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Ab initio study of the two lowest triplet potential energy surfaces involved
in the N (*S)+NO (X 2II) reaction
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This work presentsab initio electronic structure calculations of the two possible*$)(
+NO(X 211 ) abstraction reaction channels on the lowdst and3A’ potential energy surfaces
(PES3. Complete active space self-consistent-fiel@ASSCH calculations, second-order
perturbation calculationCASPT2, and multireference configuration interaction calculations
(MR-CI) based on CASSCF wave functions, along with some coupled cl(Ster calculations

were carried out by using the standard correlation-consisectpVnZ and aug-cc-p¥iZ,
n=D,T,Q,5 Dunning’s basis sets. It was shown that there was no energy barrier along the minimum
energy path in th8A” PES for theN-abstraction reaction channel. However, an energy baGigd
kcal/mo) was located in the A’ PES. This energy barrier was considerably smaller than the
previously reported MR-CCI valugl4.4 kcal/mol. It was established that the N and ©dectron
correlation, neglected in previous studies of these authors, was the main source of this energy
decrease. As a result, the presait initio data will produce larger values of the thermal rate
constants at high temperatures. High-energy barriers were found for the O-abstraction reaction
channel in both PES@1.13 and 30.77 kcal/mol fotA” and®A’ |, respectively, which agree with

the accepted idea that this channel will be only important at high collision energies. Nonetheless,
currentab initio results show that this channel will be open at not very high collision enefgigs

over 30 kcal/mol could take plageExperimental studies on the O-abstraction reaction channel are
missing and would be useful to confirm &b initio expected importance. @003 American
Institute of Physics.[DOI: 10.1063/1.1574315

I. INTRODUCTION effects for the heat flux on the thermal protection systems

used in atmospheric reentry vehiclés.g., space shuttle,
The elementary gas-phase reaction of $)(with nitric OREX, ...)® P y €g. sp

oxide, In spite of this reaction having been extensively studied

from an experimental point of view, particularly for the room
temperature rate constant (1.7 10 Y<k,gg «=4.5
@D 1071 cn? molecule 1s71), there are still some doubts
about its slight temperature dependence. Thus, several labo-
_ . . ) ratory studies covering different temperature ranges have
and its reverse reaction play an important role in atmospherlghOWn somewhat different expressions. Baugtral! pre-

chemistry. Thg direct reaction Is thought to be a domln"’mtsented a recommended value at high temperatures equal to
step for odd nitrogen removal in the upper stratosphere, thg 1% 10~ 1e-79T  on® molecule s 1 between 1400—
mesosphere and the thermosphere of the Earth, and possib‘%00 K. The Jet Propulsion LaboratBryproposed 2.1
also in Mars and Venus.* The accuracy of the rate con- ><10*11e.(1°°t1°°)” em® molecule st based in publishéd

nts for this r ion over a wide ran f temperatures. ~ . L . )
Féag tsfré)m t1855 s?ﬁt; esoopeauge todzpsrog?mgtetl?/ 1%%; tz SEmetlc data within the interval 200—400 K. Other studies
) ased in terrestrial or martian atmospheric NO modeling

250 km altitude(upper thermosphery is of great impor- h derived eith ) q
tance for the modeled concentration of N€pecies in these ave eﬂgeﬁ 4?(!% er a negative Eelmiplerature ependenge
1.6X10 “e cm® molecule ts ! for T>300 K (Ref.

atmospheric regions for varying levels of solar activity. On 10 o~ 600 At
the other hand, this reaction has been also proposed as ok @nd 2.5¢10° ™ (T/300)e e’ molecule s

important step to remove the NO molecules produced in hetbet""eef‘l}oggnzoo KRefs. 9 an_dl 1Plor a positive onge.g.,
erogeneous catalytic processesg., in SiQ-based materi- 2-2<10" €' cm® molecule *s* for 213<T<369 K

aly for airflow cases; this NO production could have great(Ref. 3]. Besides kinetic studies, there are only very few
experimental studies dealing with the dynamics properties of

2 o this reaction. Thus, only earlier studies measured some infor-
Electronic mail: miguel@qf.ub.es

YAuthors to whom correspondence should be addressed. Electronic maﬂf.nation on the p_roduct Mibraﬂon"’_‘l distributionsl, inzdicating
r.sayos@gf.ub.es, miguel@qf.ub.es a product vibrational energy fraction of 0.25—-0282How-

N(*S) + NO(X 2IT) — OC3P)+ Ny(X'3;")

AH3«=— 75.01 kcal/mol (Ref. 1),
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ever, another study indicated a higher fraction due to thective space self-consistent field meth@ASSCH (Refs.

75+5% of the N, molecules appeared with' >4 26, 27 was employed throughout this study, always choos-
In several preceding papers we presented different theang the lowest root irC symmetry for both triplet PESG.e.,

retical approaches for this reaction and we also gave a déa” and 3A’). These two PESs are the unique ones that

tailed review of the main experimental and theoretical datgqrelate reactants and products for reactibn The other
that had been published for this reaction. We constructed aBegg that also arise in reactarfi®., A" and °A’), only

analytical potential energy surfa¢BES (Ref. 14 based on
limited ab initio informatiort® for the ground®A” PES, and
we carried out dynamics studies by means of the quasicla
sical trajectory (QCT) method® reduced quantum

correlate with very excited product§i.e., OCP)+N,
%NZJ)]. The location of the different stationary points on
he PESs was achieved by optimization searches of both

