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Ab initio molecular orbital calculations at the second-order perturbation theory (UMP2) and coupled cluster
singles and doubles with corrected triples (CCSD(T)) levels with 6+31G(d,p) and 6-31%+G(3df,3dp)

basis sets have been carried out to construct the potential energy surfaces related to the various reactions of
the [CHN] system, including bHCN, H+HCN, and H-HNC in both lowest lying doublet and quartet
electronic states. Barrier heights, vibrational wavenumbers, and moments of inertia were then utilized in the
calculations of rate constants using a quantum RRemspergerKassel (QRRK) theory. The calculated

total rate constarit., for the H-HCN reaction at 300 K is 2. 10" cm?® mol™! s and is suggestive of a

slow reaction and it corresponds predominantly to the stabilization of the adducts. On the other hand, the
H-+HNC reaction is calculated to be a pressure-independent fast reaction with a rate coefficient 09

cm® mol™* s7* leading primarily to H-HCN dissociation products. The standard heat of formation of the

H>CN radical is estimated to bﬁnggg = 56 £ 3 kcal/mol (57+ 3 kcal/mol at 0 K).

1. Introduction precursors of both HCN and HNC in the interstellar clBud
The [CHN] isomeric system is of wide interest. In the via reactions ii and il
combustion and atmospheric chemistry, the reaction i

H,C + N —HCN + H (ii)
H,+ CN—HCN + H 0

. . : . H,C+N—HNC+H (iii)

is shown to be an important elementary step in the formation

of NO pollutants from atmospheric nitrogen and nitrogen- .

containing fuels, as well as an important step in the flame Although these reactions have been rep_eatedly put forward, to

processes of nitramine propelladtsThere have been several our knowledge, they have not been studied experimentally yet.
While the HCN radical is formed upon gas phase decomposi-

measurements of the rate constant for the forward reaction, botht_ ; limi d Ik ds. the imi thl
at highk? and low temperatures® In addition, the forward lon of several Iminé and azoalkane compounds, the iminometny

reaction has been studied at room temperature as a function oi(HCN.H) and gmcharbyne (CNjlisomers are also belleveq
initial vibrational excitatiof and its dynamics has also been 10 be intermediates in the thermal qecomposmon of me_.-thylamlne
investigated in detail by a collinear reactive scattering and and azomethane and hydrogenation of HCN on various metal

1 NG
guasiclassical trajectory calculatiohsHowever, the reverse sulrf?ceé t(.s"tr'?“' Rlé’.ﬁpt' ettcf')-ld indicates that th . h
reaction has never been studied experimentally for it is highly i Eeres md bes?h ! erer: Iet' S |nf |cz|a. et?l a i etr.ells muc
endothermic. The €H bond in HCN is quite strong, the 0 be gained by e construction of refiable potential energy

associated bond energy being about 124 kcal/mol. Conse_surface (PES) of the [Cjil] system covering most, if not all,
quently, in the isolated HCN molecule, the dissociation pathway of the transformations and interconnections of the corresponding
is unimportant, and in fact, its isomerization to HNC is the only |fsomer3. U?h to now, t.theorfeglcl\?l t?]tud|es thatvilmgln%ébeen
predominant channel. This isomerization has been shown to occ;Jse k?n h 3 Proper |bes Of2HIN, he r_g%sli‘l sAa € '_?_0 r
have a barrier of about 47.5 kcal/mdland it provides a facile and on the hydrogen abstraction reactiGti. A significant

I ) g i
unimolecular reaction pathway for the relatively stable HCN contribution has been made by B_alr etadwith a GYB Cl
moiety. Lin et al® reported a computed rate constant (.5 treatment towards the understanding of the lowest-lying doublet

