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Proton-transport catalysis and proton-abstraction reactions: An ab initio
dynamical study of X +HOC* and XH*+CO (X=Ne, Ar, and Kr)

Michael A. Collins,® Simon Petrie, Andrew J. Chalk, and Leo Radom
Research School of Chemistry, Australian National University, Canberra, ACT, 0200, Australia

(Received 29 December 1999; accepted 19 January)2000

Ab initio potential energy surfaces have been constructed and used to carry out classical simulations
of the reactions of X with HOC and of XH" with CO (X=Ne, Ar, and Kj. The competition
between rearrangement;HOC" —OCH"+ X, and abstraction, X HOC"—XH*+CO, has been
examined, and found to favor abstraction in the cases where both processes are energetically
allowed. The reaction of XH with CO is found to produce highly vibrationally excite@HO]*
products. ©2000 American Institute of Physids$0021-960600)01414-§

I. INTRODUCTION X+HOCT—=XH'+CO. 1.2

It is well established that the isoformyl cation (HOC Although the calculations of thenergiesof reactions
is much less stable than its isomer, the formyl cation(1.1) and(1.2) provide valuable information, it is of interest
(HCO"), the energy difference being approximately 160to go further and investigate tliynamicsof these reactions.
kJ mol 1.1~ However, because there is a substantial barrieAs a first step in this direction, we examine in this paper the
of about 150 kJmol® separating the two forms,**both  reactions of HOC with the rare gas atoms=Ne, Ar, and
isomers can be separately observed as stable species in #e first to establish the feasibility of constructing complete
gas phas&:1%12-14For example, the microwave spectra of potential energy surfacéBES for such systems, and second
both HOC™ and HCO™ have been recordéd*®In addition,  to study the dynamical competition between rearrangement
both HOC" and HCO are firmly established interstellar and abstraction. We are currently investigating the reactions
species?>~ 1’ of HOC" with other prototypical small molecules.

The barrier for the rearrangement of HOGo HCO" We begin by expanding the previous theoretical investi-
has been found to be substantially reduced, or in some casgations of the interactions of tH&CHO] " isomers with Ne
even eliminated, as the result of interaction with an approand Ar to the case of Kr. We then present complete potential
priate neutral molecul€X).1%141811This is an example of energy surfaces for all threpXCHO]" systems and use
what Bohme has described as catalyzed proton transport, these to estimatéwith classical dynamidsthe cross sections
what may be referred to more generally as ion-transporfor reactions(1.1) and (1.2). Our investigation also yields
catalysis?® results for the hitherto unstudied, but experimentally acces-

The reason for the barrier lowering is straightforward.sible, reactions of XH (X=Ne, Ar, and Kj with CO:
Complexation of X with HOC weakens the H-O bond,

+ +
thus facilitating the rearrangement: XH™+CO-X+[CHO]". 13
Cross sections for proton transfer to CO are presented, and
X+HOC" —[XH:---OC]"—[OC - ‘HX]"—=OCH" +X. the branching ratio of the isomeric product ions,

(1.)  HCO'/HOC', is evaluated and discussed in the context of

_ i the energies with which they are produced. We note that the
Equivalently, we note that the proton is more weakly bountieaction of HOC with Kr has been the subject of a previous
in the transition structure for rearrangement than in the réaGsyperimental study and found to have a very low reaction
tant or product ions and is therefore able to interact morg,ie despite the very small difference in the proton affinities
effectively with X. A recent systematic theoretical study of ¢ Kr(PA=424.6 kI molY?! and of CO at O(PA=426.3
the [XCHO]* system.® found that when X has a proton | j mol 3 1021
affinity less than that of CO at either O or €.g., X=He, The paper is set out as follows. Section Il presents a
Ne, and AJ, the barrier to rearrangement is reduced but Noyief comparison of the accuracy of various levelsbfini-
eliminated. In cases where X has a proton affinity lying be-;, theory for these systems, largely for the purpose of iden-
tween that of CO at O and @.g, X=HF and N), the  ining a4 suitable level to investigaekrCHO]*. This sec-
barrier disappears. Finally, for molecules X with a protonijon aiso briefly describes the interpolation method used to
affinity greater than that of CO at O or @.g., X=H;0 and  qnstryct the PES for all three cases. The results presented in
NHj), the barrier for rearrangement again disappears, but igec i include a qualitative description of the PES in terms
such cases an alternative reaction, hydrogen abstraction, §§ ihe energy profiles on the relevant reaction paths and the

energetically preferred: classical simulations of both XHOC" and XH"+CO col-
lisions, with predictions for the reaction cross sections. The
3Electronic mail: collins@rsc.anu.edu.au paper finishes with some concluding remarks in Sec. IV.
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Il. POTENTIAL ENERGY SURFACES kJ mol ! for [ArCHO] ™) that the MP2/6-31¢&" surfaces are

relatively good approximations to the exact PES. Since con-
struction of each PES requires evaluation of the energy gra-

. Theab !nmo calculations reported herein have 'been Caldients and second derivatives at several hundred configura-
ried out using theSAUSSIAN 94 and GAUSSIAN 98 suites of

rogramé>23 and have employed spin-restricté®) formal- ions, we have adopted MP2/6-3YG as a suitable
ir')smi ploy P compromise level for the computations fadeCHQO|* and

