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The kinetics and mechanism of the reaction of the cyanomidyl radical (HNCN) with the hydroxyl radical
(OH) have been investigated by ab initio calculations with rate constants prediction. The single and triplet
potential energy surfaces of this reaction have been calculated by single-point calculations at the CCSD(T)/
6-311+G(3df,2p) level based on geometries optimized at the B3LYP/643&{3df,2p) and CCSD/6-31%++

G(d,p) levels. The rate constants for various product channels in the temperature range-8080K are
predicted by variational transition-state and Ri@amspergerKasset-Marcus (RRKM) theories. The
predicted total rate constants can be represented by the exprdssions2.66 x 1072 x T-450exp(—239/)

in whichT = 300—1000 K and 1.38< 1072 x T>"8exp(1578T) cm® molecule® s~* whereT = 1000-3000

K. The branching ratios of primary channels are predictiedfor forming singlet HON(H)CN accounts for
0.32-0.28, andk, for forming singlet HONCNH accounts for 0.6®.17 in the temperature range of 300

800 K. k; + k7 for producing HO + NCN accounts for 0.550.99 in the high-temperature range of 800

3000 K. The branching ratios & for producing HCN+- HNO, kg for producing HN + NCO, ks for forming
SHN(OH)CN, kg for producing CNOH+ 3NH, andks + ki for producing NH + NCO are negligible. The

rate constants for key individual product channels are provided in a table for different temperature and pressure
conditions.

Introduction by the second step given above may provide a high concentra-

The cyanomidyl radical (HNCN) is a reactive transient species tion of HNCN radicals. ]
that plays an important role in a variety of chemical environ-  The reaction of HNCN with OH should therefore play an
ments, including prompt NO formation in hydrocarbon combus- important role in the oxidation of HNCN, producing prompt
tion, interstellar chemistry, and primordial reactions leading to NO precursors such as NCN, HNO, and HCN. In the literature,
the synthesis of amino acids from simple inorganic compounds. there have been no reports on the kinetics and mechanism for
Experimentally, the HNCN radical was first identified spectro- the reaction of OH with HNCN experimentally or theoretically.

scopically by Herzberg and Warsop in 1968lore recently, In this work, the singlet and triplet potential energy surfaces
Wu et al? probed theB2A' < X2A" transition with laser-induced ~ (PESS) of the OHt HNCN reaction have been calculated at

fluorescence, Yamamoto and S&it@ported the microwave the CCSD(T)/6-313G(3df,2p) level of theory. In addition, the
spectrum of HNCN, and Clifford et 4lstudied the photoelectron ~ fate constants and branching ratios for the primary reaction
spectrum of the HNCN ion. In 2001, the photodissociation ~channels in the temperature range of 3G000 K have been
spectroscopy and dynamics of the HNCN radical were inves- Predicted for combustion modeling applications.
tigated by Bise et &l.

Theoretically, ab initio calculations of the molecular geometry Computational Methods
and vibrational frequencies of the HNCN ground state were first o . i
made by Tao et al. in 199%and then more recently by Puzzarini The optlmlzed geometries of the reactants, transr[_lon states,
et al. in 2005, In this laboratory, we first proposed HNCN to intermediate complexes, and products for the reaction of OH
be the key stable intermediate of the new prompt NO formation T HNCN have been calculated at the B3LYP/6-313(3df,2p)

reaction by CH-N, along a spin-allowed doublet electronic state €vel. In addition, the optimized geometries of primary channels
path? for singlet PESs and triplet PESs for this reaction have been

calculated at the higher CCSD/6-3t3G(d,p) level in addition
CH + N, — cycl-HC—N=N* — HNCN* — H + NCN to B3LYP/6-311-G(3df2p). The energies for the singlet and
triplet PESs are improved by single-point calculations at the
— HNCN (+M) CCSD(T)/6-31#G(3df2p) level of theory based on the opti-
mized geometries at the B3LYP/6-31G(3df,2p) and CCSD/
where cycl-HC-N=N* includes two cyclic isomers ancdx" 6-311++G(d,p) levels, which have been performed successfully
denotes internal excitation. Under high-pressure combustionfor the reaction of OH+ CH,0.°
conditions, the collisional stabilization of the excited HNCN The rate constants for the key product channels were

computed with variational transition-state theory (TST) and

"'Part of the special issue M. C. Lin Festschrift". Rice—RamspergerKasset-Marcus (RRKM) theory using the
* Corresponding author. E-mail: sxu@emory.edu. . 0 . .

* Emory University. VariFlex codet® All quantum chemistry calculations were
8 National Chiao Tung University. carried out by the Gaussian 83ackage using a PC cluster
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and the computers at the Cherry L. Emerson Center for Scientific primary products with predicted enthalpy changesiOHt

Computation at Emory University.

