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Abstract

Low energy HO–CAO1 ions [DHf(298) 5 142 6 2 kcal/mol] uniquely dissociate to H–CAO1 1 O. From ab initio
molecular orbital calculations a mechanism is proposed which involves a 1,2-hydrogen shift of HO–CAO1 (1A9) to H–CO2

1

(1A9) followed by an interstate crossing leading to a transient triplet3A0 state which then dissociates into H–CAO1 (1S) 1
O (3P). This mechanism provides a satisfactory explanation of the observed kinetic energy release and it also satisfies the
energetic constraints imposed by experiment. From calculations performed at different levels of theory, it became clear that
both an advanced level of electronic correlation and large basis sets are a prerequisite for a meaningful description of the above
reaction. (Int J Mass Spectrom 185/186/187 (1999) 291–305) © 1999 Elsevier Science B.V.

Keywords:HO–CAO1; H–CO2
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1. Introduction

Protonation of carbon dioxide can occur at two
different sites. The most favourable site of protona-
tion is at one of the oxygen atoms and this produces
HO–CAO1, the hydroxy formyl cation. This species
is thought to play an important role in the formation of
interstellar molecules [1]. In fact, HO–CAO1 is a

confirmed interstellar species [2–5] and is an interme-
diate involved in reactions in interstellar clouds [6, 7].
In the laboratory, the species can be generated in a
mass spectrometer, by dissociative ionization of sim-
ple aliphatic carboxylic acids or by protonation of
CO2 [8]. As with many protonated molecules, the
most favourable decay process of HO–CAO1 is not
deprotonation, but instead, HO–CAO1 dissociates
unimolecularly to H–CAO1 1 3O [9]. Since in the
ground state HO–CAO1 is a singlet, this reaction
must proceed via a singlet to triplet surface crossing
[10]. This reaction produces a Gaussian shaped meta-
stable peak with an average kinetic energy release,
^T&, of 2.5 kcal/mol, which, considering the small
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number (four) of vibrational degrees of freedom in the
products, may indicate that there is a reverse term.

Experimentally, much less is known about the
isomeric form H–CO2

1, the formyloxy cation. This is
because this species lies much higher in energy. In
fact, very early ab initio calculations [11] seemed to
indicate that this structure is not stable with respect to
spontaneous rearrangement to HO–CAO1. However,
subsequent calculations indicated that although
H–CO2

1 is about 90 kcal/mol less stable thermody-
namically than HO–CAO1, a significant isomeriza-
tion barrier of about 30 kcal/mol, might make H–CO2

1

a kinetically stable and thus a viable species [12].
Although earlier experimental work indicated that the
species had only a transitory existence [13], subse-
quent work showed that H–COO1 exists in a potential
well and has a lifetime sufficiently long to be ob-
served [14]. In these experiments, the H–CO2

1 ion is
made by collisionally induced two-electron detach-
ment (charge reversal) of the H–CO2

2 anion which is
generated by proton abstraction of formic acid in a
chemical ionization source. It was observed that 10ms
after its formation, the H–CO2

1 ions had undergone
significant, but not complete, isomerization to HO–
CAO1 [12]. In addition, the H–CO2

1 ions generated
by charge reversal were found to dissociate to
H–CAO1 1 3O, with a similar^T& value as found
for the HO–CAO1 ions [15]. Subsequent ab initio
calculations [16] indicated that the singlet and triplet
forms of H–CO2

1 have similar energies, lying some
108.3 and 105.8 kcal/mol, respectively above singlet
HO–CAO1 (and that the triplet HO–CAO1 lies
about 99.2 kcal/mol above the singlet state). These
energies lie close to, but below the lowest lying sets of
products, H–CAO1 1 3O, SDHf 5 114 kcal/mol
[17]. In addition, the energy barrier for isomerization
of the singlet and triplet forms lie 133.7 and 171.6
kcal/mol, respectively above singlet HO–CAO1 and
thus both triplet and singlet H–CO2

1 are predicted to
be stable species in the gas phase.

Nevertheless, it is not clear which H–CO2
1 ion

(singlet or triplet) is formed in the charge reversal
experiment: for example, if the triplet is formed, the
previous calculations predict that it should rapidly
dissociate to H–CAO1 1 3O without any isomeriza-

tion to triplet HO–CAO1. Also, the previous calcu-
lations only provide a crude possible mechanism for
the metastable formation of H–CO2

1 from singlet
HO–CAO1: first, the HO–CAO1 ion (relative ener-
gy 5 0) undergoes a 1,2-hydrogen shift with an
energy barrier of 133.7 kcal/mol to produce singlet
H–CO2

1 which then via crossing of the singlet and
triplet surfaces forms triplet H–CO2

1; this species then
dissociates to H–CAO1 1 3O via simple bond cleav-
age. However, considering the small (2.5 kcal/mol)
kinetic energy release and the small number (four) of
vibrational degrees of freedom in the products, the
calculated barrier for the reverse reaction (20 kcal/
mol) is too large; for example, for a comparable
reaction, CH2OH1 3 H–CAO1 1 H2, 60% of the
reverse energy appears as kinetic energy [18].

