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Abstract: Molecular anions have been recently detected in the denser regions of the interstellar medium.
However, the chemical reactions of molecular anions with atomic species that are abundant in the ISM
remain largely unexplored. This work is an experimental and computational study of CH2CN-, CH3CHCN-,
(CH3)2CCN-, and CH2CHO- reacting with N and O atoms. In all cases the reactions of anions with O
atoms exhibit larger reaction rate constants compared to the corresponding reactions with N atoms. Our
study indicates that spin-forbidden reactions are the probable pathways in the reactions with N atoms,
whereas spin-allowed reactions are the dominant processes in the reactions with O atoms. The major
factor influencing the reaction rate constants of anions with N and O atoms is whether a spin-allowed
barrierless pathway exists. The rich chemistry observed in this work provides a greater understanding of
the ion-atom reaction processes, as well as some new avenues for further spin chemistry research.

1. Introduction

Despite the harsh conditions of the interstellar medium (ISM),
more than 160 molecular species have been detected in dense
clouds. These compounds include a wide variety of organic
functional groups and an exceptionally broad array of nitrile
species. Although positive ions have been known for many
years, negative ions were first detected in 2006, and the existence
of five carbanions has now been confirmed in molecular clouds.1

This exciting discovery suggests that the reactions of anions
may be important in the chemical transformations and synthesis
within the ISM. Because of the high abundance of N and O
atoms, experiments have studied the chemistry of these atoms
with organic ions in the ISM and planetary atmospheres.
However, studies have focused on cations such as small
hydrocarbons2-6 and polycyclic aromatic hydrocarbons.7-10 In

contrast, little is known about the reactions of N and O atoms
with organic anions.

Our recent work has investigated the reactions of carbon chain
anions (Cn

- and HCn
-) with atomic species, i.e, N(4S) and O(3P),

which may pose intriguing questions of spin conservation and
spin conversion.11 In chemical reactions, the conservation of
the total electron spin is a fundamental and universal principle,
whereas conversion of spin is required for spin-forbidden
reactions. It is well-known that in many cases spin chemistry
may play an important role in determining the reaction mech-
anisms and rate constants of ion-atom reactions.10,12-23 Except
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for a few cases, the spin-allowed exothermic ion-molecule
reactions are generally much faster than the corresponding spin-
forbidden reactions, and this has been attributed to weak
spin-orbital coupling, i.e., slow spin conversion between
different spin states in the spin-forbidden reactions.12,17 In
addition to the influence on the reactivity and mechanism,
electron spin has recently been found to be crucial in other
studies including the properties of nanoparticles,24 molecular
conductors,25 hydrogen storage materials,26 information storage
materials,27 etc.

Regarding reaction kinetics, experimental studies have shown
that O(3P) is more reactive than N(4S) in reactions with ions.11,28

The significant difference in the electron affinity for N (<0)29

and O (1.46 eV)30 atoms may contribute to the higher reactivity
of O atoms with anions. However, this explanation is not
applicable to the reactions of cations with N and O atoms, where
the reactions between cations and N atoms are also generally
slower than the corresponding reactions with O atoms. There-
fore, more studies are needed to understand the factors affecting
reaction rate constants of ion-atom reactions.

Published computational results23 have shown that the reac-
tion between cyclic C3H3

+ (closed-shell) and ground state N(4S)
atoms is totally prohibited due to the repulsive potential energy
surface; this has been attributed to the dominance of electron-
electron repulsion regardless of the ion-neutral attraction be-
tween the two species. This result suggests that the nature of
the potential energy surface along the approach of the ions and
atoms may be a crucial factor in determining the difference in
reaction rate constants for spin-allowed and spin-forbidden
reactions.

The present study details the chemistry of three nitrile anions
(CH2CN-, CH3CHCN-, (CH3)2CCN-) and a prototypical al-
dehyde (CH2CHO-) with N and O atoms to explore general
reactivity and determine reaction pathways. Computational

studies allow us to characterize the energies of the reactants,
ion complexes, transition states, and products as well as to probe
the applicability of spin conservation rules in ion-atom
reactions.