approaché¥ (reactive-infinite-order sudden approximation minima and transition sta.\tes' employing analytical CASSCF
or simple modef¥ (angle-dependent line-of-centers madel gradients. Full characterization of them was performed by
Lately, QCT calculations on a ne#A” PES! which was calculating the numerical Hessian matrix at the optimized
fitted using the samab initio data*® but adding new inter- geometries. Calculations at second-order perturbation theory
polated semiempirical points, reported good thermal ratéased on a zeroth-order CASSCF wave functi@ASPT2
constants for 208 T<1000 K, with the inclusion of the re- method using the standard correctidne., stg or some of
actant statistical degeneracy factére., 3/16, missing in  the more accuraté; (i=1,2,3 variant® as implemented in
previous works. The same authors presented a QCT StudymoLcas 4.1 were applied to improve the stationary points
on this reaction taking also into account the first excited PEQbtained at the CASSCF level. In some cases, a grid of
(°A"), previously fitted for the reverse reaction by other CASPT2 points was generated to search directly for the sta-
authors?* It was concluded that only at high energi€®.,  tionary point. Thus, local fits were performed by means of
1-3 eV) the excited PES became important. _ bicubic spline®’ or Taylor expansions in the bond angle to-
For the second reaction chanrieé., the O-abstraction gether with symmetry adapted internal coordinate expansion
proces in the bond lengths to obtain the optimal geometry and the
harmonic frequencies at the CASPT2 level by using the
SURVIBTM code of molecular rovibrational analysfs.
2) In the present study all the molecular orbitél40) aris-
A/Hg ¢ = 0 kcal/mol, ing from the & atomic orbitals were kept frozen, and two
active spaces for the NNO system were conside(adthe
there is almost no information. Only some experim&ftsat  full-valence active space with all the atomis @nd 2 elec-
very high energies with®N and pure NO indicated that trons distributed among the corresponding derived bonding
channel 2 yielding™NO could account for up to a 20% of and antibonding MOS$i.e., CAS(16,12], and(b) a smaller
the total reaction, although with the possible contribution ofgctive space with only the atomig2lectrons[i.e., CAS
the first excited states of nitrog¢ne., ND,?P)]. (10,9], taking the 2-derived MOs as inactive. This latter
The present work presents a new acCusienitio mo-  4¢tive space has been assumed to be accurate enough for this
Iecylar.electronlc structure stu_dy of the 18} +NO reaction system in the most extensive precedial initio paper on
taking into account both PESse., °A” and“A’), and also éhis reactiont> Natural MO occupation was checked for all

}Zse tvrv;) F(;CS)ZZ'?Lea:?g:fg)zg?girzfelSénzrz\ggfashigﬁggeéfiStu Stationary points. The CA8L6,12 comprising 16 electrons
prop in 12 orbitals(9 a’ and 3a") generates 56 664 and 56 592

acterization ofA’ and®A” PESs was necessary to construct i ) .
y configuration state functionsCSF$ for the 2A” and A’

reliable analytical PESs valid for dynamics and kinetics stud- ) . . .
ies, as it is our goal here. New analytical PESs based in grid§ ESS: respectively, while the CA®,9 with 10 electrons in

of ab initio points are at present practically finished and QCT? orbitals(6 a’ and 3a’) only 3804 and 3756, respectively.
and wave packet studies on this reaction are also in progresEhe major part of CASSCF and CASPT2 calculations used
Section Il will offer a summary of thab initio method-  the lower active spaci.e., CAS10,9] as it reduced a lot
ology applied in this work. Section Il will provide thab  the computer time but the accuracy was suitable in compari-
initio results on the stationary points of both PE3&”(and  son with available experimental data and when comparing
3A"), and the corresponding minimum energy reaction pathsvith CAS (16,12 results. The N and Osland Z MOs were
(MEPS connecting minima(MIN), and transition states optimized at the CASSCF level; in some CASPT2 calcula-
(TS). Finally, Sec. IV will summarize the main concluding tions, the derived 4and 2s MOs were kept frozen to com-
remarks. pare with earlier CASSCF followed by multireference con-
tracted CI(MR-CCI) calculations=® The present results will
show the importance of thes2lynamical correlation energy
Il. THEORETICAL METHODS in the characterization of this reaction on both surfaces, not
A similar strategy as that used in our recent study of theconsidered in previous studi€Moreover, two additional
N(*S)+ 0O, reactior* was also applied in the present work. ab initio methods were also used to check the accuracy in the
Thus, ab initio calculations have been carried out with the correlation energies calculateth) uncontracted multirefer-
MOLCAS 4.1 (Ref. 295 package of programs. The complete ence singles and doubles configuration interactions including

