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Room-temperature reactions of 46 different atomic cations wit Nave been surveyed systematically using

an inductively coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass spectrometer. The atomic
cations are produced at about 5500 K in the ICP source and are allowed to decay radiatively and thermalize

by collisions with Ar and He atoms prior to reaction. Rate coefficients were measured for the reactions of
first-row atomic cations from Kto Se", of second-row atomic cations from Rlo Te" (excluding Tc),

and of third-row atomic cations from €s$o Bi*. Primary reaction channels were observed corresponding to
O-atom transfer, N-atom transfer, angNaddition. Periodicities were observed in overall reaction efficiency,

and these are scrutinized in terms of overall exothermicity, the presence of an activation barrier in the reaction
coordinate, and the overall conservation of spin. N-atom transfer was observed to compete with O-atom

transfer in the reactions of  with La™ (4%), Tit (22%), Zr" (45%), Nb" (35%), Ta (40%), and O%
(60%). Up to three BD molecules were observed to add sequentially to selected atomic cations as well as

several monoxide and dioxide cations. A second O-atom transfer was observed with the group 4, 5, and 6

transition-metal ions (except M as well as the third-row cations ReOs', Irt, and Pt. The atomic ions

W, Osf, and Irt formed trioxides in sequential O-atom transfer reactions, aride@sn formed the tetroxide
OsQy*. Multicollision-induced dissociation studies with Ar buffer gas indicated thermodynamically controlled
dissociation of Ti@", ZrO,*, HfO,*, VO,©, NbO,*, TaG,*, and WQ™ by the consecutive detachment of
O-atoms while Cr@", ReG™, and Pt@" decomposed primarily by loss of,®nolecules.

1. Introduction ions with N;O in part with a view to extracting bond energies

Recent instrumental developments in our laboratory have for atomic metal oxide catioris.
provided the means to survey trends in chemical kinetics for ~Reactions of atomic cations with,® also provide a unique
reactions of atomic cations with gaseous molecules across andPPportunity to assess fundamental aspects of chemical reactivity
down the periodic table. For example, we have recently surveyedsuch as the role of spin conservation in determining reaction
reactions of first-, second-, and third-row atomic cations with efficiency. Armentrout et al? have pointed out the need for
molecular oxygen, both in the absence and presence of benzenespin conservation in efficient reactions of atomic metal cations
and with hexafluorobenzerd-ere we report results obtained  with N2O. Also, the need for spin conservation will give rise to
for reactions of atomic cations with nitrous oxide which can be spin restrictions in the formation of metal oxide product ions
important in atmospheric chemistrgind in biological metabo-  so that formation of excited state products may be preferred.
lism.2 The focus is on reactions of first-, second-, and third- Spin restrictions have been carefully examined for the reactions
row atomic cations; we have previously reported experimental reported here, also with a view to the initial electronic state of
results for the chemical kinetics of lanthanide cations reacting the reactant atomic ion.

with N2O# o ) ) The transition-metal ions employed in previous measurements
The study of the gas-phase atomic ion chemistry of nitrous of N,O chemistry generally were produced by laser ablation/
oxide in the past in other laboratories has focused primarily on jgnjzation techniques. In the experiments reported in this study
reactions with atomic transmo.n.-metal ions. In part .thIS IS atomic ions are generated in an inductively coupled plasma
because_of the low O-lastom_afflnlty of2Nor N2O formation, (ICP) of argon at 1 atri! For the kinetic studies reported here
OA(N) = 40 kcal mot™,> which makes MO a useful O-atom 6 |Cp was linked to a selected-ion flow tube (SIFT) tandem
donor for the production of transition-metal oxide catiérs. | -os spectrometer. The ICP/SIFT combination provides an
Transition-metal oxide cations also are of interest as intermedi- extremely versatile instrument for the measurement of the
ates in transition-metal ion catalysis. For example, when reduced .o mical kinetics of reactions of atomic ions and has been found
by CO to the mt_etal c_atlon and QQhe meta_l oxide cation can to be suitable for virtually any element on the periodic table
serve as a mediator in the catalytic reduction e®Nby CO to (with the exception of ions with a mass less than % this

8,9 i i . . . .
gé aennd dgr%e o?ttr?eefr:silieec):%r:;n%? :22&2‘32?itf'(;':s:n?gizgi/arstudy we examine the room-temperature chemistry and kinetics
P of ion—molecule reactions between nitrous oxide and atomic
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BN Population of the ground electronic state at 5500K
NS Population of exited electronic states at 5500K
[ Population of the lowest spin state at 5500K
Figure 1. Bar graph showing computed populations based on spectroscopic data (see text and Tables 1 and 2) for the ground and excited (below

3.7 eV) electronic states of atomic cations generated in the ICP at a temperature of 5500 K. Also given is the total population of cations with the
same spin state as the ground electronic state (viz. with the lowest spin state).

of an atomic cation in determining chemical reactivity. The gas- teristic of the plasma temperature and may experience both
phase behavior reported here for what are bare, unligated atomiaadiative electronic-state relaxation and collisional electronic-
cations interacting with O also may serve as a benchmark state relaxation. Atomic ions emerge from the ICP at a nominal
for the interactions of BD with metal cations ligated to small  ion temperature of 5500 K with the Boltzmann state distributions
molecules or larger molecular frameworks such as those given in Tables 1 (transition-metal cations) and 2 (main group

important in the biometallic chemistry of nitrous oxi@er in cations) and displayed in Figure 1. These distributions were
the catalytic reduction of nitrous oxide with metal-exchanged derived from available optical spectfaand are given for the
zeolites!3 two electronic spin states with the highest population at 5500

K. Os" is not shown since no suitable spectroscopic data could
2. Experimental Section be found. Energy levels as high as 3.7 eV (30 0009rmere

included in the calculations. Table 1 shows that the state
gistributions are more variable for the transition-metal cations.

xcited states contribute 20% or less toward the populations of
Crf, Mn*, Ni*, Cu*, Zn*, Rh*, Pd", Ag™, Cd" Re", Au™, and

The results reported here were obtained using the ICP/SIFT/
CID mass spectrometer. The apparatus has been describe
previously! Elemental ions of interest are generated from the
diluted solutions of salts containing the corresponding element . )
by spraying them into an inductively coupled plasma (ICP) of Hgi anquO% or more toward the populations of TV, Zr",
argon with a nominal temperature of 5500 K which guarantees NP'» La", and Ir" at 5500 K. Table 2 shows that excited states
a significant degrees of atomization/ionization of these salts. ©f the main group elements, except for'Bare high in energy
The sample solutions were prepared using atomic spectroscopf‘nd corjtrlbute little (never more than 13%) to the total ion
standard solutions commercially available from SPEX, Tek- POPulation at 5500 K.
nolab, J. T. Baker Chemical Co., Fisher Scientific Company, Radiative electronic-state relaxation and collisional electronic-
Perkin-Elmer, and Alfa Products. Aliquots of standard solutions state relaxation with argon may occur as the extracted plasma
were diluted with highly purified water produced in the Millipore ~ cools upon sampling and then by collisions with He atoms in
Milli-Qplus ultra-pure water system. The final concentrations the flow tube (ca. 4< 1P collisions) prior to the reaction region,
were varied within a 520 ppm interval to achieve suitable but the actual extent of electronic relaxation (either radiative
intensity of the resultant ion beam. Normally, a stabilizing agent or collisional) is not known and is difficult to assess. AImost
was added to each solution to prevent precipitation. That wasall of the electronic states of the transition-metal ions have
either HNG or HCI for acid-stabilized salts, and KOH for those positive parity; electric dipole transitions between states of the
that were base-stabilized. same parity are forbidden (Laporte rifle This means that