Results and Discussion

1. PESs and the Reaction MechanismThe optimized
geometries for the species involved in the reaction of OH with
HNCN at the B3LYP/6-311G(3df,2p) and CCSD/6-311+

INCN (&Ag), —4.8 kcal/mol; HCN+ HNO, —28.3 kcal/mol;
HNC + HNO, —14.6 kcal/mol; and BN + NCO, —11.6 kcal/
mol. TheINCN product is formed by kD elimination from
the primary intermediatesHON(H)CN andc-HON(H)CN, by
overcoming the barriers of 49.4 kcal/mol at ;T&nd 49.3
kcal/mol at TS. The INCN (&Ag) product is the first excited

G(d,p) (data in parenthesis) levels are shown in Figure 1. The state of NCN, which is predicted to be higher than the ground
parameters of optimized geometries using both the B3LYP and stateX3,~ by 30.1 kcal/mol at both the CCSD(T)/B3LYP and
CCSD methods are close to each other except for the distanceccsp levels; the value is close to the previously predicted 30.7

of HO—HNCN in t-TS;. The energies for all the species
obtained by the CCSD(T)/6-3#1G(3df,2p)//B3LYP/6-311-
G(3df,2p), and CCSD(T)/6-311G(3df,2p)//CCSD/6-31%+

G(d,p) methods are listed in Table 1. On average, the relative
energies for the species using the CCSD geometries were foun

to be about 0.4 kcal/mol higher than those using the B3LYP
geometries. The reaction of OH with HNCN can occur on both

singlet and triplet PESs. For the singlet PES, it was found to
be very complicated because of the existence of the resonanc

structures: HN-C=N < HN=C=N, which give rise to 3
association complexes with 14 isomerization channels and 1

kcal/mol calculated using the ROHF-CCSD(T)/pVTZ method
by Martin et al.12and 28.8 kcal/mol calculated using the CBS-
QCI/APNO method by Clifford et &.These values are clearly
igher than the reported experimental result of 28.2.2 kcal/
ol1314As the CCSD(T) is a single-reference method, we also
performed a large-scale multireference calculation for thiey(a
—X3547) energy difference using the CASPT2(8,8)/6-311
G(3df2p) method based on the geometries optimized at the

e‘CASSCF(8,8)/6-3HG(3df,2p) level. Here we selected eight
sactive electrons of &L, L7; and eight active orbitals for both

26 24 2. ‘N 20 24 _4Aa 2 .
dissociation processes, producing 19 products. For the tripletStates (tr510,,20530,20, 40730, 17, 15). The predicted value

PES, it was found that there was one hydrogen abstraction's

29.4 kcal/mol, which is very close to the ones obtained by

channel and two addition channels. We discuss the PESs andhe single-reference methods cited above, but is noticeably

reaction mechanism in the following four sections (1a, 1b, 1c,
and 1d). In order to simplify the discussion of the singlet and
triplet PESs, we only mention the energies using the B3LYP

higher than the 23.2 kcal/mol experimental result.

In addition, the products HCN- HNO may be produced by
the dissociation of intermediate$iON(H)CN, ON(H)CN, and

geometries in these sections because the energies using theONC(H)NH via TSiwith a barrier of 87.2 kcal/mol, Tigwith

CCSD geometries are close to those using the B3LYP geom-

a barrier of 23.0 kcal/mol, and TSvith a barrier of 75.4 kcal/

etries, as listed in Table 1 and shown in parentheses in Figuremol, respectively. Furthermore, the products HIRGINO may

2a-c.

la. Formation and Isomerization of Singlet Intermediates.
As shown in Scheme 1 and Figure 2a, the reaction of OH with
HNCN first forms primary intermediateransHON(H)CN
(denoted asHON(H)CN; dihedral angle HON&- 118.8) with
a binding energy of 46.9 kcal/motissHON(H)CN (denoted
as c-HON(H)CN; dihedral angle HONG= —56.3) with a
binding energy of 44.2 kcal/mol when the OH attacks the N
atom next to H, and also forms HONCNH with a binding energy
of 41.4 kcal/mol when the OH associates with the terminal N
atom.

As shown in Scheme 1;HON(H)CN andc-HON(H)CN are
two conformers of HON(H)CN and can transform to each other
by an internal rotation about the-N bond via TSy (dihedral
angle HONC= —132.3) with a barrier of 6.9 kcal/mol. HON-
(H)CN can also isomerize to HONCNH via Igwith a barrier
of 68.2 kcal/mol. Furthermore, HON(H)CN and HONCNH can
isomerize to nine other intermediates. For exampléON(H)-

CN can transform to ON(FJCN via TS with a barrier of 56.7
kcal/mol or tot-ONC(H)NH via TS, with a barrier of 71.1 kcal/
mol. HONCNH can isomerize ttNC(NH)OH via TS with a
barrier of 39.9 kcal/mol or to ON(H)CNH via §$with a barrier
of 59.8 kcal/mol. Similarly,t-ONC(H)NH can transform to
¢c-ONC(H)NH via TS with a barrier of 25.1 kcal/mol or to
ONCNH;, via TS with a barrier of 73.6 kcal/mol, andNC-
(NH)OH can transform te-NC(NH)OH via TS with a barrier
of 5.2 kcal/mol ort-HOCNNH via TS with a barrier of 50.0
kcal/mol. In addition, c-NC(NH)OH can transform toc-
HOCNNH through T$, with a barrier of 53.4 kcal/mol, and
ON(H)CNH can transform t6ONC(H)NH TS 7 with a barrier
of 36.1 kcal/mol or ta-ONC(H)NH through T, with a barrier

be produced by the dissociation of ON(H)CNH via § ®ith

a barrier of 19.2 kcal/mol. Similarly, theJN + NCO products
may be formed by the dissociation BNC(NH)OH via TS

with a barrier of 47.6 kcal/mol.

