9600 J. Phys. Chem. 2002,106,9600-9605

Theoretical Study of the Gas Phase S& (NO, O,) — ScO + (N, O) Reactions

Kyoung Hoon Kim and Yoon Sup Lee*

Department of Chemistry and School of Molecular Science (BK21), Koreankdd Institute of Science and
Technology, Daejeon 305-701, Korea

Dongwook Kim and Kwang S. Kim

National Creatve Research Center for Supercritical Materials and Department of Chemistry,
Pohang Uniersity of Science and Technology, Pohang 790-784, Korea

Gwang-Hi Jeung*

Laboratoire de Chimie Theique (CNRS UMRG6517), Case 521, Campus de &itrde,
Universitede Pravence, 13397 Marseille Cedex 20, France

Receied: August 20, 2002

The potential energy surfaces concerning a moderately exoergic reactioh,N§g@ — ScO + N, and a

largely exoergic reaction, St O, — ScO+ O, were calculated with all-electron multiconfiguration self-
consistent-field and configuration interaction methods. There are activation barriers in the initial collision
phase of both reactions. The end-on attack appears to be the most efficient for the first reaction, whereas the
side-on attack is the most efficient for the second reaction. Two stable forms of the intermediate complex
were found for the first reaction, NScO and Sc[NO], in agreement with a recent density functional study.
Similarly, two stable isomers are found for the second reaction, OScO (oxo) ang §u§txo), the former

being more stable than the latter. We describe here the general shape of the potential energy surfaces involving
these intermediates. The electron transfer from the metal atom occurs at short intermolecular distances in
these reactions.

I. Introduction states which might be involved in the reaction. Recently, several
o . . density functional theory (DFT) calculations have been reported
The oxidation reactions of transition metals show a lot of ¢, nitrosyP and oxo complexe&?-12 They often gave two stable

interesting aspects that are useful in pure and applied sciencesgyms one with an obtuse -€M—0 or N—=M—O angle and
Understanding the basic oxidation mechanism is crucial to many ot’her with an acute angle.

areas of study, such as surface science, metallurgy, aeronautical Oxidati i f di tudied in th h b
engineering, and space science. Previous experimental studies xidation reactions of scandium studied in the gas phase by
employed molecular-beam techniques combined with the spec-medlum re§olut|on opt!cal tephnlques led .to partial results about
troscopic analysis of the proddct and gas-flow measurements the formation of ScO in various glectronlc st.a%ésHowever,

of the reaction rate by depletion of the atomic populatits. these results coqld not be fully interpreted in the absence of
A recent series of matrix-isolated infrared spectroscopic deter- data over potential energy surfaces. Very recently, _Luc _and
minations on mixtures of the metal vapor and oxygen molecules Vetter at Orsay have carried out an effusive-beam/diverging-

has revealed different species of oxides and their vibrational ﬂ?\g (g)ws’llorleépttenr?entﬂ?n thedflr?tbtltle rtta_actlon, S’CN?
frequencies were measureéblitric oxide is also a good oxidant c (1), detecting the product by continuous wave laser-

that produces various species of metal oxitiéEo better induced fluorescenc¥. This reaction is moderately exoergic,

understand the oxidation reaction, it would be crucial to know S? that a small rf1usm(b)er of t;/ibratiorlual Ztatis th the groundd
what role is played by these complexes which could be producede ect.ronltlz zltatgbo >C fcahn ;pfpu':ati bT ey a\;es %ecte
not only as final products but also as reaction intermediates. rotational distribution of the X=* (v = 0) state o >c0,
L . . o . through the A1 (v' = 1) — X 2=+ (v"' = 0) absorption band
The ab initio calculations for the oxidation reaction involving

" {ollowed by the A¢' = 1) — X(v"" = 1) fluorescence.
the transition metal atoms are rather scarce, partly because o ) ; . )
the technical difficulty originating from treatment of tH@tomic The cross sections for the title reactions have been predicted

orbitals. It is well-known that the high-level calculations are &S being very small because a high activation barrier coming
required even for diatomic molecules of transition metals to ffom the ionic-neutral crossing has been presufied electron
account for the electron correlation effect that varies a lot from transfer from the metal atom to the oxygen atom should take
state to state. Furthermore, a large region of the potential energyPlace in forming a ScO molecule. The question of the electron
surfaces should be explored to consider not only the reactants{ransfer from the metal atom to the NO o, @oiety is an
and the products but also all possible intermediates or transitionimportant aspect of the title reactions.

