolving from the

ground state is expected to be repulsive at longer Ti &r M,

ate formed from the higher levels can access more exit channels
if the formation of the intermediate does not depend on the
spin—orbit levels.

Co, Ni + NO. One difference in the depletion by NO vs
that by Q is detectable depletion of the states with? 4s

distances than those evolving from the first excited state, whereconfiguration, Co(4) and Ni(&F). Although the depletion

the 4s orbital is only singly occupied. As the Tior V and N

processes were ascribed to the termolecular association reaction,

distance decreases, surfaces evolving from the ground state anthe rate constants observed here require the the adduct formed

the first excited state cross. With spiorbit interaction that

by the bimolecular collision, [MNOTJ, lives long enough to

effectively moves one electron from a 3d orbital and places it be stabilized by collisions with H&. This implies the presence

into the 4s orbital, the electronic energy transfer is accomplished. of an attractive interaction between NO and the transition-metal
The difference between Ti and V has been ascribed to the atom of the 4%state. Among the three oxidants studied here,
electronic-to-vibrational energy transfer which is only possible NO is reported to deplete early transition-metal atoms, Sc, Ti,

for the Ti+ N, system.

The rate constants for Cd, &F) + O, and Ni(dD) + O,
are much larger than for Ti¥&) + Ny, while those of Ni(&F,
a®D) + O, are the same order of magnitude as those of®)a

and V, most efficiently despite its low electron affini§. The
activation energies for Tif&) + NO and V(d4F) + NO are
much smaller than those for T#@) + O, and V(dF) + O,
and imply that the interaction of NO with the metal atoms of

+ N,. The latter may be reasonable because the vibrational the 48 configuration are more attractive than those of @ne

energy of Q, 1580 cntl, is only accessible for Nif&,) +
O2(v=0) — Ni(a®D3) + Ox(»=1),%” and most sublevels can be

favorable property of NO could be the presence of the singly
occupiedsr orbital which is localized on the N atom. The

depleted by electronic-to-translational energy transfer which is interaction between thig orbital and 4s orbital could form an

same as for V@) + N, One difference could be the
contribution of an attractive potential for the Ni O, system.

attractive interaction. Such an interaction is not possible in the
case of @, since the singly occupied* orbital has a counterpart

Ab initio calculation has predicted the presence of the complex with opposite phase at the second O atom, which would cause

NiO,, which is stable by 75 kJ/mol with respect to the Nifa
+ O, asymptote?® According to the calculation, this complex

additional repulsion.
The effective depletion of the 84! states of Co could be

has a 45configuration and the spin state is singlet. Since one ascribed to the attractive interaction between the singly occupied

of the potential surfaces from Ni@) + O(X3%) could be

correlated to this complex, an attractive well could be formed.

3d orbital of Co and ther orbital of NO, as similar to the case
of Co+ O,. The only difference from the case of Co or Ni

However, the rate constants determined here are small, and the&, is the stable geometry. That i€,, geometry has no

estimated maximum activation energiBs.xs, are rather high,
and they are suggesting no attractive well.

On the other hand, the rate constants for @B(lzF) and
Ni(alD) are much larger than that for THg) + N2. In both

advantage in the case of GoNO, and linear one, CeN—O0,
is favorable for the overlap between one of the 3d orbitals and
the singly occupiedr orbital.

Co, Ni + N;O. The depletion of Co and Ni by 4D is similar

systems, the E-V energy transfer is possible. The high efficien- to that by Q. The lowest energy spinorbit levels show no

cies of the depletion processes by i@ply the occurrence of
a favorable entrance channel interaction between {EoF)
or Ni(aD) and Q. One possible mechanism to make the

depletion, and the depletion becomes efficient with increasing
electronic energy. This is reasonable for the depletion gy O
because only the electronic energy transfer is available as the

potential attractive could be the interaction between a singly bimolecular process. However, the reactive channels, eqs 8 and

occupied 3d orbital and a singly occupigtiantibonding orbital
of O,. If we assumeC,, geometry where the Co or Ni atom
approaches along thleaxis and the GO axis is parallel tox,
the 3d; orbital has the same symmetry as the*porbital of

