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Ab Initio Molecular Orbital Study of the N( 2D) + H,O Reaction
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Ab initio molecular orbital calculations have been carried out for th#DIN@ H,O reaction. The reaction
pathways were examined at the PMP4(full,SDTQ)/cc-pVTZ/IMP2(full)/cc-pVTZ level of theory. It was
calculated that the most stable intermediate productié®?B;) and the main product channels are RE)(

-+ OH(II), HNO(A") + H, and NORIT) + H,. It was found that a nonadiabatic process significantly contributes

to the NOPII) + H, channel. The contour plots of the potential surface were obtained at the FOCl/cc-pVTZ
level in order to understand initial steps of the?Dl( + H,O reaction: the N insertion into the OH bond, the

N addition to the O atom, and the H atom abstraction by N. It was predicted that the N addition is the most
favorable reaction pathway among these initial steps.

1. Introduction N(?D) to the CCx bond, insertion of N{D) into the CH bond,

Elementary reactions of the N atom with hydrocarbon and _abstractlon of H. _by .ND)' The ab mmc_n MO results
molecules are regarded as important chemical processes in boﬂpredlctg@ that the ‘?‘dd't'on IS thg lowest r_ea_ctlon pathway an d
the atmosphere of the earth and the interstellar space. Howeverthe main F’“?d“a is HCCN. T_h|s result is in agreement with
these reactions have not been thoroughly examined boththe observation of Casavecchia and co-worRdrsthe N¢D)
experimentally and theoretically, and available data for the + C2Hareaction the same three mechanisms as seen in 3% N(
reactions are very limited. In particular, experimental informa- + C2Hz reaction are possible and addition o’ to the CC
tion on the detailed mechanisms of the elementary reactions bond was again calculated to be the lowest reaction patffvay.
are still insufficient since the reaction products have not been One can thus conclude that for saturated hydrocarbon molecules
directly detected. For example, although Fell et aleasured N(?D) is likely to insert into the CH bond and for unsaturated
overall rate constants for the reactions of the electronically hydrocarbon molecules RD) is likely to add to the CCr bond.
metastable nitrogen atom HY) with Ha, Oz, CO,, CHy, CFs, Elementary reactions of RID) with the HO molecule should
etc., the reaction pro_ducts were totally unidentified and hence_ also be one of the important chemical processes in the
the reaction mechanisms have been almost unclear. In fact, it

is only recently that two research groups have succeeded iNsame mechanism as predicted in théDy(+ CHj reaction,

directly detectmg the products of the N reactions. UmemOto then insertion of ND) into the OH bond is dominant. However,
and co-workers® have developed a laser photolysis technique . .

; o — .. L~ since the O atom has lone pair electrons that should play a
and measured the nascent rotational and vibrational distributions™. " o o
of the NH molecule produced in the reactions ofDY with significant role, it is expected that addition of 8 to the O

the Hs, H,0, and saturated hydrocarbon molecules. Casavecchia®©M IS another important pathway. Although several

and co-worker® have developed a crossed molecular beam researchet$ 18 have already done theoretical calculations for
technique and detected HCCN as a product of tRON¢ C,H» the analogous system (NH- O, H + NO, etc.) to the ND)
reaction. These experiments are expected to give insights intoT H20 reaction, initial steps, i.e., insertion, addition, and
the mechanisms of the N reactions. It is also very recently that @bstraction for the ND) + H-O reaction, have never been
we have theoretically studied the detailed mechanisms of thediscussed. In general it is not straightforward to theoretically
N + Hy7 N + CHs8 N + CoH,,2 and N+ C,H4 reactions predict the geometry of the transition states (TSs) which are
using ab initio molecular orbital (MO) theory. saddle points located on the reaction pathway for some reactions.
In our previous studi€s!®we have revealed some interesting This is because TSs often originate from the avoided crossing
aspects of initial steps for the reactions of the metastable nitrogenof potential energy surfaces, which should be described with at
atom NED). In the N@D) + CH, reaction two reaction least multireference wave functions even if one hopes to obtain
mechanisms can be considered as the initial step: insertion ofa qualitative result. It is likely that multireference wave functions
N(D) into the CH bond and abstraction of H bya®). It was are required in order to treat the TSs for initial steps of the N

predicted that insertion is more likely to occur than abstraction, + H,O reaction and that therefore calculations for the initial
which leads to the formation of the intermediate productCH  steps have long been prohibitive.