A previous systemati@b initio study of [NeCHO]", [ArCHO]". N .
[AICHO]*, and related systerts showed that the For the[KrCHO_] system, a comparison of the perfor-
MP2/6-31G* level of theory satisfactorily determines the Mance of_several dlffgrent_levels ab initio theory was un- _
geometries of the various stationary points on the PES tg€rtaken in order to identify a method that would be suffi-
reasonable accuracy. These optimized geometries are diglently accurate yet computationally feasible for the
played in Fig. 1. However, accurate evaluation of the enerSubsequent reaction dynamics investigation. Rea¢tid is
gies of these stationary points requires higher levels ofndoergic without any intermediate barrier, while reaction
theory, and a modification of the composite G2 method (1.1 involves an intermediate transition structure whose en-
termed G2*, was selected® Although the energies of sta- €rgy lies close to that of the reactants. The height of the
tionary points for [NeCHO]" and [ArCHO]" at the barrier in reaction(1.1) and the relative energy of the reac-
MP2/6-31G™* level of theory can differ from the values tants and products in reactiofi.2) appear to be suitable
given by G2* calculations by tens of kJ mot (see Table), parameters by which to judge the accuracy of the various
the energy range of these features on the PES is sufficientlgvels ofab initio theory.
large (nearly 400 kJmal* for [NeCHO]* and about 220 A reference value for the endothermicity of reaction

A. Levels of ab initio theory

TABLE |. Relative energies(kJ mol'}) of structures in Fig. 1, evaluated using MP2/6-3diG) for
[NeCHQ]" and[ArCHO]* and using B3-LYP/6-31Gl,p) for [KrCHO]", are compared with results ob-
tained using G2 theory and with experimental data.

Relative energies

NeCOH" ArCOH* KrCOH*
Structure MP2  G2*° Expf MPZ G2*° Expf B3-LYP! G2QCH**® Expf
[ 0 0 0 0 0 0 0 0 0
I -27 -15 -35  —49 -73 -61
Il 113 131 43 33 1 -8
v -195 —163 -191 -174 —180 -177
\Y —-180 -—158 -167 -—180 —158 -167  —145 —154 —-167
VI 209 228 226 63 52.3 56 24 18 2

aMP2/6-31G™* with a zero-point energy correction scaled by 0.9B&f. 18.

PModified G2 theory(Ref. 18.

‘From differences in proton affinities at 298 (Refs. 9 and 10

9B3-LYP/6-31G™ in which the basis includes puckfunctions, and including an unscaled zero-point energy
correction.

€G2(QCI** is a modified form of G2 theory in which the additivity approximations are eliminated.
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TABLE IlI. Relative energiesk mol™?) of stationary points and dissociated products on [tKeCHO]*
potential energy surface.

Method Kr+HOC"  Kr---HOC* KrH*-«(COTS OCH-Kr* OCH"+Kr KrH*+CO
HF6-31G™* 0 -34.0 +67.5 —-142.0 -1235 +69.8
Hybrid MP2 0 —-40.0 +26.2 —209.7 —188.2 +49.7
MP2 (fu)/6-31G* 0 -58.6 +8.7 —-213.3 —-188.7 +24.9
B3-LYP/6-31G* " 0 -70.6 +6.8 -187.9 —153.2 +31.4
HF/6-311G* 0 -30.0 +53.6 —148.9 —-137.3 +53.2
B3-LYP/6-311G* 0 —65.6 +0.5 —190.0 —164.0 +17.4
MP2(fc)/6-311G™* ¢ 0 -59.3 -6.5 —-215.7 —-198.1 +4.1
MP2(fc)/6-311G™* ¢ 0 —-59.4 -5.6 -215.8 -198.1 +5.4
MP2(fu)/6-311G* 0 -59.4 -6.3 —-216.6 —-198.5 +4.8
QCISD(fc)/6-31G 0 —44.9 +30.7 —186.4 —164.5 +43.5
G2(QCI)** &-ZzPE 0 —-64.1 -5.7 -189.4 —-164.8 +21.9
Expt-zZPE 0 -177.3 +6.0
G2(QCl**¢ 0 -60.7 -8.2 —-177.2 —154.2 +17.6
Expt 0 —166.7 +1.7

aMP2 calculations with a 6-31@&(p) basis for C, H, and O and a LanL2DZ ba¢Ref. 25 for krypton with
effective core potentiaECP—Ref. 26.

PUsing a basis which includes pudefunctions(Ref. 25.

‘MP2(fc)/6-311G™* with the 3d orbitals frozen.

IMP2(fc)/6-311G™* with the 3d orbitals correlated.

fQCISD(T)/6-311+G(3df,2p) energies evaluated at geometries optimised at the MP2§-31G™* level,
with the ZPE correction described in footnote f.

The zero-point energfZPE) was evaluated from HF/6-31@(p) harmonic vibrational frequencies and scaled
by 0.8929.

9From Ref. 21.