N(*S) + N'O (X 2IT)— N’(*S) + NO (X 2II)
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Davidson correction for quadruple excitation§i.e.,  B. Characterization of the lowest A" potential
MR-CI+Q),3! using the CASSCE0,9 MOs and all the energy surface
CSFS with awelght up to 0.0005 in theCASSCF W?.VE func- The ab initio Study of the MEP on théA// PES for
tion, and(b) coupled cluster method with perturbative con- o, tion channefil) shows only one transition state. Table Il
tribution .at triple ex0|tat|'on°§ lie., CCSRT)] using the gives its properties for differerdb initio calculations. The
MOs.derlved from a restricted open shell Hartree—Fock cal posscE method reports an earlier transition state, long
culation. . . NN distance for both active spaces with several basis sets.
The standard correIat|(_)n-(,:on5|s_te(m:-anZ and aug- - The corresponding geometry and harmonic vibrational fre-
cc-pviZ, n=D,T.Q,5 Dunning's basis se%%_were used in _guencies are very close to the preceding CASSCF ré3ults
the presgnt study. Supermolecule calculgtlons WEre ConSiGuin 5 Duijneveldt basis set. The small energy barrier clearly
ergd too_ln.the determination of the energies of the Stat'On"’lr?ﬁisappears as the dynamical correlation energy is introduced
points within each PES. by means of the CASPT2 method. This fact is in agreement
with previous multireference contracted Cl restftsshere it
was observed a very small energy barrier of 0.5 kcal/mol.
11l. RESULTS AND DISCUSSION Nevertheless, the same authors recognized that due to the
limitations of their calculations probably no additional bar-
rier should be expected. To make sure that there was no
Table | summarizes the calculated bond length, the harenergy barrier at longer NN distances, as it was observed
monic vibrational frequency, and the dissociation energy ofvhen dynamical correlation energy was introduteaot
both diatomic molecules along with the reaction exoergicityonly CASPT2 energies at the CASSCF geometries were cal-
(1) for different ab initio levels. The CASSCF calculations culated but also an extensive grid of CASPTID,9 G2
with larger basis sets and both active spaces show that thec-pVTZ energies along the MERpprox. 180 poinjs The
lower active space is accurate enough for describing thedecal fit of these poinf showed an energy profile without
properties. However, the introduction of dynamical correla-any energy barrier from reactants to products.
tion energy by means of the CASPT2 method is necessary to The CCSDOT) and the uncontracted MR-€Q calcula-
obtain results in close agreement with experimental data. Thiéons at the CASSCRO0,9 optimal geometries seem to con-
comparison of the CASSCF geometries with the experimenfirm also the absence of any energy barrier. Present MR-CI
tal data shows a small but rather clear effect of the size of thealculations used the following nine reference CSFs, where
basis set on the optimal bond lengths and harmonic frequerthe electronic occupation of thea6and &’ MOs are indi-
cies, which slowly tend to the experimental ones. Nevertheeated: (222100 210, (220120 210, (221110 210, (222100
less, the description of both,Nind NO dissociation energies 012), (122101 11}, (212110 11}, (022102 219, (112111
is a bit worse. The CASPT2 calculations by using tBe  210), and (221110 201 with a total weight of 0.9837. This
variants give similar results although much better than theriginated the following number of CSFs depending on the
CASPT2 with the standar@td) Fock matrix, as it should be basis set: 31864¢&c-pVD2), 2202524(cc-pVTZ), 1177190
expected® The N, and NO dissociation energies show a (aug-cc-pVDZ, and 5778909(aug-cc-pVTZ to be com-
significant error(errors of approximately-4.5% with re- pared with previous MR-CCI calculatiol'swith approxi-
spect to the experimental valyesven with the inclusion of mately 1000000 of CSFs. Our MR-CI calculations kept fro-
the geometry optimization at the same lefiet., CASPT2 zen also the N and GsZlectrons to compare directly with
G2(10,9/cc-pVTZ], which causes a similar error in exoer- previous studie$® The importance of the N and OsZlec-
gicity. Nevertheless, the results are very good with the largtron correlation, which was neglected in the past, is here
est basis set and active spdece., CASPT2 GR16,19/cc-  ascertained by means of the CASPT2 method. Thus, for ex-
pVQZ gives errors lower thar-1.2%]|. The CCSOT) and ample, the CASPTZ0,9 G2 energy for cc-pvDZ, cc-
MR-CI+Q energies present as well good results, which impVTZ, and cc-pVQZ basis sets at the corresponding
prove with the size of the basis set and are quite close to theASSCF optimal geometrf~1.90,—4.88, and—6.12 kcal/
CASPT2(10,9 G2 energies. Present MR-EQ results are  mol, respectively; see Table)Ibecome more positive when
quite good in spite of the N and G2lectrons are not cor- 2s electron correlation is neglectdde., —0.58, —3.14, and
related, such as was also observed in similar MR-©@Q1 —4.07 kcal/mol, respectively This energy lowering prob-
calculations®® The difficulty in the theoretical treatment in ably would vanish the MR-CCI energy barrigror our
diatomic molecules is well known and can only be amendedR-ClI calculations at its optimal geomettgossibly with a
with very refined and computationally expensiab initio  longer NN distance than in the CASSCF leveA similar
calculations with inclusion of large primitive basis Séter  trend with the addition of the N and G2lectron correlation
by using also complete basis $&BS) limits.>**" However, has also been revealed in our similar sttfdgn the two
as the main purpose of the present study is to characterize atlwest PESdi.e.,?A’ and*A’) of the N(*S) +0, reaction.
the stationary points of the two lowest triplet PESs involved = The second reaction chann@) have been also studied
in the title reaction by using the sanab initio level, the by using the CASSCHO0,9 and the CASPT2(10,9 G2
CASPT2 G210,9/cc-pVTZ level accuracy can be suitable methods and the cc-pVTZ basis set. Thik initio level
for a later construction of th8A” and®A’ analytical PESs, seems accurate enough to describe this less important chan-
where usually some experimental diatomic data are often inrel, as it has been shown too in the reaction charbgel
troduced. study or in other similar recent studies for the*S(+ O,

A. Stable species and reaction exoergicity
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TABLE I. Ab initio properties of reactants and produtts.