The ions produced in the ICP were injected through a radiative transitions between different states in metal cations
differentially pumped sampling interface into a quadrupole mass can be achieved only by either magnetic dipole or electric
spectrometer and, after mass analysis, introduced through arguadrupole radiation. The probabilities for these transitions are
aspirator-like interface into flowing helium carrier gas at 0.35 very low,'® and the resulting radiative lifetimes are of the order
Torr and 295+ 2 K. After experiencing about 2Gollisions of seconds or larger. The time interval in the ICP/SIFT
with He atoms, the ions were allowed to react with added nitrous experiments between the exit of the ICP source and the entrance
oxide. The atomic ions emerging from the atmospheric-pressurein the reaction region is~20 ms, and therefore no major
plasma have a Boltzmann internal energy distribution charac- modification of state distributions can occur in this time interval
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TABLE 1: Electronic-State Information and Population Distributions Calculated for Transition-Metal Cations at 5500 K 2

electron  population energy range number electron  population energy range number
ion term configuration (%) (eV) of level® ion term  configuration (%) (eV) of level®
Sct  °D 3d4s 61.03 0.60.022 3 T¢ not
available
F 3d4s 10.76 0.32 1
5F 3¢ 24.32 0.60-0.62 3 RU  4F 4d 79.17 0.6-0.39 4
D 3P 1.194 1.36 1 P ad 5.08 1.02-1.16 3
Tit 4 3ct4s 45.39 0.6-0.05 4 RH  °F 4¢P 90.30 0.0-0.444 3
F 3 36.23 0.1+0.15 4 D 4P 3.63 1.01 1
F 3ct4s 6.89 0.570.61 2
D 3cP4s 1.75 1.08-1.084 2 Pd 2D 4P 99.62 0.6-0.44 2
F 4cf5s 0.34 3.1+3.71 4
A D 3d 51.03 0.6-0.042 5
5F 3cP4s 35.10 0.320.39 5 Ag- 1S 4d0 99.96 0.0 1
SF 3d34™g 4.41 1.0#1.13 3 D 4dP5s 0.04 4.855.42 3
Crt  ¢s 3 79.24 0.0 1 Cd 2s 5s 99.998 0.0 1
D 3d4s 15.98 1.481.55 5 P 5p 0.002 5.475.78 2
Mn* 7S 3db4s 87.23 0.0 1 La SF 5cf 49.82 0.0-0.24 3
5S 3cb4s 5.23 1.17 1 D 5d6s 10.99 0.17 1
D 5d6s 23.28 0.240.40 3
Fet D 3d4s 59.39 0.60.12 5 p 5¢ 6.03 0.65-0.77 3
F 3d 32.96 0.23-0.39 4 1S 6% 0.46 0.77 1
‘D 3d4s 5.03 0.99-1.10 4 G 5¢ 4.03 0.92 1
D 5¢° 1.13 1.25 1
Co*  °F 3¢ 55.51 0.6-0.20 3
5F 3d4s 37.45 0.420.65 5 Hff 2D 5d6¢ 48.21 0.6-0.38 2
°F 3d4s 4.30 1.221.40 3 F 5c6s 42.07 0.451.04 4
Nit 2D 3 75.14 0.6-0.19 2 Td SF 5f6s 60.45 0.60.77 5
F 3cP4s 21.43 1.041.32 4 SF 565 15.97 0.39-1.21 3
P 565 8.76 0.5%0.70 3
Cut 1S 3d0 95.59 0.0 1
D 3d’4s 3.91 2.72-2.98 3 W 6D 5d'6s 73.42 0.60.762 5
5S 5¢ 5.43 0.92 1
Znt 28 3d%s 99.999 0.0 1 F 5d'6s 7.36 1.081.84 4
P 3d4p 0.001 6.0+6.12 2
Re" 7S 5P6s 87.86 0.0 1
Y+ 1S 5¢ 5.90 0.0 1 D 5d'6¢ 6.66 1.71-1.85 5
D 4d5s 64.86 0.160.18 3
D 4d5s 12.45 0.41 1 Os not
available
SF 4cf 13.69 0.99-1.08 3
Irte  SFd 5d'6s 44.52 0.0 1
Zrt PF 4cP5s 47.16 0.60.16 4 SFe 5 10.15 0.28 1
F 4cP 24.39 0.32-0.47 4 3pf 9.02 0.38 1
D 4cP5s 6.44 0.53-0.59 2 5F9 10.41 0.59 1
p 4df5s 2.56 0.7+0.76 2 5Fn 3.33 1.02 1
F 4df5s 5.72 0.7+0.80 2
P 4df5s 3.13 0.931.00 3 Pt 2D 5¢° 61.61 0.6-1.04 2
F 5c¢6s 36.33 0.591.96 4
Nb* 5D 4 43.23 0.6-0.15 5
5F 4cf5s 30.68 0.290.51 5 Au- 1S 5d° 83.98 0.0 1
P 4d 3.31 0.69-0.90 3 D 5d°6s 15.84 1.863.44 3
P 4df5s 5.49 0.931.03 3
Hg" 2S 5d%s 99.97 0.0 1
Mo* 8S 4cb 71.68 0.0 1 D 5d°6< 0.03 4.46-6.27 2
D 4d'5s 12.74 1.461.67 5

2 States up to the first state at or above 1 eV were included in the calculations which were based on known opticaf $pectrber of
microstates within a specified electronic leveDnly mixed spin states could be specifi€d.Actual configuration: 89%F, 10%°3G. € Actual
configuration: 909%6F, 4%'G, 3%°3F. f Actual configuration: 33%P, 25%°P, 17%'D. 9 Actual configuration: 79%F, 11%°3F, 7%°3G. " Actual
configuration: 779%°F, 7% °3F, 5% °D.

by forbidden radiative decay. The extent of electronic relaxation He have been used by Zhang and Armentrout in their studies
by collisions with the quite polarizable Ar atoms is uncertain of atomic ions emerging from a direct-current discharge, and
and could be inferred only indirectly from the observed decays these authors have found that their atomic ions generally are
of primary ion signals and observed product ions. Collisions produced in their ground electronic state, with the exception of
with Ar and He ensure that the atomic ions reach a translational Pt".1”

temperature equal to the tube temperature of 295 K prior Reactant and product ions were sampled still further down-
to entering the reaction region. Similar conditions of Ar and stream with a second quadrupole mass spectrometer and were
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TABLE 2: Electronic-State Information and Population observation of higher-order adducts. This is the case for the
Distributions Calculated for Main Group Metal Cations at two metal actions (Crand Cd) for which adduct formation
a . . ..
5500 K is observed to compete with O-atom transfer. Rate coefficients
_ ] ~ Ppopulation energy range number for the primary and higher-order reactions reported here have
ion term configuration (%) (eV) of levelg an absolute accuracy estimated to be better tha8%.
Kt IS 3p 100.0 0.0 1 Nitrous oxide was introduced into the reaction region of the
ca 23S 3p4s 87.46 0.0 1 SIFT either as a pure gas or as a dilute mixture in helium when
D 3p°3d 12.19 1.691.70 2 the observed reaction was too fast to use pure reactant. The
Ga IS 48 100.0 0.0 1 nitrous oxide was obtained commercially and was of high purity
0 -
Get  2p° 4g4p 100.0 0.6.022 5 (Matheson Gas produ_ct_s,98.0_/q). When rate cogfﬂ_ments are
. 424 9421 0.6-0.32 3 reported as an upper limik(, this indicates the statistical scatter
As 1 P : Pl in the data was significant compared to the slope of the data
D 4242 5.75 1.25 1 o .
se  ig 4458 92.95 0.0 X and an upper limit (based on the line of steepest slope through
454 675 163171 5 the data) is reported.
Rb™ 'S a9 100.0 0.0 1 3. Results and Discussion
Sr- 28 45s 89.96 0.0 1 . . . .
2D Appad 9.56 1.80-1.84 2 The reactions of 46 different atomic ions from the first,
+ 1 second, and third rows of the periodic table were investigated
In S 5¢ 100.0 0.0 1 - .
st 2 55 100.0 0.6.0.53 5 with N2O at a helium buffer-gas pressure of 0:85.01 Torr
P : s and temperature of 29% 2 K. Both the primary and higher-
Sor *P 5§5P2 95.14  0.6-0.70 3 order chemistry was monitored. The primary reactions exhibited
D 5¢5p 4.81 1.59 1 a wide range in reactivity with measured rate coefficients in
Tet ‘Z‘S"o 585p? 88.39 0.0 1 the range from<10 13to 7.7 x 1071 cm® molecule* s™1, and
D 5s5p° 11.24 1271.54 2 the three different channels indicated in reaction 1 were
Cst 1S 5¢ 100.0 0.0 1 observed.
Ba" ?2S 5p6s 44.44 0.0 1
D 5pf5d 55.05 0.66-0.70 2 + +
p M* +N,O0—MO" + N, (1a)
T+ 1S 62 100.0 0.0 1
Pb"  2p° 656p 100.0 0.6-1.75 2 —MN" + NO (1b)
Bit %P 686p? 99.94 0.6-2.11 3 Mt
1p 662 0.06 4.21 1 M™N;O (1c)

a States up to the first state at or above 1 eV were included in the
calculations which were based on known optical speéttdlumber
of microstates within a specified electronic level.