The predicted heats of reaction for the formation gOHt+
SNCN (—34.9 kcal/mol at both the CCSD(T)//B3LYP and
CCSD(T)//CCSD levels), HCN+ HNO (—28.3 kcal/mol at
both the CCSD(T)//B3LYP and CCSD(T)//CCSD levels), and
HNC + HNO (—14.6 kcal/mol at the CCSD(T)//B3LYP and
—13.8 kcal/mol at the CCSD(T)//CCSD level) from OH
HNCN listed in Table 1 are in reasonable agreement with the
available experimental values @ K (—30.7 + 4.0 kcal/mol,
—25.8+ 2.4 kcal/mol, and-12.4+ 1.9 kcal/mol, respectively),
based omMA{Ho(OH) = 8.87 & 0.07 kcal/mol> AfHo(HNCN)
= 72.3 £ 0.7 kcal/moP AfHo(H0) = —57.10 + 0.01
kcal/mol!® and AfHo(®NCN) = 107.6 4+ 3.2 kcal/mol
derived from AfHeg®NCN) = 107.7 + 3.2 kcal/mokl
AfHo(HCN) = 30.9 + 0.7 kcal/moP AtHo(HCN) = 44.3 +
0.9 kcal/mol® and AfHg(HNO) = 24.5 kcal/molté For 3NCN,
Bise et al. obtained an experimental valueAgH,(3NCN) =
111.4+ 0.7 kcal/mol*3 This value would give rise to the exper-
imental heat of reaction for 40 -+ 3NCN formation,—26.8+
1.5 kcal/mol, which is 8.1 kcal/mol higher than the predicted
result.

1c. Secondary Singlet Product Channels shown in
Figure 2b, the OH- HNCN reaction may produce the following
minor products with predicted enthalpy changes:+HONCN,
—9.4 kcal/mol; NO+ t-HNCH, 1.3 kcal/mol; HNN+ HOC,
25.7 kcal/mol; HNC+ HON, 27.6 kcal/mol; CN+ c-HNOH,
43.7 kcal/mol; CN+ t-HNOH, 48.9 kcal/mol; and BN + CNO,

of 33.0 kcal/mol. These isomerization reactions can also occur51.0 kcal/mol. The KW + ONCN products may be formed

reversely, as one would expect.
1b. Primary Singlet Product Channel&s shown in Figure
2a, the OH+ HNCN reaction may generate the following

by the dissociation of the intermediate ONJBN by over-
coming the barrier of 46.3 kcal/mol at §SThe products
NO + t-HNCH may be produced by the direct barrierless
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Figure 1. Optimized geometries of the reaction OHHNCN computed at the B3LYP/6-3%#1G(3df2p) and CCSD/6-31++G(d,p) (data in
parenthesis) levels.
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TABLE 1: Total and Relative Energies? of Reactants, Transition States, and Products of the Reaction OH- HNCN

B3LYP/6-311G(3df,2p

CCSD(TP/6-311HG(3df,2p)

CCSD(TY/6-311+G(3df2p)

species or reactions ZPE energies B3LYP/6-31H-G(3df,2p CCSD/6-31#+G(d,p) AHg expf
OH + HNCN 0.028085 —223.923551 —223.497423 —223.497792 (0.0)
t-HON(H)CN 6.7 —41.3 —46.9 —46.5
c-HON(H)CN 6.5 —39.0 —44.2 —43.8
HONCNH 6.0 —40.6 —41.4 —41.3
t-NC(NH)OH 6.3 —28.6 —36.1
c-NC(NH)OH 6.4 -29.1 —36.7 —36.2
ON(H)CNH 5.7 -13.4 -12.4 -12.4
t-ONC(H)NH 5.7 —25.4 —-33.1
c-ONC(H)NH 5.6 —22.9 —30.1
ONCNH, 5.9 —-32.1 -31.7
t-HOCNNH 6.3 —26.4 —27.6
c-HOCNNH 5.9 —23.0 —24.6
ON(H;)CN 6.6 2.4 —8.6 —-8.1
TS 1.7 4.8 25 3.2
TS, 1.6 7.5 51 5.7
TS 3.8 147 9.8 10.2
TS, 2.8 329 24.2
TS 0.1 44.8 37.7
TS 1.9 39.3 40.4
TS -0.1 49.0 42.3
TS 3.8 -2.9 -8.0
TS 4.2 0.6 -15 -0.1
TSio 4.3 20.6 13.9
TSi 5.5 —22.7 —30.8
TS, 43 22.1 16.6
TSis 2.0 16.4 18.4 18.8
TS 1.8 19.3 20.6
TSis 3.3 7.5 5.8 6.2
TSis 21 17.0 11.4 12.2
TSi7 15 22.1 23.7
TSis 31 17.3 14.4 14.9
TSie 6.0 —34.6 —40.0 —39.7
TS0 2.2 31.6 24.0
TS 1.5 51.2 40.3
30OH--*N(H)CN 1.6 -1.3 -1.9 -1.9
TS 1.8 -1.6 -1.1 —0.6
tc-*HN(OH)CN 5.1 —28.2 —30.9 —30.5
cc-*HN(OH)CN 5.3 —30.0 —-32.2 —-32.0
ct-*HN(OH)CN 5.5 —31.2 —33.9 —33.5
3H,NC(O)N 5.5 —39.6 —42.2 —42.0
t-TS, 1.8 0.1 2.7 2.7
-TSs 1.7 4.7 7.2 7.3
t-TS, 25 9.1 4.2 5.3
t-TSs 4.6 —25.2 —27.8 —27.3
t-TSs 4.2 —12.3 —14.7 —-14.1
t-TS, 2.8 5.2 1.1 21
t-TSs 2.1 54 3.5 4.0
TSy 2.2 -5.7 -39 -2.9
H,O + INCN 0.7 -0.9 —-4.8 —4.8
H,O + 3NCN 1.1 —33.2 —34.9 —34.9 —-30.7+ 4.0
HCN + HNO 13 —-19.2 —28.3 —28.3 —25.8+2.4
HNC + HNO 0.2 —-6.4 —14.6 —-13.7 —-1244+1.9
HoN + NCO 0.6 —-11.7 —11.6 —11.5
SNH + NCOH 0.6 2.3 -4.9 -4.9
H, + ONCN -3.0 -1.4 —9.4
NO + t-HNCH 1.4 4.3 1.3
HNN + HOC -1.0 27.1 25.7
HNC + HON -0.1 33.8 27.6
CN + t-HNOH 2.4 49.7 43.7
CN+ c-HNOH 2.0 54.7 48.9
H.N + CNO -0.1 50.7 51.0