Recently, we have presented a brief account of our theoretical

* To whom correspondence should be addressed. Phi8@:-42-869- work together with the experiments by Vetter's gréupn the
2821. Fax: +82-42-869-2810. E-mail: yslee@mail.kaist.ac.kr. Sc+ NO — ScO+ N reaction (). Another related oxidation
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reaction, Sct O, — ScO+ O (2), is also studied in this work. ScO
The G reaction is much more exoergic than the NO reaction, 4,

and more vibrational states of ScO can be produced in the O
reaction. In this paper, theoretical results for the two reactions

are compared with each other and also with the available 0
experimental data. Eau

T

Il. Method of Computation oy 2P

. —0—2-Delta
The molecular systems ScNO and Scicluding the —e—2-Sigma

reactants (Se- NO, Sc+ O,), the products (Sc@ N, ScO+
O) and the intermediate complexes (ScNO, g§ofere calcu-
lated using all-electron complete active space (CAS) self- o3 s .
consistent-field (SCF) and the configuration interaction (ClI) 2 4 6 8 10
methods. First, we have optimized a basis set for Sc consisting
of 16s11p7d Gaussian type orbitals (GTOs) to get the lowest $¢0 (%)
energy of the ground state B, 2D). The total energy 4
calculated on the SCF level is759.727 04 hartree which is
close to the HartreeFock (HF) limit value,—759.735 528 The a
innermost GTOs were contracted to 12s9p5d atomic basis
functions (ABFs), which increased the energy slightly to
—759.725 93. For the molecular calculations we have added 2f 3
GTO—ABF to the Sc atom. For nitrogen and oxygen atoms, &
we have used the same basis set as in the TINO anglCESes:
1712s7p3d GTOs contracted to 8s5p3d ABFs and 3d GTO
ABF for the N and O atoms. Exponents and contraction
coefficients of the present basis sets are available from the
authors upon request. For the active space of CASSCEF, all 2 N M M 10
possible molecular orbitals initially made from 4s and 3d atomic Riau)
orbitals of the scandium and 2p atomic orbitals of nitrogen and Figure 1. (a) Potential energy curves (MRCI) for the three lowest
oxygen atoms were included. The number of configuration state electronic states of ScO (in a.u.). (b) Dipole moment of the ground
functions (CSFs) generated in CASSCF was 141,769 ( state of ScO (in a.u.).
symmetry) for SCNO and 84,9824, symmetry) for ScQ The . .
MOLPRO* and MOLCAS?® programs have been used in this -IE—fé?:tLrEn}é Sstg(fecgz%sfg?'gc%)?%?gt\‘j’va:(tﬂgrs rl\(zg{rg
work. Calculations)

Several electronic states of ScO are known by electron :
spectroscopd??t and the A2IT (v = 1) — X 2&=F (v”yz 0) this work expt CcSb(m DFT ECP
band showing a strong perturbation has been anaR&&He Re(Pmll 169 166'85 167.9 166.5 163
bond energy%) of the ground state has been recently revised e (em' 970 964.9 ol Sr2 1120

