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Depletion Kinetics of Niobium Atoms in the Gas Phase

Roy E. McClean,* Mark L. Campbell, and Erica J. K¢&'lsch
Chemistry Department, United StatesJddbhAcademy, Annapolis, Maryland 21402

Receied: Navember 8, 1996; In Final Form: February 24, 1997

The gas phase depletion kinetics of Nii{aa'F;) in the presence of £SO, CO,, N,O, and NO are reported.
Niobium atoms were produced by the 248 nm photodissociation of #BJEO), and detected by laser-
induced fluorescence. The ground term of NKB&afD;) reacts at or above the collision rate with all of

the aforementioned oxidants. The first excited term, NER€E'F;), is not as reactive with these oxidants.
Results are interpreted in terms of long-range attractions and valence interactions. Additionally, we report
reaction rate constants for ground state Nb interacting withOM,, and Sk. Nb(&D;) is unreactive toward

CHs. Nb(&Dj) + N, is pressure dependent at 297 K with= (2.6 £ 0.3) x 103 cnmf st andk., = (4.1

+0.5) x 108 cm? s 1. Nb(éD;) + Sk is temperature dependent with the rate constants givek{T)y=

(1.2 + 0.3) x 1020 exp[—(4.8 £+ 0.2) kcal mot/RT] cm?® s™%. Depletion of the &; term by N, SK;, and

CH, is J-dependent.

Introduction Energy (cm™)
Current research in gas phase transition metal (TM) atom
chemistry is due, in part, to the many low-lying states found in 3000 —
many TM atoms. Some of the low-lying excited states have - — 92

different electron configurations from those of the respective L
ground states. It has been shown that the chemical reactivities
of TM atoms depend, in general, on the TM’'s electron

configurationt~” In the case of O atom abstraction reactions B — 72
involving TM atoms and small oxygen-containing molecules, 2000 —

TM atomic states evolving from"d!s! (n = number of valence =

electrons) electron configurations generally react at faster rates - 52

than the states evolving frontds? configurations. Presumably, L
the faster rates are due to the orbital correlation of the TM atom

and the formed TM monoxide. Even where a combination of _gp T2
chemical and physical quenching of excited states takes place, 1000 —
states deriving from 422 electron configurations might still B P
deplete at a slower rate as a result of the more repulsive nature —
of the filled & orbital# - — 52
The resonance interaction mo#leind the electron transfer - _ap
mechanisrh have also been used to describe the depletion 0o —p
kinetics of TM atoms with oxidants. The resonance interaction
model predicts activation energies and correlates rate constants 4d'5s' a°D,  4d%5s? a‘F,

and activation energies to the sum of ionization potentials (IP) Fi 1 E level di ¢ atomic niobium f s |
and s-p promotion energies of metals reacting withbQN tt:grlirgoolo Crr;‘elrgy evel diagram ot atomic niobium for energies less

Research on several TM systems has shown that the resonancl oiways the possibility that collisional cascading and/or the
model is inadequate in explaining the chemical reactivity of y P y 9

TM atoms (with NO) because it does not consider d- unimolecular decay of an energized photofragment into the state
electrong: 1011 The electron transfer mechanism is also inad- f INtrest might be important. Therefore, in addition to

equate. However, the results for some TM atoms reacting with fr?g?\lutfglrn?)x?()j(gr?t”(moe)?)tsrelgcrt]ii?]tsa};g?hneb urféignv(\;lg ;r;vlegségated
molecules having relatively high electron affinities such agNO and CH. These gases were used in ordepr o test ho,toch(,emical
and SQ are consistent with the electron transfer mechardisin. | 9 . P
; . - and physical effects since these molecules are expected to be
In this paper we report the depletion kinetics of NB(ga'F;)

- . more efficient quenchers than Ar. We found that Nb reacted
by Gz, SC;, COz N2O, 'and NO n order to det.ermnje the effect with both N, and Sk. Additionally, we compare our results to
of Nb’s electron configuration on its depletion kinetics. The

6D q h 484 el f_ . 4 th other TM+ OX systems in attempts to determine factors that
a’D, ground term has a 48s electron configuration, and the e the chemical reactivity of bare TM atoms. The interaction
first excited term, &, has a 48¢’ electron configuration. The  « N with COM and CHI516 has been reported. We are

lowestJ state of this excited term lies only 1142.79cabove 15 yare of any other studies of the reactions reported in this
the ground state and thus is easily accesdbld simplified paper

energy level diagram is shown in Figure 1. In these types of
experiments where a TM precursor is photodissociated, thereExperimental Section

