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Abstract

Nine isomers of the acrolein ion (C3H4O•+) and the relevant transition states connecting them were calculated at HF/6-31G∗
and B3LYP/6-31G∗ levels. The nine dissociation channels, C2H4

•+ (+CO), C3H3O+ (+H•), HCO+ (+C2H3
•), H2CO•+

(+C2H2), C2H3
+ (+HCO•), HCOH•+ (+C2H2), C2H2

•+ (+H2CO), CO•+ (+C2H4), and C2H2
•+ (+HCOH), were studied

and the transition states to all product channels were found. The lowest energy dissociation path to CO loss involves a distonic
ion, •CH2CH2CO+, and the methylketene ion, CH3CHCO•+ the latter being the most stable C3H4O•+ isomer. The heats of
formation of the C3H4O•+ isomers are obtained based on the known heats of formation of C2H4

•+ and CO and the calculated
relative energies. (Int J Mass Spectrom 218 (2002) 19–35) © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The acrolein molecule, CH2CHCHO (1), is one of
the simplest multi-functional molecules (alkene and
aldehyde). In addition, the molecule is a prototypical
conjugated double bond system with interesting spec-
troscopic properties[1,2]; thus, it has received consid-
erable attention, both experimentally[3–5] and theo-
retically [6,7]. However, no direct measurement of its
heat of formation has been reported, and its estimates
have differed significantly from theoretical results[8].
Similarly, the experimental heat of formation of the
methylketene ion, an isomer of acrolein, has only re-
cently been measured[9]. Thus, most of the energetic
information about the C3H4O and C3H4O•+ species
has come from theoretical calculations.
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Kikichi and coworkers[10] calculated the struc-
tures and energies of thecis–trans conformers of the
acrolein molecule and ion and found that for both, the
trans-conformer is more stable than thecis-conformer.
In a 1987 theoretical study, Bouchoux[11] reported
on 13 C3H4O•+ isomers including the acrolein ion at
the UHF/6-31G(d,p)//3-21G level. This study revealed
two structures with energies below that of the acrolein
ion. They are a distonic ion,•CH2CH2CO+ (2+) cal-
culated to be 34 kJ/mol more stable than the acrolein
ion (1+), and the methylketene ion, CH3CHCO•+

(3+), which is some 64 kJ/mol more stable than
1+. Traeger et al.[12] reported Hartree–Fock (HF)
calculations with structures optimized using the
6-31G basis set, which showed that the3+ energy is
35.7 kJ/mol lower than that of2+, a result that agrees
quite well with the 30 kJ/mol of Bouchoux[11]. How-
ever, in the higher theory level calculations (MP4) by
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Turecek et al.[13,14], 2+ is 85.6 kJ/mol lower than1+.
So far, the highest level calculations were performed
by McKee and Radom[8], who obtained the relative
energies and heats of formation of the acrolein isomers
including the neutral and ionic species using the G2
technique. In contrast to the results of Bouchoux[11],
but in closer agreement with the MP4 results[13,14],
they found that2+ is more stable than1+ by 73 kJ/mol,
and that3+ is more stable than1+ by 119 kJ/mol.

Although the heats of formation of the neutral
species have not been directly determined, several
groups have measured the photoelectron spectrum
of acrolein and determined an adiabatic ionization
energy (IE) of 10.11 eV[15–19]. The heat of forma-
tion of the methylketene ion was recently reported
by Traeger [9]. The photoionization onset of the
ketene structure (CH3CHCO•+) was measured for
several precursor ions, including cyclopentanone,
3-pentanone, and 2-methyl-3-pentanone. These onsets
resulted in a 298 K methylketene ion heat of formation
of 783.5 kJ/mol. Because methylketene is a highly
unstable molecule, only one experimental IE value
has been reported[20]. Although a stable molecule,
acrolein has not been studied by photoionization mass
spectrometry so that the only information about the
dissociation paths comes from electron ionization.
The early electron ionization studies[21–23]reported
only the production of two ions,m/z 29 (HCO+) and
m/z 27 (C2H3

+), which correspond to the direct dis-
sociation of the acrolein ion by cleavage of the C–C
single bond. However, Turecek et al.[13,14]studying
the formation, isomerization and dissociation of sev-
eral C3H4O•+ isomers by neutralization–reionization
mass spectrometry (NRMS), found a much richer as-
sortment of product ions. The acrolein, distonic, and
methylketene ions all dissociated to C3H3O+ + H•,
C2H4

