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The [C2H5O-] potential energy surface has been investigated with a modified Gaussian-2 methodology, the
G2++ approximation. Eight stable [C2H5O-] isomers have been found on the surface: CH3CH2O- (1-),
W-CH3CHOH- (2-), Y-CH3CHOH- (3-), Y-CH2OCH3

- (4-), W-CH2OCH3
- (5-), ZE-CH2CH2OH-

(6-), EE-CH2CH2OH- (7-), and EZ-CH2CH2OH- (8-). Among these isomers,1- is the most stable thermo-
dynamically. The calculated G2++ heats of formation for the isomeric anions are in very good accord with
the available experimental data. Also studied with the same ab initio method are the various rearrangements
among the eight isomers and the fragmentation pathways of1-. Among the reactions involving1-, the
fragmentation process1- f H2 + CH2CHO- has the least barrier. This result is in total agreement with the
experimental collision activated dissociation and infrared multiple photon induced elimination studies of the
ethoxide anion.

Introduction

The gas-phase fragmentations of simple and more complex
alkoxides have been well studied by both collision activated
dissociation (CAD)1-4 and infrared multiple photon (IRMP)5-7

induced elimination techniques. Hayes et al.1,2 investigated
extensively the CAD of some simple alkoxides, e.g., ethoxide,
propoxide, as well as butoxide, and suggested that the loss of
neutral molecular hydrogen (H2) from ethoxide and methane
(CH4) from butoxide proceed via a stepwise 1,2-elimination
mechanism as illustrated below:

Additionally, Raftery and co-workers3 found that the loss of
H2 from complex alkoxide ions such as Ph(CH2)nO-, wheren
) 1-5, may occur by similar 1,2-elimination mechanisms. From
these CAD experiments, it was shown that different parent
alkoxides gave rise to different fragmentation products. For
instance, CAD studies of ethoxide, propoxide, and butoxide gave
only the H2 fragment in the spectra, and the CAD spectrum of
tert-butoxide showed only CH4 fragment, whereas the CAD
spectra of iso-propoxide and iso-butoxide produced both H2 and
CH4 fragments. Mercer et al.4 also observed similar phenomenon
in their CAD studies of C2 to C5 alkoxide ions and concluded
that primary alkoxide ions fragmented by elimination of H2 only,
secondary alkoxide ions showed the elimination of both H2 and
alkane molecules (alkane molecules may usually be taken as
CH4 because the loss of CH4 was more facile than the loss of

larger alkanes), while tertiary alkoxide ions showed only the
elimination of alkane. However, one may wonder why H2 or
CH4 is preferentially eliminated from alkoxides, in view of that
the fragmentations of H2 or CH4 from alkoxides are obviously
competitive reactions. According to the CAD study of iso-pro-
poxide ion, (CH3)2CHO-, by Mercer et al.,4 it was suggested
that the preferential elimination of H2 or CH4 from iso-propoxide
was due to the thermodynamic stabilities of the fragmentation
intermediates involved, i.e., the energies of ion dipole complex
[H-‚‚‚(CH3)2CO] for the elimination of H2 and [CH3

-‚‚‚CH3-
CHO] for the loss of CH4. Besides, the feasibility of the isomeric
rearrangements prior to fragmentation has not been taken into
account in conjunction with the H2 or CH4 elimination reactions.
Hence, to gain a better understanding of the fragmentation
reactions, a comprehensive theoretical study on the various
elimination mechanisms, as well as the isomeric rearrangements
for alkoxide anions, is clearly desirable.

On the theoretical side, there have been a few ab initio studies
on the fragmentation mechanisms of alkoxides. Hayes and co-
workers1,2 investigated the fragmentation mechanisms of H2

from ethoxide and CH4 from butoxide at the HF/4-31G and HF/
6-311++G levels of theory. However, they did not consider
the detail fragmentation intermediates involved nor the com-
petitiveness of the fragmentation mechanisms between H2 and
CH4 from the same alkoxide. In addition, there has not been
any theoretical study on the isomeric rearrangements for
alkoxides.