The purpose of the present study is therefore to
obtain, by ab initio molecular orbital (MO) calcula-
tions, a better description of the isomerization and
dissociation processes of HO–CAO1 and H–COO1.

2. Preliminary considerations: heat of formation
of HO–CAO1 and energetical constraints

First, we will assess the reported heats of forma-
tion, DHf, for HO–CAO1. Three methods have been
used to determineDHf [HO–CAO1], namely proton
affinity (PA) measurements of CO2 [19–21], appear-
ance energy (AE) measurements on formic acid [22],
and ionization energy (IE) measurements of the HO–
CAOz radical [23]. The results are compiled in Table
1 and they refer to 298 K.

The most recent results for the PA (298 K) yield an
average value forDHf(298) 5 143 6 2 kcal/mol,
see Table 1. The most extensive calculation of the PA
(298 K) has been performed at the coupled-cluster
single double (triple) [CCSD(T)]/6-31111G(3df,
3pd)//CCSD(T)/6-311G(3df,3pd) level of theory,
and this, together with temperature corrections, leads
to a DHf(298) of 141.3 kcal/mol [24].

The AE for HO–CAO1 formed by loss of Hz from
formic acid, H–C(AO)–OH has been accurately mea-
sured by Ruscic et al. [23], see Table 1, but here a
barrier for the reverse reaction may lead to a value
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which is too high. Indeed, ab initio calculations show
that loss of Hz from ionized formic acid has a reverse
barrier of 6 kcal/mol [26] and correcting for the
experimental AE by this value would lead to
DHf[HO–CAO1] is 134 kcal/mol which is far lower
than the value derived from the PA measurements, see
Table 1. However, we have provided evidence that the
C–H hydrogen atom in H–C(AO)–OH, but not the
C–D deuterium atom in D–C(AO)–OH, may tunnel
through the barrier [26] and so the measured AE for
loss of Hz from H–C(AO)–OHz1 might well corre-
spond to formation of the ion HO–CAO1 at thresh-
old.

Ruscic et al. have also measured the AE for loss of
Dz from D–C(AO)–OHz1, and they find that this AE
is significantly larger, by 5 kcal/mol, than that for the
loss of Hz from H–C(AO)–OH. This observation
lends strong support for our proposal that the C–H
hydrogen atom in H–C(AO)–OHz1, but not the D–C
hydrogen atom in D–C(AO)–OHz1, may tunnel
through the barrier and that by consequence the
measured AE for Hz from H–C(AO)–OHz1 corre-
sponds to HO–CAO1 ions formed at threshold. Thus

from the AE measurements we derive a value of
140.26 1 kcal/mol forDHf[HO–CAO1].

The AE of the radical HO–CAOz has been mea-
sured, IE5 8.4866 0.012 eV [23]. TheDHf of this
radical has been assessed from AE measurements of a
variety of precursors [25],DHf[HO–CAOz] 5 246.0
kcal/mol. These values lead toDHf[HO–CAO1] 5
149.7 kcal/mol, far above the values derived by the
AE and PA measurements, see Table 1. It has been
suggested that this discrepancy may lie in the fact that
there is a large geometry change between the neutral
and the ion so that the measured IE may not corre-
spond to an adiabatic ionization energy [24]. In
addition, the ab initio value for the AE (at the same
level of theory as previously noted [24]) is much
lower, 8.00 eV and this leads toDHf[HO–CAO1] 5
138.4 kcal/mol. Based on the above we recommend
an experimental value forDHf[HO–CAO1] of
142 6 2 kcal/mol and this serves as our anchor level
(5 0 kcal/mol).

The dissociation of interest, HO–CAO1 3
H–CAO1 1 3O, is the dissociation of lowest energy
requirement and it is the sole spontaneous reaction
observed in the metastable time frame. This reaction
has a large calculated activation energy, 113 kcal/mol
[17]. The experimental activation energy of the meta-
stable process [9] could not be measured, because the
metastable peak was too weak, but an upper limit of
the activation energy is provided by the following
consideration. At higher internal energies, as evi-
denced by the collision induced dissociation (CID)
mass spectrum [14], other processes come into play,
most notably the loss of Hz to produce CO2

z1. This
reaction has a calculated activation energy of 134
kcal/mol [17] and since this simple cleavage process
is not observed in the metastable time frame, the
metastable ions have excess energies smaller than 21
kcal/mol. There is an even less energy demanding
reaction, namely dissociation to H1 1 CO2, a reac-
tion which is not expected to have a reverse activation
energy and for which the calculated activation energy
is 130 kcal/mol [17]. This reaction is not routinely
observed because of severe instrumental discrimina-
tion against ions having very low translational energy.
However, starting from 10 keV DO–CAO1 ions

Table 1
Heats of formation,DHf(298 K), of HO–CAO1 (all values in
kcal/mol)

Proton affinity of CO2 PA DHf

129.26 0.5a 142.86 0.5
128.56 1b 143.56 1
128.66 2c 143.46 2

Ab initio MO calculation 130.7d 141.3

Appearance energy (AE) AE DHf

H–COOHz1–Hz 282.86 0.1e 140.26 0.2
H–COODz1–Hz 282.86 0.3e 140.26 0.3
D–COODz1–Dz 287.86 0.1e ,145.26 0.3

Ionization energy (IE) HOCOz IE DHf

195.76 0.3f 149.76 1g

a[19].
b[20].
c[21].
d[24].
e[22].
f[23].
gUsing DHf [HOCOz] 5 246.06 1 kcal/mol [25].
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(generated from CF3COODz1) we were able to detect
a D1 signal of sizable intensity in the CID mass
spectrum, whereas it was clearly absent in the spec-
trum of the metastable ions. Hence, we can lower the
maximum excess energy of the metastable ions to 17
kcal/mol and this represents the maximum leverage
for our ab initio calculations.