•+ +CO, C2H+
3 +HCO•, and C2H2

•+ +H2CO.
Traeger et al.[12] studied the dissociation of1+, 2+,

and3+ by collisionally activated dissociation (CAD)
spectrometry and found that all three isomers reacted
via metastable decomposition by H• or CO loss. On
the basis of the translational energies released, they
suggested that the distonic ion,2+, did not isomerize
to the other ions prior to decomposition. The mecha-

nism for the acrolein and methylketene ion decompo-
sition, however, remained ambiguous in that the ex-
tent to which all three isomers rearrange during the
dissociation is not clear.

The dissociation of the acrolein ion to C2H4
•+,

CO•+ or C2H2
•+ clearly requires rearrangements

prior to dissociation. However, no detailed experimen-
tal or theoretical investigation on the mechanisms and
relevant energy barrier heights of these rearrangement
reactions has been reported. The only result is that of
McKee and Radom[8] who obtained the transition
state that connects3+ and2+. In this study, we report
on nine C3H4O•+ isomers and the transition states
connecting them. These have been calculated in order
to determine nine low-energy dissociation channels of
the acrolein ion. In addition to these calculations, we
have carried out photoelectron photoion coincidence
(TPEPICO) spectroscopy experiments to investigate
the dissociation dynamics of the acrolein ion. The ex-
perimental results, analyzed with the aid of the present
calculations, are described in the accompanying paper.

2. Quantum chemical calculations

The calculations were performed on an Origin 2000
computer at UNC-Chapel Hill using the Gaussian-
98 package[24]. All neutral and ionic species
were fully optimized at the HF and DFT (B3LYP)
levels using the 6-31G∗ basis set. The stationary
points and first-order saddle points were confirmed
through the calculation of harmonic vibrational fre-
quencies, which were also used to obtain the zero
point vibrational energies (ZPE). To obtain more
reliable energy results, the single point calculations
were performed at the B3LYP/6-311+G∗∗ level
using the B3LYP/6-31G∗ equilibrium geometries.
The transition states were obtained using the syn-
chronous transit-guided quasi-Newton (STQN) meth-
ods [25,26]. In the B3LYP calculations for all open
shell species, the spin-squared expectation values
(〈S2〉) are close to 0.75, an ideal value for pure spin
eigenstates so that the spin contaminations can be
ignored. For all transition states, intrinsic reaction
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coordinate (IRC) calculations were performed to de-
termine the isomers or dissociation channels to which
the transition states evolved.

3. Results and discussion

3.1. Structures of the C3H4O•+ isomers and
transition states

The equilibrium structures for neutral acrolein,
nine of the C3H4O•+ isomers and the transition states

Fig. 1. Equilibrium structures and main parameters obtained at the B3LYP/6-31G∗ level (TS13(a) and TS47 were obtained at the HF/6-31G∗
level).

along with some of the important bond distances and
bond angles obtained at the B3LYP/6-31G∗ level are
shown inFig. 1. The bond lengths in this figure are
in Ångstroms and the bond angles are in degrees. All
of the isomers are obtained with only hydrogen atom
transfer steps, leaving the C–C–C–O backbone intact.
The energies in atomic units,〈S2〉, zero point energies
and relative energies for three levels of theory are
listed inTable 1.

A comparison of the relative energies shows that
the SP with the higher level basis set agrees very well
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Fig. 1. (Continued ).

with the B3LYP/6-31G∗ method. On the other hand,
the HF/6-31G∗ calculation generated relative energies
that differed considerably. The relative energies of
the isomers, transition states and dissociation products
obtained at the B3LYP/6-311+G∗∗//B3LYP/6-31G∗

level are shown inFig. 2.
The C=C–C=O backbone of the acrolein molecule

can rotate about the single bond generating the
cis- and trans-isomers in both the neutral and ionic
forms. In neutral acrolein, the energy difference
and barrier height between the lower energytrans-
and the cis-isomers have been determined to be
about 7 and 32 kJ/mol, respectively, by experimental

(IR [28], Raman [29], UV spectroscopy[30,31],
and microwave spectroscopy[32]) and theoretical
methods (ab initio[33,34] and DFT calculations
[35]), which are in good agreement with each other.
There are no experimental data for rotation of the
acrolein ion. However, unrestricted HF calculations
[10] predicted that thetrans-ion is more stable than
the cis-structure by 8.4 kJ/mol. Our DFT calcula-
tions yield essentially the same energy difference,
9.1 kJ/mol. The transition state connecting thecis-
and trans-acrolein ion structures, TStc, shows that
the dihedral angle, C(1)–C(2)–C(3)–O, varies from
0◦ in the cis-configuration to−110.8◦ in TStc, to
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Fig. 1. (Continued ).

