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Proton-transport catalysis, proton abstraction, and proton exchange
in HF +HOC™ and H,O+HOC™* and analogous deuterated reactions

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

(Received 11 November 2002; accepted 21 January)2003

Classical simulations of the reactions of HF angOHwith HOC" have been carried out on
interpolated ab initio potential energy surfaces. Rearrangement+BOCY —OCH' +X),
abstraction (X-HOC'—XH"+0C), (X=HF or H,0), exchange(e.g., DY+HOC'—HY
+DOC"), and exchange-rearrangeméatg., DY+HOC*—OCD"+YH) (Y=F or HO or DO
reactions are observed. However, the abstraction reaction is dominant for both ¢ and
H,O+HOC" systems. ©2003 American Institute of Physic§DOI: 10.1063/1.1559480

I. INTRODUCTION Interestingly, it was found that once the collision energy is
sufficiently high for the abstraction reacti¢h.2) to be fea-
sible, this process competes with and dominates the
energetically-preferred rearrangement reactibd).

In this paper, we examine the collision of HOGvith
HF and HO where the rearrangement and abstraction reac-
_ ~ ) .. tions are expected to be more facile on energetic grounds.
reduced, or in some cases even eliminated, during a collisiofpere is also the possibility of additional reactions, namely,

with an appropriate neutral m°|eCL(Dé_)'1'10'11'14’1%hi5 iSan  the exchangél.3 and 1.4and exchange-rearrangem¢hts
example of what Bohme has described as catalyzed protog, 1. reactions(Y =F or HO or DO

transport’® or what may be referred to more generally as

There is a substantial barrier of about 160 kJ ol
separating the isoformyl cation (HOE from its much more
stable isomer, the formyl cation (OCH.1~* While the iso-
lated isoformyl cation is relatively stabfe!?12-1%the barrier
for the rearrangement of HOCto OCH" is substantially

ion-transport catalysi€’ DY +HOC"—HY +DOC", (1.3

The proton aff|n|ty of thg collidefX) is important be- HY +DOC* —DY +HOC", (1.4)
cause complexation of X with HOCweakens the H-O

bond, thus facilitating the rearrangeméht, DY +HOC"—OCD" +YH, (1.5

X+HOC* —[XH---OC]* —[OC --HX]*—OCH* +X. HY +DOC*—OCH"+YD. (1.6)
(1.9

_ ) 4 In order to examine theoretically the competition between

A systematic theoretical stu §.found that when X has @ yeactions(1.1)—(1.6), global ab initio PESs have been con-
proton affinity less than the_lt of CO at either O pr(é:g., structed for HR-HOC" and HO+HOC* using interpola-
X=He, Ne, and A}, the barrier to rearrangement is reduced;jon method€2-2’ The construction of potential energy sur-
but not eliminated. In cases where X has a proton affinityfaces for these two systems represents a very demanding task
lying between that of CO at O and @.g., X=HF), the  for 3 number of reasons. First, there are three asymptotic
ba'rrl'er disappears. Finally, for molecules X with a proton:nannels in these systerfiscluding the reactantsand there
affinity greater than that of CO at O or@.9., X=H;0), the i the possibility of complicated motion involved in ex-
barrier for rearrangement also disappears, but in such Casgfange, so that the range of molecular configurations that
an alternative reaction, hydrogen abstraction, is energetically, st pe described is large. Second, the energy range in-
preferred, volved in these ion—molecule reactions is also relatively

X+HOCT—=XH"+0C. (1.2) large. Finally, when this work was initiated, there had been
2 . ) no previous attempts to construct completalyinitio global
In a recent paper, we examined the dynamical conse- ,nential energy surfaces for systems of more than four at-

guences of _Ioweri_ng but not eliminating the barrier to réar-gms, although subsequently an interpolated PES has been
rangement in collisions of HOCwith three rare gase&X  qnqtrycted for triazine at the B-LYP level of thedfy.