3. Theoretical methods

3.1. General considerations

Our model of the reaction going from HO–CAO1

(1A9) to H–CAO1 (1S1) 1 O (3P) contains the
following steps:

HO–CAO1~1A9!3 TS13 H–CO2
1~1A9! (1)

H–CO2
1~1A9!3 IC3 H–CO2

1~3A9, 3A0! (2)

H–CO2
1~3A9, 3A0!3 TS23 H–CAO1(1S1)

1 O~3P! (3)

We start on the singlet potential energy surface
(PES) with transition state TS1 corresponding to a
1,2-hydrogen shift, connecting HO–CAO1 and
H–CO2

1 (1A9). Then we encounter the interstate
crossing (IC) in reaction (2) leading to H–CO2

1 in
either the3A9 or 3A0 state. Finally, the transition state
TS2 in reaction (3) connects the triplet H–CO2

1 and
the dissociation products. The dissociation may pro-
ceed via either the3A9 or the 3A0 state, since these
molecular states both connect to ground state O
(3P) 1 H–CAO1. In the 3A9 state thea0 lone pair
orbital on the O atom isdoublyoccupied, whereas in
the 3A0 state thea0 lone pair orbital issingly occu-
pied. Therefore in the latter state the doubly occupied
lone pair orbital may be chosen as the one directed
towards the charge on the formyl cation. This is an
electrostatically favourable situation and so for large
separation the ground state will correspond to the3A0
state. However, it appears that for the HCO2

1 isomer
the 3A9 state is substantially lower in energy than the
3A0 state. Therefore the transition state for the disso-
ciation has to be calculated for both states.

The most difficult part in the determination of the
reaction profile is the identification of the interstate
crossing of the1A9 state and either the3A9 or the3A0
state [27]. Using the complete active space self-
consistent field (CASSCF) model appears to lead to
results which strongly depend on the number and
selection of the active space MOs. Using the coupled
cluster (CC) method gives less ambiguous results,
although the choice between open and closed shell
starting points for these calculations should both be
considered.

In the following the degenerate 1–3 proton shift in
HO–CAO1 will also be considered:

HO–CAO1~1A9!3 TS03 OAC–OH1~1A9! (4)

Since HO–CAO1 and OACO–H1 are equivalent,
the transition state TS0 will haveC2v symmetry.

The CASSCF calculations discussed in Sec. 3.2
were carried out using the programGAMESS(UK) [28].
For all other calculations theGAUSSIAN 94 suite of
programs was used [29].

3.2. CASSCF calculations

The various isomers and dissociation limits en-
countered in this study vary widely in character.
Therefore simple methods like HF cannot be expected
to yield useful results (except for the proton affinity of
CO2). For instance, it is not immediately clear
whether the ground state of the H–CO2

1 isomer is a
singlet or a triplet. This is indicated by the fact that an
UHF calculation taking into account the open shell
character of this isomer gives rise to a very large spin
contamination.

Since it may reasonably be expected that the
dissociation proceeds via a H–CO2

1-type conforma-
tion, we started by performing CASSCF/DZP
(CASSCF/double zeta plus polarization) [30] calcula-
tions on the isomerization reaction (1). All CASSCF
calculations were of the CAS(n,n) type with n 5 2
or 10. For the1A9 state withn 5 2 the active MOs
may be chosen to be eithera9 or a0 symmetry. For the
H–CO2

1 (1A9) state this choice appears to be essential.
Geometry optimizations of this state using both
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choices yield the following results: E 5
2187.791 17 H for a9 active MOs and E 5
2187.717 56 H fora0 active MOs. A calculation
using only the (core) (1a0)2(2a0)2(9a9)1(10a9)1 1A9
configuration yieldsE 5 2187.789 19 H,which is
almost the same as the CAS(2,2) result usinga9 active
MOs, whereas a calculation with the core
(9a9)2(10a9)2(1a0)1(2a0)1 1A9 configuration yields
E 5 2187.670 34 H,which is much higher than the
corresponding CAS(2,2) result. Therefore we con-
clude that for the H–CO2

1 (1A9) state the active space
should at least contain twoa9 MOs. These correspond
to in-plane lone pair orbitals on the O atoms. In order
to obtain a continuous PES for the reaction the
calculations for HO–CAO1 and for the TSs have to
satisfy the same requirements as for the H–CO2