NH. This result is qualitatively consistent with the experiment
of Umemoto et af# In the NED) + C,H; reaction three
mechanisms can be thought of as the first steps: addition of

atmosphere of the earth. If this reaction is controlled by the

In this paper, first we report the results of ab initio MO
calculations for the overall reaction of the®®) + H,O system
except initial steps. Next, we discuss the mechanisms of initial

* Author to whom correspondence should be addressed. E-mail: St€PS for this reaction on the basis of qualitative theoretical
kurosaki@popsvr.tokai.jaeri.go.jp. calculations with the configuratierinteraction (Cl) method.
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Figure 1. Potential energy diagram for the a) + H,O reaction predicted at the PMP4(full, SDTQ)/cc-pVTZ//MP2(full)/cc-pVFZPE level.
The unit is kcal mot?.

2. Methods of Calculation

Most ab initio MO calculations in this work were carried out
using the GAUSSIAN 94 prograA?.Note that in calculations
with this program the employed post Hartrdeock (HF) levels
of theory (MP2 and MP4) are based on spin-restricted and
-unrestricted HF wave functions for closed- and open-shell
systems, respectively. Geometry optimizations were done at the
second-order MgllerPlesset perturbation (MP2(fulff) 22 level
with the correlation consistent valence trifgléec-pVTZ) basis
set of Dunning® Harmonic vibrational frequencies were
computed analytically at the MP2(full) lev&and the optimized
geometries were characterized as potential minima or saddle
points. Single-point calculations for the optimized geometries
were also carried out at the MP4(full, SDT®¢level of theory.
Since spin-unrestricted MPn (UMPnN) wave functions for open-
shell molecules are in general not the eigenfunctions of spin
operatorS?, spin-projected UMPn (PMPn) wave functidhs
were calculated and the spin contamination was completely

removed. Intrinsic-reaction-coordinate (IREYC calculations ) H,NO (A"
were also performed at the MP2 level for several reaction trans-HNOH (“A")
pathways for which the TSs were found.

For initial steps of the N+ H,O reaction the first-order 1090

configuration interaction (FOCI) method was employed with
the cc-pVTZ basis set using the HONDO7 progrénmn the 0.964
FOCI calculation the spin-restricted open-shell HF wave func-

tion was first obtained, and then the CI calculation with the
single excitation was carried out, where the lower 4 and upper Cs
61 orbitals were frozen in the total 88 orbitals and single 2h,

excitation was considered in 23 orbitals. Thus we obtained H,ON (°A)

potential surfaces for the four excited states as well as groundFigure 2. Optimized geometries for intermediate products predicted

state that are 5-fold degenerate at théDy(+ H,O asymptote. at the MP2(full)/cc-pVTZ level. Bond lengths and angles are given in
A and degree, respectively.

3. Results and Discussion intermediate products and TSs obtained at the MP2(full)/cc-

A. Geometries and Energetics Except for Initial Stepsin pVTZ level are depicted in Figures 2 and 3, respectively. The
this subsection computational results for reaction pathways from harmonic vibrational frequencies calculated at the MP2(full)/
the first intermediate products to final products are reported. cc-pVTZ level are given in Table 1. Total energy, ZPE, and
Initial-step mechanisms will be discussed in subsection C. expectation value o8? are summarized in Table 2.