(1.2) for the [KrCHO] ™ system may be obtained from the of other levels ofab initio theory examined fofKrCHO] ™,
difference APA(CO,Kr) between the experimental values of the best agreement with experiment is found for “standard”
the proton affinity of CO at O and the proton afﬁnity of #. full or frozen-core MP2/6-3118 calculations, with very
This leads to an endothermicity of 1.7 kJ mblHowever, it little difference in relative energies seen when either the Kr
should be noted that there are some grounds for suspectirgfl orbitals, or all “core” orbitals, are included in the corre-
that the present literature experimental vaftiesay under- lation space. Unfortunately, MP2/6-311Gis much too de-
estimate the truAPA(CO,Kr). First, in the sole experimental manding of CPU time for our present purposes. Of the re-
study of the reaction of HOC with Kr, only a very slow maining methods, B3-LYP/6-31IG performed best, as
proton-transfer reaction and no apparent conversion toheasured by overall agreement with experiment, but it is
HCO" were observed, with an overall reaction rate coeffi-also computationally too intensive to employ here.
cient of 4.0< 10" cm®molecule st at 300 K This rate The B3-LYP/6-31G* level of theory was considered to
coefficient is about an order of magnitude lower than wouldprovide a reasonable compromise between accuracy and ex-
be expected if the reaction lacked any activation barrier othepense, and has been used for surface construction in the
than the reaction endothermicitas is usually assumed for present study. It has a somewhat larger discrepancy with the
gas-phase proton-transfer reactiprsiggesting that the true experimentabPA(CO,Kr) value than some of the other pro-
APA(CO,Kr may be greater than the accepted value. Seccedures but it is computationally much less demanding. It
ond, the highest level of theory that we employ,(QZ)** also has the virtue that it gives a substantially lower barrier
(see Table I, gives a significantly largeAPA(CO,Kr) of  toisomerization than do the other 6-3¥Gmethods, and this
17.6 kJmol! (which is almost identical to the Wwas judged useful in modeling a system thought likely to
B3-LYP/6-311G* value. Since the G2 family of computa- lack ~a  significant  isomerization  barrier. ~ The
tional techniques has been found generally to be quite reliB3-LYP/6-31G™ energies of the relevant stationary points
able in determining proton affinitie, this is considered for the [KrCHO]" system, corresponding to the optimized
good evidence for APA(CO,Kr) larger than the current ex- geometries of Fig. 1, are included for comparison in Table I.
perimental value.

From Table Il we see that Hartree—Fock calculations an% F fth tential ; PES
quadratic configuration interaction calculations, including™" orm of the potential energy surface )
single and double substitutiot®CISD) using a 6-31G ba- The PES is given by an interpolation of Taylor expan-
sis set, give large relative energies for KHHCO[i.e., large  sions centered at data points scattered throughout the con-
APA(CO,Kr) valued. Second-order Mgller—Plesset pertur- figuration space of the systéf>2The surface can be con-
bation theory using a 6-3IG basis set with correlation of structed using all the interatomic distancesR
all electrons igperhaps fortuitouslyin close agreement with ={R;,R,,..,Rg} as coordinates. In practice, we use inverse
the GZQCI** calculation for KrH +CO. Out of a number distancesZ, rather than bond lengths, whefg=1/R,. The
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potential energy at a configuratiod, in the vicinity of a  d,(i)~®
data point,Z(i), can be expanded as a Taylor series to sec-

. 2
ond order,T; : . y : IVIZ(K)] aT'[Z(k)]}[Zn(k)—Zn(i)]]
oV 1 9z, 9z,
T(2)=VIZ()]+ 3 [Ze-Zdi) 5 ) 1200 =20
k=1 k z=2() tol (25)

6

1 6
+ o7 2 2 [Z=Zd)]
: =1

k=1

The {Z(k)} are taken to be the nearédt neighboring data
points of the remainingNy—1) points in the data set. The
error toleranceE,,, defines the accuracy required fbrto
lie within the confidence volume &(i). As discussed else-
+.... (2.9 . . . "
2=2(i) where, the accuracy of E@2.2) is relatively insensitive to

VIZ(D1 is the total electroni t th f i the values ofM and E,,. We have takenM=36 and
[Z(i)] is the total electronic energy at the configuration E,=0.26 kmof * (0.1 mhartrep

Z(i). The Cartesian first and second derivatives of the en-
ergy are also evaluated at this configuration and transforme@. Iterative development of the PES

into derivatives with respect to inverse distanceZ @j. The location of the data points in E€.2) has been
If the required energies and derivatives have been evalyjatermined using the iterative methods developed
ated at each oNy molecular configurations, a modified previously?’2331 An initial investigation of each potential