1

isomer.
The results are given in Table 2. It is seen that the

geometry of TS1 depends strongly on the number of
active MOsNact. Consequently the topology of the
PES qualitatively changes on increasingNact, as
shown in Fig. 1. ForNact 5 2 the only reasonable
possibility is reaction (1), with an activation energy of
99.9 kcal/mol and a large difference between the
HCO angles of 30.9°. However, withNact 5 10 we
find that TS0 is lower in energy than TS1 and that
both transition states haveC2v symmetry (̂HCO1 5
^HCO2). Starting from H–CO2

1 we first arrive at TS1.
Here the reaction coordinate is symmetric (^HCO1 1
^HCO2 2 2^OCO). After passing TS1 there is a
region where the force constant for this normal
coordinate becomes positive, whereas the force con-
stant for the symmetry lowering coordinate^HCO1 2
^HCO2 becomes negative. Consequently the reaction
coordinate changes character and the reaction from
here on proceeds to form either HO–CAO1 or
OAC–OH1. The activation energy is determined by
TS1. Its value is not much different from the case
Nact 5 2, but the corresponding TS geometries are
widely different.

A problem with the CASSCF calculations is that
various choices for the symmetries of the active MOs
are possible, and it is not clear whether there is a
unique choice which would describe the entire reac-
tion in a balanced manner. Nevertheless, the calcula-

tions indicate that both the1A9 and the3A9 states of
H–CO2

1 correspond to local minima with (near)C2v

symmetry.
Another problem arising with the CASSCF calcu-

lations is that the geometry corresponding to the
interstate crossing appears to be very sensitive to the
choice of active MOs. For a small number of active
MOs it is not clear whether CASSCF calculations
using the same number of active MOs for the singlet
and the triplet states yield equally accurate energies.
For a large active space the energies should be more
reliable, but here the interpretation is complicated by
the multitude of solutions to the CASSCF orbital
optimization, since even if the MO symmetries are
fixed the CASSCF MOs are not at all unique.

Table 2
CASSCF electronic (Eelec) and relative (Erel) energies (hartree)
and geometries (Å/deg) involved in the HO–CAO1 3 H–CO2

1

isomerization

Eelec Erel

2 act MOs
HO–CAO1 2187.919 50 0.0
TS0a

TS1 2187.756 38 99.9
H–CO2

1 (1A9) 2187.791 17 78.0
H–CO2

1 (3A9) 2187.793 94 76.3
10 act MOs

HO–CAO1 2188.074 85 0.0
TS0 2187.911 83 102.3
TS1 2187.907 85 104.8
H–CO2

1 (1A9) 2187.931 39 90.0
H–CO2

1 (3A9) 2187.922 80 95.4

CH/OH CO1 CO2 ^HCO1/^COH ^HCO2/^OCO

2 act MOs
HO–CAO1 0.968 1.218 1.112 119.1 175.0
TS0a

TS1 1.201 1.210 1.169 81.7 112.6
H–CO2

1 (1A9) 1.085 1.261 1.261 123.8 123.8
H–CO2

1 (3A9) 1.091 1.256 1.256 118.7 118.7
10 act MOs

HO–CAO1 0.969 1.247 1.138 116.6 174.4
TS0 1.248 1.196 1.196 84.0 84.0
TS1 1.142 1.234 1.234 101.3 101.3
H–CO2

1 (1A9) 1.080 1.279 1.280 136.7 136.8
H–CO2

1 (3A9) 1.087 1.286 1.286 118.7 118.6

aTS0 does not exist for 2 active MOs.
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3.3. Coupled cluster method

A viable alternative is to choose a single-reference
method with inclusion of an advanced level of elec-
tronic correlation, such as the coupled cluster method.
We have used the CCD(FC)/6-311G(d,p) [31,32]
method for optimizing the geometries. However, here
another problem arises, since the UHF method is used
for generating the MOs. As is well known, this
method may give rise to a large spin contamination,
particularly for even electron systems with open shell
character (see also abovementioned). Here, too, mul-
tiple solutions may exist [33], and for H–CO2

1 we find
at least two UHF solutions, one with closed shell
character and one with open shell (^S2& ' 1.0)
character.

Even though the open shell UHF solution corre-
sponds to a much lower energy than the restricted
Hartree–Fock (RHF) solution, it is not immediately
clear which solution should be taken. The unrestricted
coupled cluster doubles (UCCD) wave function will
still be spin contaminated, leading to an artificial

energy lowering, whereas the restricted coupled clus-
ter doubles (RCCD) wave function has the correct
spin symmetry, but a comparatively ineffective refer-
ence function. Since no information is available about
the effect of the UCCD spin contamination on the
corresponding energy, it was impossible to decide
from our results which approach is the more reliable
one. Note that the CC wave functions are nonvaria-
tional, so that the corresponding energies have no
upper bound property. Note also that a singlet diradi-
cal may be represented by either the open shell CSF
C1 5 uab# u 2 ua# bu or by the linear combination of
closed shell determinantsC2 5 ucc# u 2 udd# u wherea
and b are localized (oxygen lone pair) orbitals,
whereasc and d are delocalized (a1 and b2) linear
combinations ofa andb.

Therefore both choices were examined and al-
though they do not yield identical results, the final
conclusions are not affected by this choice.