Therefore, on one hand, we propose to investigate both
competitive fragmentation pathways of H2 and CH4 from
ethoxide, CH3CH2O-, with a modified Gaussian-2 (G2) pro-
cedure, to obtain and compare the G2 heats of reaction (∆H°r)
for these two fragmentation channels, as well as the G2 heats
of formation (∆H°f) for the fragmentation intermediates in-

CH3CH2O
- f [H-‚‚‚(CH3CHO)] f

[H2‚‚‚(CH2dCHO-)] f CH2dCHO- + H2 (1)

(CH3)3CO- f [CH3‚‚‚(CH3)2CO-] or

[CH3
-‚‚‚(CH3)2CO] f CH3C(CH2)O

- + CH4 (2)
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volved. On the other hand, by the same modified G2 procedure,
we also propose to study the isomeric rearrangements of
[C2H5O-] anions by determining the geometries of the transition
structures (TSs) as well as calculating the energy barriers.
Finally, the potential energy surfaces (PESs) for the fragmenta-
tion pathways and isomerizations of [C2H5O-] anions will be
described and discussed.

In the literature, there are two modified G2 methods, proposed
by Gronert, for the studies of anionic species: the G2+8 and
the G2(dd)9 methods. The G2+ approach involves single-point
calculations at MP4/6-311+G(d,p), QCISD(T)/6-311+G(d,p),
MP4/6-311+G(2df,p), and MP2/6-311+G(3df,2p) levels based
on the geometries optimized at MP2/6-31+G(d,p) level of
theory. On the other hand, the G2(dd) is an improved modifica-
tion of G2+ approach, which additionally includes a second
set of more diffuse sp-functions for first- and second-row
elements.9 However, both G2+ and G2(dd) approaches are
specific for the study of the conjugate bases of the nonmetal
hydrides, which are not within the scope of our study. As a
result, we propose an alternative G2 method, called G2++,
which is useful for studying ion-molecule reactions involving

anions, particularly intermediates having H- fragment. Meth-
odological details of the G2++ model are discussed in the next
section.

Theoretical Methods

All calculations were carried out on SGI10000 workstation
and SGI Origin 2000 High Performance Server, using the
Gaussian 94 package of programs.10 In this work, a modified
version of the G2 procedure,11 denoted as the G2++ method,
has been employed to approximate the energies of organic
anions at the ab initio level of QCISD(T)/6-311++G(3df,2p).
All structures have been optimized using the MP2 perturbation
with all electrons included and employing the 6-31++G(d) basis
set with diffuse functions included on both heavy and hydrogen
atoms, i.e., at MP2(Full)/6-31++G(d). Besides, some alterations
have been made on the single-point energy calculations in our
proposed G2++ method, as compared with the conventional
G2 procedure. Our method involves single-point energy calcula-
tions at QCISD(T)/6-311G(d,p), MP4/6-311G(d,p), MP4/6-
311++G(d,p) [with additional diffuse functions for hydrogen
atom], MP4/6-311G(2df,p), and MP2/6-311++G(3df,2p) [with

Figure 1. Selected structural parameters of [C2H5O-] isomers/conformers (1- to 8-), the fragmentation intermediates (9--11-), and the fragments
CH4 + HCO- (12-), CH2CHO- + H2 (13-), CH3CHO + H- (14-), and CH3

- + CH2O (15-), optimized at MP2(Full)/6-31++G(d) level. All bond
lengths are in angstroms, and angles are in degrees.
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additional diffuse functions for hydrogen atom]. A higher level
correction (HLC) has been added to account for remaining basis
set deficiencies. This is HLC) -Bnâ - AnR, with A ) 0.18,
B ) 5.03 mhartree (mh),nR andnâ are the number ofR andâ
valence electrons, respectively, andnR g nâ. The values ofA
andB are determined in the following manner. The value ofA
is arbitrarily set to be 0.18 mh, based on the difference between
the exact and calculated energies of hydrogen atom. The value
of B is then optimized to give zero mean deviation from
experiment of the calculated atomization energies of 55
molecules having well-established experimental values.11 The
scaling factors of the MP2(Full)/6-31++G(d) vibrational fre-
quencies for thermal correction and zero-point vibrational
energies (ZPVE) correction have been determined in the
following way. For thermal correction, the scaling factor (0.948)
is obtained by minimizing the residuals12 of the theoretical
frequencies and the experimental fundamentals for the set of
24 molecules listed by Grev et al.13 The experimental frequen-
cies used are taken directly from a compendium compiled by