2. Experimental Methods

Measurements of the reaction rate coefficients and product
distributions were made using the tandem flowing afterglow-selected
ion flow tube (FA-SIFT) at the University of Colorado, Boulder.
This instrument has been described elsewhere,31 and only the salient
details for these experiments will be discussed here.

Ions were generated using electron impact and chemical ioniza-
tion methods in the source flow tube. A small flow of N2O entrained
in helium buffer gas was passed over a rhenium filament to generate
O-, which further reacted with CH4 to form OH-. The desired
organic anion was then produced by reaction of OH- with the
corresponding neutral precursor, HA:

The organic anion was mass-selected with the SIFT quadrupole
mass filter and injected into the reaction flow tube through a venturi
inlet. The ions were entrained in helium buffer gas (0.4 Torr, 200
std cm3 s-1) at 298 K and relaxed by multiple collisions. The
ion-neutral reaction was initiated by adding N or O atoms to the
flow tube through an inlet positioned 70 cm upstream of the
sampling orifice. Reactant and product ions were monitored with a
quadrupole mass filter coupled with an electron multiplier.

Microwave discharge techniques were used to generate N and
O atoms in their ground states. This is a well-established method
that is amenable to the study of the reactions of ions with atoms
using an FA-SIFT.4–8,10,11 The N atoms were generated by flowing
N2 through a microwave discharge cavity operating at 30-60 W;
vibrationally excited N2 molecules formed in the discharge are not
expected to be reactive.32 The O(3P) atoms were formed by the
subsequent titration of the N atoms with NO (5% NO in He)
according to the reaction N(4S) + NO f N2 + O(3P). Because of
difficulties in measuring the absolute number densities of atoms,
the total error in the rate constant measurements is estimated as
(50%.

3. Theoretical Calculations

To obtain the structures and energies of the anions and neutral
species involved in the current study, theoretical calculations were
carried out using the Gaussian 03 suite of programs.33 Geometry
optimization and frequency analyses were calculated at the MP2(full)/
aug-cc-pVDZ level of theory. Zero-point energy (ZPE) and thermal
energy (298 K) corrections were included at the same level of
theory. Unless otherwise noted, the single-point energy was
calculated at the (RO)MP2(full)/aug-cc-pVTZ level of theory for
the optimized structures, where the restricted open-shell method
(ROMP2(full)) was applied to the open-shell species to minimize
the influence of spin contamination on the energies, and the basis
set superposition error (BSSE) correction was also included at this
level of theory. The computational results were used to construct
the reaction coordinate plots of four selected systems and to
calculate the enthalpies of all reactions involved in the current study.
The crossing points between the potential energy surfaces of
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different spin states were explored using the program developed
by Harvey et al.34

4. Results and Discussion

The reactant ions CH2CN-, CH3CHCN-, (CH3)2CCN-, and
CH2CHO- were allowed to react with N and O atoms. Figure
1 shows a typical titration plot, where the logarithm of the
intensity of CH2CHO- is plotted versus the flow of NO. The
higher point on the y-axis, for which the flow of NO is zero,
corresponds to conditions where molecular nitrogen is flowing
into the system, but the microwave discharge is off; no reaction
is evident. When the discharge is ignited, N atoms are formed,
the ions react, and their intensity decreases to the lower value
on the y-axis. As NO is added to the system, N is converted to
O, and the ion signal decreases due to the more rapid reaction
of CH2CHO- with O. The intersection of the two lines represents
the end point of the titration; the flow of NO at this point is
both the N atom flow at the beginning of the titration as well
as the O atom flow at the end point. Further addition of NO
beyond the end point causes only a slight decrease in ion signal.
The reaction rate constants are determined from the ion loss,
the atom flow rate, and other experimental parameters.