=Ne, Ar, and Kj. Ab initio potential energy surface®ESS The paper is constructed as follows: Section Il briefly
were constructed for each collider, and classical trajectoryq,iews the results of an earliab initio study'® that formed
studies of the collisions were carried out. For-NeOC", e pasis for choosing the electronic structure approach.
the barrier to rearrangement is very h|gh+and rearrangemeffare e also briefly describe the interpolation method and
is thus |mpract|c§l. However, for ArtHOC", and particu-  jterative scheme used to construct the PES fronethénitio
larly for Kr+HOC", the barrier is sufficiently low that cross 50 jations. Section 11l presents our results including the

sections for the rearrangement reaction could be evaluatef| . topology of the PESs as described by the minimum

energy paths for these reactions, the classical cross sections
3Electronic mail: collins@rsc.anu.edu.au for reactions(1.1)—(1.6), and mechanistic information for
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these reactions that comes from a consideration of the energy suitable compromise level for the computations for
distributions in the products and other quantities obtainedHFHOC]" and [H,OHOC]*. Since both of these ion—
from the trajectory simulations. Section IV presents somamolecule reactions are barrierless, it is likely that tbtal

concluding remarks. reaction cross sections are mainly determined by the long
range attractive forces between the reactants, rather than the
Il. POTENTIAL ENERGY SURFACES relative energies of the reactants and products. The overesti-

mate of the energy of the COHreactant will lead to a

higher energy available to the products than would be the
Theab initio PES calculations reported herein have beercase at the G2 level of theory.

carried out using theAUSSIAN 94and GAUSSIAN 98 suites of

programé®*° and have employed spin-restricté®) formal-

A. Levels of ab initio theory

isms. .
A previous systematiab initio study of thefHFHOC]*, ~ B: Form of the potential energy surface
[H,OHOC]", and related systertfs showed that the The detailed formulation of the interpolated PES for sys-

MP2/6-31G™* level of theory predicts the geometries of the tems of more than four atoms has been presented
various stationary points on the PES to reasonable accuracy.

These optimized geometries are displayed in Fig. 1. Accurate

evaluation of the energies of these stationary points requires

higher levels of theory, and a modification of the CompOSiteTABLE I Calculated relative+energid_kJ mol 1) for stationary points on

G2 method, termed G2, was found to be appropriate in ¢ [HFHOCI” and[HOHOCI™ potential energy surfaces.

this regard“‘.8 Although the energies of stationary points for Species MP2/6-316 MP2/6-31G* @ G2 ab
[HFHOC]" and[H,OHOC]" at the MP2/6-31&" level of

theory can differ frlom the values given by B2calculations EEH:'OC(;G 7?77 7;)69 71032
by tens of kJ mol™ (see Table), the energy range of these 15 ) 113 —107 —69
features on the PES is sufficiently largebout 270 kJ mol* OC - H---FH* —278 —267 —224
for [HFHOC]™ and about 360 kJ mof for [H,OHOC]" that OCH"+FH -188 —180 —158
the MP2/6-31G* surfaces are adequate approximations to 2% +OC —93 —89 —50
the exact PES. We note that the MP2/6-31Gelative ener- :ng.':ﬁ.cod _3 10 _3?21 _2088
gies of the stationary points in Table | reproduce theé"G2 1§ an ~309 —294 _o58
results quite well, except that the relative energy of the oc:H---OH} —-373 —355 -312
COH" reactant is too high at the lower level of theory. Since OCH'+0H, —188 —180 —158
construction of each PES requires evaluation of the energy HO +OC —300 —287 —252

gradients and second derivatives at more than 1000 configinciyding zero-point vibrational energies.
rations for these systems, we have adopted MP2/68148  "From Ref. 18.
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previously?>262731and a recent reviett provides a more number of data points. Once the values of the reaction cross
concise exposition, so only a brief description is presentedections do not change significantly with increasing size of
here. the data set, the PESs are taken to be converged.

The PES is given by a weighted average of Taylor ex- The methods for choosing a new data point at each it-
pansions centered at data points scattered throughout tleeation have been discussed in detail elsewfEfée “vari-
configuration space of the systéAT2’ ance sampling” method places data points at configurations
where the uncertainty in E@2.1) is highest. The h weight”
method attempts to place data in regions where the trajecto-

Noata ries often visit, but where few data points are already present.
V:gge ;1 Wei T gei - 2.1 Both “variance sampling” and h weight” methods were

employed.