The bimolecular channels correspond to O-atom transfer (chan-
nel 1a) and N-atom transfer (channel 1b). The O-atom affinity
of nitrogen to form nitrous oxide, OA(N = 39.95+ 0.02 kcal
measured as a function of added reactant. The resulting profilesmol~2, while the N-atom affinity of NO to form nitrous oxide,
provide information about product-ion distribution, reaction rate NA(NO) = 114.94 0.1 kcal mot1.5 Available O-atom and
coefficients, and reaction molecularity. Product-ion distributions N-atom affinities (see Tables 3 and 4, respectively) indicate that
and rate coefficients were obtained in the usual manner. Only O-atom transfer is exothermic with 32 of the 40 atomic ions
very weakly bonded adducts:8 or 4 kcal mot?) can dissociate ~ for which O-atom affinities are known and N-atom transfer is
under our sampling conditions. The dissociation energies of the exothermic with possibly 2 of the 7 atomic ions for which
N2O adduct ions observed in this study are generally not known N-atom affinities are known from either experiment or theory
but are expected to be larger than 4 kcal mah view of the (most N-atom affinities are not known).

TABLE 3: O-Atom Affinities, Do(M*—0) in kcal mol~1, and lonization Energies, IE(M) in eV, for First-, Second-, and
Third-Row Atomic Cations?

first row second row third row

M+ OA(M™) IE(M) M+ OA(M™) IE(M) M+ OA(M™) IE(M)
K+ 3 4.34 Rb 7 4.18 Cg 14 3.89
Ca* 77.2 6.11 Sr 71.4 5.70 Ba 92.8 5.21
Sc” 164.64+ 1.4 6.56 Y+ 167.0+ 4.2 6.22 La 2064 4° 5.58
Ti* 158.6+ 1.6° 6.83 zr 1789+ 2.5 6.63 Hf* 173+ 5 6.83
\A 13494+ 3.9 6.75 Nb" 164.4+ 2.5 6.76 Ta 188+ 15 7.55
Cr- 85.8+ 2.8 6.77 Mo* 116.7+ 0.5 7.09 W 166+ 100 7.86
Mn* 68.0+ 3.0 7.43 Tc Re" 1154+ 15" 7.83
Fe" 80.0+ 1.4 7.90 Ru 87.9+ 1. 7.36 Oog 100+ 12 8.44
Co" 7494+ 1.2 7.88 Rh 69.6+ 1.4 7.46 Ir" 59 8.97
Ni+ 63.2+ 1.2 7.64 Pd 33.7+ 2% 8.34 Pt 77 8.96
Cu* 37.4+ 3.2 7.72 Agt 2844+ 1.0 7.58 Au’ 9.23
Znt 385+ 1.2 9.39 Cd 8.99 Hg 10.44
Ga' 5.6 6.00 I 5.79 TI 6.11
Ge" 81.8 7.90 Sh 75.1 7.34 Pb 53.2 7.42
As* 1474 2 9.81 Sh 8.64 Bi* 41.6 7.29
Se" 9X 9.75 Te 96.6 9.01

aWith few exceptions, the values for OA were taken from the review of Sighret al'® ® Reference 19 Reference 20¢ Reference 21¢ Reference
22.fReference 59 Reference 237 Reference 24.Reference 25.Reference 26¢ Reference 27.
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Figure 2. Periodic variations observed in the efficienciklk; (represented as solid circles), for reactions of atomic cations with nitrous dxide;
represents the measured reaction rate coefficientkargthe calculated collision rate coefficient (see Table 5). Also indicated are the observed
reaction channels and the ground-state electronic configurations of the atomic cations. The reactionanaf Fd were not investigated. The
results for the reactions of lanthanide cations have been reported previously.

No other bimolecular channels were observed. Electron [ABLE 4: Nitrogen-Atom Affinities, NA, for Some Atomic

. . S . . . Cations M* @
transfer is endothermic for all the atomic ions investigated since -
the ionization energy of O is quite high, IE(NO) = 12.886 experiment theory
eV.> A total of 23 of the 46 reactions investigated exhibited M* IE(MN) D(M—N) NA(M )P NA(M*)
one or more of the bimolecular channels 1a and 1b. The g¢+ 63.1
remaining 23 reactions were all quite slok € 2.4 x 10712 Ti+ 1374 50 129 1434 62 97.8
cm® molecule? s71). Nineteen of these were observed to 119.6+ 3.0°
proceed by addition (channel 1c) while the remaining fout,(K v+ 1824 20° 16 89+ 42 871
Rb*, Cs", and Te') showed no products at all in the flow regime 107.2+ 1.4
investigated although they are expected to react by addition at . 495

higher flows. Only two atomic ions (Crand Cd) were

+ e
observed to proceed by both addition and one of the bimolecular 21 180+ 10° 135+9 113419

channels. The addition is assumed to occur in a termolecular NP 134
fashion with He acting as the third body; no attempt was made Hf* 228 1419 69 (£ >12)

to measure the pressure dependence of this channel since a large  aj| values are in kcal mof. ® Unless indicated otherwise, derived
range in pressure was not experimentally accessible. using NA(M") = D(M—N) + IE(M) — IE(MN). Values for IE(M)

Table 5 summarizes the rate coefficients, reaction efficiencies, and Oég%rRSUfpportin% gjgﬂ?odynan;gz erfe takesnlgrsr? réf&fe?:-z
iotri H i P H ence Zo.” Reference 2Y rererence .Reference s1? Reterence 3Z2.

an.d .produlct distributions measured in thls study. Th.e reaction , Reference 33.Reference 34.Reference 35¢ Reference 36.
efficiency is taken to be equal to the ratitk;, wherek is the
experi Il ffici h

perimentally measu_rt_ad rate coe |C|ent_acads the capture MO™ + N,O — MOZ+ +N, @)
or collision rate coefficient computed using the algorithm of
the modified variational transition-state/classical trajectory  gecondary and higher-ordep® addition was observed for
theory developed by Su and Chesna¥iéwith a polarizability, M+ = Crt (n = 1), Co" (n = 1,2), Nit (n = 1,2) and Cd
a(N20) = 3.03 A237 and dipole momentyp = 0.167 D37° (n = 1), MO" = ScO' (n = 0—2), CrO" (n = 0—2), FeO
Figure 2 displays these results on a periodic table. Figures 3, 4,3 = 0—2), CoO" (n = 0-2), GeO (n = 0) and AsO
and 5 display data obtained for selected ions in the first, second,n = ) and MQ* = TiO,* (n = 0—2), VO,* (n = 0—2), and

and third rows of the periodic table, respectively. Cro;* (n = 0,1) cations according to reactions-3:
3.1. First-Row Atomic lons. With the exception of the
nonreaction of K and the N-atom transfer channel observed M*(N,0), + N,O— M*(N,0), ., 3
with Ti*, only O-atom transfer and4® addition were observed
as primary products for the first-row atomic ions. Secondary MO™(N,0), + N,O— MO *(N,O),,, 4)

dioxide formation according to reaction 2 was observed for the N N
early transition ions M = Ti*, V*, and Cr, but not S¢: MO, (N,0O), + N,O — MO, (N,0),;4 (5)
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TABLE 5: Rate Coefficients (in Units of cm® molecule ! s71), Reaction Efficiencies k/k¢), and Higher-Order Product lons
Measured for Reactions of Atomic lons M" with Nitrous Oxide in Helium at 0.35 4 0.01 Torr and 295+ 2 K Ordered
According to Row in the Periodic Table?