Shepard |_nterpolat|8ﬁ'34_g|ves the potential energy at any enerqy surface was carried out by performing geometry op-
configurationZ as a wellghted average of the Taylor seriesgn,i ations at the appropriate level with teaussiAN 94 or
about allNg data points, GAUSSIAN 98programs, with initial geometries corresponding
Ny to the asymptotic reactants and products of reacti@rb—
V(Z)zz w;(Z2)Ti(Z2). (2.2 (1.3). The saddle point for isomerization, structure Il of Fig.
=1 1, was also located for each system, and geometry optimiza-
The weight functiony; , which gives the contribution of the tions were initiated there to determine the paths leading to
ith Taylor expansion to the potential energy at the configuthe minima, corresponding to-XHOC" and OCH--X"
rationZ, has been discussed in detail elsewhér@In quali-  structures. For each system, approximately 100 geometries
tative terms, we would like the Taylor serieE,, which is  were selected from those encountered during these minimi-
most accurate af to have the highest weight in E(R.2). zations to form an initial data set which roughly describes
However, since we do not knoavpriori which Taylor series the principal minimum energy paths for reactio(ts1)—
is most accurate, a procedure for determining the relativél.d.
weight for each data point must be established. First, the The potential of Eq(2.2) is then well defined in the

2

X[Z;=2Z(i _&V
[Z; j(l)]z?Zk&Zj

weights are normalizesum to unity by setting vicinity of the reaction paths. Classical trajectories are evalu-
(2) _ated, with initial conditions appropriate_to the reac(_is)rof _
Wi(Z)= g 50 (2.3  interest, to explore the relevant region of configuration
2 2 Z) space. Molecular configurations encountered during these

One can show that EG2.2) is an interpolation of the energy trajectories are recorded. One or more of these configurations

and of the first and second derivatives at the data points, arlg €N chosen to be a new data point. ‘Heinitio energy,
that Eq. (2.2) becomes exact in the limit of infinite data gradient, and second derivatives are evaluated at that point

density, for appropriate choices of the weight functions. and .the data point is aned to the set, gengrating a hew
To bias the weight function toward the Taylor expan- Version of the PES. This process of simulating the reac-

sions most likely to be accurate, the unnormalized weighfion(S), choosing an additional configuration, performing the
function, », , is given by ab initio calculations at that point and adding the new data
il |

point to the set is repeated again and again until the PES is
2) H ° (Zk_Zk(i))zr held to be “converged.” Convergence is established by per-
Vi =

>

“ dy(i) forming large-scale classical simulations of the rea¢spof
interest periodically during the “growth” of the data set.
Z—Z(i)\? Pyt When the observable properties of interest, e.g., a rate coef-
+ Z ) ' (2.4 ficient or a cross section, do not change with increasing data
k=1 k(1) . .
set size, the PES is taken to be converged.
whereq=2 and p=123? The quantities{d(i),k=1,...,6 The methods for choosing a new data point from the

define a confidence volume about thié data point. If  “trajectory configurations” have been discussed in detail
38 1(Z—Z,(i))?/dy(i)?<1, then the weight of thith data  elsewheré! The “variance sampling” method places data
point at Z varies only with the low powem, while if  points at configurations where the uncertainty in B32) is
Se_1(Zk—2Z,(i))?/di (i) %> 1, the weight of théth data point  highest, i.e., we evaluat&for each of the recorded trajectory
is rapidly damped by the high powep, The confidence configurations:

lengths,{d,(i)}, are determined by a Bayesian analysis of Ng
the inaccuracy of théth Taylor expansion aM configura- 2= (ZVTAZ)—V(Z)]? 26
tions close taz(i): 32 ;W'( MT(2)= V2T 2.6
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The configuration with largestis added to the data set. The Using trajectories initiated from both KrH-CO and
alternativeh[Z] or “h weight” method”*** attempts to  Kr+HOC", points were iteratively added to the data set un-
place data in regions where the trajectories often visit, butil it contained 1180 points. Again, further data points were
where few data points are already present. Here we havgdded to the set in the asymptotic regions, and where steep-
used the “variance sampling” andH‘weight” methods al-  est descent paths showed minor anomalous features. In prac-

ternately for each additional data point. tice, double minima were discovered in the hydrogen-
_ . bonding region, corresponding tdOCH--Kr]*- and
D. Computational details [OC --HKr]*-type complexes. These minima appear to be

All classical trajectories performed, both during the it- ©f minor significance to the dynamics, since the barriers
erative construction of the PES and to evaluate the scatterirgfParating them are very small relative to the total energy

dynamics, were carried out using the standard methods prévailable in these reactions. Nevertheless, additional data
viously detailed?® 3L A step size of %10 17s was used in Points were added in the vicinity of these minima to ensure

the velocity-Verlet integration algorithififor the Ne and Ar ~ that they were accurately described. The final data set then
systems, and 2 1017 for the Kr case. The reactants were contained 1233 points. It should be noted that some difficulty
initially separated by 7.41 A(14,) for trajectories involving N “growing” this PES resulted from the occasional ten-
Ne, and 9.0A(13y) for Ar and Kr. Trajectories were ter- dency of the B3-LYP calculation to converge to an excited
minated when any bond length exceeded the initial separg/€ctronic state. Before this problem was recognized, such
tion of the reactants while the molecular fragments werélata points produced unphysical features in the PES and very
separating(rather than coming closer togetheThe maxi- possibly distorted the allocation of locations for subsequent

mum impact parameter was 2.6 Aé5) during the construc- data points. The data points for excited states were elimi-
tion of the PES. nated from the data set, and subsequent calculations using

