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A catalytic mechanism is proposed by the present ab initio study for HCN isomerization. This mechanism
has to be considered in the context of the reactivity in cometary atmospheres because it supposes the interaction
of a cold electron with a hydrated species HEBD. The mechanism implies the capture of an electron by

the hydrated species and the transfer of the excess energy gained into its internal vibrational modes. The
resulting geometry deformation along with the increasing stability against autodetachment for the anionic
species can lead to the transition-state structure along the hydrated anionic potential energy surface and can
finally lead to the anionic or neutral separated products. The efficiency of this HNC formation mechanism
appears then to be dependent on both the water molecule and cold electron densities.

I. Introduction and differ in their complexation site: the proton acceptor is
either the oxygen, noted as®---HCN or the (R) complex, or

When comets approach the sun, among th‘? moleculesthe nitrogen, noted as HGNHOH or the (S) complex. The
observed in the cometary coma are hydrogen cyanide HCN and
other two complexes of formula HN8,0 correspond to a

g 3 o
Hyaltake s Similarto what  found n dense ntertelar clouds YCOgEN bond with O for the first one, noted astH-HNC
Y or the (P) complex, and wita C atom for the other, noted as

_and is _far from the expectesd equilibrium ratio for t_he isolated HNC-+-HOH or the (Q) complex. The two neutral complexes
isomerization HCN= HNC . Because a large fraction of the ;
. . HCN---HOH or (S) and HNG-HOH or (Q) have geometries
HNC molecules seem not to be of cometary nucleus ofigin, . o
close to the respective anionic reactant and product of the

there is some need to understand the possible chemical PrOCeSSEharacterized anionic isomerization path. Respective neutral and

occurring in the coma and explaining its format|or_1. anionic geometries differ mostly via théiHCN/OOHNC value,
In the present work, we propose a mechanism for the = . S
. o r . .~ which is straight in the neutral form and has values of 131.2
isomerization of HCN to form the less stable isomer HNC. This . S -
and 114.1 values in the anionic complexes [HENLO]~ and

mechanism takes into account the particular characteristics Of[HNC-HZO]*, respectively. Starting from the neutral (S) or (Q)

the coma-a water-dominated environment and the possible ;

. . . . - . complex, the capture of an electron and the corresponding

interactions with surrounding electrons of various energiés. » o . )
transition to the anionic PES can be viewed according to two

StuE;Ot?Ohg:{s%eﬁ]gzgﬁ'g?a?gg fﬁ?&sgg]cearuzge gggsr:gehr:: d'nvczlzrmechanisms. In the first one, the electron capture occurs after
i lohydrate ’ ' the bending of IHCN/OHNC in the neutral complex, which is
comprises the major volatile of the coma (80% for Comet

obtained upon previous vibrational excitation of this mode. The

Halley) and, on the other hand, th? hydrated HCN comp!exes second mechanism implies the bending of the angle induced
are expected to have rather long lifetimes owing to relatively . ;

. . o1 : by electron capture in the optimal neutral geometry. (See the
strong intermolecular interactiofs!! Electrons are available X

- : - next section.)

from the solar wind and are also produced by interactions of L
parent neutral molecules (mainly,8) with solar radiation One corollary of _the well-known Walsh'’s original rule states
according to photoionization reactions. The capture of an that the conformation of a molecule depends to a rather good
electron by the neutral monohydrated complex leads to an @PProximation on its number of valence electréha given
anionic transient species called a resonant affiols.Prior to neutral molecule in its optimal geometry cannot therefore

electron ejection, a possible transfer of the excess energy gainefccommodate an extra electron unless subsequent geometric
upon capture into internal energy can occur if the anion has a déformations occur. Nevertheless, the electron can be bound

sufficiently long lifetime. This energy transfer may lead to tempore_lrily to the _neu_tral molecule by'a potential b_arrier, which
overcoming energetic barriers along the hydrated anionic results in a combination of Coulombic and centrifugal forces
potential energy surface (PES), and this work deals with possible Pétween the incoming electron and the moIecuI?r framework
isomerization mechanisms via the hydrated anionic HCN/HNC leading to the formation of a resonant specfes® From a

isomerization barrier. computational viewpoint, the description of such a transient
There exists four monohydrated complexes on the neutral pEs@anion requires a good treatment of the electronic correlation.
of the isomers HCN/HNC, which were previously studieé: This requirement is well illustrated by the example of the wave