N(“S)+NO OCP)+N,
AD.P

Method Basis set E/a.u. RJA we/cm™* Dg/kcal molt Ela.u. RJA  wel/cm* Dg/kcal mol? kcal mol?t
CASSCK16,12 cc-pvDZz —183.76388 1.1640 1914.45 125.21 —183.89132 1.1161 2360.34 205.17 —79.97
cc-pvTZ —183.807 10 1.1587 1895.64 129.73 —183.93755 1.1056 2345.80 211.58 —81.86

cc-pvQz —183.81942 1.1570 1895.71 130.66 —183.95053 1.1039 2345.34 212.93 —82.27

aug-cc-pvVDZ —183.77334 1.1657 1894.87 127.15 —183.90076 1.1170 2344.82 207.11 —79.95

aug-cc-pvVTZ —183.80875 1.1586 1888.78 129.90 —183.93980 1.1054 2343.00 212.14 —82.23

CASPTZ216,12 std cc-pvDZ  —184.036 28 139.52 —184.128 06 198.36 —58.84
cc-pvVTZ —184.206 80 141.23 —184.317 59 210.74 —69.52

cc-pvQz —184.257 16 145.29 —184.369 76 215.95 —70.65

aug-cc-pvDZ —184.088 01 133.26 —184.192 53 198.84 —65.58

aug-cc-pvVTZ —184.218 28 146.18 —184.329 03 211.58 —69.50

CASPT216,12 G2 cc-pvDZz —184.030 28 146.94 —184.12379 205.62 —58.68
cc-pvVTzZ —184.196 91 147.29 —184.312 56 219.86 —72.57

cc-pvQZz —184.246 56 151.81 —184.364 36 225.73 —73.92

aug-cc-pvDZ —184.078 59 139.18 —184.187 64 207.61 —68.43

aug-cc-pVTZ —184.207 65 148.60 —184.323 68 221.41 —72.81

CASSCK10,9 cc-pvDZz —183.75479 1.1619 1926.77 119.52 —183.87832 1.1144 2371.84 197.02 —-77.51
cc-pVvTZ —183.79817 1.1565 1907.75 124,13 —183.92508 1.1036 2357.52 203.76 —79.63

cc-pvQz —183.81050 1.1547 1907.98 125.05 —183.93806 1.1020 2357.62 205.10 —80.04

aug-cc-pvDZ —-183.76434 1.1635 1907.91 121.50 —183.88798 1.1153 2357.07 199.10 —77.58

aug-cc-pVTZ —183.79985 1.1564 1899.89 124.32 —183.92720 1.1035 2353.26 204.22 —-79.91

aug-cc-pvQz —183.81107 1.1547 1907.31 124.87 —183.93876 1.1020 2352.19 205.35 —80.12

CASPT210,9 std cc-pvDZz —184.05211 130.40 —184.157 19 196.36 —65.94
cc-pvTzZ —184.204 77 140.02 —184.314 44 208.83 —68.82

cc-pvQZz —184.25541 144.22 —184.366 93 214.18 —69.98

aug-cc-pvDZ —184.08551 131.77 —184.188 86 196.61 —64.85

aug-cc-pVTZ —184.216 45 140.97 —184.326 07 209.75 —68.78

aug-cc-pvQzZ —184.260 67 144.83 —184.372 19 214.92 —69.98

CASPTZ210,9 G2 cc-pvDZ  —184.044 25 135.43 —184.152 97 203.67 —68.22
cc-pvVTzZ —184.194 99 146.15 —184.309 44 217.96 —-71.82

cc-pvQz —184.244 90 150.79 —184.361 57 224.00 —-73.21

aug-cc-pvDZ —184.076 09 137.69 —184.184 01 205.40 —-67.72

aug-cc-pvVTZ —184.205 82 147.47 —184.32075 219.58 —72.12

aug-cc-pvVQZ —184.24974 151.61 —184.366 70 225.03 —73.39

CASPTZ210,9 GZ cc-pvTZ —184.19499 1.1571 1904.45 146.15 —184.31022 1.1040 2331.25 218.46 —-72.31
ccsoT) cc-pvDZ —184.076 94 131.97 —184.186 31 200.60 —68.63
cc-pvVTZz —184.231 63 143.57 —184.347 77 216.44 —72.88

cc-pvQz —184.279 26 148.48 —184.39781 222.87 —74.39

aug-cc-pvDzZ —184.112 27 133.68 —184.22081 201.80 —68.11

aug-cc-pVTZ —184.243 16 14491 —184.359 66 218.01 —-73.10

MR-CI + Q¢ cc-pvDZz —183.885 54 137.21 —183.997 59 207.52 —70.31
cc-pVvVTZ —183.971 09 149.34 —184.092 20 225.32 —75.99

cc-pvQz —183.997 13 154.18 —184.121 29 232.08 —-77.91

aug-cc-pvDZ —183.905 48 139.42 —184.017 22 209.52 —70.12

aug-cc-pVTZ —183.976 51 149.87 —184.098 08 226.15 —76.28

Experimentél 1.1508 1904.20 152.53 1.0977 2358.57 228.41 —75.88

8CASPT2, energies at the CASSCF optimal geometries with the same basis set and active space.

PReaction exoergicity for NS) +NO— O(P)+N, .

‘CASPT2 G2 energies and harmonic vibrational frequencies obtained with the optimal geometries at the same level by using the VIBROT module of the
MoLCAs 4.1 program(Ref. 25. Masses of the most abundant isotopes were Usidand°0.

dCoupled cluster energies with perturbative contribution at triple excitati@es 32 using initial restricted open shell Hartree—Fock MOs. Energies were
calculated at the optimal CASSCIP,9 geometries.

®Multireference configuration interaction energies including the Davidson correction for quadruple excif@gtn3l). The N and O 2 electrons were not
correlated. Energies were calculated at the optimum CA$SBLY geometries.

The lowest spin-orbit statdse., NO(X ?II,,,) and O¢P,)] were used for the experimental ddRef. 34.
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TABLE II. Ab initio properties of théA” transition statgTS1) for the reaction channéll).?