Chase et al.14 For ZPVE correction, the scaling factor (0.972)
has been chosen to minimize the residuals of the theoretical
and experimental ZPVEs. The experimental ZPVEs for the
aforementioned set of 24 molecules are listed by Grev et al.13

Finally, it is noted that all equilibrium and transition structures
have been characterized by vibrational frequencies calculations
at the MP2(Full)/6-31++G(d) level.

The G2++ heats of formation at temperatureT (∆H°fT) in
this work are calculated in the following manner.15 For molecule
AB, its G2++ ∆H°fT is calculated from the G2++ heat of
reaction∆H°rT(A + BfAB) and the respective experimental
∆H°fT(A) and ∆H°fT(B) for elements A and B. In the calcula-
tions of ∆H°rT for anions, we set the∆H°rT value of a free
election to be zero.

Results and Discussions

In our notations, single- or double-digit numerals with
superscript “-” such as1-, 2-, etc., refer to stable [C2H5O-]

Figure 2. Selected structural parameters of various transition structures involving in the isomerizations and fragmentations of [C2H5O-] anions,
optimized at MP2(Full)/6-31++G(d) level. All bond lengths are in angstroms, and angles are in degrees.
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structures, fragmentation intermediates, or fragments. In addi-
tion, notations such as TS(1- f 2-) refer to the TS connecting
1- and2-.

The structures of the eight stable [C2H5O-] isomers/conform-
ers (1- to 8-), and the three fragmentation intermediates (9- to
11-), as well as the four sets of fragments: CH4 + HCO- (12-),
CH2CHO- + H2 (13-), CH3CHO + H- (14-), and CH3

- +
CH2O (15-), are depicted in Figure 1. Figure 2 illustrates the
geometries of the TSs for intramolecular isomerizations and
molecular dissociations. The respective schematic PESs for the
intramolecular isomerization and molecular fragmentations are
displayed in Figures 3 and 4, respectively. The G2++ energies

at 0 K (E0), enthalpies at 298 K (H298), heats of formation at 0
K (∆H°f0) and 298 K (∆H°f298) for [C2H5O-] isomers, frag-
mentation intermediates, and fragments are listed in Table 1.
Tabulated in Table 2 are the G2++ energies and thermochemi-
cal data for various TSs. Additionally, it is noted that structural
parameters and G2 energies for both [C2H5O] radicals and
[C2H5O+] cations can be found in a recent study16 by Curtiss
et al.

In the following discussion, when we quote the relative
stabilities of isomers and conformers, as well as the barriers of
reactions, we refer to the energy values at 0 K listed in Tables
1 and 2. On the other hand, when we quote the thermochemical

Figure 3. Schematic potential energy surface showing the intramolecular isomerization for [C2H5O-] anions. The geometries of all transition
structures are shown in Figure 2.

Figure 4. Schematic potential energy surface showing the fragmentation pathways for the ethoxide anion (1-). The geometries of all transition
structures are shown in Figure 2.
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data such as∆H°f of isomers and confomers, etc., we refer to
the values at 298 K.

Stable Isomers and TSs for the [C2H5O-] Anions. In this
section, we discuss the stable isomers1- to 8- and the various
TSs linking them. The schematic PES for these isomers is shown
in Figure 3.