10% exp(—23750M) s-1) for this isomerisation. In presence of potential energy surface of [GN], though containing only three

the hydrogen atom, one would expect that addition to the triple of its isomers, viz., BCN, CisHCNH, andransHCNH.  They

bond would be more important than abstraction. The addition then determined .the ap Initio rate constant for the dlrg(:t
product would then undergo further isomerizations and dis- hydrogen abstraction reaction i using the conventional transition

sociation to yield HNG-H. Hence, it is of interest to study state theory. Recemly’ we have repo?fgd more_comp_lete
the conversion of HCN to HNC in presence of hydrogen and PES of thg IOWQSF lying o_lguplet electronic state, including the
to compare them with the isomerization of the isolated HCN pathways linking five equilibrium structures, namely-HCN,
molecule H+HNC, H,CN, HCNH, and CNH. The purpose of our earlier
The Cl,.ll’l’en'[ conventional wisdom also assumes that the study, whose results were obtained using quadratic configuration

. . : + . interaction QCISD(T)/6-311+G(3df,2p) calculations, was to
[CHzN] species are, along with their (GK)™ ions, the potential probe the participation of the [GN] isomers during decom-

* To whom correspondence should be addressed. Fax: 32-16-327992.Position of methyl azide and methanimine. Hence, the reactions
E-mail: minh.nguyen@chem.kuleuven.ac.be. i, —i, ii, and iii were not considered and details of the calculated
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structures and energetics have not been reported in ref 15. MoreTABLE 1: Calculated CCSD(T)/6-311++G(3df,3pd) Total

importantly, perhaps, is the fact that both reactions ii and iii
are not likely to occur in the ground doublet electronic state.
The preliminary experime#ton reaction iii between the triplet
methylene and atomic nitrogen using the discharge flow-
molecular beam mass spectrometric techniques (DF-MBMS)
indicated that HCN has been produced in its triplet state rather
than in its singlet ground state. This implies that this reaction
is likely to proceed through an excited doublet or quartet state
of the [CH:N] system.

In an attempt to map out a reliable and uniform potential
energy surface including most of the possible reaction channels
mentioned above of the [CIN] species and as a preliminary
step for the subsequent kinetic analysis, we have carried out
high-level ab initio molecular orbital calculations in both lowest
lying doublet and quartet electronic states. Calculations on an
excited doublet state have been abandoned by a practical reaso
that, for the structures having no symmetry, this state cannot
be constructed using the unrestricted Hartreeck (UHF) based

single-reference method that we have adopted for the present

work. It is well-known that, in these cases, only the wave
functions corresponding to the lowest lying electronic state could
be characterized.

After mapping out the energy surfaces, we have then utilized
the computed thermochemical, vibrational, and rotational pa-
rameters of the stationary points as inputs for calculating the
individual and total rate constants offtHHCN and H+HNC
reactions within the framework of a QRRK thedry. The
kinetic analyses allow the possibility of formation of each isomer
and the competition between various reaction channels to be

Energies in Atomic Units and ZPE in kcal/mol for Species
Involved in the [H,CN] PES

species total ener@y ZPP
H:CN, 1 —93.8241 10 17.2
t-HCNH, 2 —93.8117 94 17.6
c-HCNH, 3 —93.8036 62 16.9
CNH,, 4 —93.7773 53 17.2
12 —93.7473 03 141
2/3 —93.7848 26 16.3
2/4 —93.7104 79 12.6
16 —93.7656 60 12.5
37 —93.7480 59 10.5
3/6 —93.7598 15 12.2
a7 —93.7311 74 11.8
5/6 —93.7320 43 11.4
1q —93.6833 22 155
2q —93.6597 79 15.2
n 4q —93.6464 27 17.4
1g/2q —93.6032 27 12.4
2g/4q —93.5818 07 13.5
1g/6q —93.5949 92 9.9
2q/6q —93.5921 49 10.1
2g/7q —93.5753 77 10.4
4q/7q —93.5748 12 10.6

aBased on optimized geometries at the CCSD(T)/6431G(d,p)
level. ® Zero-point energies using unscaled frequencies at UMP2/6-
31G(d,p) level.

(d,p) level and scaled down by a uniform factor of 0.94.
Throughout this paper, bond lengths are given in argsto
bond angles in degrees, zero-point and relative energies in kcal/
mol, unless otherwise stated.

established. It is needless to say that, even though the QRRK

formalism is less rigorous than the RieRamspergerKasset-
Marcus (RRKM) approach, the overall reaction mechanism can
be extracted from this simple treatment. Concerning the values

of rate constants, both treatments give overall comparable values

as they are mainly determined by geometrical and energetic
parameters. The main advantage of the QRRK treatment lies
in the fact that it is easy to implement for chemically activated

reactions containing several energized intermediates and multiple

channels.