aTotal energies for OH- HNCN are in a.u., and relative energies for others are in kcambBingle-point energies based on optimized
geometries calculated at the B3LYP/6-31G(3df,2p) level. ¢ Single-point energies based on optimized geometries calculated at the CCSD/6-
3114++G(d,p) level. ¢ At 0 K, AfHo values are as followsAHo(OH) = 8.87 4 0.07 kcal/mol> AHo(HNCN) = 72.34 0.7 kcal/mol? AiHo(H20)
= —57.104 0.01 kcal/mok® and AiHo((NCN) = 107.6+ 3.2 kcal/mol, derived fronf\iH,9g3NCN) = 107.74 3.2 kcal/mol? AiHo(HCN) = 30.9
=+ 0.7 kcal/mol AfHo(HCN) = 44.3 £ 0.9 kcal/mol; and AiHo(HNO) = 24.5 kcal/mol8

dissociation oft-ONC(H)NH andc-ONC(H)NH with dissoc- by barrierless dissociation processes with the predicted
iation energies of 44.4 and 41.4 kcal/mol, respectively. Similarly, endothermicities: HNN+ HOC from t-HOCNNH and c-
the production of other radical product pairs takes place HOCNNH, 53.3 and 50.3 kcal/mol, respectively; HNCHON



6734 J. Phys. Chem. A, Vol. 111, No. 29, 2007 Xu and Lin

60 —
a
@ Ts,
TS,,
203 42.3
40 — I
TS,,
Ts,, 237
e 20 TS, 18.4 (1 8',*?’
= 11.4 (12.2 : h
E Gzas, X
S ;5.8 (6.2) ivgll OH + HNCN
2 o R S S 1 R
u (5), H,N +.NCO __.-** EO U
= < ( .
£ -11.6(-11.5)
5] — et % : Ea
o —_— B H
*, ON(H)CNH
-20 —| (6), HNC + HNO %-12.4 (-12.4)
-14.6 (-13.7) K3 H
-40 —| t-NC(NH)OH i
-36.1 (-35.7%), HONGNH 2 T HON(HICN
-41.4 (-41. c-
413)  (1a), t-HON(H)CN( Y A
~46.9 (-46.5)
60 — H,N + CNO
(b) 51.0
CN + c-HNOH =—
TSe 48.9 7
40.5 —
40 — — CN + t—HNOH
HNC + HON HI H
27.6 TSz
— TS TS,, 24.0
_ —: TS, s 5% 206 —_—
S 20 - HNKw HOC 16.7 10 S~ i
£ 25 P e 13.9
% H
>
(=21
o
w 0 —
2
5 .
o} H .
& : . i E T
FO - H N(H)CNH :
-20 —| tHOC;SINH 2.4 SR
O %27.8 TS, i taQNC(H)NH‘ Ly A&
c-HOCNNH = 309 i L B3 . j S—
-24.6 H SR R — £-ONC(HINH G N
e —_— i 10.0 : S -30. 2
-40 — ©-NC(NH)OH  tNC(NH)IOH it t-HoN(H Ne—.3% 7 -31.7
~ 6.1 -46.9 : i
36.7 HC_';“1°"“‘H FR—E c-HON(H)CN
-44.
(c) g Y TS,
1‘ ;rs., £TS 2.7 (2.7) TS
1 (2.1) !
i %2 (7.3) R 1 -1.1 (-0.6)
- tTs,i e
1-TS; 4.2 (5.3 P T %o S
3.5 (4.0) ¢ :) { OH+ HNCN
0.0 (0.0) OH..N(H)CN
.9 (-1.9)
= t-TSg
t=]
£ -14.7 (-14.1)
& ; —_—
= -11.6 (-11.5) A
g
D -20 — i
<1>) i
£ t-TS,
o] -27.8 ( 27. 3;
Ea
-30 — . 3 H - S
hE F — *
% F 3 =
3 cc-*HN(OH)CN oo (20 .
*H,NC(O)N} C_ga'_"sN((_g;'_)s?N -32.2 (-32.0) -30.9 (-30.0) H,O + °NCN
-40 — -42.2 (-42. Q) i -34.9 (-34.9)