The ethoxide anion, CH3CH2O- (1-), the conjugate base of
ethanol, is the most stable species among the eight [C2H5O-]
isomers. It has a staggered structure withCs symmetry. With
our G2++ method, the∆H°f298 is calculated to be-186.1 kJ
mol-1, in excellent agreement with the two experimental values
in the literature:-186( 10 17 and-183( 9 18 kJ mol-1. On
the other hand, we also obtained the G2∆H°f298 value (-183.8
kJ mol-1) for 1-, which is also in very good accord with the
experimental values.

The 1-hydroxyethyl anion, CH3CHOH-, has two conform-
ers: W-CH3CHOH- (2-) and Y-CH3CHOH- (3-). Both
conformers haveC1 symmetry and are less stable than1- by
151 and 149 kJ mol-1, respectively, at the G2++ level.
Interconversion of2- to 3- can be achieved by rotation of the
hydroxyl group around the CO bond. The TS for this rotation,

TS(2-f3-), has been located, and the G2++ barrier is
calculated to be 13 kJ mol-1 above2-.

The methoxymethyl anion, CH2OCH3
-, also has two con-

formers: Y-CH2OCH3
- (4-) and W-CH2OCH3

- (5-). Both
haveCs symmetry, and they also have similar thermal stabilities.
Conformer5- is just slightly more stable than4- by 0.6 kJ
mol-1 at 0 K. The respective G2++ ∆H°f298 for 4- and5- are
4.4 and 4.2 kJ mol-1. These two values are slightly out of the
error range of the experimental∆H°f298 (-11 ( 9 kJ mol-1 17)
for CH2OCH3

-. However, it should be noted that the error range
of conventional G2 procedure is at least(10 kJ mol-1.
Interestingly, interconversion between4- and 5- can be
achieved via two TSs, TS(4- f 5-)a, and TS(4-f5-)b. The
former (about 10 kJ mol-1 above5-) involves the rotation of
the methylene group around the CO bond, while the latter entails
inversion at the methylenic carbon with a barrier of ca. 25 kJ
mol-1 above5-.

The 2-hydroxyethyl anion, CH2CH2OH-, may exist in ZE
(6-), EE (7-), and EZ (8-) conformations. All these conformers
haveCs symmetry. At the G2++ level, conformers7- and8-

have similar stabilities with∆H°f298 values of-93.2 and-94.1
kJ mol-1, respectively. Meanwhile, conformer6- is about 23
kJ mol-1 less stable than7- and8-. The interconversion TSs
for 6- f 7- and7- f 8- were located. Conversion6- f 7-

involves the rotation of the hydroxyl hydrogen around the CO
bond; this rearrangement requires a negligible barrier of 0.5 kJ
mol-1 above6-. In conversion7- f 8- via TS(7- f 8-)a,
the methylene moiety rotates from trans arrangement to cis, and
vice versa. The rotational barrier is calculated to be 55 kJ mol-1

at the G2++ level. An alternative route for this conversion pro-
ceeds through TS(7- f 8-)b, involving a simple inversion at
the anionic center. The G2++ barrier is slightly negative for
this particular case, indicating the barrier should be very small.

So far we have discussed the TSs involving interconversions
of conformers and all these transformations have relatively small
barriers, ranging from<1 to 55 kJ mol-1. We now discuss the
remaining TSs shown in Figure 3. All these TSs involve either
methyl shift (1- f 4-) or hydrogen shift (1- f 3-, 1- f 8-,
2- f 7-, and3- f 7-) reactions. The barriers of these reactions
are fairly large: 409 kJ mol-1 for reaction1- f 4- and 234,
145, 166, and 170 kJ mol-1 for reactions1- f 3-, 1- f 8-,
2- f 7-, and3- f 7-, respectively. It is interesting to note

TABLE 1: G2 ++ Total Energies (E0), Enthalpies (H298), Standard Heats of Formation at 0 K (∆H°f0), and 298 K (∆H°f298) of
[C2H5O-] Isomers (1--8-), Fragmentation Intermediates (9--11-) and Fragments (12--15-)

species
E0

(hartree)
H298

(hartree)
∆H°f0

(kJ mol-1)
∆H°f298

(kJ mol-1)