Details of the experimental arrangement have been described
® Abstract published irdvance ACS Abstractdpril 15, 1997. in detail elsewher€ and are only summarized here. The laser
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TABLE 1: LIF Excitation and Detection Information 2 7 ' " ' ' ]
Nb energy A (nm) detection 1 (nm) detection 12 £ e
staté (cm™) of excitation filter (nm)° of detection transition _ i e I
@Dy, 0 413.71 400 41371 SFs,—aDyp g i ﬂ TR 1
416.37  YFz—aDap o 8L ‘ A §
420.53  §F3,—aDsp w ‘e
454.28 600 587.78 “Bip—a'Py - ] .':s' . J
598.32  2Py,—a'Ps 0 s “tte
#Ds, 15419 45748 600 587.78 “Bu;—aPu, £ 4r . NN 1
598.32 2Py ,—a'Psp © L e’
D5, 391.99  442.06 700 684.93 “By—a'Dyp o S e
699.03  #Ps,—a&'Dap 0F ]
715.94  #P3,—a'Dsp 1 A ) A ) , \
aD;, 695.25  407.97 400 407.97 SBp—aD1r 0 200 400 600
413.97  YFop—aDgp
518.03 520 503.90 $#Dg,—aDap Delay Time (us)
510.02  2#Ds,—&Dsp2 ; ; ;
doe 03020 donss A0 d0SEs M fDi L oM a i o N Bloung e 20 o
&Fsp 114279  403.32 400 385.55 “Rgo—aDyp b : ' et

i 2
40332 YFayraFap 20 Torr, photolysis laser fluence 100 mJ cm?.

410.68  YFsp—a'Fse

600 570.65  YFsz—a'Dye All kinetic results are based on the disappearance of Nb atoms
580.40  yFs—a'Dap under pseudo-first-order conditions where the number density
» 592.02 )stfz—iDS/z of Nb, [Nb], was much less than the number density of the other
Fso 1586.90  519.31 550 535.07 PE’Z_ Fr reactants. Reaction time was taken as the delay time between
&@F7, 215411  516.44 550 534.42 “Dy—aFop : . X
aFop 280536  403.25 400 384.36 “Dy—aFsp the laser pulses. For a given experimental run, the delay time
392.93 YDy Fop was varied by a digital delay generator controlled by a computer.
403.25  ¥D7—aFo Minimum delay times were typically-23 us in order to prevent

2 References 13 and 18The ground and excited terms evolve from  ©Verlap of the prompt emission with the LIF signal. The trigger
4d'5st and 4d5¢ orbital occupancies, respectivefyBroad-band fiter ~ Source for these experiments was scattered pump laser light

with fwhm = 50 nm, except for the 520 nm filter which has fwhm incident upon a fast photodiode. LIF decay traces consisted of
10 nm.“ Filter is angled to give the maximum percent transmission of 200-500 points, each point averaged over1D laser shots.
the LIF signal. LIF intensities were proportional to Nb number densities.

: : ; Reagents. The following reagents were used as received:
photolysis/laser-induced fluorescence (LP/LIF) technique was 19 .
used in this work. The reaction chamber was a stainless steeINb(C5H5)(CO)4' Ar (Potomac Airgas, Inc., 99.998%), 2N

. ; . Potomac Airgas, Inc., 99.998%), SFAir Products, 99.9%;
cross with gas inlet and outlet ports, a viewport for LIF ( ' . -
detection, and windows for passage of the laser beams; theROCkwe” International, Corp 99.9%), CH (Linde, ultrahigh

, ; . . 0 .
chamber was contained in a convection oven capable of attaining'oumy grade), @ (MG Indus}nes, 99.8 /0).' SAMG Industries,
temperatures up to 623 K. The niobium precursor, Nbg> 99.98%), CQ (MG Industries, anaerobic grade, 99.9%)»N

, X ; o - : 0
(CO), was entrained in a flow of argon gas and carried to the (Union Carbide, 99.0%), and NO (Liquid Carbonic, 99.0%).