Figure 2. (a) Singlet PES of the primary product channels of @HHNCN calculated at the CCSD(T)/6-31+G(3df,2p)//B3LYP/6-31H
G(3df2p) and CCSD(T)/6-311G(3df,2p)//CCSD/6-311++G(d,p) (data in parenthesis) levels. (b) Singlet PES of the secondary product channels
of OH + HNCN calculated at the CCSD(T)/6-316G(3df,2p)//B3LYP/6-31H-G(3df,2p) level. (c) Triplet PES of the reaction of Ot HNCN

calculated at the CCSD(T)/6-33+5(3df2p)//B3LYP/6-31HG(3df,2p) and CCSD(T)/6-31+G(3df,2p)//CCSD/6-31#+G(d,p) (data in parenthesis)
levels.

from HONCN, 69.0 kcal/mol; CN+ t-HNOH from t-HON- 1.9 kcal/mol binding energy, and the H-abstraction takes places
(H)CN, 90.6 kcal/mol; CN+ c-HNOH from c-HON(H)CN, via triplet t-TS with a 0.7 kcal/mol barrier to produce the
93.1 kcal/mol, and, finally, EN + CNO from ONCNH, 82.7 products HO + 3NCN (X3=4). For the triplet addition channels,
kcal/mol. the reaction of OH with HNCN forms triplet intermediatie

1d. Triplet Product ChannelsAs shown in Figure 2c, for  3HN(OH)CN with —30.9 kcal/mol exothermicity via triplet t-TS
the OH+ HNCN reaction, we have found one triplet abstraction with a 2.7 kcal/mol barrier occ-3HN(OH)CN with —32.2 kcal/
channel and two triplet addition channels. For the triplet mol exothermicity via triplet t-TSwith a 7.2 kcal/mol barrier.
abstraction channel, the reactants of OH radical with HNCN cc-3HN(OH)CN can transform ttc-3HN(OH)CN by an internal
radical first form a triplet precomple3OH---N(H)CN with a rotation about the €0 bond via t-Tg with a barrier of 17.5
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SCHEME 1: Formation and Isomerization of Intermediates of OH + HNCN, Where Data in Parentheses Are Relative

Energies in kcal/mol

k@ ON(H2)CN
% (-8.6)
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Z e Z
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w2
S = ,\%/
<
o ON(H)CNH
A
< s (124)
g 'g‘i\‘s \
HONCNH 2% 7 -HOCNNH

kcal/mol, and can also transform to another conforot€HN-
(OH)CN with —33.9 kcal/mol exothermicity by an internal
rotation about the €N bond via t-T$ with a barrier of 5.4
kcal/mol. The intermediatesc-HN(OH)CN andct-3HN(OH)-
CN can dissociate to the products of singlet CN®FNH with
—4.9 kcal/mol exothermicity via t-TSwith a barrier of 36.4
kcal/mol and t-TSwith a barrier of 35.0 kcal/mol, respectively.
In addition,ct-*HN(OH)CN can isomerize to another intermedi-
ate3H,NC(O)N with —42.2 kcal/mol exothermicity via t-TsS
with a barrier of 37.4 kcal/mol. Furthermoréd{,NC(O)N can
dissociate to produce N +NCO via t-TS with a barrier of
46.1 kcal/mol. Interestingly, here we found that the geometries
of all triplet intermediates are planar.

2. Rate Constant Calculations for the Primary Reaction
Channels of OH+ HNCN. 2a. Methods Employed for Rate
Constant CalculationsThe rate constants for the following
primary singlet and triplet reaction channels of GHHNCN
have been predicted by statistical calculations:

OH + HNCN — *HON(H)CN* — HON(H)CN (+M) (1)
— H,0+ 'NCN (2)

— HCN + HNO (3)

OH 4+ HNCN — "HONCNH* — HONCNH (+M)  (4)
— H,N + NCO (5)

— HNC + HNO (6)

OH + HNCN — *0OH:+-N(H)CN* — H,O0+ °NCN  (7)
OH 4+ HNCN — *HN(OH)CN* — *HN(OH)CN (+M) (8)
— CNOH + NH (9)

— H,N + NCO (10)

The rate constants for the reactions of OH with HNCN with
the primary six singlet and four triplet channels have been
calculated using variational TST and RRKM theory by the
VariFlex Codé® in the temperature range 368000 K with

<50

(-41.4) \\9\(~ij)
NC(NH)OH 2
(-36.1) W 9

(-27.6)

¢-NC(NH)OH TS, (16.7) ¢-HOCNNH
(-36.7) (-24.6)

kcal/mol. Channel 2 is a dissociation reaction via the intermedi-
ate HON(H)CN and two dissociation paths by transition states
TS, and TS to produce the same @ + INCN products
through thet- and c-conformers, respectively. Channel 3 is a
dissociation reaction via the intermediate HON(H)CN and
transition states TsSand TSg to produce the HCN+ HNO
products, where the primary controlling transition stategl'S
and secondary transition state sT'®ith a relatively shallow
intermediate ON(R)CN can be treated as a combined transition
state by the multiple reflection treatménChannel 4 is an
association reaction forming the intermediate HONCNH. Chan-
nel 5 is treated as a dissociation reaction tNH- NCO via

the intermediate HONCNH and the primary transition statgs TS
because the barrier of TSs 13.0 kcal/mol higher than that of
the secondary transition state ¢liging —1.5 kcal/mol below
the reactants. Channel 6 is treated as a dissociation reaction to
HNC + HNO via the intermediate HONCNH and the primary
transition state T because the barrier of TSis 14.6 kcal/
mol higher than that of the exit transition state;3.S