M kb ke © k/ke primary products PB(%) higher-order product ions

K* <1013 9.3x 10710 <104

Ca" 1.6x 10710 9.3x 10710 0.17 CaO 100

Sch 6.6 x 10710 9.0x 1071 0.73 ScO 100 ScO+(NzO)y, n=1-3

Tit 5.3x 10710 8.9x 10710 0.60 TiO" 78 TiOz*+(N2O)p, n=0—-3
TiN* 22

v+ 2.4x 10710 8.8x 10710 0.27 \Yea 100 VO,"+(N2O)y, N = 0—3

crt 15x 108 87x 10  0.00017 cro 98 CrO"+(N2O), n = 1—3, CrOy*+(N;0)m, m= 0—2
Cr+-N,0 2 Crt+(N2O),

Mn* <1013 8.6 x 10710 <104 Mn*-N,O 100

Fet 3.7x 1071 8.6 x 10710 0.043 FeO 100 Fed+(N2O),, n=1-3

Co* 2.1x 1072 8.5x 10710 0.0025 CoO 50 CoO+(N:O),,n=1-3
Co™N;0 50 C0O+(N2O)m, m= 2—3

Ni+t 6.5x 10713 8.5x 10710 0.00076 Ni-N2O 100 Nit*(N2O)m, m= 2—3

Cut 57x 10713 8.4x 10710 0.00067 Cd-N,O 100 Cu+(N20),

Zn* 24x 1012 8.3x 10710 0.0029 Zri+N,O 100

Ga" <1013 8.2x 10710 <10 Ga™NO 100

Ge* 3.6x 10710 8.1x 10710 0.44 GeO 100 GeO-NO

As* 6.7 x 10710 8.1x 10710 0.83 AsO 100 AsO N0

Se' 1.8x 10712 8.0x 10710 0.0023 SeO 100

Rb" <1013 7.9x 10710 <104

Srt 6.3x 107 7.9x 10710 0.080 SrO 100

Y+ 6.4x 10710 7.8x 10710 0.82 YO 100 YO+ (N2O),, n=1-3

Zrt 7.7x 10710 7.8x 10710 0.99 Zrof 55 ZrO*+(N2O)p, n = 1-3, ZrO,"+(N2O)m, m= 0—3
ZrN*t 45 ZrN*+N,O

Nb* 6.5x 10710 7.8x 10710 0.83 NbO 65 NbQ"+(N2O),, N = 0—3
NbN* 35 NBNO"+(N2O)m, m= 0—3

Mo+ 3.4x 1013 7.7x 10710 0.00044 Md-N.O 100 Mo"+(N2O),

Ru* 3.3x 10713 7.6x 1070 0.00043 Rd-N,O 100 Ru+(N2O),

Rh* 40x 10713 7.7x 10710 0.00052 RH-N,O 100 RHh+(N2O),

Pd" 8.7 x 10713 7.6x 10710 0.00011 Pd-N,O 100 Pd+(N2O),

Ag* 12x 108  76x 10  0.00016 Ag-N,O 100 Ag-(N0)

Cd* <1018 7.5x 10710 <104 Cd*-N,O 100

In* <1013 7.5x 10710 <104 In*-N,O 100

Snt 1.0x 10718 7.5x 10710 0.00013 Sh-N,O 100

Sb* 1.7x 1071 7.5x 10710 0.00023 Sh-N,O 100

Tet <1071 7.4x 10710 <10

Cs* <1071 7.4x 10710 <10

Ba* 2.4x 10710 7.4x 10710 0.32 BaO 100 BaO-NO

La" 5.6 x 10710 7.4x 10710 0.76 LaO 96 LaO"™*N,O
LaN* 4

Hf+ 6.3x 10710 7.2x 10710 0.88 HfO" 100 HfO,"+(N2O),, n = 0-3

Tat 6.1x 107  7.1x10%  0.86 Tag 60 TaQ*+(N,0), n=0-3
TaN" 40 TaNO

w+ 6.0x 10710 7.1x 10710 0.85 \W'ea 100 WG, WOst+(N2O)n, n = 0-2

Re* <1018 7.1x 10710 <104 ReO" 100 ReQ"

Os’ 5.8x 101 7.1x 10710 0.082 0OsO 40 OsQ*, n=2—-4, NO"
OsN* 60 OsNGQ*",n=1-3

OsNG N0

Irt 2.9x 10710 7.1x 1070 0.41 IrO" 100 IrQ,f, n=2-3, Ir0;"N,O

Pt" 1.2x 10710 7.1x 1070 0.17 PtO 100 PtQ*, PtO,"*N,O, m= 1-2, NO"

Aut 1.2x 10712 7.1x 10710 0.0017 AU -NO 100 Au+(N20),

Hg* <1018 71x 10 <10 Hg*-N.O 100

TI* <1013 7.1x 10710 <104 TI*+N,O 100

Pb* <1013 7.1x 1010 <104 Pb"-N,O 100

Bi* <1013 7.1x 10710 <10 Bi™N,O 100

aProducts and product distributions are also included along with calculated collision rate coefficie(dse text), and reaction efficiencies,
kik.. ® Measured effective bimolecular rate coefficient for the loss of the metal ion, with an estimated accu88p6f Calculated capture rate
coefficient (see text)! PD = product distribution expressed as a percentage. The product distributions are estimated to be within 5% of their stated
value.

All of these addition reactions are expected to be termolecular 3.2. Second-Row Atomic lonsWith the exception of the
with He buffer-gas atoms acting as the stabilizing third body. nonreactions of Rband Te" and the N-atom transfer channel
Figures 3 provides data that exemplify the occurrence of eachobserved with Zr and Nb", only O-atom transfer and 0

of the reactions 35 above. The results in Figure 3 for'Sc  addition were observed as primary products for the second-row
(m/z= 45) show some transmission of Afm/z = 40) through atomic ions. Secondary dioxide formation was observed for the
the first quadrupole. pO is able to transfer an electron toAr early transition ions M = Zr™ and Nb, but not Y*. Also,

and this accounts for the appearance @ONin the product secondary oxidation according to reaction 6 was observed with
spectrum in the Scresults. NbN™:
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Figure 3. Composite of ICP/SIFT results for the reactions of the early first-row transition-metal iong B¢ Co', and As” with N,O in helium
buffer gas at 0.35- 0.01 Torr and 295+ 2 K.

Higher-order oxidation according to reaction 8 was observed

NbN* + N,O — (NbNO)" + N, !
with M = Os (h up to 3) and Ir (i up to 3):

(6)
Secondary and higher-ordep® addition was observed for
MT (alln= 1) = Mo™, Ru", Rh", Pd" and Ag", MOT = YO™
(n = 0-2) and ZrO" (n = 0-2), ZrN" (n = 0), ZrNO"
(n = 0-2), and MQ" = ZrO;* (n = 0—-2) and NbQ" Secondary and higher-ordep® addition was observed for
(n = 0—2) cations. Again, all of these addition reactions are Mt = Au® (n= 1), MO" = BaO" (h=0) and LaO (n = 0),
expected to be termolecular with He buffer-gas atoms acting MO," = HfO,™ (n = 0-2), TaG* (n = 0—2), IrO;" (n = 0),
as the stabilizing third body and are seen to operate in Figureand PtQ" (n = 0) cations. All of these addition reactions are
4, expected to be termolecular with He buffer-gas atoms acting

3.3. Third-Row Atomic lons. With the exception of the  @s the stabilizing third body.

nonreaction of Cs and the N-atom transfer channel observed ~ 3.4. Efficiency of Oxygen-Atom Transfer.O-atom transfer
with La*, Tat, and O$, only O-atom transfer and® additon ~ Was observed with group 2 atomic ions (C&r'", Ba') and
were observed as primary products for the third-row atomic ions. With group 3 (S¢, Y™, La®), group 4 (T, Zr", Hf"), and group
Figure 5 provides data for the occurrence of competitive O-atom 2 (V*, Nb*, Ta") transition-metal ions and with CyW*, Re,
and N-atom transfer in the reactions ofL.&la", and Os. Fe’, Os’, Co', Irf, Pt", Ge', As', and Se. Rate coefficients
Secondary dioxide formation was observed for the transition Measured for O-atom transfer are in the range ofxd 5073
ions M = Hf*, Tat, W*, Re", Os', Ir*, and Pt, but not L. cm® molecule’! s71 (for Crt) to 7.7 x 1071° cm® molecule!

o . . . s71 (for Zr*), but N-atom transfer was observed to compete
Mﬂsgéczzliag?gr?g coczdlolnl?pt?org?ctlon 7 was observed with with O-atom transfer in the reactions with Lari*, Zr*, Nb*,

' Tat, and O<. Only the slow O-atom transfer reactions with

Crt and Co (see Figure 3) were observed to compete with
N»O addition.

MO," + N,O—MO,,," + N, (8)

(MNO,)* + N,O— (MNO,, )" + N, )
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Figure 4. Composite of ICP/SIFT results for the reactions of the early second-row transition-metal fois*Y Nb*, and Mo" with N,O in
helium buffer gas at 0.3% 0.01 Torr and 295t 2 K.