The rate constants and products for reactions of the carbanions
with N and O atoms are summarized in Table 1. Reaction
efficiencies are reported with respect to kPPI, a point-polarizable-
ion adjustment to traditional Langevin theory as detailed
elsewhere; the approach includes the polarizability of the
carbanion in the calculation of the collision rate constant.35 The
only observable ionic product for the reactions with N atoms is
CN-. Similarly, for the reactions with O atoms, CN- is the
dominant ionic product in all reactions, whereas CCN- was also
detected in the reaction of CH2CN- + O. The rate constants
and efficiencies for reactions with O atoms are higher than the
corresponding reactions with N atoms. Although there are
multiple possibilities for the neutral products in each case, the
neutral species are not detected in our experiments.

4.1. Reactions of CH2CN-, CH3CHCN-, and (CH3)2CCN-

with N Atoms. The reactions of anions with N atoms and O
atoms can occur by multiple channels. Theoretical calculations

were carried out to investigate the reaction mechanisms
proposed, and results are shown on the reaction coordinate plots
(Figures 2, 4, 5, and 7), where all energies are relative to the
corresponding reactants in each of the four selected systems.
The enthalpies of the possible reaction channels were calculated
as summarized in Table 1.

As the first example, the reaction coordinate plot of CH2CN-

+ N is shown in Figure 2, where the energy landscapes of all
possible reactions are indicated. The spin-conserved reaction
pathway has an energy barrier along the approach of the
reactants, and the only exothermic channel is associative
detachment to form neutral NCH2CN (triplet), which is 18.5
kcal/mol below the total energy of reactants.

For this example and all subsequent discussion, the paren-
thetical letter after the chemical formula indicates the spin state,
i.e., singlet (S), doublet (D), triplet (T), or quartet (Q). According
to our calculations carried out at the (RO)MP2(full)/aug-cc-
pVTZ//MP2(full)/aug-cc-pVDZ level of theory, the height of
this energy barrier is 11.5 kcal/mol, whereas a lower energy
barrier (7.8 kcal/mol) was obtained using the CCSD(T)/aug-
cc-pVTZ//MP2(full)/aug-cc-pVDZ level of theory. This energy
barrier cannot be overcome by the reactants, such that the spin-
conserved reaction is not feasible.

The only ionic product observed in the experiment is CN-.
Our calculations indicate that the singlet state of CN- is more
stable than the triplet state by 168.4 kcal/mol, and the corre-
sponding neutral counterpart fragment, CH2N, has a doublet
ground state that is more stable than its quartet state by 90.4
kcal/mol. Thus, reactions to produce these spin conserved
products, i.e., CN- (S) + CH2N (Q) or CN- (T) + CH2N (D),
are endothermic processes by 36.6 or 114.6 kcal/mol, respec-
tively; these processes cannot occur under the experimental
conditions. These results indicate that the products must be CN-

(S) + CH2N (D), which have a different total spin relative to
the reactants; therefore, spin conversion from the quartet state
to the doublet state must have occurred during the reaction:

Because spin conversion is involved in this reaction, other
spin-forbidden reaction pathways must be considered. One of
them is a reactive detachment channel, which produces two
closed shell nitriles and an electron through multiple steps:

Another possible spin-forbidden reaction pathway is an
electron detachment process, in which the initial association of
-CH2CN and N forms the doublet NCH2CN-; hydrogen atom
transfer from carbon to nitrogen then forms an isomeric species
that can eject an electron. The formation of singlet HNCHCN
is calculated to be exothermic by 78.6 kcal/mol (Table 1).
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Figure 1. Titration plot for the reaction of CH2CHO- with N and O.

-CH2CN (S) + N (Q) f NCH2CN (T) + e-,
∆H0 ) -18.5 kcal/mol (1)

-CH2CN (S) + N (Q) f -CN (S) + H2CN (D),
∆H0 ) -53.8 kcal/mol (2)

-CH2CN (S) + N (Q) f 2 HCN (S) + e-,
∆H0 ) -80.0 kcal/mol (3)

-CH2CN (S) + N (Q) f HNCHCN (S) + e-,
∆H0 ) -78.6 kcal/mol (4)
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Although reactions 3 and 4 are more exothermic than reaction
2, CN- elimination by reaction 2 has the lowest energy barrier
(-24.8 kcal/mol) among the spin-forbidden reaction pathways,
indicating that production of CN- is the preferred channel. These
computational results are consistent with the experimental results
that CN- is the major product.