reaction chamber. A slow flow of argon passed over the
windows in order to minimize the deposition of the precursor
and photofragments. The buffer (Ar or Ar/GHwindow, and Experiments were typically carried out at 20 Torr total
reactant gases passed through mass flow controllers prior topressure and room temperature. Selected-Nbactant systems
admission to the reaction chamber. The carrier gas passedwvere studied as a function of temperature and/or total pressure.
through a mass flow meter prior to entraining the precursor. Partial pressures of NbgHs)(CO), are not known. However,
Total flows were between 150 and 6000 sccm, depending onon the basis of the carrier flow rate, total flow rate, and total
total pressure. Partial pressures of the individual componentspressure, we estimate the partial pressure of MAECO), in
were determined by their relative flows and the total pressure the reaction chamber to be very much less than 0.1 mTorr for
in the reaction chamber. Pressures were measured by Baratromll experiments.
manometers and temperatures were measured with a thermo- Significant growth of ground state N(2y/,) following the
couple attached to the reaction chamber. photodissociation of Nb(£Hs)(CO), in argon buffer was
Niobium atoms were produced from Nkfd;)(CO), by either observed, as shown in Figure 2. This growth is attributed
the focused or unfocused output of an excimer laser operatingmainly to the collisional quenching from higher Nb states and,
on KrF (248 nm) at 15 or 21 Hz. Rate constant measurementspossibly, to dissociation of long-lived photofragments. Addition
did not depend on the photolysis fluences which were betweenof oxidant appeared to significantly reduce (or eliminate) the
0.1 and 1. J cr? in the reaction chamber. Detection of Nb growth. To ensure the growth was not affecting the reaction
atoms was by LIF using laser light from an excimer-pumped rates, the oxidation reactions were studied in the presence of
dye module. The photolysis and dye beams counterpropagatedther relatively inert gases that are expected to be better
through the chamber. Neutral density filters were used to ensurequenchers than Ar. Nand Sk were considered as buffers but
that the dye laser fluence did not affect the kinetic results. Dye were slightly reactive with ground state Nb. ¢Was found to
laser fluences were less than 1 mJ/pulse. The Nb states studietbe the buffer of choice. We conducted experiments at 20 Torr
and the corresponding excitation wavelengths and interferencetotal pressure with approximately 5, 9, 15, and 19 Torr ofCH
filters used are listed in Table 1. A photomultiplier tube and (balance Ar). For a given NbfB;) + OX system, identical
lens focusing system, situated°30 the laser beams, collected rate constants were measured for methane partial pressures of
the LIF signal which was subsequently sent to a gated boxcar9 Torr or greater. The rate constants fer®Torr of CH, were
sampling module, and the boxcar's output was stored and systematically lower than the measured rate constants in higher
analyzed by a computer. partial pressures of CH Thus, in the absence of sufficient

Data Analysis and Results
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T T T T T TABLE 2: Measured Second-Order Rate Constants for the
I ) Depletion of Nb(efDy/,,a*F;) by N2
= 12 Nb P Nb P
5 L state (Torr) k(cm?s™) state (Torr) k(cm*s™)
-(.FJ 8 | aGD]_/z 10 1.8x 1014 a4F3/2 20 4.7x 1013[3
L 20 29x 10 aFspo 20 3.9x 10713
;‘) L 50 4.5x 104 aF;, 20 3x10718¢c
> 100 7.1x 10 aFop 20 5.3x 107
T 4r 150 1.0x 10713
E“r’ | 200 1.1x 101
250 1.4x 101
0+ 300 1.6x 101
1 " 1 1 1 400 18>< 10_13
0 100 200 500 2.2x 10713
600 2.3x101
Delay Time (us) 20 1.1x 10'4(450K)

Figure 3. Temporal behavior of Nbf&/,) in the absence and presence aBuffer = Ar and T = 296 K, except where noted. Uncertainties
of O, in CH4/Ar buffer. T = 298 K, P, = 20 Torr. Solid lines through are+30% except where noted. At 20 and 100 Torr total pressure, the
the data are exponential fits. Bn, = 9.9 Torr,7 = 131us. (b)Pch, &Dgy, state has measured rate constants identical (within experimental
= 9.9 Torr,Pg, = 4.51 mTorr,r = 21.6us. uncertainty) to those of the ground stat®etermined from biexpo-
nential fits to decay data; uncertainty 50%; k, ~ 5 x 1074 cm®

T T T T T T T T sL. ¢ Order of magnitude estimate; underlying structure present.
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Figure 4. Typical plot for determining second-order rate constants.

anditions gr% thepsame as in Figurg 3b except for the changing O Total Pressure (Tor)

pressure. The slope yields= (2.64+ 0.03) x 1072 cm® s7%, where Figure 5. Second-order rate constants of Nil{g) + N as a function

the uncertainty represents one standard deviation in the regression fit.of total pressureT = 296 K, buffer= Ar. Error bars represent30%
S uncertainties. Solid line is a fit to eq 3. See text for results of fit.

methane, growth processes were still significant, and the growth

affected the rate constant measurements even though the growtand instrumental uncertainties such as digital delay and flow

appeared to have been eliminated with the addition of oxidants. measurements.