The formation of the monoxide cation by reaction 1a, for ion-beam apparati¥.There is good agreement with our ICP/
which AH®° = OA(N,;) — OA(M™), can be expected to be SIFT measurements: Fgthe most reactive ion in the ion-beam
exothermic for many atomic ions since the O-atom affinity of experiments, was observed to react with an efficiency of about
N, to form nitrous oxide is quite low, OA(N = 40 kcal moi™. 0.1 at the lowest energy of these experiments compared to our
According to the O-atom affinities listed in Table 3, O-atom value of 0.043, and Cowith an efficiency about 10 times
transfer is exothermic, and so thermodynamically allowed, for smaller than that of the Fereaction compared to our value of
most of the atomic cations investigated. Exceptions are the group0.0025.

1 ions K, Rb", and C8 for which O-atom transfer is endo- 3.4.1. Slow Exothermic but Spin-Forbidden O-Atom Transfer
thermic and no reactions were observed and the group 8 ionReactionsMany of the exothermic O-atom transfer reactions
Pd", the group 11 ions Cland Ag", the group 12 ion Zh, have been observed to be very inefficient, less efficient than
and the group 13 ion Gafor all of which O-atom transferis 1% (k/k; < 0.01): the first-row atomic ions Cr Mn*, Cao",
endothermic and slow addition ofs® was observed. Ni*, and Sé, the second-row atomic ions MpRu", Rh*, Snt,

Figure 6 shows the variation of reaction efficiency with and Te€ (OA(Cd") and OA(In") are not known), and the third-
OA(M™); the reaction efficiency is seen to be high for transition- row atomic ions R&, Pb", and Bi" (OA(Au™, Hg", and TI")
metal ions with high O-atom affinity, greater than about 120 are not known).
kcal mol1, but many other exothermic O-atom transfer reactions  The failure of the quite exothermic ground-state O-atom
proceed with low efficiency. transfer reaction with Mo(X6S), reaction 9, to proceed measur-

Fast O-atom transfer fromJ® to Sc, Ti*, and V' has been ably at room temperature has been rationalized previously by
observed previously in 1994 by Ryan et al. using FT-ICR Kretschmar et at?in terms of a kinetic barrier arising from a
techniques® The unusually low efficiencies of exothermic curve crossing that is required for the change in spin multiplicity
O-atom transfer to Cr, Mn*, Fet, Co*, and Ni* were that is necessary for the overall spin to be conserved. Their FT-
discovered as early as 1982 by Armentrout, Halle, and Beau- ICR study provided an upper limit of & 10713 cm® molecule™
champ in translational energy threshold measurements with ans™! for this reaction which is in good agreement with our result
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Figure 5. Composite of ICP/SIFT results for the reactions of the early third-row transition-metal iong'&g Os', and Pt with N,O in helium
buffer gas at 0.35- 0.01 Torr and 295t 2 K. Not shown in the Tagraph are the adduct ions TaN@N,O), with n = 1—3 which were observed
to be formed in a manner similar to the® adduct ions observed for TaO

that indicates adduct formation witk = 3.4 x 10713 cm® Crt (X®S)+ N,O— Cro" (X*) + N,
molecule s (k/k. = 0.000 44) and an upper limit for O-atom 13
transfer with the same value. Adduct formation was not observed 1.5x10 —46 (10)
at the much lower pressures of the FT-ICR measurements. T,u7 L5
Mn™ (X'S)+ N,O— MnO" (X’II) + N,
Mo (X°S)+ N,O— MoO" (X*=7) + N, <108 —28 (11)
_ 1
AH==7Tkeal Mol (9) 5 (x3F) + N,O — CoO™ (X°A) + N,

Spin conservation may also be the deciding factor in many 1.05x 10 ** —35 (12)
of the otherexothermicO-atom transfer reactions that were
observed to be slow. For spin to be conserved in such reactionsNi F(X?D) + N,O — NiO* (X*=7) + N,
for the formation of ground-state products the spins of and <65x 108 —33 (13)
MO™ must be the same according to the WignR®fitmer spin
conservation rules since the ground states gD Mnd N are Ru"(X*F) + N,O— RuO™ (X°=*) + N,
both singlets'? Electronic ground-state configurations made —13
available in a recent theoretical study by KretscH¥¥dor first- <5.7x10 —48 (14)
and second-row transition-metal oxide cations and by others Armentrout et aP® previously have pointed out that the
for other atomic oxide cations (see Table 6) indicate that the O-atom transfer reactions of @iX°S) and M (X’S) with N,O
following exothermic ground-state O-atom transfer reactions, are spin forbidden to form the ground-state metal oxide cations
in addition to that of Mg, are also spin forbidden (also given based on the ground-state configurations GQXGIT) and MnO™
are the measured rate coefficients inSamolecule’* s~ and (X5=*). The reaction of Co(X%F) was deemed to be spin
the reaction exothermicities in kcal md): allowed by these authors on the basis of the electronic-state
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OAQN} =40 keal mol" TABLE 7: Fast Exothermic O-Atom Transfer Reactions
o | ») =40 kcal mol” - That Are Spin Forbidden for Formation of Ground State
10 o IR s Oxide Cations
i ?
- : ® AH° rate coefficiertt
10 4 j MT  Mtternr?  MO*term (kcal mofl) (cmPmolecule? s™)
L3 t Tit X4 (85%) XA  —118.6+1.6 5.3x 10°1°(0.60)
o - As™ X3P PO —107 6.7x 1071°(0.83)
g’ Zrt XOF(64%) XA —139.0£25 7.7x 1071°(0.99)
10 IM*N,0/ - M* +N,0 — MO* + N, Nb* X5D (79%) XS  —124.4+25 6.5x 10°19(0.83)
| Lat X% (80%) XX  —166+4 5.6x 107°(0.76)
¢ s 3 Tat XSF(62%) X¥  —148+5 6.1x 1071°(0.86)
It Row e . L ) .
107 i 214 Row = 2The population of atomic ions with the same spin state as the
4 ' s . 34 Row 4 ground-state including the ground state (given in Table 1) is given in
ow parenthesed.The efficiency of reactionk/k. (see text), is given in
104 Jami *; i é® e s i parentheses.
0 50 100 150 200 quenched by radiation or collision before reaching the reaction
OA (M*) /kcal mol! region. The populations of such ions are too low judging from

Figure 6. Dependence of the reaction efficiengyk., on the O-atom the “.neamy Of. th.e measured Sem"qga”.thmlc decay_s of the
affinity, OA, of the cation;k represents the measured reaction rate reacting atomic ions and from their initial populations at
coefficient for loss of M, and k. is the calculated collision rate 5500 K.

coefficient (see Table 5). Some of the reactions include an N-atom  Very exothermic O-atom transfer reactions witiONcan lead
transfer channel (see text). Reactions on the right of the dashed lineto the formation of an electronically excited atomic oxide cation
are exothermic for O-atom transfer while those on the left are and/or electronically excited NFormation of the latter, which
endothermic. requires 143 kcal mol to form Ny(A3Y), is spin allowed and

TABLE 6: Known Electronic-State Configurations for the exothermic for reactions 15 and 16 by 234 and 5+ 5 kcal

Ground States of First-, Second-, and Third-Row Atomic mol~?, respectively.
Oxide Cations? s L o .
first row second row third row La” (X°F) + N,O(X'Z) —~ La0" (XZ) + Ny(AZ) (15)
ScOot s+ YO+ >+ LaO" © 3+
TiO* 2A Zro* 25 Hfo*d 23+ Ta" (X°F) + N,O(X'Z) — TaO" (X°A) + N,(A’S) (16)
VOt ) NbO* D) TaO" © SA
Ccro* P2 MoO* ) The reaction with Zr, reaction 17, is spin allowed and
MnO* °I1 endothermic by only 4t 3 kcal mot.
FeO" 63+ RuO*" 63+
5A Rh D)
ﬁf’oq s Pdg P PLOH 1 . Zr™ (XF) + NLO(X'Z) — ZrO* (X?A) + N(A%S) (17)
CuO* D) AgO™ D)
ZnO* 1 Other pathways are likely to exist for these, and other reactions
AsO* E ;2 that are more endothermic for the formation of excited-state
SeO 11 N2(A3%), that involve formation of low-lying excited states of
aTaken from ref 40b unless indicated otherwiReference 27. the monoxide cations. For example, the triplet state, ,aO
¢ Reference 424 Reference 43¢ Reference 44f Reference 45. makes reaction 18 spin allowed
assignment ofX rather tharPA for the ground state of CoO La® (X3F) + NZO(X12) — LaO" (3A) + N2(X12) (18)