In Figure 1 is shown the diagram for the lowest doublet  The initial steps of the ND) + H,O reaction can be
potential surface of the RID) + H,O reaction predicted at the  characterized as the following three processes: the N insertion
PMPA(full,SDTQ)/cc-pVTZ/IMP2(full)/cc-pVTZt+ zero-point into the OH bond, the N addition to the O atom, and the H
energy (ZPE) level of theory. Optimized geometries for atom abstraction by N. The insertion producésHNOH or
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Figure 3. Optimized geometries for TSs predicted at the MP2(full)/
cc-pVTZ level. Bond lengths and angles are given in A and degree,
respectively.

transHNOH which were calculated to be 78.5 and 83.8 kcal
mol~1 lower in energy, respectively, than the?Rj + H,0O

Kurosaki and Takayanagi

Note that upper four bond-rupture pathways [HON] + H,
HONEA") + H, HNOGA") + H, and NH+ OH] from cis-
HNOH are, of course, possible, although the dashed lines
indicating reaction pathways are not explicitly drawn in Figure
1. However, bond rupture to HN&') + H and isomerization

to H,NO(?B,) directly from cisHNOH may not be possible,
which were shown by the IRC analyses as described below. It
is seen that bond ruptures are energetically unfavorable com-
pared to isomerization; the HOM{') + H, HONCA") + H,
HNOEA") + H, NH + OH, and HNOtA') + H asymptotes
were calculated to be 96.2, 77.6, 71.3, 68.4, and 50.7 kcal'mol
higher in energy thatransHNOH. TS4 was obtained as the
saddle point of the reaction pathway foransHNOH —
HNO(A") + H. The barrier height of this bond rupture was
predicted to be 63.3 kcal mol. As shown in Table 2, the
expectation valué$?Jfor TS4 was estimated to be 1.160 for
the UHF/cc-pVTZ wave function, which is considerably larger
than the true doublet value 0.75. This suggests that the
approximation based on the single-reference wave function, i.e.,
the UHF wave function, is inappropriate for TS4; however, the
PMPA4(full,SDTQ) values are considered to be reliable since it
was show#? that projected MPn methods correctly describe the
potential curves for bond ruptures where usual UMPn methods
fail to be employed. It is also encouraging that TS4 was
confirmed by the IRC analyses to be located at the saddle point
of the isomerization pathway. Although one can imagine that
there exist TSs for the bond rupturesransHNOH —
HON(A') + H, HONCA") + H, and HNOgA"") + H, we did

not try to obtain these TSs since these reaction pathways are
energetically unimportanTransHNOH can isomerize into the
H,NO(B;) via TS3 with the barrier height being 43.5 kcal
mol~%. This isomerization is seen to be the most favorable
reaction pathway thatansHNOH can undergo. It was verified

by the IRC analyses that TS3 is located at the saddle point of
the isomerization pathway.

H,NO(?B;) was predicted to be the most stable intermediate
product and can decompose into N#B;) + O(CP), HNOEA")
+ H, and NOZIT) + H,, which were predicted to be 71.4, 57.4,
and 2.1 kcal mol! higher in energy than #NO(B,). The
H,NO(?B;) decomposition into HNGA') + H undergoes TS6

asymptote. This large exothermic energy suggests that the TSthat was calculated to be 63.6 kcal midhigher than HNO(By).

of the N insertion has an “early” character. The addition
produces HON which is seen to be quite unstable as compared
to HNOH; H,ON was predicted to be only 8.2 kcal mélower
than the N{D) + H,O asymptote. The abstraction directly
produces one of the final products of the present system3X)H(
+ OH(AII), which was calculated to be 15.4 kcal mblower

in energy than the ND) + H,O asymptote. It is seen that NH
+ OH can be formed via another reaction pathway: the
unimolecular dissociation afisHNOH or transHNOH. The
barrier height for theissHNOH isomerization tdransHNOH
was estimated to be 7.6 kcal mé] and that for the KON
isomerization taransHNOH to be 3.3 kcal mol'. Both TSs
(TS1 and TS2) were predicted to ha@e symmetry. The IRC

The IRC analyses again verified that TS6 is located at the saddle
point of the decomposition pathway. In fact, we failed to find
an IRC for the reaction pathway that correlates with the NIL)(