All reactant molecules were given an initial microca- the PES ignorelall data points whose energy is more than
nonical distribution of vibrational energy, for a total energy @bout 90 kI mol™ above that of KrH +CO. However, much
roughly approximating the value of the zero-point energy:Of thg data set was constructe_zd before _the most recent inter-
34.9 kimol! for HOC", 12.6 kJmol! for CO, 16.8 polation methodology, described previously, had become
kJmol ! for NeH", 23.6 kimol® for ArH™, and 14.5 available®? The old_er_ methods are natural_ly less accurate
kJ, mol ' for KrH*. Random initial velocities and configu- @nd hence less efficient. This partly explains why a larger
rations for the atoms in each fragment were evaluated using@ta set was required fgKrCHO] " to obtain an interpola-
the efficient microcanonical sampling method of Schranz{lon accuracy similar to that obtained fpNeCHOJ" and
Nordholm, and Nymari’ The molecular fragments were ini- [ArCHO] ™.
tially randomly oriented and given zero rotational angular
momentum, using a program also due to Schranz. The initidf- Accuracy of the PES
relative translational energy of the reactants was set to 13.13  Some indication of the interpolation error remaining in
kImol™* (5 mhartreg for all trajectories used in the con- the final PES can be gained from considering the average
struction of all PES. interpolation error in a sample of molecular configurations.

For [NeCHO] ", all trajectories performed for the con- A total of 1000, 900, and 722 molecular configurations were
struction of the PES were initiated with NéHCO as reac- generated by random sampling of configurations encountered
tants. The iterative procedure was repeated until the data sgf classical trajectories for tHfNeCHO] ", [ArCHO] ", and
contained 728 points. [KrCHO]" systems, respectively. Thab initio energy was

For [ArCHO] ", 66 data points were selected from ap- evaluated at each configuration and compared with the value
proximate minimum energy paths for reactiofis)—(1.3.  given by the interpolated PES. The final PES have average
Using trajectories initiated from both ArH-CO and interpolation errors, in these samples, of 0.6, 0.5, and 1.1
Ar+HOC", points were iteratively added to the data set un+Jmol %, respectively. These average errors represent 0.1%,
til it contained 509 points. At this stage, the data set con9.2%, and 0.4%, respectively, of the energy ranges of these
tained very little data for well-separated reactants. To imsampled configurations. In previous studies, interpolated
prove the accuracy of the PES in these regions, furthepES with a comparably high level of accuracy have been
iterations of the construction algorithm were performed withsufficiently accurate to describe classical reaction rate
trajectories from both ArH+CO and ArHOC", per- coefficients®~4!
formed over very short times to give samples of configura-
tions biased to the asymptotic regions, until the data set contl. RESULTS AND DISCUSSION
tained 570 points. Finally, the intrinsic reaction paths for all .

. . A. Minimum energy paths
reactions were evaluated by steepest descent in mass-
weighted Cartesian coordinates on the interpolated PES. It To provide a pictorial representation of the “shape” of
was found that several minor “bumps and dips” were apparthese six-dimensional PESs, Figs. 2—4 present the energy
ent on these paths fgArCHO] ™", so for aesthetic purposes profiles along the minimum energy paths for reactithg)—
further data points were added near these imperfections until.3). These paths were obtained from the interpolated PES
the data set fof ArCHO]" contained 590 points in total. by following the paths of steepest descent in mass-weighted

For [KrCHO]™", 149 data points were selected from ap- Cartesian coordinates which lead from various local energy
proximate minimum energy paths for reactioiisl)—(1.3). maxima and from the asymptotic configurations. The reac-



6630 J. Chem. Phys., Vol. 112, No. 15, 15 April 2000

Collins et al.
300 [T 100 llIIAIrH-i-ICO
NeH' +CO ] I e e
[ [ SRR LTI 50 [ Ly ! ]
200 [ N [ Ar+HOC" [ VL
",' . - .I /l \|
3 I : T ool ]
= [ ,n‘ E F \\ I" II
& 100 [ in { ] = N
g [Ne + HOCY | S S0f II ! ]
2N s ] I 1
g 0L e g ' ?
s a0 5 -100 [ ; ]
O : ) 3 '
= i | ; 1 > '
E - B \ - N =8 -_ [ ]
5 % l, : 1 = -150 | '
o \ &, I ! OCH" + Ar]
\\ ooV . L el e ]
200 [ e . i -200 [ - A\
v OCH +Ne ] [ 1V
_300 .I.II.IIIJIII.IIIIIIIIIIIIIIIIIII.. -250 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 5 0 15 20 25 30 35 0 5 10 15 20 25 30 35
Reaction Coordinate / Bohr
Reaction Coordinate / Bohr

FIG. 3. The energy profile along minimum energy paths o k&€HO]™*
FIG. 2. The energy profile along minimum energy paths orf teCHQ]* surface is shown as a function of a reaction coordiria¢e the tejt The
surface is shown as a function of a reaction coordiriaée the tejt The labeled stationary points are sketched in Fig. 1.
labeled stationary points are sketched in Fig. 1.