(although these authors also reported a low efficiency for the

reaction of CO(X%F)). The rate coefficient for the O-atom and the quartet state, TIG*A), makes reaction 19 spin allowed.
transfer reaction with Cq k = 1.05 x 10712 cm® molecule®

s71, is in fact somewhat anomalous in that it is about 1 orderof  Ti* (X*F) + N,O (X'Z) — TiO* (“A) + N(X'Z) (19)
magnitude higher than those measured for the remaining spin-

forbidden reactions. So if théX state of CoO is only Unfortunately, the exothermicities of reactions 18 and 19 cannot
marginally higher in energy than the ground-state reaction be assessed; not enough is known about the energies of the
exothermicity of about 35 kcal mo}, a slow slightly endo- excited oxide states. Recent calculations by P&tinglicate that
thermic, but spin-allowed, reaction becomes possible. the reaction of A$(X3P) can form an excited triplet state of

3.4.2. Fast Exothermic but Spin-Forbidden O-Atom Transfer AsO" that is exothermic by 1.6 kcal mol (formation of the
Reactions.Other exothermic O-atom transfer reactions have ground-state AsO (1X) is spin forbidden). We are not aware
been observed to be very efficiertlk: = 0.60, but spin of required electronic-state information for the oxide cations in
forbidden for formation of the ground state products. Some of Table 7 but suggest that exothermic spin-allowed routes to form
these, for which the ground-state configuration of the product excited atomic oxide cations are also available for the reactions
atomic oxide is known, are shown in Table 7. All of these of VT (°D), Zr* (X*F), Nb" (X°D), and Ta (X°F) with N,O.
reactions are highly exothermic, by more than 118 kcalhol It is interesting to note that the earlier ICR experiments of
for formation of ground-state products. The high efficiency of Kappes and Staley found that V@roduced from V and NO
these spin-forbidden reactions can be rationalized in terms of reacts with H and CH, to produce VOH while VO™ produced
the formation of exited ionic and/or excited neutral products by the much less exothermic reaction of With O, does nof
that is both exothermic and spin allowed. We can rule out Similar results were obtained with TiO This behavior is
significant contributions of ions that are populated at 5500 K consistent with our suggestion that the reactions ofarid V*
in spin states other than the ground state and that are notform excited electronic states of the atomic oxide cations upon
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their formation from NO (but not when formed from £. We A AH, /(kcal mol) @
can also note that these excited electronic states would then
likely lie below 79 kcal maot! (OA(O) — OA(Ny). 10 _ s -0
3.4.3. Fast and Slow Exothermic and Spin-Allowed O-Atom -0 TS 64_'
Transfer Reaction® spin-allowed reaction with pO involving (*F Fe*) ,/ﬁ”\ Pl :
ground-state reactants and products requires that the spir  [°FRh"®DFet 'SY* 'EN,0 7 (-3.9)
quantum numbers(X™) = s(XO). This turns out to be very u ! ,r’ Y
much the exception rather than the rule for the 33 exothermic ] s )
reactions investigated here. F O . : '
Available information on the electronic configurations of 0 '. ; v T
ground-state atomic oxide cations indicates that only the 117.0/ ° o 3% RhO* # N
. . . 1 '. 2
reactions of F&, Zn™, Y, Rh", and Hf" with N,O, reactions (202) \ 20.8
20-24, are spin allowed. 27 AT} Vo 20—
2 o0 \ @000
Fe" (X°D) + N,O(X'Z) — FeO' (X°%) + N,(X'E) - . X
-11 2 ./ : SL FeO* +N
3.7x 10 —40 (20) @ “‘ 53 4
Zn" (X?S)+ N,O(X'Z) — ZnO" (X?IT) + N,(X'2) “ \ ! (452)
== !
<24x 102 +15+1.2 (21) e
-53.9,
Y* (X'S)+ NLOXX'Z) — YO (X'Z) + N,(X'Z) Vo
-50 1  M—
6.4x 10°1° —127 (22) o Q-0 Ffe—0
Rh" (X°F) + N,O(X'Z) — RhO"™ (X°%) + NL(X') Z YO 4N,
-1201 -
<40x 108 —30 (23) \E/T“‘
@ - nitrogen
Hf™ (X?D) + NLO(X'Z) — HfO™ (X°Z) + N,(X'Z) O -oxygen ®\0
6.4x 10" —133 (24) o
Figure 7. Potential-energy profiles for the reactiontMr N,O —
Only two of these reactions, those with"YX!S) and Hf MO* + N, (M* = Rh', Fe', Y*) predicted with the B3LYP/sdd/

(X2D), are fastk > 6 x 10720 cn® molecule® s L. These are 6-311+-G(d) method. Relative enthalpies are inserted for the low-spin

also the two that are by far the most exothermic. The O-atom reaction pathway for Fe

transfer reaction with Fe(X°D) is somewhat slower and only  the reaction of Fe with N,O can involve both the high-spin
moderately exothermic. The O-atom transfer reaction with Zn and low-spin states typical of Feand a double-crossing of
(X2S) is slightly endothermic and very slow,< 2.4 x 10712 quartet and sextet surfacé®? The quartet surface provides a
cm® molecule'! s71. Only the O-atom transfer reaction with  lower-energy path. However, tfO—4F mixing at the first
Rh* (X3F) appears not to be consistent in that it apparently is crossing is extremely inefficielt-52°so that the reaction of
spin allowed and moderately exothermic but extremely slow. Fe" (°D) with N,O proceeds only on the sextet surface. The
It is noteworthy however that, of the reactions that are binding energies for prereaction complexes a&4.7,—17.0,
exothermic, it is the least exothermic. This prompted us to look and —19.8 kcal mol~* for Rh™ (°F), Fe" (°D), and Y" (1S),
into the possible presence of a kinetic barrier associated with respectively. The reaction barriers to oxygen transfer t& Rh
the breaking of the ©N, bond and arising from the formation  (°F) and Fe (°D) are predicted to be 9.6 and 4.2 kcal mol

of the transition state along the reaction coordinate. abave the dissociation limit to M + N,O, and these are
We have performed a density functional theory (DFT) study consistent with the very slow and slow reactions observed with

of the reaction pathway M+ N,O — MO™ + N, for M* = Rh"™ and Fe, respectively K < 4.0 x 1073 and 3.7x 10711

Rh* (very slow reaction), Fe(slow), and Y (very fast). All cm® molecule’! s71, respectively). In contrast, for the strongly

predictions were made using the Gaussian 98 prograrff suit exothermic oxygen transfer to *Y the reaction barrier is
with hybrid B3LYP* exchange-correlation functional. The predicted to be 15.7 kcal mol belowthe dissociation limit,
6-311+G(d) triply split basis sé¢ augmented with diffuse and  and this is in accord with the experimental observation of a
polarization functions was used for the light atoms. The very fast reaction with Y (k = 6.4 x 1071° cm® molecule?
Stuttgart/Dresden relativistic E¢Pand Dunning basis st s™1). Thus, for these three reactions, theory predicts that the
were employed for the metal atoms. The connection betweenbarrier to oxygen transfer increases as the exothermicity of
critical points on the potential-energy surface was verified using reaction decreases and that it becomes the deciding factor in
the IRC procedure as implemented in Gaussian 98. All energiesdetermining the rate of these spin-allowed exothermic reactions.
reported include zero-point vibrational energy corrections. The  3.4.4. Breakdown of Spin Contré\.number of the reactions
potential-energy profiles for oxygen transfer along with struc- involving third-row transition-metal cations were observed to
tures are shown in Figure 7. Metal ions form the prereaction be fast despite being spin forbidden for formation of ground-
complex [M+-ON,]*, the oxygen transfer proceeds through a state products and probably not sufficiently exothermic to form
barrier and results in a postreaction complex [M®,]* that spin-allowed electronically exited products (the highly exother-
dissociates into MO and N. The origin of the barrier to mic reaction 27 may be a poor example, but it cannot be
oxygen-atom transfer has been explored previously and at-properly evaluated without knowledge of the electronic con-
tributed to the fact that the ground state giIN(!=") does not figuration and energies of the excited states of Wfdrmation
correlate with the ground state obKtZg) + O (P)3° Formally of N2(ASZ) is not exothermic):
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Irt (X°F) + NLO(X'S) — Ir0™ (X33) + N,(X'X) As far as we are aware, there have been only two previous
2 2
10 observations of N-atom transfer fromy® to atomic cations.
29x10 —19 (25) The uranium cation, B, has been observed by Heinemann and

Schwarz to react with pO, k = 8.5 x 10710 cm3 molecule?