The second-order Taylor expansioh,, is assigned a
Weight, w;, that gives_ the contribution of thi¢h Taylor ex- o Computational details
pansion to the potential energy at each molecular configura-
tion. In Eq.(2.1), G denotes the symmetry group of the mol- All classical trajectories performed, both during the it-
ecule, here the complete nuclear permutation inversio@rative construction of the PES and to evaluate the scattering
(CNPJ) group, andyei denotes that thith data point is trans- dynamics, were carried out using the standard methods pre-
formed by the group element The sum ovege G means Viously detailed®?° A step size of 1-2.510 " s was
that all permutationally-equivalent data points are includedised in the velocity-Verlet integration algoritithBecause
in the data set, the energy derivatives at permuted data poin@ the long-range ion—dipole interaction between the reac-
being simple permutations of the original derivatives at eactiants, the reactants were initially separated by 25.448
of the Nyu, geometries whereab initio calculations were a,). Trajectories were terminated when any bond length ex-
performed. The data set is “symmetrized,” so that the PES oteeded the initial separation of the reactants while the mo-
Eq. (2.1) exhibits the full molecular symmetry. The form of lecular fragments were separatifrgther than coming closer
the Taylor expansidfi and that of the weight functiéhhave  togethe). The maximum impact parameter was 3.6 74a,)
been described elsewhere. The weight function uses confiluring the construction of the PESs, and 9.01X a,) for
dence lengths that were evaluated using an energy tolerang@valuation of reaction cross sections fetFHOC] " and 10.1
E=0.52 kd mol'?, and energy gradients 8 data points A (19 a,) for [H,OHOC]". Smaller impact parameters are
(M=36 for [HFHOC]" and M =72 for [H,OHOC]*, see used during the construction of the PESs to ensure that the
Ref. 27 for definitions o, andM). molecular configurations encountered during the trajectories
included close contact between the reactants. No type of mo-
lecular configuration is excluded by this approach, so that the
PESs and resultant cross sections do not explicitly depend on
the use of small impact parameters during the construction

The location of the data points in EQR.1) has been phase. All reactant molecules were given an initial microca-
determined using the iterative methods developedonical distribution of vibrational energy, for a total energy
previously?>?32%|n summary, an initial set of data points is roughly approximating the value of the zero-point energy:
chosen to lie on or near the paths for reactiohs) and  34.9 kJmol?! for HOC", 28.2 kJmol! for DOC', 25.1
(1.2, the latter being obtained simply by minimizing the kJ mol™* for HF, 17.7 kJ mol* for DF, 57.5 kJ mot* for
molecular energyusingGAUSSIAN 940r GAUSSIAN 99 begin-  H,0, and 40.7 kJ mof* for D,O. Random initial velocities
ning at the asymptotic configurations and the kntiwn and configurations for the atoms in each fragment were
saddle-points, structures IIl of Fig. 1. An initial data set of evaluated using the efficient microcanonical sampling
geometrieg106 for[HFHOC] " and 101 fof H,OHOC]|") is  method of Schranzt al* The molecular fragments were
selected from these minimizations. The potential of @dql) initially randomly oriented and given zero rotational angular
is then well-defined in the vicinity of the reaction paths. momentum, using a program also initially due to Schranz.
Classical trajectories are evaluated, with initial conditionsThe initial relative translational energy of the reactants was
appropriate to the reactants, to explore the relevant region afet to 13.1 kJ mol* (5 mhartreg for all trajectories used in
configuration space. Molecular configurations encounterethe construction of PESs and for evaluation of the cross sec-
during these trajectories are recorded, and one or more dions. To ensure that the product regions of the surface were
these configurations are then chosen to be a new data poirtdequately explored during the iterative construction of the
The ab initio energy, gradient and second derivatives arePES, trajectories were also evaluated with initial configura-
evaluated at that point which is added to the data set, genetions corresponding to XH+OC and X+OCH" (X=HF or
ating a new version of the PES. This process of simulatindd,0). The initial vibrational energy was taken to be 51.2
the reactiofs), choosing a configuration, performing tab ~ kJmol ! for FH;, 118.1 kJmol! for H;O", and 17.8
initio calculations and adding a new data point to the set i&J mol* for CO.
repeated again and again until the PESs are “converged.” For HF+HOC", the PES construction was iterated until
Convergence is established by performing large-scale clasdihe data set contained 1357 points. The twelve-dimensional
cal simulations of the reacti¢® of interest and evaluating PES for HO+HOC" was iteratively constructed until the
the reaction cross sections for surfaces with an increasindata set contained 3047 points.