Several computational schemes were tried and
judged by their capability to reproduce experimentally
known relative energies. It appears that it is not

Fig. 1. Schematic contour map of the potential energy surface for the HOCO1 3 HCO2
1 3 OCOH1 isomerizations as calculated with the

CASSCF method. (a) 2 active MOs; (b) 10 active MOs.
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possible to find reliable results if we restrict ourselves
to either perturbation theory or to a small atomic
orbital (AO) basis set. The Møller–Plesset perturba-
tion theory (MPPT) may well diverge for the singlet
state because of the large spin contamination [34].
However, an additivity scheme combining
CCSD(T)(FC)/6-311G(d,p) results with MP2(FC)/6-
311 1 G(3df,2p) [35] results yields satisfactory re-
sults for the heats of formation of various dissociation
products.

The final energies are thus calculated with

Eel[final] 5 E~6-311G~d,p!!@CCSD(T)#

1 E~6-3111 G~3df,2p!!@MP2#

2 E~6-311G~d,p!!@MP2# (5a)

E@final#

5 Eel[final] 1 0.95*ZPE(6-311G~d,p!)@CCD#

(5b)

For all stationary points the number of imaginary
frequencies was checked and zero-point energy (ZPE)
contributions were calculated using CCD/6-
311G(d,p) calculations. In order to enable a fair
comparison between experimental data and calculated
results “experimental” relative electronic energies
were derived by subtracting calculated ZPE contribu-
tions from 0 K heats of formation. This was done
because ZPE contributions for the crossings were not
available, since these do not correspond to stationary
points on the PESs. The calculated ZPEs were scaled
by a factor of 0.95 [36].

4. Results and discussion

4.1. Single reference results

The results of the HF based calculations are given
in Tables 3 and 4. The corresponding relative energies
are depicted in Figs. 2 and 3. Except for HO–CAO1,
which has clearly closed shell character, all calcula-
tions for the1A9 state were carried out in two ways,
i.e. by choosing either an open shell or a closed shell

startup for the HF calculation by which the MOs, to
be used later on, are determined. The differences
found are indicated in Figs. 2 and 3 by the shaded
areas.

From these results it is clear that the MP2(FC)/6-
311G(d,p) method does not yield very useful results.
Comparing the MP2 results to the experimental data,
we see that the reverse activation energy (RAE) is
much too large. Since the geometries calculated with
the MP2 method were deemed to be unreliable
charged CO, we used CCD(FC)/6-311G(d,p) for
optimizing the geometries. Using the additivity
scheme explained in the previous subsection the
results labeled by “extrap” were obtained. In order to
facilitate the comparison with experimental dataDHf

(298 K) values were corrected to 0 K. “Experimental
electronic energy”Eel,rel (“exp”) values were then
obtained by using calculated ZPE values. The results
are given in Table 5. Here we have also applied the
higher level correlation correction as used in the G1
method [37] to the calculated energiesEel,rel (calc).
This correction shifts the relative H–CAO1 1 O,
C–OH1 1 O, and CO1 OH1 levels up by 5.7
mH 5 3.6 kcal/mol, thereby decreasing the differ-
ences between the experimental and calculated results
significantly. The final deviations with respect to all
known experimental heats of formation are reason-
ably small. Also we find a small RAE of approxi-
mately 5 kcal/mol which is compatible with the
experimental kinetic energy release of 2 kcal/mol for
the dissociation.

Some intermediate results are shown in Fig. 3.
There is a large difference between the level schemes
representing the MP2/6-311G(d,p) and the CCSD(T)
results for the same AO basis, indicating the impor-
tance of an advanced description of the electronic
correlation effects. The MP4 results show that it is
difficult to describe these effects properly with per-
turbation theory. However, although the CCSD(T)/6-
311G(d,p) results are clearly an improvement, the
agreement with experiment is still rather poor. Includ-
ing the effects of basis set enhancement on the MP2
level again improves the results substantially, and the
final results are in satisfactory agreement with the
available experimental data.
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Table 3
Electronic (hartree) and relative energies (kcal/mol) for various theoretical methods; for experimental data see the text; the relative
energiesErel are calculated using Eq. (5a); the ZPE values are unscaled

HOCO1(1A9) HOCO1 (3A) HCO2
1 (1A9)b HCO2

1 (1A9)c HCO2
1 (3A9)

HF 2187.901 76 2187.783 49 2187.805 48 2187.700 29 2187.809 20
^S2& 0.0 2.01 1.03 0.0 2.02
MP2/small 2188.415 53 2188.226 38 2188.226 60 2188.246 51 2188.231 22
MP4 2188.442 95 2188.263 78 2188.270 70 2188.285 07 2188.275 36
CCD 2188.406 50 2188.238 07 2188.248 16 2188.231 78 2188.252 20
CCSD(T) 2188.434 75 2188.265 01 2188.274 54 2188.274 14 2188.279 43
DMP2a 20.105 87 20.102 19 20.100 28 20.108 08 20.100 23
Erel 0.0 108.8 104.0 99.4 101.0
ZPE 13.9 12.4 12.2 13.0 12.2