To investigate the crossing point between the doublet and
quartet states, the relaxed potential energy scans of both spin
states performed at the B3LYP/6-31+G(d,p) level of theory are
shown in Figure 3. More accurate searching for the crossing
point was performed at the same level of theory using the
program developed by Harvey et al.,34 and the results are also
shown in Figure 3. The results indicate that the ground state
reactants are on an attractive potential energy surface (quartet
state) at long distances (N-C bond length > 2.634 Å) due to
the charge-induced dipole interaction; however, closer approach
results in repulsion between the reactants, such that curve
crossing occurs between the two states. The results indicate that

the N-C bond length at the crossing point is ∼2.187 Å; this
value is longer than the corresponding bond length (1.786 Å)
in the transition state that precedes the formation of the anion-N
atom associative intermediate. In addition, the crossing point
is slightly above the total energy of the reactants by 0.5 kcal/
mol; this result is sufficient to give the qualitatively correct trend
that the process from the reactants to the crossing point is nearly
thermoneutral. Under the experimental conditions, the reactants
have a thermal distribution of kinetic and internal energies, such
that some reactants possess more energy than this barrier height;
therefore, it might be expected that the reaction efficiency should
be higher than the experimental result (0.04). However, spin-
forbidden reactions are generally slower than the analogous spin-
conserved processes by 1 to 4 orders of magnitude determined
by the spin-orbit coupling strength.34d Therefore, only a small
portion of reactants may possess sufficient energy to pass
through the crossing point and initiate spin conversion with a
measurable rate.

Table 1. Reactions of Carbanions with N (Q) and O (T) Atoms

a The reactant anions are singlets. The parenthetical letter after the chemical formula indicates the spin state of the species, i.e., singlet (S), doublet
(D), triplet (T), and quartet (Q). Unless noted otherwise, the molecular products are singlet states. Product ions observed in the experiment are in bold
font, whereas their branching ratios were not measured due to the difficulty of evaluating the associative detachment channel. b Calculated at the
(RO)MP2(full)/aug-cc-pVTZ//MP2(full)/aug-cc-pVDZ level of theory including zero-point energy corrections and basis set superposition error (BSSE)
corrections. c Thermal energy (298.15 K) and BSSE corrections are included. d Reported error bars represent one standard deviation of the
measurements. The total error is estimated as (50%. e kPPI is the theoretical collision rate constant obtained from the point-polarizable-ion
model.35 Arises from a singlet reaction pathway which involves spin conversion.
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Due to limited computational resources, the complete reaction
coordinate plots for the reactions between N atoms and the larger
nitrile anions, i.e., CH3CHCN- and (CH3)2CCN-, were not
constructed. Instead, only the enthalpies of the ion complexes
corresponding to reactive detachment (reaction 1) and CN-

generation (reaction 2) were calculated as summarized in Table
1. In general, these reaction pathways are more exothermic than
the corresponding channels in the CH2CN- + N system. It is
noted that both systems have very low reaction efficiencies, with
0.08 and 0.02 for CH3CHCN- and (CH3)2CCN- (Table 1),
respectively. Because CN- is the only ionic product, it is likely
that the total spin of the products is a doublet and that spin
conversion has occurred during the reactions.

4.2. Reaction of CH2CHO- with N Atoms. As the second
computational example, the reaction coordinate plot of
CH2CHO- + N is shown in Figure 4. Because ionic products
were not detected in this reaction, only electron detachment
processes occur. Similar to the reaction of CH2CN- with N
atoms, the spin-conserved reaction pathway has an energy barrier

along the approach of reactants, and the only possible product
is the neutral triplet from electron detachment.

The energy barrier was obtained as 4.4 or 4.5 kcal/mol
according to our calculations at the ROMP2(full)/aug-cc-pVTZ//
MP2(full)/aug-cc-pVDZ or CCSD(T)/aug-cc-pVTZ//MP2(full)/
aug-cc-pVDZ levels of theory, respectively, indicating that the
spin-conserved reaction is not likely to occur for thermal energy
reactants.