Method Basis set E/a.u. Revny/A RenoyA - < NNO/° w;lcm P AE/kcal molt ©
CASSCK16,12 cc-pvDZ —183.753 29 1.7896 1.1719 108.9 417.56 1854.43 241.48 6.59(7.10
cc-pvVTZ —183.798 23 1.8880 1.1606 109.0 419.70 1794.58 272.17 5.51(5.99
cc-pvVQzZ —183.811 23 1.9103 1.1598 109.2 421.21 1743.24 281.19 5.32(5.70
aug-cc-pvDZ —183.764 59 1.8933 1.1676 108.8 418.23 1823.23 262.23 5.44(5.99
aug-cc-pVTZ —183.800 61 1.9219 1.1588 109.1 403.38 1803.22 268.29 5.11(5.56
CASPT216,12 G2 cc-pvDZ —184.055 36 -1.76
cc-pVTZ —184.240 33 —-4.74
cc-pvVQZ —184.268 32 —5.38
aug-cc-pvDZ —184.091 03 —-3.83
aug-cc-pvTZ —184.258 32 —6.60
CASSCK10,9 cc-pvDZ —183.740 72 1.7287 1.1743 108.76 499.15 1735.87 310.29 8.83(9.27
cc-pVTZ —183.786 39 1.8262 1.1610 108.90 455.13 1782.64 285.74 7.39(7.86
cc-pvVQZ —183.799 15 1.8455 1.1577 109.01 450.83 1792.68 285.95 7.12(7.60
aug-cc-pVDZ —183.752 69 1.8368 1.1677 108.68 452.19 1785.80 295.12 7.31(7.79
aug-cc-pvVTZ —183.788 98 1.8603 1.1585 109.03 443.29 1792.73 280.12 6.82(7.30
CASPTZ210,9 std cc-pvDZ —184.052 00 0.07
cc-pVTZ —184.209 35 —2.87
cc-pvQz —184.261 93 —4.09
aug-cc-pvDZ —184.088 72 —-2.01
aug-cc-pvVTZ —184.223 18 —4.22
CASPTZ210,9 G2 cc-pvDZ —184.047 27 -1.90
cc-pvVTZ —184.202 77 —4.88
cc-pvVQZ —184.254 65 -6.12
aug-cc-pvVDZ —184.082 15 —3.80
aug-cc-pvTZ —184.21561 —6.14
ccsom) cc-pvDZ —184.074 49 1.54
cc-pVTZ —184.23475 -1.96
aug-cc-pvDZ —184.113 23 —0.60
aug-cc-pvVTZ —184.248 23 —3.18
MR-CI+Q° cc-pvDZ —183.886 57 —0.64
cc-pvVTZ —183.97553 -2.79
aug-cc-pvDZ —183.908 61 -1.97
aug-cc-pvTZ —183.982 14 —3.62
CASSCK10,9 Duijneveldt 1.8193 1.1626 108.5 396 1720 250 5.05.4
[11s6p3d4f/5s3p2d1f]
MR-CCI+Qf Duijneveldt - 2.1707 1.1494 108.9 385 1785 210 0.51.0
[11s6p3d4f/5s3p2d1f]

3CASPT2 energies at the CASSCF optimal geometries with the same basis set.
PHarmonic vibrational frequenciesi; (NNO bend.a’), w, (NO str.,a’) andw; (NN str.,a’), respectively. Masses of the most abundant isotopes were used:
14 1

N and*®0.

°Energy barrier respect to R)+NO. The value corrected with the difference of zero point energies is shown in parentheses.

dCoupled cluster energies with perturbative contribution at triple excitati@e$ 32 using initial restricted open shell Hartree—Fock MOs. Energies were
calculated at the optimal CASSCI®D,9 geometries.

®Multireference configuration interaction energies including the Davidson correction for quadruple exci@gbr&l using 9 CSFs as reference wavefunc-
tion. The N and O gelectrons were not correlated. Energies were calculated at the optimal CABS@§eometries.

Previousab initio results from Ref. 15, where the N and ©électrons were not correlated in the MR-CCI calculations.

(Refs. 24, 38, 39 N(°D)+NO (Ref. 40 or N(*D)+0, observed in the lowestA’ NNO PES(Ref. 40 and in the
(Refs. 41—44 reactions. Three stationary points were ob-lowest?A’ and*A’ NOO PESS? A similar structure as that
tained at the CASPT2 level: TS2, MIN1, and TSEig. 1). for the peroxy isomer of N with a shallow minimum over
The MEP presents only €,,-Symmetry transition state at reactants or products, reported in early theoretical
CASSCF level with a very high-energy barrig5.70 kcal/ ~ studies®*® has been later confirmed in more accurate
mol). The inclusion of the dynamical correlation energy de-initio studies?’ not only for the groundA’ PES but also for
creased this barrier to 41.13 kcal/mol and led to athe first excited A’ PES?*°Although moreab initio calcu-
Cs-symmetry transition statéTable IIl). The TS2 optimal lations could be made to characterize even better this mini-
geometry at the CASPT2 level was derived by means of anum and both transitions states, we believe that the main
local fit of 90 points with a final root-mean-square deviationconclusion that reaction chann@) will be only important
(RMSD) of 0.11 kcal/mol. 240 points were used for the on the3A” PES for collision energies over 41 kcal/mol can
MIN1 characterization with a RMSD of 0.24 kcal/mol. In be reliably established, in agreement with experimental data,
spite of MIN1 is a very shallow minimum on the lowe€#®t”  which show only a small contribution of this reaction chan-
NNO PES, this kind ofC,,-minimum is similar to the ones nel even at high collision energiés%
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® ® ® ® associated to TS1. Although the dynamical correlation re-
©) ®, duces considerably the energy barrier, the inclusion of the
Fr— ® © ® Ra——n CASPT2 geometry optimization taking into account a grid of
[ 4 D 4113 216 points(with a RMSD=0.063 kcal/mol for the local fit
I (40.98) 1;’[611;61 (40.98) tend to compensate partially with a small increase of the
/ e | energy barrier.