i i o i therefore sufficiently high that no attempt has been made to
tion coordinate employed in Figs. 2—4 is a path ler§tfor  ogtimate the uncertainty in most cases. Clearly both isomer-
which dS=[[dR]|. The arbitrary origins and directions for j,a40n and abstraction reactions are improbable, even at en-
each segment of the path have been adjusted for pictorig)gies well above the classical thresholds. Significant cross
convenience. It is apparent from Figs. 2—-4 that there ar@qctions are observed only for very highly excited HOC
double minima in the hydrogen-bonding region, correspondyhere the abstraction reaction is about three times more
ing to [OCH --X]" and[OGC --HX]*-type complexes. The likely than isomerization.

equilibrium geometries for the hydrogen-bonded structures

, # X For [KrCHO] ", the barrier to isomerization is just 6.8

are linear, but appear to be somewhat “floppy. kJ mol ! (before correction for zero-point enepgyand just
o o 1.1 kI mol ! after taking the zero-point energy into account.

B. Isomerization versus abstraction in X  +HOC™*

collisions

The energy required for the abstraction reaction is 31.4

kJ mol ™%, or 24.5 kJ mol? after taking the zero-point energy
For [NeCHQ|", the barrier for isomerization of into account. Table IV presents the cross sections for the

Ne+HOC" to OCH'+Ne is not much less than that for abstraction and isomerization reactions, calculated from tra-
isomerization of isolated HOC In this case, there is no jectory simulations of Ki-HOC" collisions for three differ-
possibility of catalyzing the isomerization reaction at moder-ent values of the relative translational energy, and approxi-

ate energies, so we have therefore not investigated collisiomsately the zero-point vibrational energy. It is clear that,
of Ne with HOC". We discuss collisions of NeHwith CO

while the isomerization reaction dominates abstraction at low
below.

energy, the simpler abstraction process becomes more im-
For Ar+HOC" as reactants, the barriers for isomeriza-portant at higher energy. It is important to note that the small
tion to OCH' +Ar, and for abstraction to give ArFH-CO

cross sections for abstraction at the two lowest energies
are about 45.6 and 67.5 kJ mdJ respectively(before cor-

shown are artefacts of the classical approximation. The exact
rection for zero-point energy The corresponding barriers cross section is zero, since teound-stateKrH™ plus CO

after taking the zero-point energy into account are about 42.products are energetically inaccessible: classical trajectories
and 61.2 kJmol’. Table Ill presents the cross sections for can(and dg produce KrH and CO molecules with internal
the abstraction and isomerization reactions calculated frorenergy below the zero-point energy level.

trajectory simulations for ArHOC" as reactants with a to- At the lowest energy studied, the isomerization reaction
tal energy of between 52.5 and 91.9 kJ madbove the zero- catalyzed by Kr has a cross section of about 7% which

point energy of the reactants. It should be noted immediatelyepresents only about 8% of the Langevin ion—molecule cap-
that the cross sections observed are very small. The statisticire cross sectiofcalculated using the experimental polariz-
uncertainty from simulations of just 1000 trajectories isability of Kr*?). Thus, while Kr does catalyze the isomeriza-
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LN AR AN SR AL IS L I TABLE IV. Classical reaction cross sectiofsquare angstromgor prod-
[ . ) ucts from Kr-HOC* collisions, calculated from 2000 trajectories in which
. KiH" + CO the reactants have zero-point vibrational energy and selected values of the
111 VI translational energymillihartrees.?
| Kr+COH' i
OF--. Kr+HCO* KrH*+CO
- I . i Translational energy cross section Cross section
= \ L
g [ Voo 3 7.6+0.8 1.9
= Voo 7.5 5.2:0.7 3.4
50 [ R ]
~ b | .y . ] 15 2.3:0.4 5.8:0.7
> vl \
%D II‘ '.‘ aThe statistical errors, where quoted, correspond to one standard deviation.
[5 ! PGround-state products are energetically inaccessible, hence the correct
R ' _ quantum cross section is zero.
L -100 | : |
.: )
= '.
I | ] and the H-C bond is shorter than the H-O bond then the
' + 1 . . . . .
so b ' OCH” + Kr ] configuration is counted as %¥HCO", while if the H-C
U . PV bond is longer than the H-O bond then it is counted as
L 1 X+HOC*.
L “~":'IV | The results in Table V indicate that formation of HCO
N Y B BT I P R
-200

is favored over formation of HOCby a factor of about 2—3
in all cases. Note also that the total cross section for both
abstraction reactions falls slightly in going from NéHo

ArH™ to KrH*. Since all three XH+CO collisions would
Reaction Coordinate / Bohr be expected to have very similar Langevin capture cross

. 3 . . . .
FIG. 4. The energy profile along minimum energy paths o KriCHO]* sectlons“, this ,tren_d would gppear to imply an increasing )
surface is shown as a function of a reaction coordittate the text The ~ degree of steric hindrance in the sequence from Ne to Kr:
labeled stationary points are sketched in Fig. 1.

reaction might be inhibited if the rare gas atom, rather than

the hydrogen atom, impacts on the CO molecule. Evidence

) o ) ) for such a steric effect can be obtained by examining the
tion of HOC™ at low collision energies, the process is NOt raaction probability as a function of impact parameter in the
particularly efficient. When the abstraction channel is OpeNx++CO collisions. Figure 5 presents the reaction probabil-

this process proceeds at the expense of isomerization, asi&, as a function of impact parameter, evaluated for
does for A-HOC" collisions.