180◦ in the trans-form. The transition state energy
of 26 kJ/mol relative to thetrans-isomer is also very
similar to its value in neutral acrolein. Since the
trans-isomer is more stable than thecis- for both neu-
tral and ionic acrolein, all relative energies are based
on thetrans-isomer.

As shown inFig. 1, the distonic ion,•CH2CH2CO+

(2+) can be generated from acrolein by a hydrogen
atom transfer from C(3) to C(2) via TS12. The lowest
energy structure of methylketene (3+) can be obtained

from acrolein by the transfer of a hydrogen atom from
C(3) to C(1). However, as will be apparent, this is
more efficiently achieved via two lower energy hydro-
gen atom transfer steps. The other two relatively low
energy isomers are4+ and 5+, which correspond to
structures in which one of the hydrogen atoms on C(1)

of thecis- andtrans-acrolein are shifted to the oxygen
atom, respectively. The conversion between4+ and
5+ corresponds to an intermolecular rotation around
the C(2)–C(3) axis. Although this involves rotation
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Fig. 1. (Continued ).

around the same bond as in thecis–trans conversion
in acrolein, the barrier for TS45 is calculated to be
considerably higher (60 kJ/mol rather than 26 kJ/mol),
a change that is not reflected in the C(2)–C(3) bond
lengths, which remain about the same for1+ and4+.
The 6+ ion is an ion–dipole complex of C2H3

+ and
HCO• or C2H3

• and HCO+. As shown inFig. 2(b),
its energy of 159.1 kJ/mol lies about 1 eV below its
dissociation products. The Mulliken population anal-
ysis shows that the total atomic charges on C2H3 and
HCO are very similar, 0.53 and 0.47, respectively,

which suggests that this ion dissociates to both of the
products.

Isomer7+ is a four-membered ring whose energy
lies just 30.2 kJ/mol above the acrolein ion. Isomer
8+ is another ion–dipole complex, this time between
C2H2 and H2CO•+. The distance between H(6) and
the two carbon atoms in the acetylene molecule is
2.06 Å, far larger than a normal C–H bond of 1 Å,
while the H(6)–C(3) bond in the formaldehyde ion is
1.17 Å. Its energy lies some 102 kJ/mol below its dis-
sociation products. Isomer9+ (the hydroxyallene ion)
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Fig. 1. (Continued ).

corresponds to the structure in which the hydrogen
atom on the C(2) carbon atom of the acrolein ion shifts
to the oxygen atom. This ion is 12.8 kJ/mol more sta-
ble than the acrolein ion.

There are a number of other possible C3H4O•+ iso-
mers that have been reported in the literature, which
were not considered in this study. One suggested by
Bouchoux [11] is an ion–dipole complex between
CH2CH2

•+ and CO, in which the oxygen atom points

toward the ethylene ion. Although this isomer is sta-
ble, having an energy just 7.6 kJ/mol higher than2+

[11], its backbone structure of C–C–O–C rather than
C–C–C–O means that it can probably be produced
only via a high-energy barrier. Another isomer is
CH2CHCOH•+ (H on O rather than on C(3)) [11].
Although its energy is almost equal to that of the
acrolein ion, it does not dissociate directly to any of
the probable products. The cyclopropanone ion that
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Fig. 1. (Continued ).

was considered by several workers[8,11,14], is prob-
ably according to MP2 level calculations, a transition
state connecting two degenerate rearrangements of
the distonic ion (2+) [8]. An isomer found by McKee
and Radom[8] is •CH2CH2CO+ in the form of a
four-membered ring with an energy at the G2 level of
155.7 kJ/mol above2+.