+ H, asymptote. TwdCs reaction pathways were examined;
one hasCs symmetry with respect to the molecular plane of
C,, HoNOEB;) (C«1) pathway) and the other with respect to
the plane perpendicular to the molecular plan€gfH,NOEB,)
(C42) pathway). Note that the electronic stateCgf H,NO(B,)

is antisymmetric with respect to tt@&(1) plane but symmetric
with respect to th€(2) plane. Therefore the electronic structure
along theC4(1) pathway conserves thé'Atate, and that along
the C4(2) pathway conserves the' Astate. The BENO(B,)
decomposition into NG[I) + H, via TS5 is symmetrically

analyses confirmed that TS1 and TS2 are located at the saddleallowed since the electronic state of TS5 was calculated to be

points of the reaction pathways for the®N — transHNOH
andcissHNOH — transHNOH isomerizations, respectively. It
was calculated thatransHNOH is 5.3 kcal mot! lower in
energy tharcisHNOH and is 75.6 kcal mof lower than HON.

It is thus considered that except for the H atom abstraction

A". Although the IRC calculation was not done to confirm that
H,NO(B;) connects with NOYI) + H, via TS5, we assumed
that this is the case and drew lines connecting these stationary
points in Figure 1. In fact, it was found that TS5 is not a true
saddle point but has two imaginary vibrational modes with a

pathway all final products of the present reaction are generatedand & symmetry as shown in Table 1. It is naturally expected

from cissHNOH or trans HNOH.
There are several reaction pathways starting frivams-
HNOH: one isomerization and five bond-rupture pathways.

that changing the TS5 geometry into the direction of the out-
of-plane imaginary mode will lead to a TS wiy symmetry
that connects INO(®B;) with NO(3II) + H,. Nevertheless, any
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TABLE 1: Harmonic Vibrational Frequencies Calculated at the MP2(full)/cc-pVTZ Level

molecule sym frequency/crh
Fragment
Ha (2g) Do 4525 @)
NO (1) Co 3227 @)
NH (3%) Cus 3414 @)
OH (3I1) Co 3837 )
H,0 (*A;) Cy 1650 (a), 3874 (a), 3995 (b)
HNO (*A") Cs 1501 (&), 1592 (8), 3047 (&)
HNO (A") Cs 1175 (&), 2181 (8), 3414 (&
HON (*A") Cs 1340 (&), 1507 (&), 3370 (&)
HON (A") Cs 1157 (&), 1268 (&), 3759 (&)
NH: (2By) Ca 1556 (a), 3470 (a), 3571 ()
Intermediate Product (minimum)
HNOH (2A")?2 Cs 597 (&), 1145 (8), 1358 (&), 1531 (8), 3438 (&), 3802 (&)
HNOH (?A'")° Cs 778 (&), 1158 (8), 1288 (&), 1594 (), 3495 (&), 3838 (8)
H-ON (?A") Cs 557 (&), 757 (&), 819 (&), 1591 (&), 3765 (&), 3890 (&)
H,NO (2B;) Co 255 (h), 1286 (b), 1527 (a), 1706 (a), 3516 (a), 3658 (b)
HoNO (PA'™") Cs 1032 (&), 1201 (8), 1224 (&), 1585 (&), 3393 (8), 3476 (&)
Transition State (saddle point)

TS1 @A) Ci 1215, 883, 1200, 1374, 3123, 3815
TS2 @A) C: 916, 1020, 1222, 1445, 3385, 3808
TS3 @A) C: 918, 1116, 1124, 1463, 3009, 3525
TS4 @A) C: 2201, 664, 696, 1510, 1693, 3153
TS5 @A) Cs 2097 (&), 1450 (a"), 819 (a), 1536 (&), 3090 (&), 3290 (&)
TS6 @A) C: 652, 218, 666, 1342, 2488, 3238
TS7 GA") Cs 2017 (&), 958 (&), 1166 (&), 1177 (&), 1606 (&), 2442 (3)

aCis isomer? Trans isomer.