0 5 10 15 20 25 30 35

XH*+CO collisions under the same conditions as men-
) tioned earlier. Allowing for the large statistical errors, we
C. XH*+CO reactions

can see that the reaction probability at small impact param-
1. Reaction cross sections

eter is about 0.8 for both NeHand ArH" colliders, though
Table V presents a comparison of the reactive cross sedhe probability of reaction falls to zero a little faster for

tions for XH"+CO collisions, for X=Ne, Ar, and Kr. In ArH™ than for NeH . Despite the statistical uncertainty ap-
these simulations, each reactant has approximately the zerBarentin Fig. 5, itis also clear that the probability of reaction
point vibrational energy, and the relative translational energyor KrH " +CO does not rise much above 0.6 at small impact
is 13.1 kJmol! (5 mhartre¢ The final molecular configu- Parameter.

ration at the termination of each trajectory is counted as

XH*+CO if the X—H bond is short. If the X—H bond is long 2. Energy distribution in the products

The cross sections of Table V result from an allocation
TABLE Ill. Classical reaction cross sectiofisquare angstromgor prod- of the product geometry in each trajectory as described pre-

ucts from Ar-HOC* collisions, calculated from 1000 trajectories, as a Viously. However, these allocations relate to a single “snap
function of translational and vibrational energyillihartrees.?

shot” of the molecular geometry at one instant. If the
Translational Vibrational Ar+HCO" ArH*+CO
energy energy cross section cross section TABLE V. Reaction cross sections(square angstroms for
+ + + —
5 ZPE+15 (0.17 (0.39° XH"+CO—-X+HCO an_d XI-_F+(_:O—>).(+HOC (X=Ne, Ar, and K‘r,
calculated from 2000 trajectories in which each reactant has approximately
5 ZPE+30 1.5-0.3 4.8+0.6 h . ibrational d th |ati lati | :
21 7PE 015 (0.20° the zero-point vibrational energy, and the relative translational energy is
. . 13.1 kI mof? (5 mhartreg?
30 ZPE (0.18 (0.62
+ +
aThe statistical errors, where quoted, correspond to one standard deviation. X+HCO X+HOC

Parentheses signify that the standard deviation cannot be accurately deter-

cross section
mined due to inadequate statistics for very small cross sections.

cross section

b : > Ne 84.9+1.4 34.6-1.1
ZPE denotes the zero-point energy, approximated as 13.3 mh&B#er Ar 75.6+1.9 28.71.4
kJ molY), see the text. 1 mhartre®.625 kJ mof™. Kr 29.1+1.7 14.91.1

‘Ground-state products are energetically inaccessible, hence the correct R T
quantum cross section is zero.

aThe statistical errors correspond to one standard deviation.
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FIG. 5. The probability of reaction for XH+CO—X+[CHO]", for X=Ne 0
(@), Ar (O), and Ki(X) is shown as a function of the impact parameter for 50 0 50 100 150 200 250 300
the collision under the same reaction conditions as Table V. For clarity,
error bars of two standard deviations are shown only on the data for krypton [CHO]" Internal Energy / kJ mol’!

(they are very similar for the neon and argon ¢ata
FIG. 6. The distribution of total internal energy in theHO]* products of
the XH"+CO reaction is shown for ¥Ne (@), Ar(O), and Ki(X). The

+ s ; _energy is shown relative to that of equilibrium HOCand the distributions
[CHO] fragmem has suff|C|entI_y hlgh energy, then ttf%ge have been constructed from the trajectories used in Table V with a bin size
ometry of this fragment may oscillate between that of HOC ¢ g3 mor.
and HCO as the X and CHO]* moieties continue to sepa-

rate. Figure 6 presents the distribution of internal energy in

the[CHO] ™" fragment resulting from the three colliders, un- only 43 kJmol* above equilibrium HOC, but about 70%

der the same conditions as mentioned previously. The varigss the produc{ CHO]" molecules have an energy above the

tion in [CHO]" internal energy between the different sys- zero-point energy of HOC. Tunneling between the HOC

tems can be seen fo be substantial. and HCO" wells is also feasible in this case for a majority of
For NeH"+CO—Ne+[CHO]", the reactant equilib- the product[CHOJ* fragments, though presumably at a

rium geometry is about 215 kJmdl above that of uch slower rate than for theNeCHQ]* and [ArCHO]*
Ne+HOC". This energy is overwhelmingly directed into ex- systems.