Channel 7 is a triplet H-abstraction reaction through the
precomplexX*OH:-+N(H)CN and the triplet transition state t-7S
to produce the KD + 3NCN products, where the energy of
t-TS; is 0.6 kcal/mol lower than the reactants calculated at the
CCSD(T)//ICCSD level. The existence of the preassociation
complex has been shown to have a significant effect on the
predicted rate constants due to multiple reflections above the
well of the complex in previous studié€d? when the energy of
an exit transition state is close to that of the reactants. Therefore,
the effect of multiple reflections was examined for channel 7.
Channel 8 is an association reaction forming the triplet
intermediatetc-*HN(OH)CN via t-TS or its conformercc
SHN(OH)CN via t-TS. Channel 9 is a dissociation reaction via
the intermediatHN(OH)CN and two dissociation paths by
transition states t-T;Sand t-TS to produce the same CNOH
3NH products. Channel 10 is treated as a dissociation reaction
to HoN + NCO via transition states t-ESt-TSg, and t-TS,
where t-TS is treated as a secondary transition state ofg-TS
Although these treatments for channels 3, 5, and 6 may have
systematic errors, they have negligible effects on the total rate
constants because the values of the rate constants of channels

Ar as the bath gas. Channel 1 is an association reaction forming3, 5, and 6 are negligibly small, even at high temperatures, as

the intermediate HON(H)CN, whose two conformers{ON-
(H)CN andc-HON(H)CN, are treated as one intermediate via
hindered rotation about the-EN bond with a barrier of 6.9

will be discussed later. The rate constants for these channels
are based on the molecular parameters, including the geometries,
vibrational frequencies, and rotational constants calculated at
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Figure 3. (a) MEPs ®) of OH + HNCN — HON(H)CN along the reaction coordinate of-® calculated at the B3LYP/6-3#1G(3df,2p) level
with the fitted Morse curves (solid curve). (b) MERR)(of OH + HNCN — HONCNH along the reaction coordinate of-®l calculated at the
B3LYP/6-311+G(3df2p) level with the fitted Morse curves (dotted curve). (c) MERS 6f OH + HNCN — 30H:---N(H)CN along the reaction
coordinate of H-N calculated at the B3LYP/6-3#1G(3df,2p) level with the fitted Morse curves (dotted curve).

the higher CCSD/6-31t+G(d,p) level and the PESs calculated
at the CCSD(T)/6-31:2G(3df2p) level listed in Table 1.

For the barrierless association processes -©HINCN —
HON(H)CN shown in Figue 3 a and OH+ HNCN —
HONCNH shown in Figure 3b, the minimum energy paths
(MEPs) for forming the primary intermediates, HON(H)CN and
HONCNH, were obtained by computing the potential energy
curves along the reaction coordinate from 1.5 to 5.0 A with a
step size of 0.1 A estimated at the UB3LYP/6-313(3df,2p)
level. Similarly, for the barrierless association processestOH
HNCN — triplet precomplexX3OH-+-N(H)CN shown in Figure

= 3.4 kcal/mol for forming HON(H)CN, HONCNH, and triplet
30OH-+-N(H)CN, respectively, where the energies fog were
scaled at the CCSD(T)//CCSD level without ZPE corrections.
For the variational rate constant calculations by the VariFlex
code, a statistical treatment of the transitional-mode contributions
to the transition-state partition functions was performed varia-
tionally. The numbers of state are evaluated according to the
variable reaction coordinate flexible transition-state thé8ay;

an energy grain size of 1.00 crhwas used for the convolution

of the conserved mode vibrations, and a grain size of 50.00
cm! was used for the generation of the transitional-mode

3c, the MEP was obtained by computing the potential energy numbers of states. The estimate of the transitional-mode
curves along the reaction coordinate from 2.1 to 5.0 A with a contribution to the transition-state number of states for a given
step size of 0.1 A at the UB3LYP/6-3+15(3df 2p) level. The energy is evaluated via Monte Carlo integration with 10 000
calculated MEPs could be fitted to the Morse potential function configuration numbers. The energy-transfer process was com-
with the parametersg = 1.502 AL with Ry = 1.428 A andD. puted on the basis of the exponential down model with a
= 53.6 kcal/mol;3 = 1.416 A1 with Ry = 1.415 A andD. = [AEldown Value (the mean energy transferred per collision) of
47.5 kcal/mol; ang = 1.573 A1 with Ry = 2.109 A andDe 400 cnt! for Ar. In order to achieve convergence in the
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Figure 5. Predicted branching ratios for the 10 primary singlet and triplet reaction channels of the reactiorHIEN at 760 Torr Ar pressure
in the temperature range of 366000 K.