The relative energies of the transition states connect-
ing the various isomers are listed inTable 1and shown
graphically inFig. 2. Some of them deserve special
mention, among them TS14. It is apparent that the
transfer of H(6) from acrolein (1+) to the4+/5+ struc-
tures can only occur from thecis- form of1+. The tran-
sition state obtained is TS14, which is a five-membered
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Fig. 1. (Continued ).

ring structure, in which H(6) is almost equidistant be-
tween C(1) and the oxygen atom. When H(6) is fully
transferred, it generates thecis-isomer4+. Thus, to go
from thetrans- form of 1+ to 5+ requires first an iso-
merization to thecis- form of acrolein, the formation
of 4+ (cis-), followed by another isomerization to5+

(trans-).
We were not successful in finding the transition

state, TS13, which connects the acrolein ion directly
with the methylketene ion at the DFT level. All at-
tempts to move H(8) from the C(3) to the terminal car-
bon atom, resulted in the hydrogen atom leaving and
forming the C3H3O+ product. The structure TS13(a)

shown inFig. 1is the result obtained at the HF/6-31G∗

level, in which H(8) and the three carbon atoms
form a distorted square. Further optimization at the
B3LYP/6-31G∗ level yielded TS13(b), in which H(8),
the three carbon atoms, and H(6) form a nearly planar
five-membered ring. Furthermore, the frequency anal-
ysis and IRC calculation show that this structure is
more akin to a transition state for the hydrogen atom
loss reaction, rather than TS13. The DFT single point
using the HF/6-31G∗ geometry gives the TS13 relative
energy of 201 kJ/mol, which is 118 kJ/mol higher than
TS12. Thus, as shown inFig. 2(a), we assume that the
methylketene ion is formed by two steps, the first one
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Fig. 2. Relative energy schematic diagram of the isomerization and dissociation reactions of the C3H4O•+ isomers (dashed line: the
B3LYP/6-311+G∗∗//HF/6-31G∗ results): (a) Dissociation channels, C2H4

•+ + CO, C3H3O+ + H•, and CO•+ + C2H4; (b) Dissociation
channels, HCO+ +C2H3

• and C2H+
3 +HCO•; (c) Dissociation channels, H2CO•+ +C2H2 and C2H2

•+ +H2CO; (d) Dissociation channels,
HCOH•+ + C2H2 and C2H2

•+ + HCOH.

producing the distonic (2+) ion followed by a second
hydrogen atom transfer step to3+. A similar situa-
tion arose in our search for TS47. Optimization at the
HF level produced a four-membered ring structure,

which seemed poised to decay to the four-membered
ring, 7+. However, further optimization with DFT
(B3LYP/6-31G∗) converted this structure into a tran-
sition state connecting1+ and7+, TS17.
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Fig. 2. (Continued ).

3.2. Dissociation channels and dissociation
energies

Fig. 2 show the nine dissociation channels along
with the transition states that connect the various iso-
meric structures to the products.

3.2.1. C2H4
•+ + CO (or CO•+ + C2H4) and

C3H3O+ + H•

The thermochemically lowest energy dissociation
channels of the acrolein ion are via CO and H• loss.
Because the transition states leading to these products
have low energies, these channels are experimentally
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observed as the lowest energy ion products[12,14,36].
The H• loss product has the structure CH2CHCO+

[37], which can be reached by a simple hydrogen
atom loss from the terminal C(3) carbon atom of the
acrolein ion. On the other hand, the CO loss chan-
nel requires a prior isomerization to the distonic ion,
•CH2CH2CO+ (2+) that is reached by a hydrogen
atom transfer from C(3) to C(2). This structure can be
produced via the transition state, TS12, whose energy
is 83 kJ/mol above the acrolein ion energy. According
to our calculations, ion2+ lies −47.7 kJ/mol below
the acrolein ion. This result is close to the value re-
ported by Bouchoux (−34 kJ/mol)[11], but 25 kJ/mol
higher than−72.8 kJ/mol calculated by McKee and
Radom[8]. The methylketene ion, CH3CHCO•+ (3+)
is also expected to play a role in this reaction. Al-
though it does not lead directly to the C2H4

•+ prod-
uct, the transition state, TS23, that converts2+ into
3+, lies below the CO loss product channel so that the
methylketene ion may be formed during the course of
the CO loss reaction. In addition, the H• loss prod-
uct can be formed directly from methylketene simply
by the loss of a hydrogen atom from the terminal car-
bon atom, C(1). The methylketene ion has the lowest
energy of all the C3H4O•+ structures. Our calcula-
tions suggest an energy of−105.8 kJ/mol relative to
the acrolein ion, which is close to the G2 value of
−120.8 kJ/mol reported by McKee and Radom[8].
The Bouchoux value using a single point 6-31G(d,p)
calculation at a geometry calculated with the 3-21G
basis set was−64 kJ/mol[11].