citation of the[ CHOJ]* product, which contains an average
energy of 209 kJ mot* above equilibrium HOC. Over 96%
of products have an internal energy of more than 14
kJmol'! above equilibrium HOC, which is the barrier The classical simulations of all three XHCO reac-
height for the isomerization of isolated HOCandall prod-  tions have been carried out with zero rotational angular mo-
ucts observed have more than 34.9 kJmholwhich is the mentum in each of the reactant fragments. However, each
approximate zero-point energy of HOCHence, metastable system has considerable orbital angular momentum arising
configurations corresponding to HOGire energetically ac- from the initial distribution of impact parameters. The aver-
cessible for any product formed. age impact parameter for the reactive trajectories of Table V
For ArH"+CO—Ar+[CHQO]", the reactant equilibrium was found to be 7.8, 8.0, and &5 for the Ne, Ar, and Kr
geometry is about 68 kJ mol above that of ArHOC". systems, respectively. These values correspond to average
The[CHO]" product has an average energy of 69 kJthol angular momenta of 115, 1397%, and 145%, respectively.
above equilibrium HOC, and about 85% of the product Analysis of the[CHO]" products shows that the average
[CHO]" ions have an energy above the zero-point energy ofotational angular momenta are very similar for the three
HOC". No products were observed to have an energy abovsystems: 34:, 32 %, and 274, for the Ne, Ar, and Kr sys-
the 147 kJ mol? barrier to isomerization, so that isomeriza- tems, respectively. Figure 7 illustrates the distribution of ro-
tion subsequent to the abstraction reaction is classically urtational angular momentum in tH&€HO]* product for the
likely. Nevertheless, theCHO]* product is generally suffi- ArH*+CO reaction. Clearly the transfer of the proton to CO
ciently highly excited for tunnelling to occur between the results in rotational excitation in th@CHO]* product,
HOC' and HOC wells. though most of the angular momentum must be in the form
For KrH"+CO—Kr+[CHO] ", the reactant equilibrium of orbital angular momentum of the separating fragments.
geometry is only about 31 kJmdl above that of Since we have seen that theHO]™ product is highly rovi-
Kr+HOC". The[CHO]" product has an average energy of brationally excited, it is not possible to accurately separate

3. Rotational angular momentum of the products
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14 ] transition state for isomerization is likely to be located near
LG ] the saddle-point structure I{Fig. 1) in each case. The mo-

7 nr ] lecular rearrangement required to reach this region of con-
E _ : _ figuration space is considerable, and the molecular vibra-
2 10 tioe ] tional frequencies at the saddle point are not law'tight”
= 3 E ] transition statg* In contrast, a variational treatment would
R SR ] be required to locate the transition state on the barrierless
S i et s ] endoergic path to abstraction. It is likely that the transition
& 6 i . ] state is quite late on this path, where the vibrational motion
§ 4 d '~.. ] of XH* relative to CO resembles weakly hindered rotation.
&‘3 H ° ] This very “loose” transition stat¥ would favor a higher

> F Y R ] rate coefficient compared with that associated with the tight

¢ ] transition state for isomerization.
) S N A I A We have studied the reverse reactidnd) for all three

rare gas colliders. The reactions are barrierless and show
decreasing exothermicity in the sequence Ne, Ar, Kr. We
Rotational Angular Momentum / 7 have found that virtually all of the energy available from the

F1G. 7. The distribution of th tude of th onal | reaction appears as internal energy in[ta#lO]* fragment,
. 7. The distribution of the magnitude of the rotational angular momen-,  \ . : : : g
tum of the[ CHOJ " products from the reaction ArH-CO. The distribution while very little is released as relative kinetic energy of the

was constructed from the trajectories used in Table V, with a bin sizeiof 5 sgparating fragm_ents- The H¢Cibroduct isinitially formed
with a cross section 2.5-3.3 times that for HQGHowever,

these branching ratios for the HOCH" products areiot
the energy of this fragment into rotation and vibration com-predictive. The ratio of HCO/HOC" products can be ex-
ponents. In a very crude approximation, we could model thgyected to change with time since th€HO]" ions have
HCO'/HOC" system as a linear rotor with a moment of sufficient energy to tunnel from one isomer to the other; the
inertia of about 8 amuA The average angular momentum rate of such interconversion is expected to be much higher
for this product in the Ne, Ar, and Kr systems would thenfor the Ne system than for Ar or Kr.
correspond to rotational energies of 38, 34, and 24 kJ ol The three systems examined in the present study provide
respectively. These are not especially high energies in coma sequence in which the barrier to the isomerization reaction
parison with the total rovibrational energy of the fragment(1.1) is reduced, but never eliminated. We have found that
relative to the most stab[¢HCO] " isomer. Hence, we might jsomerization is never facile, and is dominated by the ab-
estimate that the greater part of the rovibrational energy itraction reactiori1.2) when that process is energetically al-
the[CHQ]" product is in the form of vibrational energy.  lowed. In future work, we will extend this sequence of reac-
tions to cases where the barrier to isomerization is
IV. CONCLUDING REMARKS eliminated, and to cases where the abstraction reaction is also
é)arrierless.
The data files and all software required to evaluate
the PES for these and other systems are available via the

: o ; ; ternet and anonymous ftp(http://www.rsc.anu.edu.au/
the isomerization product is energetically favored over the!n )
abstraction product, and the barrier to isomerization is |0weBSC/ChemResearch/Groups/DD-home.htmI and  ftp:/f

than the energy required for abstraction. However, thgsc.anu.edu.au/pub/colllr)s/

isomerization process is generally not facile. ForAOC*
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