Two of the four complexes have a HAMLO global formula function calculated at the Hartre&ock level for such systems
that places the extra electron into a diffuse molecular orbital

* Corresponding author. E-mail: Fabrice.Gardebien@Ictjussieu.fr. (MO). This wave function does not actually describe a resonant
Fax: ++32-65-37-33-66. state but rather mimics a neutral system and a free electron.
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Energy If this anion is long-lived enough, a redistribution of the excess
internal energye; among internal vibrational modes can occur.
2 1 In the second capture mechanism, the incoming electron has
\ A the kinetic energye., and its capture by neutral HAB in its

lowest vibrational state leads to an anionic species that starts
to vibrate around the ;aequilibrium-angle value of HAB,
provided that the excess energy — E; is transferred into the
internal vibrational modes.
The probability of electron capture is proportional to the
¢ Franck-Condon factor, which is maximal at point B for the
P first mechanism and at point A for the second mechanism. Other
__ﬁ!{) / E, cases that are intermediate between these two limiting mech-
- anisms are likely and correspond to an initial neutral structure
E.. with vibrational internal energ, distributed along thelIHAB
bending mode. The subsequent capture of an electron with
E, incident kinetic energye; may lead to vibrationally excited
HAB~*. The probability for negative ion formation from
vibrationally excited states is enhanced as a result of the larger
Franck-Condon region of the vibrationally excited moleculés.
As when dealing with the dissociative attachment process of
sufficiently long-lived anions, where the excess energy gained
4 a < HAB upon attachment is distributed into internal vibrational modes
Figure 1. Potential energy curves for the neutral HAB (curve 1) and and then into kinetic energies for the separating fragn#énts,
the anionic HAB™ (curve 2) species in terms of tiéHAB bending the above-described mechanisms are found upon initial attach-
mode. The equilibrium angle value is for HAB and a for HAB™ ment and imply a conversion of the excess energy into internal
(with & taken to be inferior to the;asalue). vibrational energy. This energy conversion and the resulting
) ) ) ) ) . vibrational energy redistribution is due to strong coupling
Multideterminant wave functions as obtained with the config- penyeen a few vibrational modes and the anionic electronic state
uration interaction (Cl) method are adequate for the character- 504 may result in nondissociative electron attachment, particu-
ization of resonant structur€s?® because they offer simulta- larly in large molecules or in complex&&3L32When the total
neously a good treatment of the electronic correlation and the gnergy is maintained (this is the case for regions of low density
opportunity to study the appropriate anionic state. For the {hai provide a small probability of collision), a redistribution
characterization of the resonant structures studied here, multi-¢ this energy may provide sufficient internal energy to
reference Cl calculations as described in section Ill were used. gy ercome potential barriers on the anionic PES, but the required
On the ground anionic PES in the regions of fully relaxed activation energy must be less than the internal energy gained
geometries, as opposed to steep regions generally aSSOCiatedpon attachment. It should be stressed that, in all cases,

with the resonance geometries, one can obtain reliable structuregompetition exists between electron attachment and its ejection
and energetics using correlated methods that rely upon a single{autoionization).

determinant reference wave function. Indeed, such theoretical

approaches haye proven to be able to pr_o_vide characteristicy)| Methodology

energies for anions (such as electron affinities or detachment

energies) consistent with their experimental counterares. All geometry optimizations were achieved using the Mgtler