I \ A detailed study of the energy barrier of TS1 has been
made by increasing the quality of the basis set at the optimal
CASPT210,9 G2 geometry. The basis set dependence is
usually well described by a simple exponential-like
functiorf® of the form,

AE] =AE.+Be °", ()

wheren is the cardinal number of the standard correlation-
consistent cc-pWZ basis set2, 3, 4, and 5 for DZ, TZ, QZ,
and 5Z, respectivelyand AEZ corresponds to the estimated
complete basis setCBY limit as n—«. The estimated
CASPTZ10,9 CBS limit for this energy barrier was equal to
6.74 kcal/mol (B=22.06 kcal/mol, C=0.8702, and
® © r2=0.99995. This energy barrier is much lower than the
Oy previous MR-CCH#Q valué® (14.4 kcal/mol. This differ-
FIG. 1. Energetics of the minimum energy paths for botfsy¢N'o  €NCe is essentially not originated by tale initio method and
reaction channels computed on the lowdt potential energy surface at basis set but by the N and @ 2lectron correlation contri-
the CASPT210, 9 G2/cc-pVTZ level. The solid line corresponds to the pution than is much more important in tBA’ PES than in

minimum energy pathway for the N abstraction and the dashed lines for th?ne barrierlesSA” PES. This point has been checked by
O abstraction. The energies are given in kcal/mol relative to reactants. En- :

ergies with the inclusion of zero point energy contributions are given be-cCOMPparing the present MR-€KQ calculations with the MR-
tween parentheses. CCI+Q ones'® keeping also the atomics2lectrons frozen.
The MR-CHQ calculations were made at the
CASSCHK10,9 optimal geometries using the following 9 ref-
erence CSFs, where the electronic occupation of geafid
3a” MOs are indicated(221100 21}, (201120 21}, (211110
Table IV summarizes the properties of the transition112), (111111 21}, (121101 112 (021102 21}, (101121
state(TS1) found on the’A’ PES for reaction channél). It 112, (211110 21}, and(201120 112 with a total weight of
has a similar geometry as TS1 on th&' PES. However, in  0.9982. This originated the following number of CSFs de-
the case of thé A’ PES, this TS is obtained at both the pending on the basis set: 31974x-pVDZ), 2230734(cc-
CASSCF and the CASPT2 levels. The present CASSCBVTZ), 8669349(cc-pVQ2), 1181526(aug-cc-pVDZ, and
properties are close to previously published CASSCFdata 5864184(aug-cc-pVTZ to be compared with the previous
(Table IV). The full-valence active space CASSCF calcula-MR-CCI calculation®® with approximately 1000000 of
tions enlarge 0.1 A the NN distance. Moreover, the optimi-CSFs. Similar energy barriers were found in both cases
zation of the geometry at the CASR(D,9 level increases (Table IV). If CASPT2 optimal geometries were used instead
significantly (about 0.2 A the NN distance with respect to of the CASSCF ones a closer agreement could be expected.
the CASSCF10,9 calculations. Because of this, the CASPT2 calculations correlated also the N andsO 2
CASPT?2 energies derived using the optimal CASSCF geomelectrons. Thus, for example, the CASRIR9 G2 energy
etries are not accurate enough to evaluate the energy barrifar cc-pVDZ, cc-pVTZ, and cc-pVQZ basis sets at the cor-

C. Characterization of the lowest 3A’ potential
energy surface

TABLE Ill. Ab initio properties of the!A” stationary points for the exchange reaction charfNetON’) with the (10,9 active space and the cc-pVTZ
basis set.

Stationary

point Method E/a.u. Renoy/A Re(onry/A <NON'/° wlem 12 AE/kcal mol* P

TS2 CASSCF —183.693 47 1.3292 1.3292 102.07 300.07 1300.85 385.25 65.70(65.26
CASPT2 G2 —184.129 44 1.4597 1.2294 100.59 424.92 1372.63 249.50 41.13(40.98

MIN1 CASSCF not present
CASPT2 G2 —184.136 09 1.3238 1.3238 104.84 672.25 1276.23 225.61 38785

#Harmonic vibrational frequencie&) Cs:w; (NON’ bend.,a’), w, (ON’ str.,a’), w5 (NO str.,a’), respectively, andb) C,, : w; (NON’ bend.,a;), w, (sym.
str., a;), w3 (asym. str.b,), respectively(YZ taken as the molecular planévasses of the most abundant isotopes were uésidand 0.

PEnergy respect to N)+ON’. The value corrected with the difference of zero point energies is shown in parentheses.

‘There are two equivalent transition stat&&2 and TS2 exchanging both NO distances.
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TABLE V. Ab initio properties of théA’ transition statgTS1) for the reaction channgll).?