HCO2
1(3A0) HCO1/O (3P) COH1/O (3P) CO/OH1 (3S1) CO2/H

1

HF 2187.776 82 2187.802 90 2187.751 74 2187.764 95 2187.685 34
^S2& 2.13 2.0 2.0 2.01 0.0
MP2/small 2188.193 71 2188.234 17 2188.159 26 2188.188 97 2188.198 55
MP4 2188.240 09 2188.271 47 2188.203 17 2188.230 32 2188.223 74
CCD 2188.217 94 2188.245 74 2188.183 34 2188.206 29 2188.184 20
CCSD(T) 2188.252 04 2188.266 18 2188.201 93 2188.226 72 2188.213 78
DMP2a 20.099 28 20.092 12 20.093 70 20.089 57 20.113 07
Erel 118.8 114.4 153.7 140.8 134.1
ZPE 12.0 10.5 8.6 7.8 7.5

TS0 (1A9)d TS1 (1A9)d TS1 (1A9)b TS2 (3A0) TS2 (3A9)

HF 2187.715 71 2187.750 77 2187.696 96 2187.764 95 2187.753 78
^S2& 0.0 0.88 0.0 2.26 2.16
MP2/small 2188.274 51 2188.210 73 2188.266 96 2188.181 92 2188.185 06
MP4 2188.304 24 2188.256 53 2188.306 09 2188.232 12 2188.231 04
CCD 2188.246 52 2188.222 30 2188.238 48 2188.205 51 2188.203 96
CCSD(T) 2188.287 31 2188.278 85 2188.287 20 2188.255 64 2188.237 52
DMP2a 20.109 27 20.103 67 20.106 89 20.097 73 20.098 20
Erel 90.4 99.2 92.0 117.5 128.6
ZPE 9.9 8.7 10.5 10.7

IC (1A9)b IC (1A9)b IC (1A9)c IC (3A0)c C (3A9)e C (3A0)e

HF 2187.777 25 2187.763 90 2187.653 57 2187.753 22 2187.766 99 2187.766 66
^S2& 0.98 2.15 0.0 2.27 2.08 2.22
MP2/small 2188.202 69 2188.190 19 2188.183 93 2188.181 11 2188.193 51 2188.184 94
MP4 2188.248 70 2188.238 50 2188.245 49 2188.232 25 2188.241 47 2188.233 03
CCD 2188.223 71 2188.212 18 2188.177 72 2188.201 75 2188.215 08 2188.207 44
CCSD(T) 2188.256 20 2188.257 80 2188.246 22 2188.252 17 2188.248 19 2188.248 24
DMP2a 20.101 46 20.099 59 20.103 53 20.098 23 20.099 82 20.096 65
Erel 114.8 115.0 119.8 119.4 120.9 122.8

aSmall: 6-311G(d,p) AO basis set, large: 6-3111G(3df,2p) AO basis set.
bGeometry calculated with open shell UHF startup.
cGeometry calculated with closed shell RHF startup.
dIn both calculations the geometry from the open shell UHF startup was used. Attempts to locate this TS using RHF were unsuccessful.
eCrossing between the3A9 and3A0 states.
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We have also compared various levels of coupled
cluster calculations (Fig. 3). This shows the impor-
tance of the single and triple excitations. The most
conspicuous feature of the CCD level scheme is that
this method is clearly incapable of representing the
interstate crossing reasonably well. Comparison of
the CCD, CCSD, and CCSD(T) results shows that
the single excitations reduce the inaccuracies, but
the triple excitations turn out to be especially
important.

4.2. Effect of open shell character for the1A9 state

The two choices, i.e. open shell or closed shell
startup for the HF calculations, sometimes give rise to
widely different results for either MP2, MP4, or CCD
calculations [38]. Fig. 3 shows that the differences
between the results for the open and closed shell
startups tend to disappear only if the triple excitations
are included in the CC method. In the extrapolated

results the differences are again somewhat larger
because of the sensitivity of the MP2 energies to these
effects (see Fig. 2). Since no analytical gradients were
available for the CCSD(T) method all geometry
optimizations were performed using CCD, with the
6-311G(d,p) basis set.

For the transition state TS0 we find a closed shell
solution only. This agrees with the CASSCF active
MO occupations for this TS, which do not differ much
from the closed shell reference determinant values
(either 2 or 0). For TS1 we find an open shell-type
solution with a geometry similar to the TS1 geometry
for the CASSCF (Nact 5 2) calculation. The CCD
calculations thus suggest that there is a transition state
separating HO–CAO1 (1A9) and H–CO2

1 (1A1) with
^HCO1 ' 84° and ^HCO2 ' 112° (see Table 4).
However, a CCD calculation with closed shell startup
for this geometry yields a significantly lower energy.
Moreover, if we apply the basis set extension correc-
tion as explained in Sec. 4.1, we find that the final

Table 4
CCD/6-311G(d,p) optimized geometries for the stationary points; for the crossings (IC and C) extrapolated energies [Eq. (5a), see the
text] were used

HOCO1 (1A9) HOCO1 (3A)a HCO2
1 (1A9)b HCO2

1 (1A9)b HCO2
1 (3A9)