In this paper, all of the neutral and anionic optimal geometries Plesset second-order perturbation theory (MP2s im-

were characterized using second-order MglRlesset perturba- ~ plemented in the program system Gaussian3*98he

tion theory (MP2)5 and the energetics were studied using the 6-311HG**3436 basis set was used during the geometry

coupled-cluster method with single, double, and noniterative optimizations to determine all minima of the neutral and anionic

inclusion of triple excitations (CCSD(P§;?” see section IlI). PESs as well as the anionic transition state. Single-point
The next section describes the proposed mechanisms for thec@lculations were repeated on the stationary points with the

transfer of excess energy into internal modes upon capture. Thecoupled-cluster method with single, double, and noniterative

mechanisms are illustrated with an HAB molecule. Section I1I inclusion of triple excitations (CCSD(3%*) and using the

presents the computational methods. The results of our calcula-6-311HG(3df,2p) basis set. A correlated wave function is needed

tions are presented in section IV along with a discussion of a t0 account for the important correlation energy in these

mechanism for this proposed hydrated anionic isomerization Systems?”*We have reported the CCSD(T)/6-3®(3df,2p)
path. energies including zero-point energy (ZPE) and basis set

superposition error (BSSE) corrections. The counterpoise method
of Boys and Bernard? was used to correct for the BSSE. The
ZPE correction was calculated using the frequencies calculated
Figure 1 schematically displays potential energy curves of a at the MP2/6-31+G** level for the neutral (closed shell)
neutral molecule HAB (curve 1) and its anionic form HAB  stationary points and at the B3-LYP/6-3tG** level for
(curve 2) as a function oflHAB. Our first scenario for the anionic (open shell) species. The former method results in less
formation of a metastable anionic HABis as follows. reliable ZPEs than the latter when treating open-shell spéties.
Vibrational excitation of HAB along thelHAB bending mode The ZPE correction was made using the scaled harmonic
populates thewsth vibrational level of the neutral curve; vibrational frequencies. The appropriate scaling factors were
subsequent capture of an electron having negligible kinetic taken from a study by Scott and RadéhiThe MP2 method
energy leads to the formation of a transient negative ion HAB  with a sulfficiently large basis set has proven to be relevant for

II. Description of the Proposed Mechanisms
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the optimization of both neutral and anionic compleX&-44 ensured that the method that was used was reliable by reproduc-
The unrestricted formalism (UMP2 and UCCSD(T)) was used ing the experimental attachment energy for the first resonant
for the open-shell anionic systems. In the basis set, diffuse state of HCN, which is of the same nature as for hydrated
functions are essential in evaluating anionic barrféré? HCN: in both cases, the extra electron is described by the same
however, diffuse functions on the hydrogen atoms are not type of orbital (z,).
required for a proper description of the valence antSriiéSpin o -
contamination was found to be small for the calculated anionic 'V Hydrated Anionic Isomerlzatlpn _
species. The reported charges are taken from the Mulliken To our knowledge, no study exists on the degree of hydration
population analysis of the optimized structures. For the minima, Of the molecules HCN and HNC in cometary atmospheres. The
we have verified that all eigenvalues of the respective Hessiandegree of hydration of these molecules likely varies with the
matrix had positive values and that the Hessian matrix of the distance from the icy surface of the cometary nucleus because
transition state had only one negative eigenvalue. The connec-the potentially formed structures may result from two opposite
tions between the anionic transition state and the two anionic {rénds. Indeed, the great proportion of water in the bulk ice
complexes were confirmed by performing intrinsic reaction favors highly hydrated complexes right from the sublimation
coordinate (IRC) calculatioR5!near the transition-state region ~ (therefore, mostly in the vicinity of the nucleus) whereas the
followed by geometry optimization of both the reactant and interactions with solar radiation would split the formed com-
product. The vertical detachment energy (VDE) is defined as Plexes into smaller units (at larger distance from the nucleus).
the energy difference between the ground-state anion and then this study, we will assume an interaction of an electron with
corresponding neutral system retaining the anion structure. Our@ monohydrated form of HCN.
VDEs are calculated at the CCSD(T)/6-31G(3df,2p) level On the neutral monohydrated PES of HCN, one complex,
by subtracting the energy of the anion from that of the neutral (R), €xists that is more stable by 0.02 eV than complex (S). If
having the equilibrium geometry of the anion. This energy °N€ considers that the ambient conditions allow the formation
difference takes into account the ZPE corrections for both Of monohydrated species, then the thermodynamic complex (R)
anionic and neutral forms as well as the BSSE corrections whenthat would be initially formed would also be in the presence of
necessary (complexes AR and AP only). A positive VDE value th(_a (S) structure owing to the high-temperature conqlltlon (.200
indicates that the corresponding anion is stable against autoK 1S tk}eﬁxpected rfar—nlljlctljeus. coma tempecriature).ln éhe Inner
detachment and suggests that such an anion should be relativel art of the coma. (A small barrier is assumed to ex[st etween
long-lived. As an example, a positive VDE was calculated for R) and (S) because on_Iy the weak hydrogen bond is p_erturped
relaxed bent C®;5253 this result is consistent with its mea- along the path connecting these two complexes, thus inducing
sured, rather long lifetime of~90 us with respect to auto- only srr}:all energy variations.) | d
detachment: Corrlated methods based pon 3 single- O e 2o FES, o commleces (4 and () ver
gﬁi:g::nﬁ:ég‘;ﬁﬁ?&ﬁf:ﬁ;ﬁ;ﬁﬁglhgglgtﬁlr:\ﬁgé%‘lbggﬁcuratethat these complexes were connected to the anionic isomeriza-
. L > i tion transition state (AT). The asymptotic limits HCMHNC~
versely, negative VDE values indicate very short-lived anions . .
and m{)’re gophisticated methods are norr{1ally required if on;e + I_-|20 of this surfac_e were also characten_zed, but they are not
aims to determine precise VDEs. However, in this study, our of interest for the discussion of the possible mechanisms. In