AE/
Method Basis set E/a.u. Requny/A Re(noy/A <NNO/° w;/ cm 1P kcal mol t ¢
CASSCK16,12 cc-pvDz —183.728 96 1.8101 1.1732 117.41 377.08 1796.53 761.6221.91(22.28
cc-pvVTzZ —183.773 22 1.8252 1.1663 117.43 380.02 1733.24 771.0121.26(21.57
cc-pvQz —183.785 65 1.8267 1.1638 117.55 378.89 1735.62 769.3721.19(21.50
aug-cc-pvDZ —183.739 07 1.8230 1.1734 117.42 379.10 1784.13 752.2321.50(21.88
aug-cc-pvTZ —183.77531 1.8283 1.1653 117.55 380.24 1732.65 773.8620.98(21.30
CASPT216,12 G2 cc-pvDZ —184.052 28 2.03
cc-pvTZ —184.224 89 4.94
cc-pvVQZ —184.326 98 3.63
aug-cc-pVDZ —184.075 31 5.65
aug-cc-pVvVTZ —184.24375 2.54
CASSCK10,9 cc-pvDz —183.706 48 1.7315 1.1779 115.73 433.17 1660.97 873.2730.31(30.55
cc-pvVTZ —183.751 44 1.7438 1.1703 115.87 425.58 1660.95 858.1029.32(29.58
cc-pvQz —183.763 96 1.7454 1.1677 115.89 425.33 1665.18 855.9429.20(29.49
aug-cc-pvDZ —183.717 22 1.7433 1.1777 115.73 420.99 1655.18 854.0029.57(29.8)
aug-cc-pVTZ —183.75370 1.7463 1.1692 115.93 423.62 1656.70 849.1928.96(29.22
CASPTZ210,9 std cc-pvDZ —184.037 18 9.37
cc-pvTZ —184.196 68 5.08
cc-pvQz —184.249 97 3.41
aug-cc-pvDZ —184.07514 6.51
aug-cc-pvTZ —184.212 04 2.77
CASPTZ210,9 G2 cc-pvbDZz —184.035 07 5.76
cc-pvTZ —184.192 89 1.32
cc-pvQz —184.245 51 —0.38
aug-cc-pvDZ —184.071 28 3.02
aug-cc-pVTZ —184.206 49 —-0.42
CASPTZ210,9 G2 cc-pvVTZ —184.181 68 1.9680 1.1578 116.04 251.89 1820.48 450.23 8.38(8.59
CASPT210,9 std. cc-pvVTZ —184.196 48 1.9367 1.1621 116.08 290.28 1920.23 484.78 5.20(5.69
ccsomy? cc-pvVDZ —184.051 94 15.67
cc-pvVTZ —184.213 02 11.68
aug-cc-pvDZ —184.092 04 12.70
MR-CI + Q° cc-pvDz —183.859 40 16.40
cc-pvVTzZ —183.950 20 13.11
cc-pvQz —183.976 73 12.80
aug-cc-pvDZ —183.883 86 13.56
aug-cc-pVTZ —183.957 86 11.70
CASSCFK10,9 Duijneveldt 1.7590 1.1906 116.5 383 1586 27 25.3(25.5
[11s6p3d4f/5s3p2d1f]
MR-CCI+Qf Duijneveldt 1.8913 1.1695 116.5 383 1678 569 14.4(14.7)
[11s6p3d4f/5s3p2d1if]

2CASPT2 energies at the CASSCF optimal geometries with the same basis set.

PHarmonic vibration frequenciess; (NNO bend.a’), w, (NO str.,a’), andwj (NN str.,a’), respectively. Masses of the most abundant isotopes were used:
14N and 0.

°Energy barrier with respect to K)+ NO. The value corrected with the difference of zero point energies is shown in parentheses.

dCoupled cluster energies with perturbative contribution at triple excitati@e$ 32 using initial restricted open shell Hartree—Fock MOs. Energies were
calculated at the optimal CASSCIP,9 geometries.

®Multireference configuration interaction energies including Davidson correction for quadruple excitRéfn3l) using 9 CSFs as a reference wavefunction.
The N and O 2 electron were not correlated. Energies were calculated at the optimal CABSGFeometries.

Previousab initio results from Ref. 15, where the N and ©¢électrons were not correlated in the MR-CCI calculations.

responding CASSCF optimal geometf.76, 1.32, and In a similar way as for the lowestA” PES, we have
—0.38 kcal /mol, respectively; see Table)ldecome much studied the reaction chann@) by using the CASSCHR0,9
more larger when 2electron correlation is neglectdde., and the CASPT210,9 G2 methods and the cc-pVTZ basis
19.45, 14.34, and 13.17 kcal/mol, respectiyelgading to  set. Figure 2 gives the MEP found for this PES, considering
values close to the MR-C@IQ ones. Therefore, seems to be reactions channelél) and (2). Three stationary points were
clear that the N and Os2electrons need to be correlated to also obtained for the second reaction channel at the CASPT2
produce reliable energies in tRia’ PES. level, which were very analogous to those of ¢ PES.
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® ) ™ S a rate cpnstant branching ratioe., ky/(k;+k») but.with
N(°D) instead of N{S)] of 3.02% for the equivalent
e Y //T'\ O-abstraction reaction channel at 1500 K, although this PES
SN RN ®@ @/ 3077 presents a MEP with the stable NNOtX ) minimum
4 @07y * 7 G072 \ (ground state of the NNO molecyland without almost an
, @ ® MINI \ effective energy barriefthere are several MEPs for this
/ (o) ot \ reactiort®). Thus, experimental studies should be required to

(17.90) A ) ) A
— corroborate the real contribution of this O-abstraction reac-

tion channel(i.e., N-exchange reaction channé& the total

©-+ ® reactivity at high collision energiegor temperaturesfor
atomic nitrogen in its lowest electronic staté., *S, 2D,
and?P).