CH/OH 0.980 0.981 1.107 1.092 1.113
CO1 1.228 1.234 1.261 1.255 1.256
CO2 1.118 1.297 1.261 1.255 1.256
^HCO1/^COH 117.0 117.3 118.0 138.9 117.5
^HCO2/^OCO 174.7 119.6 118.0 138.9 117.0

HCO2
1 (3A0) TS0 (1A9)b TS1 (1A9)b TS2 (3A9) TS2 (3A0)

CH/OH 1.100 1.275 1.237 1.105 1.094
CO1 1.324 1.176 1.221 1.128 1.187
CO2 1.237 1.176 1.176 1.627 1.399
^HCO1/^COH 126.0 82.3 84.1 146.4 136.2
^HCO2/^OCO 120.1 82.3 112.3 114.0 119.2

ICb ICc C (3A9/3A0)d

CH/OH 1.09 1.09 1.082
CO1 1.21 1.20 1.174
CO2 1.37 1.50 1.497
^HCO1/^COH 138 140 138
^HCO2/^OCO 122 126 111

a^HCOH 5 165.9, this state is not planar.
bOpen shell (U)HF startup.
cClosed shell (R)HF startup.
dCrossing.
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Fig. 2. Comparison of relative electronic energies in kcal/mol for various theoretical methods and experiment. The ZPE contributions are
subtracted from the experimental data in order to enable the comparison to electronic energies.
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energy for this geometry is substantially lower than
the H–CO2

1 (1A1) final energy. Therefore we con-
clude that this transition state is an artefact.

Using symmetry-broken localized orbitals in the
open shell startup, we also find a stationary point with
a geometry close to the CASSCF (Nact 5 10) result

Fig. 3. Effects of single and triple excitations on the relative energies.
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with C2v symmetry. However, this geometry appears
to correspond to a second order saddle point (two
imaginary frequencies, corresponding to both normal
modes involving the valence angles, viz.^HCO1 1
^HCO2 2 2 ^OCO and^HCO1 2 ^HCO2).

The closed shell startup does not work here be-
cause two doubly occupied MOs of different symme-
try (a1 and b2) cross in the neighbourhood of this
geometry, resulting in a crossing between the re-
stricted Hartree–Fock (RHF) potential energy sur-
faces corresponding toC1 ; (core) (5a1)2(1a2)2

(1b1)2(4b2)2 and C2 ; (core) (5a1)2(6a1)2(1a2)2

(1b1)2 with (core)5 (1a1)2(2a1)2(3a1)2(4a1)2

(1b2)2(2b2)2(3b2)2. This crossing persists in the
CCD results, even if the symmetry is lowered toCs,
where thea1 andb2 MOs both havea9 symmetry. In
order to test the performance of the CCSD(T) method
for points within the intersection of the PESs corre-
sponding to these occupations, CCSD(T) calculations
were performed for a representative point: CH5
1.189, CO1 5 1.196, CO2 5 1.234, ^HCO1 5
113.9° ^HCO2 5 122.7°. The results are as follows.
HF: 2187.59294,2187.59206, CCSD:2188.19312,
2188.188 88, CCSD(T):2188.618 41,2188.252 71
for C1 andC2, respectively. ForC1 the contribution
from the triples appears to be unreasonably large.
Therefore accurate results for a rigorously spin
adapted coupled cluster type function can only be
expected with a multiconfiguration reference func-
tion, e.g. with a MR-CCSD calculation, for which,
however, no generally applicable implementation was
available. In practice, the CASSCF results are thus
probably the more significant ones. However, dynam-
ical correlation, here defined as the extra correlation

obtained by a CAS-SDCI calculation on top of the
CASSCF correlation, may also affect the results. In
order to test the importance of this type of correlation
CAS-SDCI calculations were performed with four ac-
tive MOs. The results are as follows. CASSCF:
E1(TS1) 5 2187.792 62,E2(CHO2

1) 5 2187.818 04,
CAS-SDCI: E1 5 2188.009 21, E2 5 2188.013 63,
CI 1 Pople: E1 5 2188.027 33,E2 5 2188.027 30.
Here “CI 1 Pople” indicates the energy obtained by
including the size-consistency correction due to
Pople, generalized to multiconfiguration reference
functions (C0 is defined as the projection ofCCI to the
reference space) [40]. From these results it follows
that the dynamical correlation substantially lowers the
activation energy for the isomerization H–CO2

1(1A9)
3 HO–CAO1 (1A9).

We conclude that it is unlikely that H–CO2
1 exists

as a singlet, although it is difficult to draw a definite
conclusion about its stability. Thus the stable H–CO2

1

ions formed in the charge reversal experiments [14]
most likely have the triplet structure whereas the
observed rearrangement to HO–CAO1 takes place
from the singlet HCO2

1 ion.