2. Method of Calculation

Ab initio molecular orbital calculations were carried out using
the Gaussian 94 set of prografisThe open shell calculations
were performed using the unrestricted Hartréeck formalism.
The potential energy surface was initially mapped out using
UMP2 calculations in conjunction with the 6-31G(d,p) basis
set. Stationary points were then characterized by harmonic
vibrational frequency analyses at this level. The identity of each

3. Results and Discussion

Calculated total energy and zero-point vibrational energies
of the species examined are tabulated in Table 1. Let us first
describe briefly the essential features of the lowest-lying doublet
and quartet PES'’s related to the [N system schematically
shown in Figure 1. Each stationary point in Figure 1 is labeled
with a number in order to facilitate the discussion. While the
equilibrium positions are associated with the numbers flom
to 9, the transition structures (TS) are definedXy whereX
andY are the two connected equilibrium structures. As can be
seen, the PES consists of four isomers, namelgM1, trans-
HCNH, 2, cis-HCNH, 3, and CNH, 4, and the different first-
order saddle points connecting these minima to different product
limits, viz., H, + CN, 5; H+HCN, 6; H+HNC, 7; C+NH, 8,

and N+CHy,, 9. The CCSD(T)/6-31%++G(d,p) optimized
geometries of the TS¥2, 2/3, 2/4, 1/6, 3/6, 3/7, 4/7 and also

the direct hydrogen abstraction B8 on the doublet potential

first-order stationary point is determined when necessary, by energy surface are shown in Figure 2, while the corresponding
intrinsic reaction coordinate (IRC) calculations. Geometries of Stationary points on the quartet PES are shown in Figure 3. The
the relevant equilibrium and transition structures were then numbers in parentheses in Figures 2 and 3 correspond to UMP2/

reoptimized using the coupled-cluster method including all
single and double excitations plus a perturbative estimation of
the contributions of the connected triple substitutions to the
correlation energy with the same basis set, CCSD(T)/6-
311++G(d,p). Improved energies of all stationary points were
further estimated using single-point electronic energy CCSD-
(T) calculations at the CCSD(T) geometries with the larger
6-311++G(3df,3pd) one-electron basis set. In the coupled-
cluster calculations, only the valence electrons are included in
the correlation procedure. The zero-point energies were derived
from harmonic vibrational wavenumbers at the UMP2/6-31G-

6-31G(d,p) level of optimization. The CCSD(T)/6-3t+G-
(3df,3pd)//CCSD(T)/6-311+G(d,p) energies are shown in
Figure 1 relative to that of the &N limit 1 with appropriate
zero-point vibrational energy corrections using UMP2 frequen-
cies. The values given in parantheses represent the GVB-CI
results obtained by Bair and Dunnifg.The most important
result is perhaps the fact that both the doublet and quartet PESs
are well separated from each other. The highest lying doublet
transition state T2/4 is about 20 kcal/mol below the lowest
lying quartet structure HCN, 4q. The unscaled harmonic
vibrational frequencies of the various stationary points on the
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Figure 1. The overall profile of the (a) doublet and (b) quartet PES for the [gtystem calculated at CCSD(T)/6-3t+G(3df,3pd) //CCSD-
(T)/6-311++G(d,p)+ZPE level of theory. Values in parentheses in (a) correspond to the POL-CI ones taken from ref 13. In the quartet PES, HCN,
and HNC correspond to the tripléA”" state.