CH3CH2O-, (1-) -154.164 26 -154.159 45 -172.6 -186.1
(-186( 10)a

(-183( 9)b

W-CH3CHOH-, (2-) -154.106 89 -154.101 82 -22.0 -34.8
Y-CH3CHOH-, (3-) -154.107 71 -154.102 37 -24.1 -36.3
Y-CH2OCH3

-, (4-) -154.092 46 -154.086 87 15.9 4.4
(-11 ( 9)a

W-CH2OCH3
-, (5-) -154.092 23 -154.086 94 16.5 4.2

(-11 ( 9)a

ZE-CH2CH2OH-, (6-) -154.120 99 -154.115 34 -59.0 -70.3
EE-CH2CH2OH-, (7-) -154.129 67 -154.124 07 -81.8 -93.2
EZ-CH2CH2OH-, (8-) -154.129 79 -154.124 38 -82.1 -94.1
[CH3

-‚‚‚H2CO], (9-) -154.105 11 -154.097 00 -17.3 -22.2
[H‚‚‚CH3CHO]-, (10-) -154.117 22 -154.110 49 -49.1 -57.6
[H-‚‚‚CH3CHO], (11-) -154.120 21 -154.113 62 -56.9 -65.8
CH4 + HCO-, (12-) -154.123 62 -154.116 00
CH2CHO- + H2, (13-) -154.161 31 -154.152 74
CH3CHO + H-, (14-) -154.099 90 -154.092 63
CH3

- + CH2O, (15-) -154.086 79 -154.079 09

a Experimental result from ref 17.b Experimental result from ref 18.

TABLE 2: G2 ++ Total Energies (E0), Enthalpies (H298),
Standard Heats of Formation at 0 K (∆H°f0), and 298 K
(∆H°f298) of Various Transition Structures Involving in the
Isomerizations and Fragmentations of [C2H5O-] Anions

transition
structures

E0

(hartree)
H298

(hartree)
∆H°f0

(kJ mol-1)
∆H°f298

(kJ mol-1)

1- f 3- -154.075 17 -154.070 15 61.3 48.3
1- f 4- -154.008 61 -154.003 66 236.1 222.9
1- f 8- -154.108 92 -154.104 09 -27.3 -40.8
1- f 9- -154.105 42 -154.097 82 -18.1 -24.3
1- f 10- -154.116 27 -154.110 80 -46.6 -58.4
2- f 3- -154.101 83 -154.096 97 -8.7 -22.1
2- f 7- -154.043 71 -154.038 54 143.9 131.3
2- f 14- -154.078 04 -154.072 76 53.8 41.5
3- f 7- -154.043 07 -154.037 68 145.6 133.6

(4- f 5-)a -154.087 92 -154.083 15 27.8 41.2
(4- f 5-)b -154.082 44 -154.077 06 42.2 30.2
6- f 7- -154.120 76 -154.115 53 -58.4 -70.8

(7- f 8-)a -154.108 57 -154.103 70 -26.4 -39.8
(7- f 8-)b -154.130 22 -154.125 04 -83.2 -95.8
9- f 12- -154.099 81 -154.092 70 -3.4 -10.9

10- f 11- -154.117 50 -154.111 54 -49.8 -60.4
11- f 13- -154.119 05 -154.113 65 -53.9 -65.9

[C2H5O-] Potential Energy Surface J. Phys. Chem. A, Vol. 103, No. 30, 19996007



that there is no TS linking1- and7-, or 1- and6-, due to the
relative orientations of the hydrogens. To effect1- f 6-, we
need to proceed via1- f 8- f 7- f 6-. To obtain7- from
1-, we can either proceed via1- f 8- f 7- or 1- f 3- f
7-, with the latter requiring a larger activation energy.

Fragmentation Pathways of the Ethoixde Anion (1-). Four
fragmentation pathways of1- were studied in this work:1-

f 12- (CH4 + HCO-), 1- f 13- (CH2CHO- + H2), 1- f
14- (CH3CHO + H-), and1- f 15- (CH3

- + CH2O). These
pathways are summarized schematically in Figure 4.