tto h fined VDES but rather to deri this section, we will discuss the geometric and energetic
purpose was not o have refined S but rather 10 Gerve ., acteristics of the determined hydrated anionic isomerization
reasonably accurate values to predict the stability of the relaxed

. . path.
anion geometries toward electron detachment. A. Structures. 1. ComplexesFigure 2 presents the geom-

To characterize the resonant hydrated complexes and to obtairstries of the two anionic complexes (AR) and (AP). The two
the electron attachment energies, multiconfigurational calcula- neutral complexes closest in geometry, (S) and (Q), are also
tions were achieved with the MOLPRO codfeMulticonfigu- presented.
rational calculations yield reliable results for the description of | the anionic complexes, the negative charge is essentially
resonant specig$.2° The resonant species were characterized |gcalized on the HCN or HNC fragment06%) and is shared
with the internally contracted multireference Cl metikéc? by the C and N atoms, thus showing that thg®Hnoiety does
including all single and double excitations relative to any of not bear significant charges. These structures will be noted as
the reference configurations and using the 6-&t* basis set. HCN—+-*HOH and HNC-HOH in the text. In these two
The attachment energy associated with the formation of a H-bonded species, strong electrostatic interactions arise from
resonant anion is the energy difference between the anion andhe charge localization. In both cases, the hydrogen bond is close
the corresponding neutral optimized nuclear configuration. We to being linear {[O4H5 N = 169.%, 1O4H3--C = 164.2),
took advantage of the planar geometries obtained for complexesand the corresponding distances M5 and C---H3 are 1.762
(S) and (Q) by calculating the corresponding attachment energyand 1.929 A, respectively. The OH bond of®iforming the
in the Cs group. The first resonant state of both complexes is hydrogen bond is elongated by 0.043 A in HGNHOH and
then either one of two degenerate state¥\2or 1 2A". We by 0.037 A in HNC:+-HOH with respect to free pD. The
choose to characterize the 2A" state for (S) and (Q). harmonic vibrational frequencies have been calculated for the
Furthermore, because for the attachment energies of bothtwo complexes. The calculations predict significant frequency
complexes nondynamical correlation effects are not expectedshifts for the symmetric OH stretching mode in both complexes
to be important, only the highest occupied molecular orbitals with respect to free O, the frequency being reduced by 708
each of A and A" symmetry (respectively 10and 2&) were and 615 cm? for HCN~--HOH and HNC---HOH, respec-
included in the active space. The four lowest virtual MOs of tively. The lengthening of the OH bonds and the resulting large
A’ symmetry and the two lowest virtual MOs of'Asymmetry red shifts for the stretching frequencies are consistent with the
were also included in the active space (from'1dja to 144 formation of strong hydrogen bonds.
and 34 and 44, respectively). The MOs that are used are the  Despite the smaller charge on the N-atom erd.64e
natural orbitals taken from a previous MRCI calculation. We in HCN~---HOH) than on the C-atom end—(Q.74e in
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Figure 2. Geometries of the anionic reactant (AR), anionic product (AP), anionic transition state (AT), and isolated specieandGNNC

determined at the MP2/6-33G** level. Geometries of neutral complexes (S) and (Q) are also reported. Bond lengths are in angstroms, and
angles, in degrees.