As shown inFig. 2(a), the H• loss product can be
produced without an energy limiting barrier, while
the CO loss product is predicted to be formed at an
energy of 35 kJ/mol (TS12) above its dissociation
limit. However, because the transition state involves
the transfer of a hydrogen atom, it is very likely that
tunneling will lower the effective barrier by several
kJ/mol.

3.2.2. HCO+ + C2H3
• and C2H3

+ + HCO•

The lowest energy structures for C2H3
• and C2H3

+

are quite different in that the ion, as determined by
coulomb explosion studies, has a hydrogen bridged

structure[38]. However, its calculated energy at the
MP2/6-31G∗ level of theory is just 13 kJ/mol below
that of the classical non-bridged ion structure[39]. Our
DFT calculation suggested a smaller energy difference
of 1.5 kJ/mol and a barrier of 2.3 kJ/mol.

The production of HCO• (or HCO+) and C2H3
+

(or C2H3
•) from the acrolein ion does not, in princi-

ple, involve any rearrangement because it could react
by a simple C(2)–C(3) bond rupture. A possible pre-
cursor for the production of these products is ion7+,
whose structure is a four-membered ring with an en-
ergy that is only 30.2 kJ/mol higher than the acrolein
ion energy. Moreover, the production of isomer7+ is
easily accomplished from the acrolein ion through the
low energy transition state, TS17.

The other two possible precursors are ions6+ and
8+. As shown inFig. 2(b) the reaction can proceed
via TS16 to generate an ion–dipole complex (6+) be-
tween HCO+ and C2H3

•, or HCO• and C2H3
+. The

charge on this isomer6+ is located almost equally
on the HCO and the C2H3 units. Oddly enough, the
TS16 shows that H(6) has migrated from the termi-
nal carbon to C(2), which indicates that this reaction
proceeds not by a simple C–C bond break, but by a
prior hydrogen atom transfer reaction. Unfortunately,
the product C2H3

+ contains no clues concerning the
validity of this mechanism since the structure is iden-
tical with or without the hydrogen atom transfer. For
ion 8+, the production of the [C2H3 + HCO]•+ prod-
ucts corresponds to a cleavage process of the C(3)–H(6)

bond.

3.2.3. H2CO•+ + C2H2 and C2H2
•+ + H2CO

The two product channels involving ions of
formaldehyde and acetylene can originate via simple
bond ruptures from isomers7+ or 8+. The latter is
an ion–neutral complex between C2H2 and H2CO•+.
Structure8+ is formed by a 1,3-H migration process
via a transition state, TS18, lying at 279.6 kJ/mol rel-
ative to the acrolein ion. This energy barrier is only
a little higher than the lower dissociation channel
energy. As discussed above, isomer7+, 130 kJ/mol
more stable than8+, can be directly produced from
cis-1+ through a low energy barrier.
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3.2.4. HCOH•+ (hydroxymethylene ion) + C2H2

and C2H2
•+ + HCOH

Although the production of C2H2
•+ + HCOH is a

very high energy process, the charge transfer prod-
uct, HCOH•+ + C2H2 reaction is close in energy
to the formaldehyde and acetylene product channels
(Fig. 2(c)). In addition, the formation of good precur-
sors for this channel involves lower energy barriers
(Fig. 2(d)). Both4+ and5+ are candidates for the im-
mediate precursor to the hydroxymethylene ion and
acetylene channels.Fig. 2(d) shows that the lowest
energy reaction pathway is1+ (cis-) → 4+ → disso-
ciation products.