4.3. Symmetry of H–CO2
1

For H–CO2
1 we find (local) minima for three

states:1A9, 3A9, and3A0. In the UHF based models
the final energies for the1A9 state as calculated with
open and closed shell startups bracket the3A9 energy.
However, as explained previously, the singlet state
may be unstable. The3A9 state, on the other hand, will
be stable, since both HO–CAO1 (3A, not planar) and
H–CAO1 1 O (3P) have much higher energies. In

Table 5
Experimental data [17] used to calculate “experimental electronic energies”Eel,rel (“exp”); HLC is the higher level correlation correction
according to the G1 model andEel,rel (calc) is obtained from the calculatedErel (extrap) (Table 3) by including the HLC; all energies are
in kcal/mol

Species DHf (298 K) DHf,rel (0 K) ZPE (scaled) Erel (“exp”) HLC Erel (calc)

HO–CAO1 142.0 0.0 13.2 0.0 0.0 0.0
HCO1 1 O 256.9 114.5 10.0 117.7 3.6 118.0
HOC1 1 O 297.2 154.0 8.2 159.0 3.6 157.3
CO2 1 H1 271.7 129.2 7.1 135.3 0.0 134.1
CO1 OH1 282.7 139.8 7.4 145.6 3.6 144.4

302 P. J. A. Ruttink et al./International Journal of Mass Spectrometry 185/186/187 (1999) 291–305



the leading determinant of the3A9 wave function the
a0 lone pair orbitals on the O atoms are doubly
occupied.

The determinant with bothp lone pair orbitals
singly occupied has a much higher energy. In the3A0
state one lone pair AO is doubly occupied, whereas
the other one is singly occupied. In agreement with
the previous discussion, it lies above the3A9 state for
all geometries between HO–CAO1 and H–CO2

1.
Therefore in the charge reversal experiments [14] the
observed stable triplet H–CO2

1 ions are probably in
the 3A9 state.

4.4. Symmetry of TS2

For the dissociation step (reaction 3) both3A9 and
3A0 states are feasible. The transition states for both
were determined and although the CCD energies are
nearly the same, the geometries and the basis set
enhancement effects are quite different, leading to a
substantially lower energy for the3A0 state and a
substantially larger CO distance (reaction coordinate)
for the 3A9 state. This result indicates that the TS
energy is determined mainly by the long range elec-
trostatic effect described in Sec. 4.3.

4.5. The interstate crossing

The triple excitations are also crucial for determin-
ing the location of the interstate crossing. Since no
analytical gradients were available for the CCSD(T)
method, the location of the crossing had to be deter-
mined by trial and error. Since even for the CCSD(T)
method the results for either closed or open shell
startups are slightly different in the neighbourhood of
the crossing geometry, both choices were considered.
One of these nearly coincides with TS2, the other has
a somewhat larger CO distance. The energies for the
3A0 state for these geometries differ by 4 kcal/mol. In
both cases the3A9 state lies above the3A0 state.

Averaging these results we find a geometry near
the TS2 geometry. Here the extrapolated energies of
the 1A9 and the3A0 states are almost equal to each
other and to the energy obtained for the3A0 transition
state TS2 connecting HCO2

1 and the dissociation

products H–CAO1 1 O (3P). The energy require-
ment for the whole reaction is thus determined by
both this transition state and the interstate crossing.
Whether the transition state is more important than the
crossing in determining the reaction rate cannot be
decided from our calculations since it is difficult to
find a geometry for which the1A9 and the3A0 states
are (nearly) degenerate and also significantly lower in
energy than TS2. Such a search is complicated by the
difference in results for the1A9 state corresponding to
either closed or open shell startups.

4.6. Crossing between the3A9 and 3A0 states

In order to assess the importance of the3A0 state
we also calculated the minimum energy crossing point
(MECP) for the3A9/3A0 crossing [40]. Since these
states may be expected to have correlation energies of
comparable magnitude, this was done at the RHF/
DZP level.

The final results indicate that this crossing is
energetically accessible. However, if we take the
longer CO distance as the reaction coordinate for the
dissociation, we see that we first encounter the3A0
transition state TS2 which (almost) coincides with the
1A9/3A0 crossing. After this we arrive at the3A9/3A0
crossing. However, for this CO distance the3A0 state
formed near the TS2 (3A0) geometry will in fact have
a lower energy. Thus the3A9 state is too high in
energy for playing an important role in the dissocia-
tion step.

5. Conclusions

In this article we have modeled the metastable
reaction HO–CAO1 (1A9) 3 H–CAO1 (1S1) 1 O
(3P) using high level ab initio MO calculations. In
agreement with experiment we find that loss of O (3P)
is the least energy demanding reaction and that it
should be the sole reaction, as observed. The reaction
commences with a 1,2-hydrogen shift to produce
H–CO2

1 in the singlet state which undergoes an
interstate crossing to produce a transient triplet (3A0)
state, which then dissociates. The reverse reaction
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energy (2.5 kcal/mol) originates from the interstate
crossing and/or from the barrier to dissociation for the
3A0 state. The calculations show that only one con-
figuration of H–CO2

1 is stable, namely the3A9 state.
The singlet (1A9) state is probably unstable towards
isomerization into singlet HOCO1, whereas the triplet
(3A0) state dissociates to H–CAO1 1 O (3P). Pre-
viously reported charge reversal experiments can be
rationalized on the basis of these findings: the exper-
iments may well produce a mixture of H–CO2

1 in the
different states. The1A9 state isomerizes to HO–
CAO1 (1A9), the 3A0 state dissociates to
H–CAO1 1 O (3P), whereas the3A9 state remains
unchanged.
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