C. lterative development of the PES
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E. Accuracy of the interpolation 50 ——————— 1 T
[ KrH" + OC
Some indication of the interpolation error remaining in [ Kr+ HOC" m v
the final PES can be gained from considering the average 0 M ]
interpolation error in a sample of molecular configurations. A i
total of 1000 molecular configurations were generated by -50 - ]
random sampling of configurations encountered in classical
trajectories for [HFHOC]" and 828 configurations for -100 ]
[H,OHOC]". The ab initio energy was evaluated at each h OCH + K
configuration and compared with the value given by the in- -150 + A .
terpolated PES. The final PESs have average interpolatior i Vo
errors, in these samples, of 1.5 and 3.5 kJThotespec- -2oo'm"-""wl“‘-"-‘w"-""" V
tively. These average errors represent 0.45% and 0.81%, re 0 5 10 16 20 25 30 35
spectively, of the energy ranges of these sampled configura 50 ¢ w T . T
tions. The average relative error for the,OHOC]|* PES is "_(—é o £ HF +HOC"

larger than that achieved for four-atom systems. However,

interpolated PESs with a comparably high level of accuracy 2~ 50
(<1% mean relative errphave been found to be sufficiently >, 100 -
accurate to describe classical reaction rate coefficténts. 2 ‘
uﬁ -150 |
© 200
I1l. RESULTS AND DISCUSSION = s
A. Minimum energy paths E’ 250
Figure 2 presents the energy profiles along the minimum 300
energy paths for reactiond.1) and (1.2), for X=Kr,?! HF, 0
and HO. These paths were obtained from the interpolated - ‘ ‘

PES by following the paths of steepest descent in mass:
weighted Cartesian coordinates that lead from various saddle
points on the surface and from the asymptotic configurations.
The reaction coordinate employed in the figures is a path
length S, for which dS=IldRIl, whereR is the vector of
atom—atom distances. The arbitrary origins and directions
for each segment of the path have been adjusted for pictoria
convenience. The Roman numerals associate the stationar
points on these paths with the corresponding geometries
shown in Fig. 1. These three figures show that the barrier to s
rearrangement of HOC (represented by the energies of 0 10 20 30 40
structure 1) lies above the energy of the entrance channel Reaction Coordinate / Bohr
for collision with Kr but is lowered to a value below the i 5 the energy profiles along minimum energy paths ofHOC]*
energy of the entrance channel for collision with HF andand[H,0HOC]* surfaces are compared with that férHOC]" (see Ref.
lowered still further for collision with HO. In addition, the 21) as a function of a reaction coordingtgee text The labeled stationary
energy of the rearrangement product, OCHX, is the low-  Points are displayed in Fig. 1.

est energy product for ¥Kr and HF, but not for X=H,0.

Hao*+oc§
w00 b o, IVOCHOH

50

B. Reaction cross sections produced the following cross sectiod?): H,O"+CO,

Table Il presents the reaction cross sections, calculate@10+5, 215+5, 218+5; OCH"+OH,, (0.3), (1.0), (1.0.
from classical trajectories as described above. Ensembles of In every case, the cross section for hydrogen or deute-
1000 trajectories were employed for each reaction except faiium abstraction is large. This is very likely due to a large
HF+DOC", where 2000 trajectories were evaluated. Thecapture” cross section induced by the long-range ion—
convergence of the PESs was tested by comparing the crodgole interaction. Figure 3 shows the total probability of
sections with values obtained with fewer data points. Foreactions(1.1)—(1.6) for HF+HOC" and HO+HOC" as a
example, using data sets of 1357, 1257, and 1157 data poinfsinction of the impact parameter for the collisiGthe impact
respectively, the HF COD" reaction produced the following parameter is the initial displacement of the paths of the col-
cross sectiongin A2 with estimated standard deviations liding molecules; it is the distance at which the reactants
HFD"+CO, 1493, 150+4, 155+4; OCD"'+FH, 9+1, would pass by one another if there were no forces between
10+1, 9+1; OCH'+FD, 7+1, 8+1, 6+1; DF+HOC", them; it was calculated from the same trajectories as used to
(0.1, (0.5), (0.0. Similarly, using data sets of 3047, 2918, evaluate Table )l It is clear that a collision below some
and 2767 data points, respectively, thg0H COH* reaction  critical impact parameter leads to a reaction with near unit
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TABLE II. Total cross sections for products formed from the reactions of 20 . o , :
HF+HOC* and HO+HOC" and deuterated analogs.
Reactants Products Cross sectidr?) [ @;"