integration over the energy range, an energy grain size of 100anisotropic potential are added together to form the final
cm~t was used. The total angular momentuntovered the potential, similar to that employed in the OHCH,0,° OH +
range from 1 to 250 in steps of 10 for tHeJ-resolved CH30H, and OH+ C,HsOH reactions’”

calculation. The Morse potentials with the above-mentioned The tunneling effect on the transition statédsS; and TS in
parameters, the Lennard-Jones pairwise potential, and thechannel 2, Tgand TS in channel 3, Tg in channel 5, TS
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TABLE 2: Predicted Rate Expressiong of ki, kp, ks, ks, ks, Ks, k7, Kg, Ko, K10, and kit at Ar Pressures of 1, 10, 100, 300, 760,
and 7600 Torr in the Temperature Range of 306-3000 K

reaction P (Torr) A n B reaction P (Torr) A n B
kq 1 4.03x 106 —10.14 —2144 k7 1 1.72x 10°1° 2.48 949
10 5.24x 107 —10.17 —2284 10 1.72 107%° 2.48 949
100 8.59x 108 —10.22 —2549 100 1.72 10°%° 2.48 949
300 3.25x 10 —10.24 —2730 300 1.7 10°%° 2.48 949
760 9.08x 10'° —10.24 —2905 760 1.72 10°%° 2.48 949
7600 7.22x 10%° —10.19 —3431 7600 17X 10°%° 2.48 949
ko 1 3.93x 1072 2.99 174 ks 1 2.86x 10 —9.55 —3532
10 4.85x 107 2.97 143 10 3.25 10 —9.54 —3943
100 4.96x 1072 2.97 143 100 1.40 10 —9.39 —3363
300 5.44x 107 2.95 133 300 1.4% 10 —9.23 —4712
760 6.91x 102 2.92 102 760 8.3% 10% —9.03 —4897
7600 4.63x 10722 2.69 173 7600 1.44 108 -8.19 —5165
ks 1 9.16x 10716 0.74 —6749 ko 1 3.38x 10718 1.72 —2965
10 9.16x 10716 0.74 —6749 10 7.52¢< 10718 1.62 —3104
100 9.16x 10716 0.74 —6749 100 5.2% 1077 1.39 —3455
300 9.16x 10716 0.74 —6749 300 2.65¢< 10716 1.19 —3760
760 9.16x 10716 0.74 —6749 760 1.49% 10°% 1.00 —4105
7600 9.09x 1076 0.74 —6749 7600 1.06¢ 10718 0.51 —5172
Kq 1 1.47x 10%? —9.02 —656 kio 1 8.47x 10716 0.74 —3102
10 1.04x 10'° —9.54 —1298 10 1.84x 10715 0.65 —3225
100 3.41x 10Y —9.95 —1896 100 452 1071 0.27 —3862
300 9.11x 10Y —9.93 —1949 300 3.95¢ 10712 0.11 —4329
760 3.11x 10Y —10.25 —2345 760 2.21x 107%? —0.18 —4768
7600 4.09x 100 —10.26 —2755 7600 1.36< 10°1¢ —0.36 —5780
ks 1 2.56x 1073 5,51 342 Kiotal 1 T1 2.16x 10726 4.59 2405
10 2.15x 1073 4.98 —326 T 1.48x 10718 2.24 520
100 9.86x 1073 4.79 —549 10 T1 6.86 x 1072° 5.26 3393
300 1.34x 107%° 4.76 —592 T 1.32x 1078 2.25 537
760 1.73x 10°% 4.72 —629 100 T1 1.05x 10716 1.30 2216
7600 6.57x 10730 4.56 —822 T, 6.54x 10710 2.33 697
ks 1 3.15x 1072 4.60 —4778 300 Ta 1.56x 1077 —-1.61 1104
10 8.59x 1072 4.48 —4917 T 1.76x 1072 2.48 996
100 1.03x 10728 4.45 —4942 760 T1 2.66x 1% —4.50 —239
300 1.08x 1028 4.45 —4949 T, 1.38x 10720 2.78 1578
760 1.13x 10728 4.44 —4955 7600 T1 1.23x 10% —8.31 —2189
7600 1.53x 10728 4.41 —4998 T, 2.76x 10727 4.56 5189

aRate constants are representeckby AT" exp®B/T) in units of cn¥ molecule’* s™. ® T;, temperature range of 36000 K; T, temperature
range of 1006-3000 K.

in channel 6, and t-TSt-TS; t-TSy, t-TS;, and t-TS in channels only at temperatures below 500 K due to competition vkith
8, 9, and 16-are considered because their barriers are much resulting from collisional deactivation of the excited HON(H)-
higher than those of the reactaf#In this study, the tunneling  CN.
effects are treated using Eckart’s tunneling corrections. The predicted values fdg forming singlet HONCNH at six

Finally, HON(H)CN, HONCNH, T$s, and TS in channel specific pressures between 1 and 7600 Torr in the temperature
3, TSis in channel 5, and T3 in channel 6 have their own  range of 306-3000 K are shown in Figure 4c and are also listed
optical isomers, so a statistical factor of 2 is employed in these in Table 2 ks as an association process has pressure/temperature
rate constant calculations. (P,T) dependences similar to those laf ks decreases with

2b. Predicted Rate Constanthe predicted values fok, increasing temperature from 300 to 3000 K. In additiarglso
forming singlet HON(H)CN at six specific pressures between has a strong pressure dependence in the temperature range below
1 and 7600 Torr in the temperature range of 36000 K are 1000 K, as doe&;. When the pressure increases from 1 Torr
shown in Figue 4 a and are also listed in Table 2. The values to 10 atm.ks increases, as clearly illustrated by Figure 4c and
of ky decrease with increasing temperature from 300 to 3000 the results listed in Table 2.
K. In addition, k; has a strong pressure dependence in the The predicted pressure-independent valuegfoproducing
temperature range below 1000 K, as one expects. When theH,O + 3NCN in the temperature range of 368000 K, are
pressure increases from 1 Torr to 10 akmincreases, as clearly  shown in Figure 4d and are also listed in Tablek2is an
illustrated by Figure 4a and the results listed in Table 2. abstraction process by the triplet precompt®H:-N(H)CN