There was no indication of reaction between NbB(g) and LIF lines indicative of a molecular substance were observed

CH,. This result is consistent with other studies of Nb reacting following excitation at approximately 516 nm using a 550 nm

with CH, and other straight-chain alkants'® broad-band filter (fwhm= 50 nm). As seen in Table 1,
Figure 3 shows an exponential decay plot of NB(g) in Nb(&'F7/2) was excited at 516.44 nm. The molecular structure

the presence of CHand Q. Note that the growth in theBy) was negligibly small in the presence of addegl OO, and

state in the absence of,@Figure 3a) is dramatically reduced NO. In the presence of added $@nd NO, the LIF from

due to the efficient quenching of the excited states of Nb by Nb(aF;,,) was very intense compared to the weak molecular

CH,. The solid line through the data is an exponential fit to signal at relatively short decay times; however, the long time

the equation temporal behavior was affected by the underlying molecular
| = I, exp(—t/7) ) structure. Only an estimate of the rate constant is reported in

0 these (few) cases.

Nb + Nj. The decay kinetics of Ng&- N, were studied in
argon buffer. The short time growth exhibited in the decay of
Nb(eéfD1p) in argon buffer was unimportant because the
observed lifetimes in the presence of Were relatively long.

1t = 1k, + KRCT] (2) Data were collected at room temperature as a function of total
. o . pressure. Measured rate constants are listed in Table 2 and are
wherety is the lifetime of Nb without added reactant, RCT, gspown graphically in Figure 5. The solid line through the data
andk is the second-order rate constamg.represents the lifetime g g weighted fit to the simplified Lindemaninselwood
of Nb in the presence of other species in the reaction chamberexpressiogp

and diffusion out of the detection zoneg was usually long

compared ta with added reactant. Second-order rate constants k= Kk[MJ/(1 + k[M)/ k) (©)]
were obtained from the slopes of plots of {6 reactant partial

pressure such as that shown in Figure 4. The overall uncertain-whereky is the limiting low-pressure third-order rate constant,
ties of the measured second-order rate constants are estimateki, is the limiting high-pressure second-order rate constant, and
at £30% and take into consideration the reproducibilitykof ~ [M] is the buffer gas number density. Results of the fit are

wherel andl, are the LIF signals at timeand timet = 0,
respectively, and is the lifetime from which the pseudo-first-
order rate constant, 4/is obtained. 1/ is given by
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10 . TABLE 3: Measured Second-Order Rate Constants for the
3 Depletion of Nb(efDy,, a*F;) by SFs and CH42
g SFs CH,
()]
175) ] Nb T k Nb T k
w state (K) (cmPs™ state (K) (cm?s™)
E', 1 E &#Dy, 297  46x10%  &#Dy, 297 NR
2 3 373 18x 108
- 1 423  3.6x 1013
o 473 7.1x 10713 473 NR
531 1.3x107%?
01%L * a&'Fa2 296 1.1x 10°%2 aFap 296 2.0x 10712
- ! — 1 1 L T a&Fsp2 296 3.7x 10712 &Fspp 296 2.8x 10712
0 40 80 120 aF2 296 4.3x 10712 aFp 296 3.6x 10712
a&For2 296 3.2x 1071 aForp 296 7.9x 10712

Delay Time (us)
Figure 6. Biexponential behavior of NbtRs/;) in the presence of N

T =298 K, P = 20 Torr, Py, = 2.65 Torr, buffer= Ar. Solid line
is a biexponential fit withr; = 19.0us andz, = 108 us.

ko— 2.6+ 0.3) x 10_32 cm6 S_l,
( )
=4.1£05)x :|.0_13CIII3

s 1

where the uncertainties indicate one standard deviation. The
rate constant of Nbf®,;) + N, at 450 K and 20 Torr total
pressure is smaller than that at 298 K and 10 Torr total pressure,
as shown in Table 2. At 20 and 100 Torr total pressure, the
Dy, state has depletion rate constants that are identical, to
within experimental uncertainty, to those of the ground state.

The measured rate constants for NBg+ N, are also listed
in Table 2. The 43, state exhibited biexponential temporal
behavior as shown in Figure 6. The temporal behavior of
Nb(a*Fz0) appears exponential for an approximately 10-fold
number density range after which a slower decay is observed.
The solid line through the data is a fit to the biexponential
expression

| = A, exp(tit)) + A, exp(t/t,) 4)

whereA; and A, are constants and andt; are the short and
long lifetimes, respectively. Botl; andt, depended on the
pressure of Bl Second-order rate constants frapandz, are
obtained from plots such as that shown in Figure 4. We estimate
the overall uncertainty of the second-order rate constant from
71 at+ 50%. Due to the relatively small magnitude of the long
time temporal behavior shown in Figure 6 (and all other data
exhibiting biexponential behavior), uncertainties of the second-
order rate constank,, obtained fromr,, are relatively large.
For the Nb(8Fs/2) + N, system, we attribute; to the chemical
and/or physical quenching of Nd@&y,). 7> might represent
the slower decay of thet, state since(a*Fg) ~ ka(a'Far).
If 71 represents the rate of approach of NBga) to a Boltzmann
population and the®®q,, and dF3, states’ intermultiplet mixing
rate is fast (the energy separation is only 92.53 Hithent;
could alternately represent the depletion rate of Rb¢a). In
this case, the ks, state will be removed at the same rate as
the &Dg, state if the mixing rate constant is fast relative to the
removal rates of the two states. The decay of tHeaand
a'Fgp2 states was exponential. The rate constant of ffh(g
is an estimate because of the underlying molecular structure.