+ 2 Iy . Dy v 1 v -
Pt" (X"D) + N,O(X'Z) = PtO" (X"Z) + Ny(X'Z) s1, in an FT-ICR mass spectrometer and to abstract N in 30%

1.2x 10 —37 (26) of its collisions with NO.53 These authors also determined
NA(UT) to be 120+ 10 kcal mof? from bracketing experi-
W (X®D) + N,O(X'Z) — WO™ (X*Z) + N,(X'Z) ments. Rodgers et &t.have reported the appearance of CuN

in the reaction of Ct(*S) with N;O at very high translational
energies (above 14 eV, CM).

3.6. NO Addition Reactions. Addition of NoO was observed
exclusively with the first-row cations Mn Ni*, Cu®, Zn*, and
Ga', the second-row cations MpRu", Rh*, Pdf, Ag*, Cd,

Int, Snf, and SB, and the third-row cations Ay Hgt, TI™,
Pb", and Bi". All these addition reactions are presumed to occur
by the collisional stabilization reaction 29 at 0.35 Torr of He

6.0x 10 ¥ —126 (27)

For these reactions we suggest that spin mixing occurs in the
formation of the transition-metal oxide cation so that spin control
breaks down: the low-lying electronic states of,IPt", and
W are®F, 4F, and*F, respectively. The importance of spin
orbit coupling in platinum-containing species including PtO
has been addressed theoretically by Heinemann &t Ehe
reaction with Re (X'S), reaction 28
M 4+ N,O + He— M"N,O + He (29)

Re" (X'S)+ NLO(X'Z) — ReO" (X°Z) + N,(X'2)

<108 _75 (28) rather than by radiative association (however, pressure dependent

studies were not performed). They were observed to proceed

. . N L with relatively small effective bimolecular rate coefficients,
apparently is an exception, but in this case spin mixing is likely <2.4 x 10722 cm® molecule sL. A possible reason for the

to be ungavk(])ra}.ble becglé%s ofthe #'7§V 9ap between the groun%w efficiency of addition is a low binding energy of the adduct
state and the first excitetD state of R€. Spin conservationin . he electrostatic interaction between the atomic ions and

the reaction with OS cannot be assessed because of the \ 5 is relatively weak because of the low dipole moment of

unknown electronic configuration of the ground electronic state N,O (0.167 D)37c Extensive literature search yields very little

of Os". information on binding energies of bare ions angNnolecules.
The measured decay for the reaction of ®ith N,O showed No reactions or products were observed with Rb*, and C$

a second slow component (see Figure 5) With 4.0 x 107*2 (group 1) which have a rare-gas electron configuration and with

cn® molecule™ s~ Extrapolation back to zero flow indicates  Te* that has a phalf-filled electron configuration. Failure to

a 25% contribution of the slow component to the initiaf Pt ghserve NO addition with the last four ions can be attributed

population. This number, probably not fortuitously, is roughly o the weaker bonding with J0 expected from these electronic

equal to our calculated excited-state percentage at 5500 Kconfigurations. Weak bonding will decrease the rate of addition

(36.3%). So it seems that most of the excited(ff,6s,5cF) and may also lead to adduct dissociation upon sampling.

lons are not deactivated un_der our _ex_perimental operating Two N2O molecules were observed to add sequentially to
CO.ndI'FIOI’lS and react slowly W'thi@' This is the only case of the first-row cations Ni and Cu, the second-row cations Mo
this kind that we have knowingly encountered. The low rate Ru*, Rh*, Pd", and Ag', and the third-row cation Al Only
coefficient is surprising since O-atom transfer would be spin ;+ ,vvas c,)bser,ved to add three® molecules in the pO flow

> 4 oo
allowed and exothermic by (37 kcal mél+ theF excitation range investigated. The secondary rate coefficients for addition

energy)._ ) were always higher than the primary onks; 5 x 10712 cm?
3.5. Nitrogen-Atom Transfer. Table 5 shows that nitrogen-  molecule® s, and this can be attributed to the increased

atom transfer was observed to compete in the reactions@f N number of degrees of freedom in the secondary reaction
with La* (4%, 29), Ti* (22%), Zr* (45%), Nb" (35%), and  jntermediate which leads to longer lifetimes and so higher rates
Ta' (40%), and we have reported separately the observation ofof collisional stabilization. Resonant photodissociation spec-
N-atom transfer with Ce (25%) in our study of the reactions  troscopy of gaseous NN,O has provided a ground-state binding
of lanthanide cations with 0. The interesting competition energy of 1.096+ 0.003 eV and the adduct ion has been

of O-atom and N-atom transfer in the reactions of Znd Nb"  predicted to have a linear structdfelt is interesting to note
with N2O can be seen in Figure 3 while that for the reactions that this binding energy is comparable to those calculated here
of La" and Ta can be seen in Figure 4. for some other MO adducts and illustrated in Figure 7.

The N-atom affinity of NO to form nitrous oxide is N,O addition was also observed with many of the metal oxide
understandably quite large, NA(NS)114.9+ 0.1 kcal mot ! ions that were formed with the early transition-metal ions (see

and this means that the N-atom transfer reaction 1b is likely to T4pje 5). For these ions, except Se@igher-order chemistry
be endothermic at room temperature. The known metal ion a5 opserved involving multistep addition ob,®l to their

N-atom affinities listed in Table 2, of which there are only a monoxides or dioxides. Typically, monoxide and dioxide cations
few, are not well established. However N-atom transfer is likely accept up to three 4D molecules with few exceptions.

A _ 1
to be endothermic with Sc(NA = 63.1 kcal mat’), Cr* 3.7. Oxidation of MN*. The MN* produced by N-atom

= l =
(’:IAb bl49.I5 k@aINnAo’r_)églid‘l;ﬁ*r(sN%Al K G?rfoli 12)r;davr\]/d transfer generally did not exhibit any higher-order bimolecular
probably also V ( — 0 - Kea ). a e reactions. For example, MN ions were not produced in

?r:d?:[;@b?gﬁg}ﬁﬁggg?ﬁ;? mg:otgest?af;; TiI;e nousrgitt)j:rs secondary reactions of MNwith N,O. However, fast secondary
P Y reactions of type 30, leading

exothermic with N (NA = 134 kcal mot?) and Ti (NA =
143 £ 62 or 97.8 kcal moll), and we have observed this N N
transfer with both of these ions, 35% and 22%, respectively. MN" + N,O— (MNO)" + N, (30)
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TABLE 8: Measured Rate Coefficients k in Units of cm?3
molecule™! s71) and Available Thermodynamics (in Units of
kcal mol~1) for the Formation of MO ,™ from the Reaction of
MO * with N,O

M+ k D(O—MO™*)2 AH®
Ti* 6.4x 1011 81 —37
s 5.2x 1071 90 —46
cr 8.4x 10713 66 —22
zr 6.9 x 10710 89 —45
Nb* 4.8x 10710 132 -88
Hf* 4.9% 10710

Ta+ 4.4% 10710 140 —-96
W+ 1.0x 10710 132 —88
Re* 3.0x 10713 65 —21
Os' 1.35x 10°° 105 -61
Irt 5.4x 10710 125 -81
Pt 5.5x 10710 75 -31

aValues taken from ref 18.

to the oxidation of MN, were observed with NbN (k =
2.4 x 10719 ¢ molecule! s74), TaN" (k= 1.4 x 10°° cnm?®
molecule’? s1), and OsN (k= 5.3 x 1071° cm?® molecule®
s71) to form (NbNO)", (TaNO)", and (OsNOJ, respectively.
The structures of the observed (MNGipns, whether OMN,

MONT, or MNO™, are not known, and these ions appear not to

have been observed previously by others.
Higher-order oxidation was observed with OsN@xcording

to reactions 31 and 32 with product distributions of 40% (31a)

and 60% (31b) and of 85% (32a) and 15% (32b).
(OsNO)" + N,O— (OsNQ)" + N, (31a)
—NO" + 0sN,O (31b)
(OsNO)" + N,O— (OsNQ)" + N, (32a)
— (OsNG)"(N,0) (32b)

Reaction 31 is particularly interesting since the two bimolecular

channels 31a and 31b are isoelectronic.
3.8. Dioxide and Higher Oxide Formation from MO*. A

Lavrov et al.

SCHEME 1

- -

OMO*

MO," + N,O—MO,;" + N, (33)

To the best of our knowledge, the formation of $fQon has
never been observed before.