9, are energetically possible for all spiorbit levels in the
interaction with NO, and our results indicate the presence of
energy barriers in the reaction channels. An interesting differ-
ence between O and Q is that the depletion by pO depends

O,, both orbitals are singly occupied and could interact on the electronic energy and there seems to be a common

attractively. An intermediate formed via this interaction is

threshold energy for both metal atoms. In Figure 4, the rate

expected to have an elongated O-O bond because there is moreonstants are plotted as a function of the electronic energy for

population in the g./* orbital. Therefore, the formation of such

three systems. In the interaction with,li(a’F, &D) shows

an intermediate is also favorable to form vibrationally excited the threshold behavior; however, no depletion was observed for
0, as the product. This mechanism can be applied to both Coeven Co(&F32,52, which have higher energy than Nifa,
and Ni, although there are a different number of electrons. Since 8®D;). However, Figure 4c indicates that the rate constants of
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e Co © Nj Summary
100- (a)' 0, L ] ' . - b | The kinetics of depletion of Co and Ni upon interactions with
o " L) ] 0O,, NO, and NO were studied in a fast-flow reactor at a He
10- i pressure of 0.70 Torr. The depletion rate constants were
determined for the ground and the first and second excited states
1 5 i of both atoms, Co(#;, b*F;, &F;) and Ni(@F;, &D;, alDy).
- o For all oxidants, quite inefficient or no depletion was observed
L 01 o 5 for the ground states of both atoms. The low-lying excited state
E 100¢ s w3 . N of Ni(a®D;) (3d°4s! configuration) also showed inefficient
S (b) NO ] depletion, and no difference was observed between this state
ST . and the ground state, Nfifay) (3cB4<? configuration). The first
~ 8gg ° and second excited states of Ctb{}p &2F;) (3cB4s! configuration)
t ’i} ges - were depleted very efficiently by all oxidants. The depletion
< of Ni(@®D;) (3cP4s! configuration) depended on the oxidants;
5 01 ‘ . ' ‘ . ‘ s i.e., @ depleted this state by the gas kinetics rate constant, while
O 1 L B the depletions by NO andJ® were about 1 order of magnitude
% 10d-(°) N,O A slower. Efficient depletion was interpreted by attractive interac-
e s ¢t s, s ¢ tions caused by stable intermediates. The metal atoms of
10- o2 e b 3d%44 configuration could form intermediates with, ©r NO
1L ) by the interactions between the 3d orbitals of Co or Ni and the
i singly occupiedz* orbital of O, or thesr orbital. The depletion
0.1 i of the ground states of both atoms by NO indicated the
coo——t occurrence of efficient termolecular processes at the low-
0 2000 4000 6000 8000 pressure condition and could imply the attractive interaction
Electronic Energy / cm’ between the singly occupiedorbital and the filled 4s orbital.
Figure 4. Semilogarithmic plots of the measured rate constants vs ) .
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both atoms start to rise at around 1000-ng12 kJ/mol). (Grant-in-Aid for Scientific Research on Priority Areas, Free

Although it may not be necessary that the onsets for both metals'?gg]'iﬁlei;'egﬁsé:mng:ergfgucgaﬁgallsgggzgogz dsélzfﬁre)
agree, these results indicate that the amount of electronic energ); P ry ’ ’ ’