IV. CONCLUSIONS AND REMARKS

This work presents a theoretical study of the two
N(*S) + NO(X 2I1) abstraction reaction channels on the low-
est SA” and 3A’ potential energy surfacesAb initio
CASSCF, CASPT2, CCSD, and MR-CI methods with stan-

™ ® +© dard correlation-consistentcc-pVnZ and aug-cc-p¥YiZ,
n=D, T, Q, 5 Dunning’s basis sets were used. Moreover, the
FIG. 2. Energetics of the minimum energy paths for botfgy¢-N'0  complete basis set limit extrapolated result was also reported
reaction channels computed on the lowdt potential energy surface at  for the energy barrier of reaction chaniigl on the®A’ PES.
the CASPT210, 9 G2/cc-pVTZ level. The solid line corresponds to the The ground3A” PES does not have an energy barrier

minimum energy pathway for the N abstraction and the dashed lines for th . .
O abstraction. The energies are given in kcal/mol relative to reactants. En%llong the MEP for the most important reaction char(ig

ergies with the inclusion of zero point energy contributions are given be-@Nd shows a very high-energy barri€fS2) for reaction
tween parentheses. channel2). The3A’ PES presents an energy bar€s1) of

6.74 kcal/mol for reaction channél), a value that is much

lower than the previously published resufi®., 14.4 kcal/
Table V summarizes the properties of these stationary pointsnol at MR-CCHQ/[ 11s6p3d4f/5s3p2d1f] (Ref. 15. The
The CASSCF and CASPT2 methods agree with each othesresent analysis of the influence of the N ands@Rctron
showing aCg-symmetry transition stat€TS2). The high-  correlation in the MR-Cl and CASPT2 results shows that it
energy barrien57.11 kcal/mol at the CASSCHO0,9 level is very important to correlate thes2lectrons, in both type of
becomes smaller when the CASRIQ,9 G2 method is con- calculations§ CASPT2 and MR-Ol This produces lower en-
sidered (30.77 kcal/mol. There was also found a ergy barriers, also in agreement with our recent theoretical
C,,-minimum (MIN1) between both equivalent transition studies on the analogous &)+ O, reaction?* This point
stateg(i.e., TS2 and TS2. The CASPT2 TS2 optimal geom- was not taken into account in previoab initio studies.
etry was obtained by means of a local fit of 756 points with  The A’ PES shows also a high-energy barrig0.77
a final RMSD of 0.0002 kcal/mol. 660 points were used forkcal/mo) for reaction channe(2) but smaller than the one
the MIN1 characterization with a RMSD of 0.0016 kcal/mol. found in the®A” PES(41.13 kcal/mol. Although the reac-
One important conclusion that can be derived from thesdion channel1) will be only accessible through tH&\” PES
results is that for collision energies over 30 kcal/mol theat room temperature, the second PES will become also rel-
second reaction channel will be open through $A¢ PES,  evant at higher temperatures. Moreover, reaction cha@hel
becoming even more accessible than through®&ie PES.  will be only open at high temperaturés.g., collision ener-
Our recent quasiclassical trajectory study using the lowesgies over 30 kcal/mgl Experimental studies would be of
LA’ PES(Ref. 40 on the N€D) +NO(X ?I1) reactions gives interest to confirm the real contribution of this O-abstraction

7231
(-71.70)

TABLE V. Ab initio properties of théA’ stationary points for the exchange reaction chariNetON’) with the (10,9 active space and the cc-pVTZ basis
set.

Stationary point Method Ela.u. Renoy/A Re(onny/A < NON'/° wi/cmta AE/kcal molt®
TSZ CASSCF —183.70715 1.6042 1.2180 120.07 478.05 1184.43 1114.35 57.11(56.76
CASPT2 G2 —184.145 95 1.7104 1.1836 123.12 419.81 1448.40 958.02 30.77(30.72
MIN1 CASSCF —183.723 41 1.3160 1.3160 120.34 536.10 1038.57 962.56 438T1))
CASPT2 G2 —184.168 07 1.3001 1.3001 124.20 522.92 1066.31 1021.27 167890

#Harmonic vibrational frequencie&) Cs: w; (NON’ bend. '), w, (ON’ str.,a’), w3 (NO str.,a’), respectively, antb) C,, : @, (NON' bend. a,), w, (sym.
str., a;), wz (asym. str.b, ), respectively(YZ taken as the molecular planélasses of the most abundant isotopes were uésidand 0.

PEnergy respect to N)+ON’. The value corrected with the difference of zero point energies is shown in parentheses.

‘There are two equivalent transition stat&&2 and TS2 exchanging both NO distances.



10610  J. Chem. Phys., Vol. 118, No. 23, 15 June 2003

Gamallo, Gonzalez, and Sayos

reaction channel to the total reactivity at high temperatures!*m. Gilibert, A. Aguilar, M. GonZéez, F. Mota, and R. Sagp J. Chem.
The present results significantly improve previous highlSPhyS~97, 5542(1992.
quality ab initio studies and, in particular, provide a much S P- Walch and R. L. Jaffe, J. Chem. Ph§8, 6946(1987; AIP Docu-

lower energy barrier for théA’ PES, which will produce

ment No. PAPSJICPSA-86-6946-10.
M. Gilibert, A. Aguilar, M. Gonz#ez, and R. Say® J. Chem. Phy9,

larger values of the thermal rate constants at high tempera-1719(1993.

tures. On the other hand, two analytical PE$&"(and®A")
based on several grids @ib initio points are currently in

A, Aguilar, M. Gilibert, X. Gimaez, M. Gonzkz, and R. Saym J.
Chem. Phys103 4496(1995.

] g ais M 18 , . I .
progress in our group and will be used in kinetics and dy- R. Says, A. Aguilar, M. Gilibert, and M. GonZez, J. Chem. Soc., Far-

namics studies on this reaction.
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