HF+HOC* H,Ft+0C 157+4 é sL Sy 4 i
OCH'+FH 112 e} P e "Q

DF+HOC* DHF'+0C 158+4 3
OCH'+FD 9+2 ) i
OCD*+FH 3+1 ~ i i
HF+DOC* 0.9 S 10-t7 * .

HF+DOC* HFD"+0C 149+3 N i &
OCD*+FH 9+1 = y ;
OCH"+FD 71 o 3 s
DF+HOC* 0.0 S s 5 |

H,O0+HOC* H,0"+0C 210+5 o S ..
OCH*+OH, 0.3 g

D,0+HOC* D,OH*+0C 216+5 Y .
OCH"+0D, (1.0 u.. . .
OCD"+ODH (0.6 0 : R : [ogyentt” 22
HDO+DOC* o 0 50 100 150 200 250

+ + +

HOTboec gﬁ? :OC,)E 2(10%)5 Relative Kinetic Energy / kJ mol™
OCH* +ODH (1.6 o o ,
HDO-+HOC* ) FIG. 4. The distribution for the relative kinetic energy of the separating

abstraction products for HFDOC" (@) and HO+DOC" (O). The relative

aError bars represent one standard deviation. Values in parentheses are tgduencies were obtained with a bin size of 10 kJ Mol
small to allow an estimate of the uncertainty.

scrambling of the light, labile atoms. Inspection of individual
efficiency, as would be expected for long-range capture anttajectories verifies that such collisions are commonplace.
subsequent reaction without a barrier. However, simple “direct” collisions, in which the H or D
For the[HFHOC]" system, isomerization of HOC(or  atom is abstracted in a glancing collision, are also very com-
DOC"), reaction(1.1), is a significant minor pathwagsee  mon.
Table |). Rearrangement with exchange, reacti¢h$) and Direct abstraction is the overwhelmingly dominant pro-
(1.6, has a somewhat smaller cross section but is still aess for theH,OHOC]" system. While both isomerization
significant minor pathway for the deuterated analogs ofand arrangement with exchange are observed, the cross sec-
HF+HOC". These observations are consistent with colli-tions for both processes are lower by about an order of mag-
sions that are sufficiently “long-lived” to allow mixing or nitude than for the corresponding reactions in the
[HFHOC]" system, even though the total reaction cross sec-
tion is larger. Simple exchange of the H or D atom at oxygen,
12 ' ’ reactions(1.3 and (1.4), was observed for theHFHOC]|*
system, but not for theH,OHOC]* system(at least in 1000
o 1 AT %* S i trajectories.
i ‘} i‘f%%% %% % 5 In comparison, isomerization is the dominant process in
R ~.T \“‘ 3

.é | ' Kr+HOC" collisions at low energy, where the abstraction
3 08 } o i channel is close&: However, the reaction cross section for
& Y isomerization is only a few square angstroms. Abstraction
ks 0.6 § { _ becomes the major channel in this system when the energy is
= i % raised sufficiently for this process to be energetically al-
kel Lo lowed.
g 0.4 L LY q
a | } C. Energy distributions and mechanism
02 1 "az‘ % ) In order to further investigate the mechanism of the ab-
straction reaction, it is useful to consider first the resultant
0 w w ! Ly @ distribution of energy and angular momentum in the prod-
0 2 4 6 8 10 ucts. Figure 4 presents the distribution of the relative kinetic

energy of the separating abstraction products for-B©C*
and HO+DOC*. The mean relative kinetic energy is
FIG. 3. The total probability of reactiond.1)—(1.6) for HF+HOC" (@) 44+23 kdmol! for the HFD" plus CO products, and
and HO+HOC" (O) is shown as a function of the impact parameter for the 81+44 kJ mol ! for H,OD™ plus CO. This represents about

collision. The relative frequencies were obtained with an impact parametes qq ; ;
bin size of about 0.52 A, and the error bars represent the estimated standa?c? % of the CI?SSICa”y a\iallable energy for HEplus CO
deviation of the probability of reactive trajectories as a fraction of all tra- 2Nd about 20% for OD™ plus CO (see Table I and Sec.