doublet and quartet PES’s are tabulated respectively, in Tablesreported by Bair et & for the same process using POL-CI
2 and 3 and are available as Supporting Information. calculations. In addition to this attack, the addition could take
Energetically, HCN, 1, was found to be more stable than place to the nitrogen end of HCN giving risedis-HCNH. As
trans-HCNH 2 by 8.2 kcal/mol. The 1,2-hydrogen shifts from  discussed by Bair et al. the saddle point for the H addition to
carbon to nitrogen, and the reverse occur from the trans isomerthe nitrogen does not lead to the most stable isomer of HCNH,
with the latter being energetically favored over the former i, irans-HCNH. 2. but rather tocissHCNH. 3. This is
migration. The calculated three-membered TSs including the o5 maply due to a stereoelectronic effect such as in the case
migrating hydrogen, the origin ""_”d the terminus centers of of the HNCHH™ addition?® Though, the initial barrier for
migration, /2 and2/4, for these shifts have the hydrogens in a hydrogen attack at the nitrogen site of HCN is slightly higher

trans relationship. In addition to these 1,2-hydrogen shifts, .
can undergo cistrans isomerization leading to the higher energy (12.1 kcal_/mol) th_an that_at the _cart_Jon S'te_ (8.7 kcal/mol), the
saddle point for cistrans isomerizatiorg/3, lies energetically

cis conformer3 via 2/3. The two possible unimolecular ) )
dissociation pathways of HCNH, namely, dissociation into P€low 3/6. The various pathways starting fromH#CN, 6,
HCN+H, 6, and HNGHH, 7, proceed only from the higher leading to H-HNC are

energy cis-conformer. The dissociation of-8 and N-H

bonds _in 3 involve barriers of 32.8_ and _2_7.2 kcal/mol, H + HCN 6—1—2—3—H+HNC 7 (A
respectively, and are, therefore, relatively difficult compared

to the cis-trans isomerisation 8f The barrier for the hydrogen  H 1+ HCN 6—1—2—4—H+ HNC 7 (B)
attack at the C-center of HCN,+HCN, 6 — H,CN, 1, was

calculated to be 8.7 kcal/mol and this value is in close agreementH + HCN 6—3—H+ HNC 7 ©
with our earlier QCISD(T)/6-311+G(3df,2p) results (7.3 kcal/

mol)'S but differs somewhat from the value of 10.7 kcal/mol H + HCN 6—>3—2—4—H+HNC 7 (D)
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Figure 2. CCSD(T)/6-31#+G(d,p) optimized geometries of the stationary polhtg, 3, 4, 1/2, 2/3, 2/4, 1/6, 3/6, 3/7, 4/7 on the doublet [CkN]

energy surface.
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Figure 3. CCSD(T)/6-311+G(d,p) optimized geometries of the stationary poibds 2q, 49, 19/2q, 29/4q, 1g/6q, 29/6q, 20/7q, 49/7q on the
guartet [CHN] energy surface.

It is obvious from the doublet PES (Figure 1a) that the routes hand, the reverse of route C suggests the existence of an
involving 2 — 4 isomerization could be excluded in the kinetics energetically feasible channel for the conversion of HNC into
of H+HCN or H+HNC reaction due to the involvement of a HCN from the initially formed energised addugt Note that
rather high barrier for this conversion. Similarly, the endot- the unimolecular conversion HNE HCN is associated with
hermic hydrogen abstractiontHHCN, 6 — H, + CN, 5, is an energy barrier of about 30 kcal/mol, relative to HNGn
less significant as compared with the HNC formation. The rate this sense, the isonitritenitrile conversion will be greatly
constant for this bimolecular reaction is obtained from the facilitated in the presence of the hydrogen atom.

Arrhenius expressionk = A exp(—Ea/RT) where A is the Figure 2 shows that the calculated saddle point structure of
frequency factor,E, is the activation energy, and is the the direct hydrogen abstraction reactiop;H&€N, 5— H+HCN,
temperature. The calculated direct hydrogen abstraction rate6, closely resembles the reactants. TheNCbond distance
constant at 500 K and 1 atm is 36.3%tmol* s, remains essentially a constant during the reaction signifying an