TABLE 2: Total Energy and Zero-Point Vibrational Energy

(ZPE) for the MP2(full)/cc-pVTZ Geometries (hartree)

species sym MP2(full) (3 ZPE PMPA4(full,SDTQ)
Fragment
N (4S) —54.50681 3.756 —54.52447
N(°D) —54.44390 1.766 —54.43659
H (3S) —0.49981 0.75 —0.49981
O (P) —74.96597 2.007 —74.98497
Ho (=g) Deoh —1.16465 0.0 0.01031 —1.17172
NO (1) C.n —129.71886 0.774 0.00735 —129.74844
NH (52) Cwh  —55.12973 2.015 0.00778 —55.15232
OH (1) C.n —75.63127 0.756 0.00874 —75.65033
H,0 (*A,) C,, —76.34664 0.0 0.02169 —76.34664
HNO (*A") Cs —130.29893 0.0 0.01399 —130.32854
HNO GA") Cs —130.26543 2.035 0.01542 —130.29714
HON (*A") Cs —130.22164 0.0 0.01416 —130.25624
HON GA") Cs —130.25267 2.022 0.01409 —130.28576
NH: (°B1) C,, —55.78382 0.759 0.01959 —55.80706
Intermediate Product (minimum)
HNOH (A")> Cs —130.87918 0.763 0.02705 —130.91374
HNOH (?(A"")¢ Cs —130.88844 0.763 0.02768 —130.92281
H,ON (FA’) Cs —130.76416 0.758 0.02593 —130.80062
H,NO (?B;) C,, —130.89965 0.766 0.02722 —130.93302
HNO (PA"") Cs —130.84189 0.761 0.02713 —130.87967
Transition State (saddle point)
TS1 @A) C, —130.75467 0.764 0.02368 —130.79309
TS2 @A) C, —130.86495 0.762 0.02479 —130.89946
TS3 @A) C, —130.81529 0.784 0.02332 —130.84910
TS4 @A) C, —130.76053 1.160 0.01758 —130.81188
TS5 @A) Cs —130.74399 0.790 0.01990 —130.78231
TS6 @A) C, —130.73250 0.861 0.01812 —130.82268
TS7 GA") Cs —130.78336 0.763 0.01674 —130.82149

a2The expectation value of spin operatst for the reference HF

wave functions® Cis isomer. Trans isomer.

attempt to optimize th€,; TS failed. It was also predicted that
TS7 withCs symmetry is located at the saddle point of ©2)
pathway. The ENO(?B;) decomposition into NG{T) + H, via
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Figure 4. Potential energy profiles at the MP2(full)/cc-pVTZ level
for the2A'" and?A’ states as a function of the internuclear distari®e (
between N and H. The geometries along the IRC for thR®{?A")
— TS7 reaction were employed.

connects HNOEA'") with the NO@II) + H, asymptote;
H,NORA") is located on an excited-state surface oNI.

It seems that in the ground-state’NJ + H,O reaction there
is no favorable reaction pathway leading to the RIQ}(+ H,
asymptote. TheisHNOH — NO(?IT) + H, reaction via a four-
center TS is considered to be possible; however, attempts to
optimize the TS resulted again in failure. We then compared
the2A" and?A’ potential curves along th&s2) pathway from
H.NORA™) to TS7 in order to examine if avoided crossing
occurs between thA" and?A’ surfaces. Note that the electronic
state of ground-stateNO(?B,) is 2A" with respect to th€42)
plane. Figure 4 shows tiA" and?A’ potential curves at the
MP2(full)/cc-pVTZ level as a function of the internuclear
distance R) between N and H. Note that the geometries along
the IRC calculated for ENO(?A") — TS7 were employed in
this calculation. The left and right ends of the potential curves

TS7 is symmetrically forbidden since the electronic state of TS7 correspond to the optimized geometries ND(A") and TS7,
was calculated to be'A The IRC analyses demonstrated that respectively. A crossing point is clearly seen arofe 1.12
TS7 is located at the saddle point of the reaction pathway thatA. It is hence considered that avoided crossing occurs when
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TABLE 3: Theoretical and Experimental Relative Energies
for the N(?D) + H,O System with Respect to the NK(?B;) +
O(®P) Asymptote (kcal moi)