HNC~---HOH), on the basis of the geometrical features for the same as the one that is transferred on the other side, an isotope-
two H-bonds (OH bond elongations;-€H3 and N--H5 length exchange mechanism can be proposed from HDO.
differences) and vibrational perturbations of the OH bond, one  The inequalities(CH3) > r(NH5) andr(O4H3) < r(O4H5)
would expect a greater complexation energy for the complex for the formed and broken bonds on both sides of the transition
HCN~---HOH. However, our calculations give a smaller com-  state indicate a structure closer both in geometry and energy to
plexation energy value for HCN--HOH (0.63 eV) than for  the product than the reactant. All of the stationary points on
HNC™-:-HOH (0.67 eV). An explanation comes from the the PES are characterized by interactions between an open-shell
diffuseness of the electron density around the N and C atomsstructure and a closed-shell one (anignolecule interaction

in the HCN'/HNC™ charged moiety: the nitrogen, being more for the minima and radicalanion interaction in the transition
electronegative than carbon, has its electron density localizedstructure).

closer to the nucleus whereas the space spanned by the carbon B, Discussion of the MechanismThe reaction profile is
electron density is wider. In the nitrogen case, the more localized presented in Figure 3. Among the mechanisms proposed in
charge contributes to stronger electrostatic forces and thensection Il, the capture from vibrationally excited species is not
contributes to greater perturbations of the OH bond length and Jikely to occur because internally excited complex (S) would
stretching frequency and to a smaller intermolecular distance. dissociate into fragments. The capture of an electron must then

The structural parameters for the HCNmoiety in occur directly from complex (S) in its fundamental vibrational
HCN~---HOH deviate very slightly from those of free HCN levels; the first resonant species {$hat results in an electron
The same remark applies to the HN@art of HNC +--HOH. attachment into ary, orbital has a calculated attachment
An examination of the dihedral angles shows that both energy of 2.40 eV at our MRCI level. (For comparison, our
complexes have a planar structure. calculated electron attachment energy for the first resonant state

2. Transition State. The transition state (AT) is characterized of a bare HCN resulting in an attachment intorg-type
by an irregular pentagonal cyclic structure and by a long-range orbital is 2.36 eV versus an experimental value of 2.30°3V.
interaction between the fragments OH and HCNH (Figure 2). If the anion (S is long-lived enough, then the excess energy
The imaginary frequency is 264.5i ch) and the associated gained upon initial attachment would be redistributed into

reaction vector corresponds to a rocking motion of the-616 internal modes. One might wonder which modes can be
moiety between H3 and H5. The C, N, H3, H5, and O4 atoms activated by this capture. We know from previous studies that
are almost coplanar, H6 lying out of the planéH604H3C= the first resonant state of HCN that corresponds to capture into

—143.8). The negative charge is localized on the OH fragment a z¢y-type orbital can lead to a metastable bent molecule
(92%). For the forward reaction, the transition state consists of HCN~.60-62 Because the electronic capture for the formation
a proton transfer from O to HCN- to form [HCNH---OH"]* of the first resonant state of (S) is in the same type of orbital as
with an already formed NH bond((NH5) = 1.043 A, r(O4H5) for the isolated monomer HCN, one can assume that the energy
= 2.156 A). The spin density is mostly distributed on N (60%) that is gained would be partially distributed in tfigHCN

with contributions of C and H3 atoms (17% and 13%, respec- bending mode. The other activated mode is the intermolecular
tively). From the transition state, the product is obtained by H3 stretching mode N-H5 as a result of the strong aniemolecule
proton transfer from HCNH to OH The overall process looks interaction that develops in the anionic complex and illustrated
like a proton exchange between HCN angCH Because the by the large anionic complexation energy for (AR), 0.63 eV.
proton transferred on one side of the transition state is not the The redistribution of the excess energy in the initial structure
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Figure 3. Reaction profile for the hydrated anionic isomerization calculated at the CCSD(T)/6&Buf,2p)//IMP2/6-31+G** + ZPE[MP2/
6-311+G**] level and including BSSE corrections. The electron attachment energies for complexes (S) and (Q) are calculated at the MRCI/6-
31+G** level. The relative energies are defined with respect to HEM,O in electronvolts.