While the rate determining step in route A correspond$ to
— 2 isomerization, in route C, the back dissociation into
H+HCN is expected to be competitive with the product
(H+HNC) formation. Most importantly, in all these routes, the
initially formed energized adduct, eithet or 3, requires
additional energy for its conversion intotHHNC. On the other

early transition state in consistent with the Hammond'’s postulate
for exothermic reactions. The calculated barrier for this process
at the CCSD(T) level equals to 4.8 kcal/mol and is roughly 1.4
kcal/mol lower than that estimated by Bair and Dunifngsing

the POL-CI calculations. Wagner et'dlhave theoretically
computed the rate constant for this reaction using the conven-
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tional transition state theory in conjunction with the PES 1), it is reasonable to consider theHHICN reaction as
reported by Bair et a2 and their computed rate constant was happening only on the doublet PES. As discussed above, the
represented by the form 4.9 10718 T245 exp(—1126/T) cn¥ H-++HCN reaction can give rise to either€N, 1, or cisHCNH,
mol~! s7! over the temperature range of 258500 K. The 3, as the initially formed energized adduct, and hence the
barrier heights employed for this channel in the earlier theoreti- kinetics, of this reaction has been analysed by starting from
cal dynamic studie® are 5.45, 4.2, and 5.2 kcal/mol. The ab both H,CN (reaction 1) anctisHCNH (reaction 2) potential
initio calculations by ter Horst et &t using a multireference  wells. Because the rate constants for product formation depend
configuration interaction method with large correlation consis- highly on the internal energy of the adduct, the lifetimes of the
tent basis sets yielded a barrier of about 4.3 kcal/mol for this intermediates and the coupling of vibrational coordinates to the
hydrogen abstraction. It is thus clear that the state-of-the-art reaction coordinate, the product distributions originating from
ab initio calculations at both single and multireference levels these two additions are expected to be markedly different. For
provide a barrier of about 4% 0.3 kcal/mol for this channel.  reaction 1, we define the apparent rate constants of the various
However, the rate constant calculations by ter Horst et al. using channels in Figure 1 as follows Similarly, for reaction 2,
the ab initio barrier height yielded a low rate constant value,
and they, in fact, adjusted this barrier energy to 3.2 kcal/mol k}: H+ HCN— H,CN 1
SO as to get rate constants that are close to the experimental
values. ky H+HCN—transHCNH 2 vial

On the quartet PES, both,8N, 19, and HCNH,2q, species
have a nonplanar structure (cf. Figureg@stands for quartet). ké; H 4+ HCN — cissHCNH 3 vialand2
The barriers for the formation of the pyramidalizegd, 1q,
as well as the nonplanar HCNH from the triplet HOBg, are k}l; H + HCN— CNH, 4  vial, 2, and3
low (2.8 and 3.7 kcal/mol, respectively) compared to those on
the ground doublet energy surface. As can be seen from Figureké: H+HCN—H+HCN 6 vial
1b, 1q could undergo 1,2-hydrogen shift spontaneouslylja
2q and redissociate back into 4HHCN. The barrier for K. H4+HCN— H+HNC 7
H+HNC formation from2q is 10.9 kcal/mol higher than that 3
for the dissociation into HHCN. Hence, on the quartet PES,
isomerization of HCN to HNC is less favorable. Indeed, HNC .
would undergo assisted isomerization to HCN by the following k%v‘l' H+HCN—H+HNC 7

(via route A;1, 2, and3)

pathways: (via route B;1, 2, and4)
H+HNC 7q—2q—1q—H-+HCN 6q K. H+HCN—H,.CN 1 (via3and2)
H+HNC 79g—49—29—1g—H+HCN 6q kK: H+HCN—transHCNH 2 (via2)

In the triplet state, HNC remains less stable than HCN but ké: H+ HCN—cisHCNH 3
with a slightly reduced energy difference, namely, 10 kcal/mol
instead of 14.4 kcal/mol in the singlet state. The 1,2-H shift ki: H -+ HCN — CNH, 4 (via 2)
connecting both forms involves an energy barrier of 36.4 kcal/
mol, relative to HNCFA'"), which is slightly larger than that of kf;:
30 kcal/mol in the singlet counterpart. Note also that the triplet
HCN lies about 110.4 kcal/mol above singlet HCN but about . _
15 kcal/mol below the Ht+ CN dissociation limit. k§'3' H + HCN = H+HNC !
We now turn to the second part of this work which is a kinetic . .
analysis of HHHCN and H+HNC reactions associated with the k%“' H -+ HEN=HH+HNC ! )
[CH2N] potential energy surface. Thus, the apparent rate (viaroute D;3, 2, and4)
constants of these reactions: (IH+HCN (C-attack), (2)
H+HCN (N-attack) (3) H-HNC (C-attack), and (4) HHNC
(N-attack) have been computed using QRRK model. We use