The search results for the doublet-quartet crossing point (not
shown) indicate that the energy of the crossing point is close to
the total energy of the reactants, such that it is possible that
spin conversion occurs during the reaction, and the energetically
accessible spin forbidden reactions are

The most favored pathway is reaction 6 due to the presence
of the lowest energy barrier (-24.9 kcal/mol). Although it is
plausible that other electron detachment reactions are energeti-
cally accessible, they have higher energy barriers and are less
favored channels compared to reaction 6. In addition, these
reactions lead to neutral molecules that cannot be confirmed
from the experimental observations. This explanation is con-
sistent with the experimental results that an ionic product was
not detected in the reaction of CH2CHO- + N. Similarly, the
low reaction efficiency (0.04) is attributed to the low spin
conversion efficiency at the crossing point, which has similar
energy as the reactants on the entrance channel.

Figure 2. Reaction coordinate plot for CH2CN- + N at 0 K. Calculations
were performed at the (RO)MP2(full)/aug-cc-pVTZ//MP2(full)/aug-cc-
pVDZ level of theory, and the energy value in parentheses was obtained
from the CCSD(T)/aug-cc-pVTZ//MP2(full)/aug-cc-pVDZ level of theory
as described in the text. The number and letter in the parentheses indicate
the charge and multiplicity for each state, respectively. The spin-allowed
reaction is shown as the green line, the most dynamically favorable spin-
forbidden channel is shown as the blue line, and other possible reaction
channels are shown as black lines. The spin-conversion process is shown
as a dashed line. The observed ionic product is indicated in the red box.

Figure 3. Relaxed potential energy surface scan of the entrance channel
of CH2CN- + N(4S) for doublet and quartet spin states. The doublet-quartet
crossing point was located using the program developed by Harvey et al.34

shown as the red spot. All the calculations were performed at the B3LYP/
6-31+G(d,P) level of theory.

Figure 4. Reaction coordinate plot for CH2CHO- + N at 0 K. Calculations
were performed at the (RO)MP2(full)/aug-cc-pVTZ//MP2(full)/aug-cc-
pVDZ level of theory, and the value in the parentheses was obtained from
CCSD(T)/aug-cc-pVTZ//MP2(full)/aug-cc-pVDZ as described in the text.
The number and letter in the parentheses indicate the charge and multiplicity
for each state, respectively. The spin-allowed reaction is shown as the green
line, the most dynamically favorable spin-forbidden channel is shown as
the blue line, and other possible reaction channels are shown as black lines.
The spin-conversion process is shown as a dashed line. No ionic product is
observed.

-CH2CHO (S) + N (Q) f NCH2CHO (T) + e-,
∆H0 ) -13.9 kcal/mol (5)

-CH2CHO (S) + N (Q) f HCN (S) + CH2O (S) + e-,
∆H0 ) -70.6 kcal/mol (6)

-CH2CHO (S) + N (Q) f -CN (S) + CH2OH (D),
∆H0 ) -63.2 kcal/mol (7)
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4.3. Reactions of CH2CN-, CH3CHCN-, and (CH3)2CCN-

with O Atoms. The reaction coordinate plot for CH2CN- + O
is shown in Figure 5a and b as the third example. Unlike the
reaction of CH2CN- with N atoms, there is no energy barrier
along the approach of the reactants, and the reaction efficiency
is very high (∼1.0), indicating that this reaction is essentially
collision controlled. The three possible spin-conserved reaction
channels are shown in Figure 5a. The first pathway is the
formation of the neutral OCH2CN (doublet) from the triplet
intermediate through an electron detachment process, in which
the O atom attaches and an electron is ejected without further
rearrangement:

The other pathways are the generation of CN- and CCN-.
The direct association of CH2CN- with O atoms forms the triplet
intermediate (-16.9 kcal/mol), which can either directly dis-
sociate into CH2O and CN- (reaction 9) Via C-C bond cleavage
or form H2O and CCN- through two other transition states and
two intermediates (reaction 10). The generation of CN- is a
simple addition-elimination mechanism:

In this process, the O atom adds in much the same way as
the N atom adds in reaction 2, and CN- is generated along with
triplet CH2O, which is less stable than its singlet state by 79.0
kcal/mol.