ICCI2 CCSD(TP PMPA(ful, SDTQY}  expt

NH,(?By) + OGP) 0.0 0.0 0.0 0.0
transHNOHEA") —74.8 —77.3 -77.0
CisHNOHPA") = —69.6 717

H.NOEB) -79.8 —83.8 -83.7

H,ON(A") —4.0 ~1.4

NHES) + OH@I) -8.8 —10.2 -8.6 5.7
HNOCA) +H =~ —227 —238 ~26.3 -29.2
NOEII) + H, ~76.8 -81.6 -83.5
TS1CA) 1.5 1.9

TS2¢A) -64.1

TS3¢A) -31.8 —33.3 -335

TS4EA) -16.8 —15.4 -13.7

TS5@A") 8.0 6.3

TS6CA) -223 -19.3 -20.1

TS7CA") —217 -20.3

aThe ICCl/cc-pVTZ/ICAS/cc-pVDZ- ZPE method. Ref 14 The
CCSD(T)/6-311#+G(3df,3pd)//CCSD(T)/6-31t+G(d,p) + ZPE
method. Ref 18¢ ThePMPA4(full, SDTQ)/cc-pVTZ/IMP2/cc-pVTZ&
ZPE method. Present workRef 32.

symmetry of the system becom&; from Cs. This suggests
that NO@IT) + H, can be produced from ground-statsNe®(2B;)
via a nonadiabatic transition from tRé' surface to?A".

Kurosaki and Takayanagi

taking electron correlation effects into account; however, the
predicted inversion barrier is so smat@.1 kcal mot?) that
one can safely consider the geometry to be planar.

Second, WalcH considered TS5 (denoted Isp5in ref 14)
to be the TS of the Kelimination fromcissHNOH. However,
it was not confirmed by the IRC analysis ths5is located on
the reaction pathway of the tlimination fromcissHNOH. In
addition, the calculated OH bond lengthspf 1.408 A, seems
slightly too long for the TS of the Helimination. Therefore it
may be natural to consider that TS5 is located on the reaction
pathway of the H elimination from HNO(?B;) as mentioned
in the previous subsection, although the IRC analysis for this
pathway was not performed. A slight discrepancy is seen in
the calculated values for harmonic vibrational frequency between
TS5 andsp5 (see Table 3 in ref 14). This may not be so
surprising since in general calculated harmonic frequencies
depend on the employed level of theory.

Third, although the calculated geometry and relative energy
of TS3 in this work are consistent with the results of both
Walcht* and Sumathi et af (denoted bysplin ref 14 and by
1/2in ref 18), a discrepancy is seen in the calculated harmonic
frequencies (see Table 3 in ref 14 and Table 2 in ref 18). The
predicted imaginary frequency of TS3, 9t8n~1, is only about
half of both the imaginary frequencies gfp1and1/2. One of

In summary, the present calculations revealed that the mainthe reasons for this may be the difference in the employed

product channels of the ground-statelNY + H,O reaction are
NH(Z) + OHEII), HNO(A') + H, and NORII) + H.. It was
predicted that a nonadiabatic transition from #é surface to
2A"" just before TS7 can lead to the NADI) + H, formation.
The recent observation of Umemoto et®ahat the ground-

methods and basis sets. As mentioned in the previous subsection,
the IRC analyses confirmed that TS3 is located at the saddle
point on the pathway of th}ansHNOH(A"") — H,NOE@B;)
reaction.