H+HCN—H+HCN 6 (via3, 2, andl)

(via route C;3)

The superscript and subscript in the rate constant definitions
correspond, respectively, to the reaction number and the product

the PES obtained at the CCSD(T)/6-31G(3df,3pd)//CCSD- number as sklown in Figure la. The calculated apparent rate
(T)/6-311++G(d,p) level and the vibrational frequencies and constantsk;, k;, gnd_k}, were found to be very low and hence
rotational constants calculated at the UMP2/6-31G(d,p) level aré not shown in figures. The total rate constihtior the
as input parameters for the QRRK calculations. Recent disappearance of the-+HHCN reactants was calculated as the
publicationg®2° reveal that processes involving high energy Sum of all apparent rate constants, except Kprand kg,
chemically activated adducts with non-Boltzmann distribution because these channels regenerate back the reactants. Figure 4
can be characterized by the simple QRRK method with shows the variation of the apparent rate constants as a function
reasonable accuracy. The advantages and limitations of thisof pressure at 300 K. The predominant contribution to the total
approach over the more rigorous RRKM treatment are well rate constank% comes from the stabilization of the initially
outlined in ref 30. The kinetic treatment and the method of formed HCN adduct. The total rate constant and, herige
evaluation of the apparent rate constants for the stabilization of becomes pressure independent at atmospheric pressure. Because
adducts and for the dissociation into products are well describedthe barrier for the isomerization df — 2 is higher than the
in our previous papef% 28 and molecular nitrogen has been entrance channel barrier, redissociation back +HECN is the
used as a bath gas in the present study. only favored route available tb at ordinary temperatures and

3.1. The H-HCN Reaction (Reactions 1 and 2).Due to pressures. This, in turn, explains the low magnitude of the
the fact that the quartet PES lies well above the doublet (Figure calculatedé, k%, andk}1 rate constants. The total rate constant
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8 T T . . . . . x HCN molecule requires an energy of about 47.5 kcal/mol for
its isomerization into HNC. Consequently, in the presence of
.5 ] hydrogen, although addition of hydrogen to thelg multiple
J bond is preferred, isomerization of HCN to HNC becomes
somewhat accelerated.

3.2. The HHHNC Reaction (Reactions 3 and 4). The
approach of H to HNC can also give rise to eitloterHCNH,
3, or CNH, , 4, as the initially formed energized adduct, and
hence the kinetics of this reaction, has been analysed by starting
from both cisHCNH (reaction 3) and CNK (reaction 4)
potential wells. The several product channels which are
energetically possible includetHHCN, 6; cisHCNH, 3; trans
HCNH, 2; H,CN, 1; CNHy, 4, as well as the reformation of
; H+HNC, 7, via CNH,, transHCNH, andcisHCNH. We were
’ not able to locate any transition structure for hydrogen abstrac-
tion converting H-HNC to H, + NC. In addition, no stable

-
T
~

_1 _1

Logk,kincm 3mol s
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&
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Figure 4. Plots of log apparent rate constants and total rate constant

of H+HCN reaction versus log pressure. complex H-H--*N=C with a linear configuration could be
found. We use the same PES for our kinetic analysis.
12 : T T . . A glance at the PES (Figure 1a) reveals that when the more
0N | stable cisHCNH 3 is formed initially, it undergoes at low
— kT pressures a preferential dissociation t&HICN due to its low
— 10k A barrier height. For the reaction 3, we define the apparent rate
'—g constants as follows:
9 4
ME . é | K HHHNC—H.CN 1 (via3and2)
13) 1
= J k3 H-+HNC— t-HCNH 2 (via 3)
< k3
BX . : J K H+HNC—Cc-HCNH 3
=N 73
S° kS k& H+HNC— CNH, 4 (via 3, 2, and4)
4 1 1 1

1|5 20 25 30
10,000/T, T in Kelvin

kiz H+HNC—H+HCN 6 (via 3)
Figure 5. Plots of log apparent rate constants and total rate constant ké
K:

3
;. H+HNC— H+HCN 6 (via 3, 2, andl)

of H+HCN reaction versus #0r (K) at 1 atm.