jectories in the bin. 11 D). Thus, while about 115 kJ mot of the total energy is

Impact Parameter / A
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10l . e . | HF+HOC' (@) and HO+HOC" (O). The relative frequencies were ob-
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are apparent. First, according to this picture, the proton trans-

Rotational Angular Momentum / %

FIG. 5. The distribution of total rotational angular momentum in the ab-
straction products(a) CO and (b) HFD* and HOD", is shown for
HF+DOC"' (@) and HO+DOC" (O). The relative frequencies were ob-
tained with a bin size of & in (a) and 57 in (b).

fer to H,O occurs at slightly longer range than to HF. Sec-
ond, the standard deviation of the bond length distributions is
small in both systems. Apparently, the proton transfer is
characterized by a relatively well defined bond length. Figure
7 shows the distribution of FHO anglésr [HFHOC]") and

OHO angles(for [H,OHOC]*) corresponding to the same
geometries as in Fig. 6. The average angles are about 160

directed towards vibration and rotation of the HFBnd CO

+13° in both cases. Since the probability distribution for a

products, about 319 kJ mdl is directed to vibration and bPond angleg, with random atomic positions, is proportional

rotation of the HOD" and CO products. Figure 5 shows the
distribution of rotational angular momentum in the abstrac-
tion products from the HFDOC"™ and HO+DOC" colli-
sions. Both abstraction products are more rotationally ex-

cited for the collision with HO than with HF. The mean _5
angular momentum for CO is 24 for the[HFHOC]" sys- S
tem and 26 for the[H,OHOC]* system. Similarly, HFD 8
is produced with an average angular momentum ofsz11 ,‘_3
compared with 20: for H,OD™. o

It is natural to inquire whether the abstraction mecha- %

nism differs significantly between these two systems in such §
a way as to produce these differences in the product distri—j‘_:
butions. The reaction paths of Fig. 2 do not suggest anyg
particular critical configuration for the abstraction process. g
The reaction occurs without a barrier in both cases, so thereg
is no obvious transition state. As an alternative, we can ask
what geometry has the breaking--HD bond in HOC 8
stretched to be the same length as the formingH-or

O---H bond in the protonated product? Figure 6 presents the
distribution of lengths for the breaking-HO bond in HOC

when this length equals that of the forming bofad calcu-

lated from an ensemble of reactive trajectories for both the
[HFHOC]" and[H,OHOC]" systems The average length
of the H--O bond is about 1.250.07 A for the HFHOC]"
system and 1.340.08 A for[H,OHOC]". Two observations
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Hydrogen Bond Angle at Reaction

FIG. 7. The distribution of FHO and OHO bond anglése text in
HF+HOC' (@) and HO+HOC" (O), respectively, for the same geom-
etries as used in Fig. 6. The relative frequencies were obtained with a bin
size of 5°.
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40 . . . v . is much lower in absolute terms f¢H,OHOC]" than for
» i [HFHOC]", it is reasonable to describe proton transfer as
2 3 i 1 taking place “earlier” in the entrance valley fpH,OHOC]*
£ than for[HFHOC]*.
% 30 - 7 To investigate the duration of the collisions, we have
= evaluated the length of time that each trajectory spends with
0 25 r ;i * 7 the two molecular fragments in close proximity. RBfysc iS
'§ [t ‘ the average of the-FO and F--C separations ifHFHOC]*
2 20 - 7 (or the corresponding ©O and O--C separations in
- [H,OHOC]", then Ty, is (arbitrarily) defined to be the
8 15 8 Y ] length of time for whichRy,s<3.44 A (6.5 a.u) during a
g \ trajectory. For ensembles of trajectories under the same con-
S 10 F a, ) ditions above, the average value ©f . for trajectories
% 5 8 D s leading to abstraction is 132 fs fpHFHOC]" and 84 fs for
a T o, , 1 [H,OHOC]". Moreover, for thg H,OHOC]|" system,Tose
0 e e . S =0 for all nonreactive trajectories, while about 15% of non-
300 250 200 -150  -100  -50 0 reactive trajectories forHFHOC]* were trapped for an av-
erage of 240 fs. Clearly, temporary trapping in the ion—
Potential Energy at Reaction / kJ mol” molecule complex is a significant factor in the dynamics of