; ) D% (eV) 6.62 6.92 6.90 7.76 521

t0 6.92 eV by Luc and Vettét that is slightly smaller than the
previously known values, 6.93,6.9621 and 7.16 e\3 To test
the accuracy of the ab initio calculation, we have calculated
three electronic states of ScO, the X, A and?A states, with
an extensive multireference configuration interaction (MRCI) around 6-7 bohr. In this zone, there occurs a strong avoided
method. The three potential curves are given in Figure 1(a) crossing between the neutral configuration, S&3%/0, and
where we can see a crossing between the A dratakes which  the ionic configuration, S¢3d*4s')/O~. For the bond formation
causes the perturbation previously obser&elah. usual condi- between Sc and O atoms in the reactiahsad @), the metal
tions, the A and Astates cannot be formed by the title reactions atom should donate an electron during the collisional phase.
because the reactants do not have enough energy. Our calculated The ionization potential of the Sc atom, from S¢&d (?D)
spectroscopic constants for the ground state are summarized ino Sc™ 3d*4s! (3D), was calculated to be 6.33 eV which is quite
Table 1. Our bond energy fer= 0 (D%), 6.62 eV, is somewhat  close to the experimental value, 6.56 \The energy balance
smaller than the experimental value (6.92 ¥Wjand calculated  of the reaction {) calculated with our basis set in the CASSCF
values by the coupled-cluster singles and doubles with perturbedmethod is—0.69 eV (the negative sign signifying the exoer-
triples [CCSD(T)] method (6.90 e¥)and DFT (7.76 eV§2 It gicity) which is quite close to the experimental value-d3.67
is common that the variational methods tend to underestimateseV (supposingD%(ScO) = 6.92 eVt419, probably due to a
the bond energy even at the very high level of theory such as fortuitous cancellation of errors. The energy balance of the
MRCI compared with the CCSD(T) method while DFT usually reaction @) calculated with our basis set in the CASSCF method,
overestimates the bond energy. Other spectroscopic constants-2.66 eV, is significantly lower than the experimental data,
in Table 1,R. and we, are in excellent agreement with one —2.00 eV.
another. It can also be seen from Table 1 that our data is The single-and-double configuration interaction (SDCI) has
significantly closer to the experimental values than previous databeen performed for a limited number of ScNO and $cO
obtained by using effective-core potentials. CASSCF geometries because of the great amount of computer

The dipole moment of the ground state of ScO as a function time required for each geometry. The molecular orbitals have
of the interatomic distance is drawn in Figure 1b. There is a been taken from the above CASSCF result, but the reference
sudden electron transfer from the metal atom to the oxygen atomspace is considerably smaller than that of the CASSCF

2

14

-1

aReference 242 DFT calculations with the BPW91 functional from
ref 12. ¢ Effective core potential calculations from ref Z5Reference
13. ¢ Reference 15.
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O P calculated in the density functional method by Kushto €t al.
and those calculated in this work by the all-electron ab initio
method are fairly close, but the relative energies calculated in
the two methods are in disorder. In particular, the singlet state
(*A") appeared to be practically level with the triplet Sc[NO]
state fA"") and the triplet NScO statéA'") is 0.37 eV higher
than the triplet Sc[NO] state in DFT, whereas our result places
two triplet states significantly lower than the singlet state. To
clarify this problem, we have repeated the DFT calculation with
the BP86 functional using our own basis set which is believed

(0.283eV)

(0.0¢eV)

O+

° to be more flexible than Kushto’s (14s9p5d contracted to 8s4p3d
® x for the metal atom and 6-31G* for N and O). Our DFT result
(A:-1623e0) reproduces Kushto's DFT ordering of the energy, placing the
Figure 2. Potential energy (CASSCF) diagram for the SdNO — singlet state lower than the triplet state, as can be seen in Table
ScO + N reaction. All energies are without zero-point vibration 2, although the singlettriplet energy difference in our calcula-
energles.