Among these four fragmentations, both1- f 12- and1- f
15- involve complex [CH3

-‚‚‚CH2O] (9-), which is less stable
than1- by 155 kJ mol-1. Complex9- can be formed from1-

via TS(1- f 9-) with a G2++ barrier of about 155 kJ mol-1.
Product15- may be obtained from9- by a simple bond cleavage
reaction. The overall G2++ barrier of1- f 15- is thus 203
kJ mol-1. On the other hand, proton abstraction by CH3

- within
9- through TS(9- f 12-) requires relatively little energy (14
kJ mol-1) and, in the process, CH4 and HCO- are produced.
Thus the overall barrier for1- f 12- is 169 kJ mol-1.

Now we turn our attention to1- f 13-. As shown in Figure
4, the complex [H-‚‚‚CH3CHO] (11-) is formed from1- via
two TSs, TS(1- f 10-) and TS(10- f 11-), requiring an
overall barrier of 126 kJ mol-1. Proton abstraction by H- within
11- produces H2 and CH2CHO-, requiring very little energy
(3 kJ mol-1).

Finally, we discuss the fragmentation process of1- f 14-.
Upon obtaining11- from 1- in the aforementioned process, a
simple dissociation of11- produces CH3CHO and H-. The
energy required is 53 kJ mol-1. In other words, the overall
energy barrier for1- f 14- is 169 kJ mol-1. Intuitively, 14-

can also be formed from1- by a simple bond cleavage reaction,
which may or may not involve a TS. However, such a reaction
is very likely to require more than 169 kJ mol-1 to proceed.

It is of interest to note H- and CH3CHO can recombine via
TS(2- f 14-) to form CH3CHOH- (2-), the energy barrier
being 57 kJ mol-1. Thus, the overall barrier for1- f 2- is 226
kJ mol-1, as shown in Figure 4. As can be seen in Figure 3,
there is an alternative pathway for the transformation of1- f
2-; the barrier for this alternative route is 234 kJ mol-1. In other
words, the two routes have comparable barriers.

Comparing the barriers for the four fragmentation pathways
studied as well as with those for the rearrangements involving
1-, that of the hydrogen loss reaction,1- (CH3CH2O-) f 13-

(H2 + CH2CHO-), requires the least energy (126 kJ mol-1).
This result is in total agreement with the CAD and IRMP studies
of the ethoxide anion.1,2 It is noted that the barriers of all
rearrangements of1- are larger than 126 kJ mol-1. Only the
rearrangement1- f 8-, with a barrier of 145 kJ mol-1, is
competitive with the fragmentation process1- f 13-.

In passing, combining the results of Figures 3 and 4, we note
that 9- can be formed from4- via a dissociation and
recombination mechanism:4- first dissociates to15- (CH2O
and CH3

-) and the two fragments then recombine to form9-.

Conclusion

The potential energy surface of [C2H5O-] was studied by the
ab initio G2++ method. Eight stable isomers were found on

the surface: CH3CH2O- (1-), W-CH3CHOH- (2-), Y-CH3-
CHOH- (3-), Y-CH2OCH3

- (4-), W-CH2OCH3
- (5-), ZE-

CH2CH2OH- (6-), EE-CH2CH2OH- (7-), and EZ-CH2CH2OH-

(8-). The calculated heats of formation of these anions are in
very good agreement with available experimental data. Among
these isomers,1- is the most stable species.

Additionally, the transition structures and barriers of the
various rearrangements of the stable [C2H5O-] anions were
determined at the same level of theory. Also investigated were
the following fragmentation processes of the ethoxide anion
(1-): 1- f CH4 + HCO-, 1- f CH2CHO- + H2, 1- f
CH3CHO + H-, and 1- f CH3

- + CH2O. Among the
fragmentation and rearrangement pathways involving1-, 1- f
CH2CHO- + H2 has the smallest barrier (126 kJ mol-1). This
result is in accord with the CAD and IRMP studies of the
ethoxide anion.
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