H+HNC — H+HNC 7 (via 3, 2, and4)

for reaction 2 is lower than that for reaction 1 due to the larger

magnitude of the entrance channel barrier. In reaction 2, the Similarly for reaction 4, the different apparent rate constant
initially formed cissHCNH 3 could undergo spontaneous isom-  definitions are as follows:

erisation totransHCNH 2. However, the transition state for

the H+HNC product formation is disposed energetically above k‘l‘; H-+HNC — H,CN 1 (via 4, 2, and1)
the entrance channel barrier. Hence, the predominant contribu-
tion to k& comes from the stabilization rate constakiandk;. ky: H+HNC— t-HCNH 2 (via 4)
In the high-pressure region, whilé, reaches a limiting value, .
k2 decreases after passing through a maximum. This is due toks: H+HNC —c-HCNH 3 (via4 and2)
the fact that at lower pressure8 (—~ 2) isomerization is 4
appreciable even though the main channel is stabilizatidh of Ki: H+HNC— CNH, 4
Hence, at ordinary temperaturesfHCN reaction is expected 4 .
to lead to the formation of adducts. Our calculakedralue at K, H+HNC—H-+HCN 6 (via4, 2, and1)
300 K is 2.2x 10’ cm® mol~1 s71, 4 )
Figure 5 shows the variation of the apparent rate constantskss HTHNC—H+HCN 6 (via4, 2, and3)
for the formation of the adducts and HNC product with , .
temperature at atmospheric pressure. At all pressures, the: HTHNC—H+HNC 7 (via4,2, and3)
H+HNC channel opens up only at higher temperatures. This . o
is due to the fact that at lower temperatures the number oRCH Figure 6 shows the variation of the apparent rate constants

1 molecules formed with energy greater than or equal to the &S a function of pressure at 300 K. The predominant contribu-
energy ofU/2 is small. Consequently, at lower temperatures, tion to the total rate constant comes exclusively fréy
stabilization of the adduct becomes the primary channel for ~€xcept at very high pressures where the stabilizatiosi®f

the disappearance of the reactants. At low pressures, most of {CNH, 3, outruns their dissociation to-HHCN. In the lower

the initially activated CHN, 1, once formed will redissociate ~ pressure region, botrkg and kg increase with increasing
to HH+HCN. Increasing the pressure to a very high value leads pressures. In the high pressure region, whilereaches a

to the stabilization of almost all the 8N, 1, or c-HCNH, 3. limiting value, kg and kf decrease after passing through a
Hence, in the presence of hydrogen, relatively high temperaturesmaximum. This is due to the fact that, at lower pressiges,

are needed for the conversion of HCN to HNC. The isolated 2 — 1 isomerization is appreciable even though the important
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Figure 7. Plots of log apparent rate constants and total rate constant
of H+HNC reaction versus ®0r (K) at 1 atm.

channel i3— H+HCN, 6. At very high pressures, stabilization
of 3 takes place at the cost 8f— 2 isomerization. Also, as is
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methanimine AH o5 (H2CNH) = 26 kcal/mol. Shortly after-
ward, the latter value has been reevaluated to a considerably
lower value¥ AHY,qs (H.CNH) = 16.5 kcal/mol. This new
value led Cowles et & to propose a corrected valukd—lg298
(H2CN) = 51 4+ 6 kcal/mol. The latter has been utilized in
evaluating the ionization energy of,EIN.33