tion (0.47 eV) is larger than Kushto’s (0.37 eV). On the other
hand, our minimum energy geometries are somewhat different
from Kushto’s. In particular, the ©Sc—N bond angle calcu-
lated in our DFT, 124.2 is closer to our CASSCF value, 126.9
than to the Kushto’'s value, 112.7Using the molecular
geometry of the DFT calculation, we have included further
o o ) electron correlation effect with the coupled-cluster singles,
Sc + NO. The initial collisional phase of the reactiof)(  goubles, and noniterative inclusion of triple excitations [CCSD-
has been studied by checking two different geometrical ap- (1) in Table 2] calculation for the complexes. It gave the two
proaches between Sc and NO. One is Bepoint group triplets and the singlet about the same energies. Furthermore,
symmetry where the Sc atom approaches the NO group with the jsomer B appeared to be more stable than the isomer A by
the Sc-O and Se-N distances kept equal, i.e., a side-on (g ev. We have carried out the SDCI calculation at the
collision. The other is the collineaCf,) geometry, an end-on  minimum energy geometries from CASSCF. It produces practi-
collision. The side-on posed a problem of convergence around cally the same energy (Table 2) for th&" state of NScO and
Fhe act.ivation barrier whgrg the ionic and neutral configurations {he1a' state of Sc[NO]. The singlet state contains the dynamic
intermix. The end-on collision had no convergence problem and ¢ relation energy substantially larger than the triplet states.
the activation barrier appeared to be lower. The lowest barrier gacause the present work does not treat the potential energy
occurs for the SCNO geometry and not the SCON. It may be gyrface of the singlet states, CASSCF results can be reasonably

due to a less steric repulsion between the metal atom and theyysted without considering corrections due to the dynamic
NO moiety in the former geometry than in the latter since the .grelation effect.

O atom has one electron pair while the N atom does not. The
activation energy, calculated as the energy difference between
the lowest barrier point and the energy of noninteracting
reactants at infinity, is 0.17 eV (0.28 eV without zero-point-
energy corrections) at the CASSCF level and 0.19 eV (0.30 eV
without zero-point-energy corrections) at the SDCI level. The
addition of the dynamic electron correlation effect slightly
elevates the barrier as was the case in4TiNO.17 After i )
surmounting this barrier, the NO moiety rotates around the metal  SC + Oz The energy level diagram for the reactic) (s
center to form a side-on complex and the electron transfer occursdrawn in Figure 3 and the energies and geometrical parameters
from the metal atom to the NO molecule. Figure 2 shows the Of the ScQ complex can be found in Table 3. In this case again,
energy diagram (in CASSCF) of the Se NO — ScO + N thereis an activation barrier due to an avplded crossing Iqetween
reaction. a neutral configuration, 8¢O,)°, and an ionic configuration,

We found two intermediate complexes which can be written SC" (O2)~. The lowest activation barrier lies in a side-on
as NScO (with the obtuseNSc—O angle; A in Figure 2) and ~ geometry and the height qf the activation energy was calcylated
Sc[NO] (with the acute NSc—O angle; B in Figure 2). The 10 be 0.19 eV (0.31 eV without zero-pomt-en_ergy correcﬂops)
complex B is connected with the reactants on a single potential at the CASSCF level and 0.20 eV (0.33 eV without zero-point-
surface. We have explored many different paths connecting A €nergy corrections) at the SDCI level of calculation. In the
and B, and checked that all led to the barriers with energies repulsive long distance region, the metal electrons in tfe 4s
higher than the reactants, confirming that both of those two 3d* configuration interact mainly with ther electrons of the
forms are stable isomers. We used solid lines in Figure 2 for 0Xygen molecule. After the barrier is passed, the electron transfer
the cases where we have effectively obtained continuousoccurs from the metal atom to the oxygen molecule as can be
potential energy surfaces connecting two geometries, whereass€en in Figure 4. The metal atom is then approximately in the
we have used broken lines for the part where we could not obtain4s'3d" configuration.
continuous potential energy surfaces for connecting geometries. There are two isomers of Se@s in the ScNO case, which
We could obtain a single potential surface connecting the isomermay be represented as OScO (an oxo-complex with an obtuse
A and the products. O—Sc—-0 angle; A in Figure 3) and ScP(a peroxo-complex

We report the relative energies for the lowest electronic stateswith an acute G-Sc—-0 angle, B in Figure 3). The isomer A is
of ScNO, their geometrical parameters and the net charges oflower in energy than the isomer B by 1.36 eV at the CASSCF
the metal atom in Table 2. The geometrical parameters level. Our geometry optimization has been performed inrGhe

calculation. All possible single and double excitations of 10
(ScNO) or 11 (Sc@) valence electrons were included for the
reference CSFs.