TABLE 1: Selected Scaled Frequencies Calculated at the MP2/6-3+G** Level and Stabilization Energies (Complexation
Energy or Vertical Detachment Energy VDE) Calculated at the CCSD(T)/6-31+G(3df,2p)//IMP2/6-31HG** + ZPE[MP2/
6-311+G**] Level (Including BSSE Corrections) for All Considered Species

frequencie3(cm™) stabilization

species y(CN)P v(XH)® v{(OH) energy (eV)
HCN 2015.8 3307.8
HNC 2014.9 3642.3
HCN- 2220.6 1770.5
HNC- 1625.6 2684.9
H,0 3687.9
HCN-++HOH (S) 2031.5 (16) 3305.842) 3655.2 (-33) 0.10
HNC+--HOH (Q) 2037.7 (23) 3640.4+2) 3631.0 (-57) 0.11
H,O-+-HCN (R) 2013.0 £3) 3203.5 (-104) 3679.3€9) 0.12
H,0-+-HNC (P) 2014.1¢1) 3352.7 (-290) 3677.4¢10) 0.20
HCN--HOH (AR) 2194.6 (179) 2009.7(1298) 2979.94708) 0.63
HNC~++-HOH (AP) 1715.1 ¢-300) 2779.7 ¢863) 3072.5¢615) 0.67
HCN + e —068
HNC + e~ —0.75
HCN-+-HOH + & 0.28
HNC--+HOH + &~ 0.06
[HNCH-+-OH] + " 1.85

2 Frequency shift with respect to those of free fragments are given in parenthesesaled frequencies; see ref X = C for structures with
a HCN moiety; X= N for structures with HNCY VDE for the anionic transition state.

(S)” is thus mostly in thedJHCN bending mode and the thermodynamically bound since both the complex (AR) and the

N---H5—0 asymmetric stretching mode and can lead to the transition state structures have a positive vertical detachment
geometry of the barrier (AT) after the total transfer of the proton energy. (See VDEs in Table 1.) The transfer of the excess energy
between the negatively charged nitrogen-atom end and theinto these modes therefore stabilizes the anionic structure by
oxygen, thus looking like a dissociative attachment mechanism. preventing electron detachment. On the product side of the
As the energy redistribution occurs, the electron becomes barrier, the hydrated anionic hydrogen isocyanide structure is
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TABLE 2: Scaled Frequencies (cm?) Calculated at the
MP2/6-311+G** Level for Complexes HCN~-H,0O and
HNCf'Hzo

HCN-H,0 (AR)  HNC -H,O (AP)

v(OH) 3737.9 29799 37452 30725

»(CN) 2194.6 1715.F

v(CH/NH) 2009.7 2779.7

O(HOH) 1631.6 1623.8

O(HCN/HNC) in plane 1033.5 938.4

O(HCN/HNC) out of plane ~ 347.4 241.4

v 897.3  470.6 853.7 3804
240.1 144.1 200.7 92.8

85.8 61.2

aUnscaled frequencies; see ref 11.

formed after the transfer of the H3 hydrogen between C and O.
The excess internal energy can be dissipated by the formation,gsg.

of the separated HNC+ H,O with negligible internal and

kinetic energy; rapid detachment of the electron will form neutral
HNC. We can notice from Table 1 that complex (AR) has a g

positive VDE of 0.28 eV whereas a negative VDE -60.68
eV is obtained for the HCN optimized anionic geometry,
indicating the transient nature of the monomolecular bent HCN

at least for its ground vibrational state. This calculated increase

in VDE due to the effect of a solvent molecule is con-
sistent with the observation of Han et %lin the series
[CO2(pyridineh=1-¢] "

Thus, under the assumption that the resonant ¢8mplex
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