Nb + SFs; and CH4. The reaction of Nb@&Dy/,) with SKs

aBuffer = Ar and total pressure= 20 Torr, except where noted.
NR = no observed reactiork(< 107 cm?® s71). Uncertainties are

+30%.

10-11 T T T T T T T4

— 102 _ _
'n 2 3
™ F ]
E L p
s r ]
R4 10_13 E 3
10'14 I 1 2 1 n 1 L ]

1.8 2.4 3.0 36

1T (103 k™)

Figure 7. Temperature dependence of Nii{a,) + SK. Pt = 20
Torr, buffer= Ar. Solid line is a weighted fit to the expressi&(T) =

A exp(—E4/RT). Error bars represent30% uncertainties. See text for

results of fit.

k=(1.2£0.3)x 10 % x
exp[—(4.8=+ 0.2) kcal mol/RT] cm®s* (5)

where the uncertainties represent one standard deviation. We
observed no reaction for Nd#@y,,) + CH, at a total pressure
of 20 Torr using argon buffer at 297 and 473 K. Depletion of
the dF; term by Sk and CH, was investigated at room
temperature and 20 Torr total pressure using Ar buffer. Results
are also listed in Table 3. Note that the rate constants here are
larger than the rate constants for Nty + N,. Based on the
rate constants in Table 3, for methane pressures of 9 Torr and
above, the ¥4 states are essentially all relaxed within a few
microseconds. Thus, relaxation of these states was unimportant
when observing the®®; term under these conditions.

Nb + OX. Results for the depletion of Nb by OX are given
in Table 4. Most of the rate constants were measured at room
temperature and at a total pressure of 20 Torr. The buffer was
a mixture of argon and methane for reactions involving iz a
term and only argon for the*l; term. The measured rate
constants of all spirorbit states of the®; term for a given
oxidant are identical, to within experimental uncertainty, and
only the averaged value is reported. The rate constants of Nb-
(a8D;j) + OX are all on the order of the gas collision rate, with

was investigated at room temperature over the total pressurek(Nb + SO,) being larger than the others. The rate constants

range 16-50 Torr using Ar buffer and as a function of

of the &F; term areJ-dependent, as shown in the table. The

temperature at 20 Torr total pressure. The rate constants weredepletion of Nb(&Fg,,) in the presence of the oxidants was also
found to be independent of total pressure. Results are tabulatednvestigated in N buffer since N is expected to quench highly

in Table 3 and are shown in Arrhenius form in Figure 7. The
Arrhenius equation obtained from the weighted fit in Figure 7
is

excited states more efficiently than Ar. Measured rate constants
were identical, to within experimental uncertainty, to those
obtained in argon buffer. Thus, underlying growth processes
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TABLE 4: Measured Second-Order Rate Constants for the
Depletion of Nb(efD;,a*F;) by Oxidants?

k(10 tcmis™?)

Nbstate T(K)» O, SO CO, NO NO
D, 206 25 56 12 24 29
&Fap 296 098 23 3. 50 3.0
&Fsp2 296 071 19 1.4 2.1 2.8
&Fp 296 053 16 096 T 2.3
&For 296 040 15 1.6 1.6 2.4

373 0.73 1.6 1.7 3.2
473 1.3 1.6 4.9

aBuffer = a combination of Ciiand Ar for Nb(&D;). Buffer =
Ar for the &F; term, except as noted below. Total pressarg0 Torr,
except where noted. Uncertainties +30% except where noted.
b Room temperature- 296+ 1 K; on some days the temperature was
either a little less or a little greater than 296 ¥Rate constants of
Nb(aFgr) + OX at 296 K were also measured in Nuffer; they are
identical, to within experimental uncertainty, to those listed for Ar
buffer. ¢ Order of magnitude estimate because of underlying structure.
eSmall tail present at relatively long decay timé€btained from
biexponential fits; uncertainty: £50%;k, ~ 1 x 107 cm? s

from higher lying states were not important in contrast to what
was observed for the ground term. The depletion of #i a
and 4F; term by N was slow compared to the depletion by
the oxidants so that the presence @fdti20 Torr total presence
did not affect the depletion kinetics of Nb OX. From the
limited amount of temperature data available, we obtaian
factor and an activation energy for NBg,2) + O, of 9.1 x
1071 cm® s71 and 1.9 kcal moll, respectively, and for
Nb(a*Fg2) + NO we obtain 1.5x 1071°cm? st and 1.1 kcal
mol~1. Note that, for a particular NB- OX system, the rate
constants of Nb(4r;) are less than those of théDy term.