Nevertheless, the heat of formation of methanimine remains
apparently a matter of discussion. In fact, two new values have
recently been reported; the first value was derived from ab initio
calculations®* Upon evaluation to check the consistency with
available thermochemical data®® the value of 21+ 2 kcal/
mol has been suggested. The most recent evaldatismg a
thermokinetic method and based on the gas phase proton transfer
reactions yielded a lower value of 1A491 kcal/mol. It seems
that the earlier values of 26 and 16.5 kcal/mol constitute the
upper and lower limits, respectively, for the heat of formation
of H,C=NH. As a consequence, the standard heat of formation
of the H,CN radical lie well in the range of 60 and 51 kcal/
mol 3! Combination of energy differences obtained from CCSD-
(T) calculations in the present work (Figure 1) with literature
data3? gives values close to the upper limit, namely &7
kcal/mol (value at 298 K; the correspondi® K value being
57—-58 kcal/mol). Earlier calculatio%33also sugested values
in the range of 5559 kcal/mol. It is obvious that further
experimental and theoretical studies are still needed to achieve
a consistent set of thermochemical parameters for,f{gH
species attaining the chemical accuracy. Some other useful
parameters calculated for,@N involve its moment of inertia
(6.2, 44.5, and 50.7 au) ar@, (6.7 cal/mol K). The corre-
sponding parameters for the experimentally less studied HNC
are 40.7 au and 7.5 cal/mol K, respectively.

4. Concluding Remarks

Both electronic structure and rate theory calculations have
been used to probe the reactions occuring on the lowest doublet
PES of [CHN] system. The quartet PES has also been
constructed. Geometries for stationary points on the PES are
determined with the CCSD(T)/6-31HG(d,p) level of theory.
With the use of these geometries, relative energies are deter-
mined with CCSD(T)/6-31++G(3df,3pd) calculations.

evident from Figure 6, that the pressure independent total rate  Direct hydrogen abstraction reaction is confirmed to be the

constant of reaction 4 at 300 K is roughly 9 orders of magnitude
lower than that of reaction 3 and this is essentially due to the
large magnitude of the entrance channel barrier for the former
reaction. Thus, it suggests that the addition of hydrogen would
occur preferentially at the carbon end of HNC.

Figure 7 displays the variations of all the apparent rate

main channel of the FH CN process. The addition intermedi-
ates on the doublet potential energy surface a@N 1, trans-
HCNH, 2, cisHCNH, 3, and CNH, 4. The competitive product
channels are HHCN and H+HNC. For its part, the HHCN
reaction leads to the stabilisation of the adducts at ordinary
temperatures and pressure while the HNC reaction leads to

constants for reactions 3 and 4 with temperature at atmospheriche isomerization/dissociation product-HCN. Our calculated

pressure. At all temperatures, formation of HCN, 6, is found
to be the predominant channel. The rate constant foBHEN
formation in reaction 3 is much higher than that in reaction 4

total rate constants amount to 22 10’ cm® mol~! s71 for
H+HCN and 1.81x 10 cm?® mol~! s~ for H+HNC; there
exists no experimental value for comparison. On the quartet

at all temperatures and pressures due to the large magnitude o§yrface, H-HCN reaction would again lead to the stabilisation

the entrance channel barrier for reaction 4. Stabilization of
CNHy, 4, adduct ((j) contributes predominantly to the total

of the adducts and at lower pressures predominantly a redis-
sociation back to HHCN. The heat of formation of the H

rate constant of reaction 4. This is due to the fact that the barrier CN radical is estimated to be 56 kcal/mol at 298 K and 57 kcal/

for the conversion oft to 2 is higher than the entrance channel
barrier. The calculated total apparent rate constant for the
H+HNC reaction at 300 K is 1.8% 10 cm? mol-1 s71,

3.3. Heat of Formation of HL,CN. We take this opportunity
to have a brief comment on the heat of formation of the radical
H>CN, 1, which, as far as we are aware, is not well established
yet. On the basis of the measured electron affinityf¢EA-
(H2CN) = 11.8 kcal/mol), Cowles et &k derived a valueA
H?ZQS (H2CN) = 60 £ 6 kcal/mol and the heat of formation of

mol at 0 K, with an error of, at mos#:3 kcal/mol.
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