Fourth, the optimized geometry of TS6 in this work is seen

state NH, OH, and H radicals were detected as products in theto be slightly different from the results of WaléhSoto and

N(°D) + H,O reaction is consistent with the present result;
however, experiments to detect NOI) or H, should be carried
out in order to confirm the nonadiabatic reaction mechanism.
B. Comparison to Other Theoretical ResultsLet us briefly

review other theoretical results obtained at higher levels of
theory for the system analogous to#\NH,O and compare them

to the present results. Waldtreported the computational results
for the NH, + O reaction; geometries were optimized by the
CASSCF method with the cc-pVDZ basis set, and single-point

energies were obtained by the internally contracted configuration

interaction (ICCI) method with the cc-pVTZ basis set. Sumathi
et all8 carried out calculations for theH- NO reaction at the
CCSD(T) level using the 6-3#1+G(d,p) basis set for geometry
optimizations and the 6-31#1+G(3df,3dp) basis set for single-
point energy calculations. Available theoretical and experimental
data for relative energies with respect to the Xf8;) + O(CP)

asymptote are given in Table 3. It is seen that the present result:

obtained at the PMP4(full,SDTQ)/cc-pVTZ/IMP2(full)/cc-pVTZ
+ ZPE level agree fairly well with both the previous calculations
and experiments. This encourages one to believe that the prese
level of theory is reliable enough to describe thetNH,O

Page'® and Sumathi et &€ (denoted bysp3in ref 14 and by

1/8 in ref 18); the predicted NH-bond length, 2.983 A, is
considerably larger than their results. This may be due to a
relatively large spin contaminatioffs?for TS6 was estimated

to be 0.861. Also, a small difference is found in the calculated
harmonic frequencies. As mentioned in the previous subsection,
however, TS6 was confirmed to be located at the saddle point
of the NO@B;) — HNO(*A') + H reaction.

Last, some comments should be made on the reaction pathway
for the HNO@@B;) — NO(&I) + H, reaction. As discussed
above, the reaction is likely to occur via a nonadiabatic process
and in the present calculation a saddle point could not be found.
This is consistent with the fact that Walétalso failed to find
a saddle point of this reaction. On the other hand, Sumathi et
al.*® optimized a TS denoted ky4, which corresponds to TS7
in this work, and regardet¥4 as the saddle point of the reaction.

n this work, however, TS7 was proved to be the saddle point
of the HNORA") — NO(AII) + H; reaction by the IRC analyses

s well as the examination of orbital symmetry.

C. Potential Energy Surface for Initial Steps. In this

energetics. Although good agreement is seen in the energeticssubsection, qualitative discussion based on the FOCl/cc-pVTZ

between the present and previous results, several inconsistentnethod is given for initial steps of the M) + H,O reaction:
points are seen in the calculated geometries and harmonicthe N insertion into the OH bond, the N addition to the O atom,

vibrational frequencies, which will be described below.

and the H atom abstraction by N. First, the N atom was placed

First, some comments should be made on the geometricalat several points in the 4 plane, and second, it was placed in

structure of HNO(?B,); in this work the HNO(?B;) geometry
was optimized to be planar at the MP2/cc-pVTZ level while it
was optimized to be pyramidal at the CASSCF/cc-pVDZ level
by Walch!* Several researchéts31617have thoroughly in-

the plane which includes the OH axis and is perpendicular to
the HO plane. Last, the N atom was placed at several points
on the extended line of the OH axis. In these calculations the
H,0 geometry was fixed at the MP2/cc-pVTZ geometry. Thus

vestigated the effects of electron correlation and basis set onthe potential energy surfaces for the initial steps of theDIN(

the HLNO(®B;) geometry. It is thus widely accepted that the
H,NO(?B;) geometry has a very small inversion barrier when

+ H>O reaction were calculated. Note that the ground-state
potential surface for the NRD) + H,O system is 5-fold
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Figure 5. Contour plots of the potential energy surfaces at the FOCI/cc-pVTZ level for initial steps of #B¢ N(H.O reaction: (a) the ground
state; (b) the first excited state; (c) the ground state; (d) the first excited state; (e) the second excited state. (a) and (b) are potentials for the N
position in the HO plane, and (c) and (d) for the N position in the plane which includes the OH axis and is perpendicular 10 thiauké.

degenerate at the reactant asymptote when-spinit coupling
is not taken into consideration.