Discussion

Nb + Nj, SF, and CH,4. Although NbN has been observed
in matrices?! our results indicate only a termolecular channel
for the reaction of Nb@D1/,) with N,. The formation of NbN
is not expected to be important under the conditions of our

McClean et al.

The results of Nb@1, + Sk are consistent with a
bimolecular reaction. The assumed products are NbF agd SF

(6)

Although the bond energy of NbF is not well-known, reaction
6 is expected to be exothermic by approximately 38 kcal
mol~139 The electron transfer mechanism (ETM) has been
indicated for some reactions involving TM atoms and relatively
high electron affinity molecules such as S(EA = 1.107
eV)430 Sk has an electron affinity of 1.05 e¥. The
calculated 298 K rate constant for Nb Sk;, based on the
electron transfer mechani8i#t is 6.9 x 107 cm® s71, which

is significantly greater than the observed rate constant 0k4.6
10 cm® s1. Thus, the electron transfer mechanism is not
operative in the Nbt+ Sk system. Our study of NB- SF; is

the first reported rate constant for the reaction of a TM atom
with SFs. The only other study of a TM atom interacting with
SFs is the chemiluminescence study of MnSF;.32 Herbertson

and Levy have indicated that the best chance for Mn to penetrate
to short internuclear distances of S5 through a G, collision
geometry where repulsive potentials are encountered. Such
repulsions will likely show as activation energies in temperature-
dependent rate investigations such as measured for ISbs.

Rate constant measurements have been reported 654,35

Cs3 Ga?” Sn38 Pb2 and Sf° with Sk, For those reactions
that have been studied as a function of temperature (Na, K, Pb),
the Arrhenius preexponential factors are all on the order of 6
x 10710 cm?® s71, and the activation energies range from 2.46
to 7 kcal motl. The alkali fluoride electronic states are
expected to have some ionic character; thus, the dynamics of
Na and K+ Sk reactions might involve the crossing of ionic
and covalent surfaces with correspondingly small energy
barriers, as observed. &f Na and K have measured activation
energies of 2.46 and 2.94 kcal mgl respectively. Alkali
metals have relatively small IPs such that the curve crossings
are on the order of the collision distanc&ETM) for Nb +

SF; corresponds to a curve crossing of 2.52 A, which is less

Nb + SF, — NbF + SF,

experiment. The smaller second-order rate constant at 450 Kthan the hard-sphere collision diametkr.Thus, an energy
and 20 Torr total pressure compared to the room temperaturebarrier is encountered.

measurement at 10 Torr suggests no significant energy barrier

to complex formation. (The effective total number density at
450 K and 20 Torr is greater than that at 296 K and 10 Torr.)
However, the relatively small value of the limiting high-pressure
second-order rate constakt,= 4.1 x 10713 cm? s71, indicates
the presence of other rate limiting factors for complex formation.
In depletion studies of Nb clusters withbNNb clusters showed

Depletion of the &; term by N, Sk, and CH is J-
dependent. We cannot distinguish between physical and chemi-
cal quenching. However, since significant growth was indicated
in the ground term, we conclude that physical quenching is the
major depletion channel. The larger quenching rate constants
of Sk and CH,, compared to that of Nare consistent with the
observation of Sfand CH, being better energy stabilizers.

a strong size dependency for sizes greater than or equal to three Nb + OX. Results of the Nb+ OX systems are quite

Nb atoms*223 |t was emphasized in one of the studies that
conclusions on the reactivity of the Nb atom and dimer could

interesting. The ground term, which has a*ss electron
configuration, is very reactive with all of the oxidants investi-

not be reached because the lifetime of the formed adducts mightgated. Bimolecular reactions are indicated. The production of

be too short to survive in their apparafidsOur study shows
that atomic niobium does, in fact, interact with.NThe extent