3.3. The thermochemical results

Table 2lists the heats of formation of all the species
obtained in this study. The calculated energies were
converted to heats of formation by scaling them to the
best known heats of formation, which are those of the
products C2H4

•+ and CO. The conversion between
the 298 and 0 K heats of formation used the following
equation:

�f H
◦
298 K − �f H

◦
0 K

= [H ◦
298 K − H ◦

0 K] − [H ◦
298 K − H ◦

0 K] (elements)

in which the [H ◦
298 K − H ◦

0 K] values were calcu-
lated using vibrational frequencies obtained from
the DFT calculation. The enthalpy changes of the
elements in their standard states, [H ◦

298 K −H ◦
0 K] (el-

ements), were calculated using the following values:
C(s): 1.050 kJ/mol, H2(g): 8.468 kJ/mol, and O2(g):
8.680 kJ/mol[43].

In the case of C3H3O+ + H•, the heat of formation
of the CH2CHCO+ ion was obtained by subtracting
the known heat of formation of the hydrogen atom
from the total. This yields a�f H

◦
298 K[CH2CHCO+]

of 779 kJ/mol, a value that is about 27 kJ/mol higher
than the average of the older experimental values
[12,37,40]that are listed inTable 2. In the accompa-
nying TPEPICO study[36], we determined an upper
limit to the heat of formation of the CH2CHCO+

ion of 783 kJ/mol, which is higher than the previous

experimental results, but agrees with the present cal-
culated energy. This is discussed more fully in the
accompanying experimental paper.

Similarly, using the heats of formation of HCO•

(HCO+) and C2H2 (C2H2
•+); the heats of formation

of C2H3
• (C2H3

+), H2CO (H2CO•+), and HCOH
(HCOH•+) were obtained. Because in each case, the
heat of formation is scaled to the sum of the ion and
neutral products, we arbitrarily distributed the error
equally between the two species. This was done be-
cause all of the products have reasonably well estab-
lished heats of formation. As shown inTable 2, the er-
rors in the calculated values are+10 and+20 kJ/mol
for the HCO+/C2H3

• and C2H3
+/HCO• products, re-

spectively. In contrast the agreement between our cal-
culations for the [C2H2/H2CO]•+ system is within
4 kJ/mol, while the agreement with other calculated
values for the [C2H2/HCOH]•+ system is also not too
bad.

For the C3H4O•+ isomer,1+, the present theoretical
result is similar to values of Bouchoux and Hoppilliard
[48] and Lias et al.[40], and only 12 kJ/mol lower than
the G2 result[8]. The neutral acrolein molecule energy
was determined by subtracting the experimental IE of
10.11 eV from the ionic heat of formation. The value
of −72 kJ/mol compares well with other theoretical
values, namely the G2 calculation at−67.6 kJ/mol,
and an MM3 value of−66 kJ/mol[49].

The calculated heat of formation of the distonic ion,
2+, is 13.5 kJ/mol higher than the G2 result[8]. There
are no good experimental energies for this ion, and
our TPEPICO results also did not provide us with a
value. On the other hand, methylketene and its ion
(3+) have been extensively studied by experiments
[9,20,51,53]and theoretical calculations[8,50,52,54].
Because no experimental heat of formation for the
neutral is available, the heat of formation of the ion
from the measured IE[20] depends on estimated en-
ergies of the neutral leading to a heat of formation of
759 kJ/mol[40]. Traeger[12,53] determined a some-
what higher energy of 778.7 kJ/mol, based on the ap-
pearance energy of3+ from several precursors, while
Aubry et al.[51] reported a value of 765 kJ/mol. Re-
cently, Traeger[9] redetermined the heat of formation
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Table 2
Thermochemical results (in kJ/mol)a

Species �f H
◦
298 K

b �f H
◦
0 K

c H ◦
298 K − H ◦

0 K
d Other results of�f H

◦
298 K

e

C2H4
•+ 1067.24 1075.365f 10.91 –

CO −110.53± 0.17g −113.82± 0.17h 8.677 –

H• 217.998± 0.006g 216.035± 0.006h 6.197i –
C3H3O+ 779 786 13.33 751j , 749 ± 5k, 755.9l , 783 ± 10m

HCO• 63 63 9.983i 42n

HCO+ 836 836 10.19 824g, 825.8o

C2H3
• 310 313 10.61 299.0 ± 5.0g,n, 265.3 ± 4j

C2H3
+ 1119 1123 11.47 1095 ± 13g

C2H2 229 230 10.01i 226.73i

C2H2
•+ 1326 1326 10.90 1327.9j

H2CO −111 −107 10.02i −108.6i

H2CO•+ 943 947 10.19 941.8g

HCOH 114 118 10.06 113p

HCOH•+ 977 981 10.19 962j , 968q

C3H4O•+(1) 904 914 14.06 916.3r, 900s

C3H4O (1) −72 −61 13.91 −67.6r, −66t

C3H4O•+(2) 857 866 15.23 843.5r

C3H4O•+(3) 799 808 15.18 759j , 778.7l , 797r,u, 763s, 765 ± 5v,
795w, 783.5 ± 0.3x