Figure 5a,b shows the contour plots of the ground- and first- 80
excited-state potential surfaces, respectively, for the N position -
in the KO plane. In these figures the relative energy values
are given in kcal mol® with respect to the reactant asymptote.
In Figure 5a a repulsive character is seen in the ground-state
potential surface for the N approach te®in the HO plane;
however, the N approach to the O atom is seen to be more likely
than that to the OH bond. This suggests that the N addition to
the O atom is slightly more favorable than the N insertion to
the OH bond. As seen in Figure 5b, the first-excited-state L ) | ) . ) , ) ,
potential is completely repulsive in all the region examined here. 1.0 15 20 25 3.0
Similarly to the first-excited-state potential surface, the other R/A
three excited-state surfaces were found to be repulsive, althougtFigure 6. Potential curves at the FOCl/cc-pVTZ level for the H atom
they are not shown. abstraction by N as a function of the internuclear distaRydétween

Figure 5¢-e shows the contour plots of the ground-state, first- N and H.

excitgd-state, and secoqq-expited-state pote.ntia.l surfaces, rei:omputational result that the MP2/cc-pVTZ geometry oOM
spectively, for the N position in the plane which includes the 55 5 pend structure around the O atom as shown in Figure 2.
OH axis and is perpendicular to the®iplane. As depicted in It is still unclear from the potential surfaces shown in Figure

Figure 5c, the ground-state potential surface exhibits an attractives \yhether the H atom abstraction by the N atom can occur,
character and a shallow minimum is seen ony@is. This  sjnce the scanned region of the potential surface was limited.
means that the N addition to the O atom is more favorable thanTq examine the energetics for the H atom abstraction, the N
the N insertion to the OH bond. In Figure 5d a shallow minimum  atom was placed at several points on the extended line of the
is also seen on thg-axis on the first-excited-state potential OH axis and five potential curves were obtained. Figure 6 shows
surface; however, the minimum is shallower than that seen onthe relative energies with respect to the reactant asymptote for
the ground-state potential surface. As seen in Figure 5e, thethe ground and four excited-state potentials as a function of
second-excited-state potential is completely repulsive in the the internuclear distance between N and H. It is clearly seen
entire region examined here. Similarly to this potential surface, that all the potential curves are repulsive, suggesting that the H
the other two excited-state surfaces were found to be repulsive,atom abstraction is unlikely to occur.

although they are not shown. The computed potential surfaces From the computational results obtained here at the FOCI/
shown in Figure 5 suggest that the reaction pathway of the N cc-pVTZ level, it is thought that both the insertion and
addition to the O atom is likely to be perpendicular rather than apstraction have barriers, while the addition has no barrier. It
to be parallel to the kO plane. This is reasonable from the is thus concluded that the N addition to the O atom is most
viewpoint of orbital interaction; the highest occupied molecular likely to occur among the initial steps of the ) + H,O
orbital of H,O corresponds to the p orbital of O which is reaction. However, since as shown in Figure 1 the barrier height
antisymmetric with respect to the,8 plane, and it can interact  of the HHON(?A") — transHNOH(A"") reaction was calculated
with N effectively when N approaches perpendicularly to the to be only 3.3 kcal mof! at the PMP4(full,SDTQ)/cc-pVTZ//
H,O plane. In addition, this is also consistent with the present MP2(full)/cc-pVTZ + ZPE level, it seems ambiguous whether
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the initial N@D) attack leads to the #ON(2A’) formation or
directly to thetransHNOH(?A"") formation. Classical trajectory
calculations using a reliable potential energy surface may

therefore be needed to quantitatively discuss the initial-step

mechanism, which is a future work.

4. Concluding Remarks

In this work, ab initio MO calculations have been carried
out for the NED) + H,O reaction. First, the reaction pathways
except initial steps were examined at the PMP4(full,SDTQ)/
cc-pVTZ/IMP2(full)/cc-pVTZ level of theory. It was predicted
that the most stable intermediate product iNB(*B,) and the
main product channels are N¥&J) + OH(II), HNO(A') +
H, and NOPII) + H,. For the NOfII) + H, channel a

Kurosaki and Takayanagi
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