NbO on a fully ground state surface is thermodynamically
feasible in all cases, with relatively large exothermicities of 68.1,

of reaction of the atom compared to the smaller Nb clusters 55.6, 60.1, 147, and 36.3 kcal mélfor reactions of Nb with
cannot be made because only relative rates were reported inO,, SO, CO,, N;O, and NO, respectivelz The only other

the other studies. Matrix and theoretical studies on other TM
+ N2 systems indicate predominant end-6g, (TM—N—N)
and side-orC,, bonded product&2° Where insertion products
are indicated, substantial activation barriers are expéétad.
insertion product for Nbt+ N, seems unlikely in view of the
negligible activation barrier in the third-order kinetic regime.
(Theoretical studies on the N N, system would be most
helpful here.) The relatively small value kf = 2.6 x 10732
cnf s~ for Nb + N, compared tdg of TM + the oxygen-
containing molecules NO and,@ndicates that Nbis not as
strongly bound as CrNO, MoNO, CONiO,, and CuQ.2

thermochemically feasible product is NbC from the concerted
reaction of Nb+ CO,, which is approximately thermoneutrl.
This reaction is considered unlikely in view of the absence of
a significant activation energy. There was also no evidence of
NbC in a study of Np(x = 1-13) + CO; by Song et al* An
intense NbO mass peak (actually an Nb@eak in their
detection apparatus) following reaction was observed, however,
suggesting an O atom abstraction for atomic niobium. It is
worth mentioning that Song et al. also noted that the peak might
have resulted from the ionization of another product followed
by evaporation of NbO (or NbQ). Nevertheless, the large rate
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TABLE 5: Room Temperature Rate Constants of Selected TM Atom+ OX Bimolecular Reactiongb

k (cm?s™)
TM  config O, ref SQ ref CO, ref N2O ref NO ref
Sc 3d4¢ 59x 1012 44 c c 1.2x 10712 44 9.2x 102 44
Ti 3d%48  16x 10 12,44,45 6.1x 101 12 16x10%8 12 5.9x 1078 12,44,45 7.4< 10712 12,44,45
\Y 34 3.3x10% 3,44 c 3.3x 10713 3 45x 10718 44 1.1x 10 3,44
Cr 3P4 f 2,46 c c 1.0x 10* 47,48 f 47
Mn 3P4g  f 2 c c 2.9x 1078 10 c
Fe 3d4g  f 2,49 c c 2.4x 1078 11,50 f 50
Cu 3d%4g f 2 c c 5.7x 1078¢ 51 c
Zn 3d%4g ¢ c c 1.8x 10715 52 c
Nb¢ 458 2.5x 10°1° 5.6 x 10720 1.2x 10710 24x 1070 2.9x 1070
Mo  4dP5s 1.0x 101 53,54 1.3x 10°1° 4 NR 4,53 1.3x1017e 4,53 f 4
Ru 4d58 f 55 c c 16x10* 55 f 56
Rh  4d5s f 57 c c 73x 108 57 c
Ta 5d68 7.3x10'? 58 6.5x 107 59 22x10'® 58 29x 10 58 5.6x 107 58
w 568 1.6x 101 17 6.0x 1002 60 NR 60 3.0x 10> 60 2.8x 10 60
Os 5¢68 7.1x10% 61 c c 1.2x 107 61 c

aNR stands for no reaction<(l0~*®> cm® s7%). P Reference 43%Not measured! This work.¢Value obtained by extrapolation to 298 K.
fTermolecular reaction.

constant, the relatively large exothermicity, and no evidence of + CO, and NO. With the exception of Nb, all other TM
NbC (or other bimolecular products) in the reaction of Nb with reactions studied thus far are inefficient to varying degrees. The
CO; strongly suggests the production of NbO. reaction rate constants of Nb CO, and NO are at least 200

Although the first excited term, Nb(38s a'F;), with its times larger than those of the other TM CO, and NO
closed s subshell, is not as reactive as the ground term towardreactions. Several explanations have been suggested. For
the oxidants, the depletion rate constants of the individual example, the inefficient reactions of Ti with G@nd NO have
states are appreciably large. Assuming an Arrhenius preexpo-been attributed to their relatively small electron affinities. A
nential factor of 3x 1071%cm?® s, activation energies are only  second explanation is that Gand NO adiabatically correlate
1-2 kcal molt. Note that the 43/, spin—orbit state has the  to the excited Jp) state (and not to the ground state) which
largest rate constant in the term for all oxidants. This state lies may introduce a barrier in these reactions. Another explanation
only 95.53 cn1! above the highest state of the ground term.  is that some of these reactions do not conserve spin, as in the
Thus, some mixing between these two adjacent states very likelycase of Nb (and Cr and Mo) reacting on the ground state surface
occurs. with CO; (and NO):