C3H4O•+(4) 945 955 14.05 –
C3H4O•+(5) 936 946 14.09 –
C3H4O•+(6) 1065 1073 16.88 –
C3H4O•+(7) 932 944 12.09 920.1r

C3H4O•+(8) 1069 1074 19.67 –
C3H4O•+(9) 892 901 15.25 906.0r

a In theH ◦
298 K −H ◦

0 K calculations, the heat capacity of electron was treated as 0.0 kJ/mol at all temperatures (the ion convention[40]).
In order to convert to the electron convention, which treats the electron as a real particle, 6.197 kJ/mol should be added to the 298 K heat
of formation each ion.

b�H ◦
0 K → �H ◦

298 K.
c This study.
d Determined from the DFT calculated vibrational frequencies.
e The values in bold are the experimental results.
f �H ◦

0 K(Ion) = �H ◦
0 K(Neutral) + IE, and the IE value is 10.5138± 0.0006 eV[41], and�H ◦

0 K(Neutral) = 60.938 kJ/mol, which is derived
by �H ◦

298 K → �H ◦
0 K, and�f H

◦
298 K = 52.467 kJ/mol[42].

g NIST Webbook[41].
h �H ◦

298 K → �H ◦
0 K.

i Wagman et al.[43].
j Lias et al.[40].
k Holmes et al.[37].
l Traeger et al.[12].
m Li and Baer[36].
n Tsang[44]
o Traeger and Kompe[45].
p Li and Schlegel[46].
q Ma et al. [47].
r McKee and Radom[8].
s Bouchoux and Hoppilliard[48].
t Allinger et al. [49].
u Scott and Radom[50].
v Aubry et al. [51].
w Nguyen et al.[52].
x Traeger[9].
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of the ionic methylketene using threshold photoion-
ization mass spectrometry. Using the appearance en-
ergies obtained from several difference precursors, he
determined the heat of formation of the methylketene
ion to be 783.5 kJ/mol, which is close to the most
recent and high level theoretical results[50,52]. The
G2 and our DFT calculations of the methylketene
ion are in remarkably good agreement yielding 298 K
heats of formation of 797 and 799 kJ/mol, respectively.
The fact that several calculations at different levels of
theory and experimental results all agree, seems good
evidence a value of 790±10 kJ/mol is the heat of for-
mation of the methylketene ion.

Of the remaining C3H4O•+ structures listed in
Table 2, ions7+ and9+ have also been calculated by
G2 methods[8]. The DFT values differ from the G2
energies by about 13 kJ/mol, in one case lower and in
the other higher.

4. Conclusions

The present calculations at the B3LYP/6-311+G∗∗//
B3LYP/6-31G∗ level provide the following results:

1. For the acrolein ion, the energy difference be-
tween thetrans–cis isomers is 9.1 kJ/mol, and
the energy barrier height is 26.2 kJ/mol, which is
6 kJ/mol lower than the neutral.

2. The structures2+, 3+, and 9+ have lower en-
ergies than the acrolein ion, and3+ is the most
stable C3H4O•+ isomer.

3. Nine probable dissociation channels and disso-
ciation energies were calculated. The fragments,
C2H4

•+ + CO, correspond to the lowest disso-
ciation energy channel, which is preceded by a
hydrogen migration from C(3) to C(2).

4. The product ions with the mass number, 30, may
be the formaldehyde ion (H2CO•+) or the hy-
droxymethylene ion (HCOH•+). The energy dif-
ference between the two channels is only about
34 kJ/mol.

5. The heats of formation of the C3H4O•+ isomers
(1+ → 9+) are calculated to be 904, 857, 799,

945, 936, 1065, 932, 1069 and 892 kJ/mol, re-
spectively. By comparison with other available
results, the average deviation of this study is es-
timated to be 10 kJ/mol and the maximum devi-
ation is 30 kJ/mol.
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