FIG. 8. The distributi f th tential in HAOC" (@) and [HFHOCT but not Of[HZOHOCr'
. 8. The distribution of the potential energy in an . . . .
H,O+HOC" (O), respectively, calculated at the same geometries as used in The higher proton affinity of KD compared with that of

Fig. 6. The relative frequencies were obtained with a bin size of 25HF, IS shown by the larger exothermicity of the abstraction

kJ mol %, reaction for HO. It is also plausible that this difference in
proton affinity leads to proton transfer at a larger-O dis-
tance than O -F distance and “earlier” in the entrance chan-

to sin(6), it is clear that a near-collinear FHO or OHO geom- nel. As a consequence, proton transfer takes place above the
etry is strongly preferred at this “point of proton transfer.” €nergy of the products for thgd,0COC]" system, but be-
The abstraction reaction thus appears to take place prefoW this energy fof HFHOC]". Part of the energy available
erentially at near-collinear configurations with similar bond from the reaction therefore produces a high relative velocity
lengths in both systems. However, although the-® bond  fOr the separating fragments [dfi,OHOC]", so that, without
lengths and FHO/OHO angles are fairly well defined at this? Parrier to surmount, the ion—molecule complex is short-
“bond-breaking” configuration, there is a broad distribution llved or not formed in any meaningful sense. The exchange
of molecular configurations, as evidenced by the variation oft"d isomerization reactions are therefore unlikely in
the potential energy at this point of proton transfer, shown i HzOHOC]". For[HFHOC]", proton transfer takes place at
Fig. 8. The mean potential energy fpoHFHOC]" at these @ similar, slightly more compressed, geometry than it does
bond-breaking configurations is 106+27 kJ mol'L. This  for [H,OHOC]", but at an energy below that of the sepa-
mean energy is about 13 kJ mdlbelow the equilibrium rgteq prod_ucts. Hence, we could char_actenze this Iocatlon.as
energy of the reaction products but about 71 kJ Thabove W!thll’] the |on—molecule.well. Separation of thelfragmt_ants: is
the local minimum energyHF---H---OC]* configuration. slightly impeded, sometimes long enough for isomerization
The corresponding mean potential energy 4485+48  and exchange processes to occur. .
kJ mol for [H,OHOC]*. This is about 115 kJ mot above From this point of view, one mlght ask why the. reaction
the equilibrium energy of the reaction products and abouProducts are more strongly internally excited for
155 kJmol! above the local minimum energy [H2OHOCI" than for [HFHOC]". Without attempting a
[H,O- --H---OC]* configuration. quantitative response to this qgesnon, it is useful t(_) observe
The optimized structures in Fig. 1 show that the protonthat (a) there are three more |nterqal modes available for
in HOC* is closer to the acceptor, HF o8, than to OC at [H20HOC]"; (b) the total energy available from the exother-
the local minimum, X--H---OC* (II), in the entrance chan- micity of the reaction is very much larger fpH,OHOC]";
nel. Hence, we could reasonably view the “point of proton@nd(c) the more sudden proton transfer tg@than to HF
transfer” as residing in the entrance valley, on the reactanf@ result in higher excitation of the products than is the
“side” of the minimum. For[HFHOC]", this point in the Case for[H'FHOC]ﬁ Some ewdenpe for this suggestion is
entrance valley lies below the energy of the separated prodiVen by Fig. 8. The broad potential energy distribution for
ucts. Hence, it is reasonable to expect that there is a propeht20HOC]" at the point of proton transfer might indicate
sity for some temporary trapping of reactive trajectories inthat the structure dfH,O---H]" at the point of proton trans-
the ion—molecule complex. In contrast, the “point of proton fer is far from the equilibrium structure of§@". If so, one
transfer” lies higher in energy than the separated product¥/ould expect a highly vibrationally excited8" product.
for the[H,OHOC]" system. The energy at this point is well
above that of the minimum in the entrance valley, and at 4V- CONCLUDING REMARKS
longer Q--H bond length than fof HFHOC]*. Hence, al- We have constructeab initio molecular potential energy
though the average energy of the “point of proton transfer”’surfaces and carried out classical trajectory simulations to
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