Os" was observed to react sequentially withQNultimately
to produce Os@ with rate coefficients ok = 0.58, 13.5,
3.8, and 3.1x 1071° cm?® molecule! s1, respectively (see
Figure 5). The sequential oxidation of O® OsQ™ has been
reported previously using Og@s the oxidant and a FT-ICR
mass spectrometé?. The following O-atom affinities were
also reported: D(Os"—0) = 99.91 + 12.1 kcal mot?,
D(0sO"™—0) = 105.3+ 12.1 kcal mot!, D(OsQ"—0) =
105.3+ 12.1 kcal mot?l, andD(OsG;t—0) = 71.4 4+ 12.1
kcal mol-L. These O-atom affinities indicate clearly that each
of the four steps leading to the formation of O30n N0 is
exothermic.

3.9. Structures of OxidesA number of isomers are possible
for the higher oxides M@ with n > 2. For example, three
isomers exist fon = 2: an end-on metal dioxygen complex, a
side-on complex, and an inserted metal dioxXi@lEor trioxides
and tetroxides the number of isomers will be correspondingly
higher. This means that it becomes complicated to predict which
isomer may be preferred in the formation of the higher oxide
cations. Some insight into the bond strengths and connectivities
of metal oxide cations has been provided by theory. For
example, Schier et aP® have reported the calculated potential-
energy surfaces for [FexD" and [Cr,Q]™ and Brastrup et aP’
the surface for [Pt,@". Both the dioxygen and the inserted
metal dioxide cation structures were included, together with an

second O-atom transfer, reaction 2, was observed with the groupassessment of the barrier for isomerization in the case of

4, 5, and 6 transition-metal ions (except NJas well as the
third-row ions Ré, Os', Irt, and Pt. The atomic ions W,
Os', and Ir* formed trioxides in sequential O-atom transfer
reactions, and even the tetroxide Q3Qvas observed to be
formed by sequential O-atom transfer to™Qsee Figure 5).

The kinetics and thermochemistry of the second-order O-atom

transfer reactions leading to formation of MOare given in

Table 8. As in the formation of monoxides, the second step of
O-atom transfer tends also to be very fast, except for the

formation of Re@" of which only traces were observed.
The reaction of Pt with NO has been investigated very

[Fe,O]" and [Cr,Q]". The barrier is small (5 kcal mot) for

the spin- and symmetry-allowed isomerization in [F/Cand
large for the spin-forbidden isomerization in [Cp]®. The
inserted metal dioxide cation was found to be the global
minimum on all three [M,@ ™ surfaces. A generic potential-
energy surface for [M,g™ is shown in Scheme 1.

In this study we have performed multicollision CID experi-
ment$°to explore the bonding in the higher oxide cations: ions
are accelerated by an auxiliary electrostatic field in the ion-
sampling region so that multiple collisions with buffer-gas atoms

recently at the lower pressures of an FT-ICR mass spectrom-pmduce dissociation. Collisions with buffer-gas He atoms were

eter®! Sequential O-atom transfer was observed to formyPtO
with rate coefficients of 0.7 1071° and 1.9x 10719 cm?®
molecule® s~ for the addition of the first and second O-atom,
respectively. Our values of 1.2 1071 and 5.5x 10710 cm?®

found not to promote metaloxygen bond cleavage in the
available range in nose-cone voltage up-t80 V. This is

indicative of relatively strong bonding. On the other hand,
experiments in Ar buffer which makes available a higher CM

molecule’? s™! are somewhat higher, as is the ratio of rate energy did show metaloxygen bond cleavage with many of
coefficients that is 4.6 compared to 2.7. The reactivity studies the higher oxides observed. Thus, the following dioxides:

and computations that were also reported byrBtoup et ab’
are in keeping with the dioxide structure OPt@r PtO,"
produced by the sequential O-atom transfer.

MO3™ formation by reaction 33 was observed with"\Ds",
and Ir" with rate coefficients of 1. 1071, 3.8 x 107, and
5.4 x 1071° cm® molecule s71, respectively.

TiOo™, ZrO,™, HfO,T, VO, 1, NbO,F, TaG™, and WQT were
observed to decompose primarily by the consecutive detachment
of O-atoms from oxide ions according to reaction 34, while the
oxides, CrQ", ReQ ™, and PtQ" primarily appeared to lose

O, molecules according to reaction 35 under the same conditions
(see Figure 8).
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Figure 8. Multicollision-induced dissociation spectra for oxide cations of Hf, Pt, W, and Ir in argon buffer gas. The flow®aifrll 1.9x 10V
(Hf), 3.7 x 108 (Pt), 3.6 x 107 (W), and 3.4x 10 molecules st (Ir).

MO," —MO" —M"*

forM =Ti", zr", Hf", VT, Nb", Ta", W' (34)

MO,  —M" + 0,

forM =Cr', Re", Pt

(39)

A small fraction of the Pt@" also appeared to dissociate by O

loss at higher energies.

is completely consistent with the CID result obtained at the much
lower pressures of guided-ion-beam tandem mass spectrometer
measurements for the dissociation of OPtCformed by
sequential reactions of Piwith N,O) by collisions with Xe
reported very recently by Zhang and Armentréiut.

Figure 8 also shows the occurrence of the dissociation
reactions 36 and 37.

wo," —Wwo0," + 0 (36)

We can understand these results in terms of the generic
potential-energy profile in Scheme 1 if we distinguish between
two cases according to whether the M@ O dissociation limit
lies above or below the M+ O, dissociation limit. We need
not know the global minimum of [M,@" since multiple

collisions are expected to promote isomerization and so dis- ¢, the bond dissociation energiBfOW+—0) > OA(O) and

sociation along the lowest energy dissociation channel. (The D(OIr*—0) < OA(O), where OA(O)= 119.1 + 0.1 kcal
unfortunate corollary is that we cannot learn about the bond |, -15 '

connectivity of the dioxide cations formed in our experiments
using multicollision-induced dissociation). The'Nbns whose
dioxides undergo reaction 34 all have OA{M> OA(O) so
that the MO + O dissociation limit lies below the M+ O,
dissociation limit and loss of O is observed. Thé Mns whose
dioxides undergo reaction 35 all have OA{M< OA(O) so
that the MO + O dissociation limit lies above the M+ O,
dissociation limit and loss of £s observed. So it appears that
the dissociation is thermodynamically controlled. This is true
even for the special case of [CkJO since the large barrier for
the spin-forbidden isomerization of OCI@?X) to Cr(Oy)™ (6X)
which lies above the M+ O, dissociation limit is still below
the MO" + O dissociation limit (the term symbols were not
given)33 A possible exception is Pt (formed by the succes-
sive oxidation of Pt with N,O) which has been assigned the
dioxide structure OPtO by Bronstrup et al on the basis of
reactivity studies and on the basis of calculations which indicate conservation in highly exothermic reactions can favor the
that OPtO is the global minimum on the [Pt surface>’

Our multi-CID results indicate some O loss at higher energies
possibly due to sufficient multicollisional activation of the
OPtO" isomer to the PtO + O dissociation limit. This result

Iro;" —1ro* + o, (37)
With the assumption that these multicollision-induced dissocia-
tions are also thermodynamically controlled, we can derive limits

These compare reasonably well with currently recommended
values of 140 and 125 kcal mdl (uncertainties were not
indicated), respectivel}p

4. Conclusions

The substantial kinetic data obtained in this study clearly
demonstrate that atomic cations initiate a very rich chemistry
in their reactions with NO. In contrast to our previous finding
with O,,12 O-atom transfer from bD is generally not thermo-
dynamically controlled and exhibits periodic trends in reactivity.
An intrinsic reaction barrier is present that can reduce the
efficiency of slightly exothermic O-atom transfer. Violation of
spin conservation also can substantially reduce reaction ef-
ficiency: the potential-energy curve crossing that is required
for the change in spin multiplicity that is necessary for the
overall spin to be conserved gives rise to a kinetic barrier. Spin

formation of excited oxide cations or even excitegl N

N-O is a source of both O and N atoms for selected atomic
cations and so can lead to both cationic oxide and nitride
formation. Sequential O-atom transfer can lead to higher oxide
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formation with selected atomic cations, particularly with"W
Os', and I, while metal nitrosyl cation formation occurs in
the oxidation of the cationic nitrides of Nbkand Ta'. Results
obtained with the multicollision-induced dissociation experi-

ments of dioxide cations indicate that the dissociations are

thermodynamically controlled and so do not provide structural
information for the dioxides.
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