The predicted results fm'z producing HO + INCN products and the transition state t-'[SI'he properties d{7 are Completely
at six specific pressures between 1 and 7600 Torr in the different from those ok, k, andks because of the absence of
temperature range of 36@000 K are shown in Figure 4b and ~ pressure effect on this abstraction process.
are also listed in Table %; is the sum of contributions from The predicted results fdg producing the products of CNOH
the reactions via TSand TS, in which the rate constants from  + 3NH at six specific pressures between 1 and 7600 Torr in
the contribution via T§account for 0.96:0.53 in the temper-  the temperature range of 308000 K are shown in Figure 4e
ature range of 3063000 K. The properties d6 are completely and are also listed in Table Rg is the sum of contributions
different from those ok;. k; increases with increasing temper- from the reactions via t-TSand t-TS, in which the rate
ature from 300 to 3000 K; it has a weak pressure dependenceconstants from the process via t4T&count for 0.13-0.49 in
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the temperature range of 368000 K. kg as an dissociation  producing CNOH+ 3NH, andks + ko for producing NH and

process is similar t&. kg increases with increasing temperature  NCO are negligible, even in the higher temperature range.

from 300 to 3000 K; it is pressure-dependent at temperaturesTherefore, the singlet primary intermediates, HON(H)CN and

below 1000 K. HONCNH, are expected to be stable in the low-temperature
The predicted total rate constants f@fiq = ki + ky + kst range and begin to dissociate when temperature is over 800 K,

kst kst ks + k; + ks + ko + kjo at 10 specific pressures  producing HO and NCN as the primary products.

between 1 and 7600 Torr in the temperature range-3000

K are shown in Figure 4f and listed in Table 2. The P,T Conclusions

dependences ot are closely parallel with those &f andks The kinetics and mechanism for the GHHNCN reaction

in the temperature range below about 1000kl decreases iun singlet and triplet PESs have been studied at the CCSD-

with increasing temperature from 300 to about 1000 K and also (T)/6-311+G(3df 2p)//B3LYP/6-311G(3df2p) and CCSD/6-
has a strong pressure dependence in the temperature range belo@ﬁl%——kG(d,p) levels of theory. The total and individual rate

1000 K. However, with temperature over 1000 K, the property ,ngtants for the primary channels of the reaction in the
0f kotal IS close to that ofky, it increases upon increasing  yomperature range of 368000 K are predicted. The primary
temperature from 1000 to 3000 K. In comparison, the values  iormediates formedsinglet HON(H)CN and HONCNHare

of kiotar In the lower temperature range are still higher than those
in the higher temperature range due to domingnand k4
through collisional deactivation.

The predicted individual rate constants given in units of
molecules per cubic centimeter and time in seconds?(cm
molecule’? s71) at a 760 Torr Ar pressure in the temperature
range 306-3000 K can be represented by

k, = 9.08 x 10" x T ****exp(—29051)
k, = 6.91x 10 % x T*%exp(102T)
ks=9.16x 10 *° x T®"*exp(—67491)
k, = 3.11x 10'° x T **®exp(—2345T)
ks =1.73x 107>° x T""?exp(—629/T)
ks = 1.13x 10 % x T"* exp(—49551)
k,=1.72x 10" x T**®exp(9491)

ks = 8.33x 10" x T %% exp(—48971)
ko= 1.49x 10 x T"®exp(—4105T)

kip=2.21x 10 " x T %'®exp(-4767I)

The total rate constants at 760 Torr of Ar pressure can be

represented by two fitting equationa = 2.66 x 107 x
T 450 exp(~239/M) at T = 300-1000 K and 1.38x 1020 x
T278 exp(1578T) cm® molecule’! s71 at T = 1000-3000 K.

At present, no comparison can be made for the calculated and

experimental data. For this newly identified, potentially impor-

tant, prompt NO precursor reaction, our results are recommended

for high-temperature combustion modeling applications.
2c. Predicted Branching Ratio$he branching ratios of the
rate constantk;—ks'° at an Ar pressure of 760 Torr in the
temperature range of 36@B000 K are shown in Figure %;
accounts for 0.320.28 andks accounts for 0.680.17 in the
temperature range of 3600 K. k; accounts for 0.550.98
in the high-temperature range of 868000 K. Because both
k. and k; can produce ED, and excitedNCN from k; can
transfer to its ground stafNCN finally, the total branching
ratios of HO and NCN with the sum df, andk; account for
0.55-0.99 in the high-temperature range of 88D00 K. The
branching ratios ofks for producing HCN+ HNO, kg for
producing HN + NCO, kg for forming 3HN(OH)CN, ko for

stable in the low-temperature range and begin to dissociate when
temperature is higher than 800 K, giving rise tg0Hand NCN

as the primary products through the singlet and triplet PESs of
the OH+ HNCN reaction. Our predicted total and individual
rate constants and product branching ratios for this critical
reaction may be employed for combustion kinetic modeling
applications.
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