Table 5 compares bimolecular rate constants of ground state
TM + OX reactions at 293 K. TMs from all three TM series Nb(a6D1,2) + COZ(XlZ;) _ NbO(X427) + CO(X12+) @)
are represented. (Arrhenius parameters are not available for
all of the reactions; however, reactions with rate constants less
than 1019 cm® s71 are expected to have activation energies,
with smaller rate constants corresponding to larger activation
energies.) The fast rates observed for-NX are unlike other
TM + OX systems that have been reported even though some

of the other TM atoms have as their ground stateéielectron ~ the validity of the spin quantum number is diminished on
configurations. As seen in the table, Nb is more reactive than account of increased spiorbit interactions. RusseliSaunders

all of the other TM atoms. In most cases for a given oxidant, COUPIing holds reasonably well for NB. Since Mo is heavier
TM atoms with @2s* ground state electron configurations are than Nb, it is unlikely that the conservation of spin would be
more reactive than those with"ds? ground state electron ~ fgorously applied to Mo and not to Nb. (Cr, the lighter group
configurations. This result is expected based on the repulsive 8 8tom, should be seen as obeying Russgdunders coupling.)
nature of the B-2s2 configuration and on the orbital correlation ~ 1he ground state of NbO follows Hund's case (a), and the low-
of d-1s! TM atoms and low-energy states of the TM monox- ©nergy states are quartets and doutsfet®. However, visible
ides®2 Consider the TM+ O,, SO, and NO rate constants. Pands were observed that suggested a tendency toward Hund'’s
Rate constants of the'd'st TM atoms are clearly larger than ~ €ase () coupling® The spectroscopy of the low-lying elec-
the others. The rate constant for NbSO; is even larger than ~ tronic states of MoO have been discussed in terms of Hund'’s
the calculated collision rate of 2:3 1019 cnP s~1 at 298 K41 case (a) although features were observed in the spectra that
The observed rate, which is 2.4 times the kinetic value, indicates SUggested a progression toward Hund's cas&’(¢) therefore
a harpooning-type mechanism. Such a mechanism for TM @ppears that the conservation of spin should hold in the reaction
atoms should be viewed with caution as the ionization potentials ©f Nb with CO, and NO, but it would not be surprising if the
of TM atoms are relatively large. Valence interactions are conservation of spin were not obeyed.
expected to play a role to some extent. For example, the rate A consideration of the electronic structure of TM atoms and
constant of Ti+ SO, is smaller than that of Me+ SO, even the bonding in TMO might provide some insight to the fast Nb
though Ti has a smaller ionization potential than Mo. + CO; and NO (and OX) rates. The important bonding TM
However, Ti has a 3d< electron configuration which intro-  atomic orbitals in TM oxides are the s and d orbitals. As one
duces electronic repulsive effects. Reactions involving TM moves from left to right across the periodic table, the energy
atoms with NO generally proceed with small activation energies. separation of the s and d orbitals increases, a factor that leads
These reactions may proceed through intermediates that pref-+to relatively weaker TM-O bonds. There are covalent and ionic
erentially dissociate to products. components to TM-O bonding. However, covalency generally
An interesting group of reactions is that involving TM atoms decreases from left to right in TM series since sd hybridization

This explanation deserves attention because Nb and Mo are
4d-158' TM atoms that are adjacent to each other in the periodic
table. Mo is unreactive toward G@nd NO while Nb is very
reactive. As one descends from the 3d to the 5d TM series,
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is involved®7—%° For example, in the 3d series the-G0 bond Niobium ground state was also found to be more reactive than
is mainly ionic whereas TiO has substantial covaleffcyNb other TM atoms toward the oxidants. This observation is
lies on the left side of the periodic table and thus has a relatively attributed to the orbital occupancy of ground state Nb, the bond
small s-d energy separation. In fact, Nb has the smallest 4d strength of the formed niobium monoxide, and a harpooning-
5s energy separation of all the 4dss' TM atoms8” The type mechanism in the case of SONb reacts termolecularly
closeness of the s and d orbitals enhances hybridization. Thewith N, and bimolecularly with S§ The latter was found to
ground state is given asé2l2¢! 4y~ (4dd and 5s+ 4do be temperature dependent with an activation energy of 4.8 kcal
orbitals)5364 This hybridization, coupled with some degree of mol=1.
ionicity, allows Nb to form the strongest bond with atomic In general, the st orbital occupancy is a very important
oxygen of all the 48155 TM atoms3° Due to the formation factor in the rate of TMt+ OX reactions. The electronic states
of hybrid orbitals and to the absence of repulsive potentials of of the products as well as the energetics of the reactions are
a d—2¢? configuration, as Nb approaches £@r N,O) a long- also important, though to varying degrees. Further experimental
lived complex is expected to be formed. The reaction exother- and theoretical work on TM+- OX reactions are needed to
micity is very high. Thus, many NbO states are energetically corroborate our present understanding of these systems.
accessible; i.e., reaction might take place on multiple surfaces.
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