I1l. Results

Concerning the charge distribution in the lowest-energy form
of the complex (A), NScO, about 4/3 of the metal electron is
transferred to the N and O atoms. In the Sc[NO] isomer (B),
about 3/4 of the metal electron is transferred to the NO moiety.
The higher ionicity between the metal atom and the ligand atoms
in the NScO isomer in comparison to the Sc[NO] is in line with
our stability order; the former being more stable than the latter.
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TABLE 2: Minimum Energy Geometries, Harmonic Vibrational Frequencies,2 Metal Charges and the Energy Levels of the
ScNO Complex R in pm, [ in degree, in cm~1, Q in a.u., and AE in eV)

method state R(Sc-0) r(Sc—N) 0(O—Sc—N) w1 w2 w3 Q(Sc) AE
CASSCF .y 186 182 49.5 1.04 0.765
SA" (B) 196 195 40.8 470 608 1093 0.74 0.176
SA'(A) 169 224 126.9 149 445 942 1.30 0.0
SDCP A 186 182 49.5 0.025
SA'" (B) 196 195 40.8 0.234
SA"(A) 169 224 126.9 0.0
BP86& A 184 181 49.3 490 641 885 —0.368
SA"(B) 195 195 40.3 481 601 1091 —0.365
SA'(A) 170 211 112.7 152 459 914 0.0
BP8g! A 183 181 49.9 —0.468
SA"" (B) 194 194 40.5 —0.481
SA"(A) 170 196 124.2 0.0
CCSD(Ty A 183 181 49.9 0.132
3A" (B) 194 194 40.5 —0.057
SA"(A) 170 196 124.2 0.0
expg A" (B) 644 866
SA"(A) 471 910

2 w; refers to a harmonic vibrational grequency for the calculation or a fundamental frequency for the expérBixtitat the geometries of
CASSCF.c Reference 8¢ BP86 using our basis se&CCSD(T) at the geometries df

Sc @ .
O o W
o) 1 4

(A: - 6.196eV)

Figure 4. Net charge of the metal atom in the $cO, — ScO+ O

Figure 3. Potential energy (CASSCF) diagram for the $c0, — reaction Rin A and Q in a.u.).

ScO + O reaction. All energies are without zero-point vibration

energies. . L . .

g the zero point energies into account (Figure 3) is 3.57 eV at
TABLE 3: CASSCEF Calculated Minimum Energy the CASSCF level. The DFT calculation using the BPW91
Geometries, Metal Charges and the Energy Levels of theA’ functional by Gutsev et &l.estimated this bond energy to be
State of ScQ Complex (R in pm, [ in degree,Q in a.u., and 4.5 eV. No stable superoxo complex, which may be written as
AE in eV) ; : .

: ScOO (end-on species), has been found in our calculation and
isomer _ referenceR(Sc-0) R(Sc-0) U(O-Sc-0O) Q(Sc) AE no experimental observation for the superoxo complex has been
Sc[Q] (B) thiswork 187 187 48.8 0.86 1.36  reported until now. The exoergicity of this reactioB), (s much
%2 igg igg j;-f ii; larger than that of the Se- NO case, 1), and the Sc@
0ScO @) thiswork 170 205 1954 140 0.0 intermediates are more strongly bonded than the ScNO.
12 177 177 129.2 0.0 ) )
7 178 178 125.9 0.0 IV. Discussion
symmetry, and yielded asymmetric-S© distances, 170 pm In Luc and Vetter's experiment, the activation energy of the