may be more important than the electron configuration.
The estimatedE xS are listed in Table 5. Th&mnaxs for
the lower reactive levels, Cdlfgs2,319 and Ni(@F3 , @D;), are 5 (i)gngorz 3X<’;’Té>le, see: Armentrout, P. B.; Beauchamp, Act. Chem.
H H es. " .
6.6—-15.3 kJ/mpI. _If the elegtronlc energies are added to thgse ) Ritter, D.: Carroll, J. J.: Weisshaar, J. & Phys. Chem992 96,
values, the activation energies measured from the groune-spin 1gg36.
orbit levels are given as 24-86.9 kJ/mol. Reactions of a wide (3) Ritter, D.; Weisshaar, J..Q. Phys. Cheml99Q 94, 4907, 1576.
variety of metal atoms, including some transition-metal atoms, ggg S!gef' g-? V\’\\/’e_'ssﬂaafv j g- l'jr:n' Cgﬁmﬁﬂsé%g%? 115172é6425-
: f . . . iter, D.; elsshaar, J. U. yS. e 2 .
with '.\'20 have been studied. The activation e.nergles.of these (6) Clemmer, D. E.. Honma, K. Koyano,J. Phys. Cherml993 97,
reactions have been modeled by a resonance interaction mode] 14s0.
advanced by Fontijn and co-workeé¥s3* In this model, the (7) Honma, K.; Nakamura, M.; Clemmer, D. E.; Koyano,l.Phys.
ivati i gy i Chem.1994 98, 13286.
activation barrle(s are calculated_by taking into account the (8) Honma, K.. Clemmer, D. ELaser Chem1995 15, 209.
ionization potential and sp promotion energy of the metal, the ) \jonma’ KJ. Chinese Chem. So£995 42, 371.
electron affinity of NO, and the bond energy of the metal oxide (10) Senba, K.; Matsui, R.; Honma, B. Phys. Cheml995 99, 13992,
product. This model describes the reactions of many main group56((311) Matsui, R.; Senba, K.; Honma, KChem. Phys. Lett1996 250,
metals reasonably weII_. Accordlng to thls model, the activation (iz) Campbell, M. L: McClean, R. E.: Harter, J. S.Ghem. Phys.
energies for Co and Ni with O are estimated to be 31.5 and | g; 1995 235, 497.
32.7 kd/mol, respectivet They are of the same order as our (13) McClean, R. E.; Pasternack, 1. Phys. Chem1992 96, 9828.
values estimated from the ground level. Although &exs (14) Campbell, M. L.; McClean, R. El. Phys. Chem1993 97, 7942.
are only rough measures of the activation barriers, the agreemeniig&f)lo'\écgggn’ R.E.; Campbell, M. L.; Goodwin, R. 81.Phys. Chem.
may be reasonaple. Thq resonance .interaction .model has a (16) campbell, M. LJ. Chem. Physl996 104, 7515.
limitation to predict the kinetic behavior of transition-metal (17) Sugar, J.; Corliss, Cl. Phys. Chem. Ref. Datt985 14, Suppl.
atoms because it neglects both the d electrons of the transitionNO(- 1%) A small dependence on the spiorbit levels has been reported in
metals and the product metal oxide’s electronic Structure. o gepietion of Mo@;) + O, in ref 12.
Recent measurements of the activation energies for the reactions (19) The hard-sphere rate constants are calculategiby: /4(dv +
of transition-metal atoms have shown discrepancies betweendox)?<v>. Tue diﬁ?ﬁledterSJofO % lél:Or,t_andCNg aée dS.AF«QBI\,BS;iM, Ian(% r?.88 A
H as given in: nirscntelder, J. O.; curtics, C. F.; bird, R ecular eory
the measured values and the predicted dhesherefore, the .of Gases and LiquiddViley: New York, 1954; Table I-A. The diameters
measurement of temperature dependence of rate constants igt co and Ni are taken to be 3.34 and 3.24 A, and all electronic states are
highly required to obtain the activation energies. assumed to have the same diameter. The mean relative velodigf/ (8
The electronic energy transfer is also possible for these 74)"* was used forv> whereks, T, andu were the Boltzmann's constant,
t d th tivati f th t f ttemperature, and reduced mass, respectively.
Sys ?ms’ an € acuvation energy or the energy r"fms er mus (20) Fuhr, J. R.; Martin, G. A.; Wiese, W. LI. Phys. Chem. Ref. Data
be different from those from the resonance interaction model. 1988 17, Suppl. No. 4.
The linear triatomic molecule XD has low-frequency vibrational (21)t_Sa|meAi”S true fow, if%{ 552_.9% _fllnd 3;13 cTh 1;01( a“Ff and éfD,17
H H H respectively. energies o € spHoroit levels were taken from re .
modes, i.e., 589. and 1285 cinfor bending anq NO. stretching (22) McClean, R. E.; Campbell, M. L.; Goodwin, R. Bl.Phys. Chem.
modes, respectiveff. These low-frequency vibrational modes 1996 100, 7502,

are useful for a E-V energy transfers. (23) Campbell, M. L.; Metzger, J. Ehem. Phys. Letil996 253 158.
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