(Sc—0) and 205 pm (SeQ'). Previous DFT calculatiori§ Sc + NO reaction has been estimated to be lower than 0.10
reportedC,, geometries for the two isomers. We do not know eV *15which is much smaller than our ab initio value, 0.17
whether their optimizations were @y or C,, symmetry. Matrix- eV (CASSCF) or 0.19 eV (SDCI). The same is expected to be
isolated infrared spectroscoplyas demonstrated the existence the case for the activation energy of the-8©; reaction. Our
of the OScO isomer with the ©Sc—0O bond angle of 128 calculated activation energy for S&NO is about the same as
Our calculated value, 125as well as the DFT values, 126 that of the T-NO system, 0.18 eV (CASSCF) or 0.23 eV
and 129,12 are close to this experimental value. Because the (SDCI)17 However, the activation energy differs substantially
energy difference between the two isomers were calculated tofor dioxygen cases: 0.19 eV (CASSCF) or 0.20 eV (SDCI) for
be significantly large in the DFT calculations as well as in ours, the Sec-0O, vs 0.37 eV (CASSCF) or 0.42 eV (SDCI) for the
we do not think that further electron correlation effect will Ti—0,.17 The electron correlation effect slightly elevates the
change the order of stability. activation barrier as we saw in the ScNO, Ti + NO (from

A gas-phase mass spectrometry of the Sc@mplex’ 0.18 to 0.23 eV) and Ti+ Oy (from 0.47 to 0.52 e\Y cases.
estimated the bond energy of the second oxygen atom to ScOJFor the reactions with dioxygen, the initial attack occurs
i.e., the endoergicity of the reaction 0Se®ScO+ O, to be preferentially through a side-on geometry in contrast to the nitric
3.95 eV. Our calculated OS® bond energy without taking  oxide case. The oxygen molecule has a nonbondiefgctron
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pair while the nitrogen atom in the nitrogen monoxide has an make the reaction with oxygen molecule much faster than that
unpaireds radical electron. So the end-on approach for the with nitrogen monoxide signifying less time spent in the
oxygen molecule is expected to lead to a larger repulsion, intermediate state, thus explaining the nonstatistical distribution
whereas the end-on approach for the nitrogen monoxide by theof the reaction product.
nitrogen side could lower the repulsion. This may explain why  Although the Sct+ NO reaction is much less exoergic than
an end-on collision is lower in energy in the-940 case and the Sc+ O, reaction, the overall reaction rate of the first reaction
a side-on collision is lower in energy in the-SO, case. In the is measured to be more efficient than the second reaction in
end-on collision, the unpairedradical electron of the nitrogen  Ritter and Weisshaar's studyl heir estimated cross section for
monoxide molecule does not come into direct contact with the the first reaction is 1.68 Awhile that of the second reaction is
metal valence electron, which may be fundamental in explaining 1.01 A2. Because our calculated reaction barriers are about the
the small difference in the activation barrier between the two same in both reactions, other dynamic factors may be responsible
systems. for this difference. Concerning the spin-state of thetS8lO
Using the conservation of the angular momentum before and reaction because the reactant state is either triplet or singlet and
after the collision, we could estimate the reactive cross sectionthe product state (ground state) can be triplet or quintet, we
for the Sc+ NO reaction and the impact parameter correspond- can infer that the triplet complex states may be more relevant
ing to this cross section. Our value of 2.9 & in quite good 1o the reaction than the singlet state.
agreement with the experimentally deduced value, .2°A Our work confirmed the existence of two stable isomers for
In the work of Luc and Vetter on S¢ NO,145the profile the Sc_NO and Scpcomplexes._ We have also shown the_
of the absorption bands was analyzed to measure the rotationafSSential features of the potential energy surface involved in
distribution of the ScO product. It could not be interpreted by the reaction and the likely reaction pathways. However, we have
a pure prior statistical distribution but rather by a weak raised several unanswgred questions, which will have to wait
“surprisal” with f, = 0.6, which means that the lifetime of the f_or more reliable experiments and quantum chemical calcula-
intermediate is relatively long, but not long enough to erase tONS.
the memory of the rotational excitation provided by the initial .
angular momentum transferred by the collision. The lifetime  Acknowledgment. This work was partly supported by the
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