Triplet CCN- is more stable than its singlet state by 25.4
kcal/mol, and its generation requires a more complex mechanism
in which both hydrogen atoms transfer to oxygen:

According to the calculated reaction coordinate plot, reactions
proceeding through all the spin-conserved pathways are ener-
getically accessible. The direct electron detachment from the
triplet intermediate forms the neutral product that is 37.1 kcal/
mol below the total energy of the reactants, such that this
reaction channel is also likely to occur, although the neutral
product cannot be observed under our experimental conditions.
Because reactions 9 and 10 have very similar energy barrier
heights, the major ionic products of this reaction are expected
to be CN- and CCN- with similar abundance, which is
consistent with the experimental results.

Calculations indicate that the relative energy of the singlet-
triplet crossing point is very close to the minimum structure of
the triplet state on the attractive potential energy curve as shown
in Figure 6, such that spin conversion may occur with measur-
able efficiency during the reaction of CH2CN- with O atoms.
The possible spin-forbidden reaction pathways were investigated
and shown in Figure 5b. The first pathway is the formation of
the neutral OCH2CN (doublet, -37.1 kcal/mol) from the singlet
intermediate by an electron detachment process; the second
pathway is the production of CN-, and the total energy of the
products is 97.9 kcal/mol below the reactants; the third pathway
is CCN- (singlet) production channel, and the products are 20.6
kcal/mol below the reactants. The CN- producing pathway is
the lowest energy pathway among the three reaction channels,
i.e., the most favored spin-forbidden reaction channel, and it
may have a pronounced contribution to the total CN- production
if spin-forbidden reactions can compete with spin-allowed
reactions. However, the spin-allowed reactions presumably result
in the production of similarly abundant CN- and CCN- as is
observed experimentally, suggesting that CN- is mainly pro-
duced from the spin-allowed pathway. Therefore, the spin-
forbidden channels do not appear to compete with spin-allowed
pathways in this reaction.

Figure 5. The reaction coordinate plot for CH2CN- + O of (a) spin-allowed
and (b) spin-forbidden reactions at 0 K. Calculations were performed at
the (RO)MP2(full)/aug-cc-pVTZ//MP2(full)/aug-cc-pVDZ level of theory
as described in the text. The number and letter in the parentheses indicate
the charge and multiplicity for each state, respectively. The spin-allowed
reaction is shown as the green line, the most dynamically favorable spin-
forbidden channel is shown as the blue line, and other possible reaction
channels are shown as black lines. The spin-conversion process is shown
as a dashed line. The observed product ions are indicated in the red boxes.

-CH2CN (S) + O (T) f OCH2CN (D) + e-,
∆H0 ) -37.1 kcal/mol (8)

-CH2CN (S) + O (T) f -CN (S) + CH2O (T),
∆H0 ) -18.7 kcal/mol (9)

Figure 6. Relaxed potential energy surface scan of the entrance channel
of CH2CN- + O(3P) for singlet and triplet spin states. The singlet-triplet
crossing point was located using the program developed by Harvey et al.34

shown as the red spot. All the calculations were performed at the B3LYP/
6-31+G(d,P) level of theory.

-CH2CN (S) + O (T) f -CCN (T) + H2O (S),
∆H0 ) -43.7 kcal/mol (10)
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Similar experiments were also carried out for the reactions
between O atoms and the larger nitrile anions, i.e., CH3CHCN-

and (CH3)2CCN-; however, the complete reaction coordinate
plots were not constructed. Instead, only the reaction enthalpies
of the associative detachment and CN- generation were
calculated as summarized in Table 1. It is noted that all three
systems have very high reaction efficiencies, indicating that they
are collision-controlled processes. In general, these energetically
accessible reaction pathways are more exothermic compared
to the corresponding channels in the CH2CN- + O system. In
addition, CN- is a common ionic product observed from all
three systems, whereas CCN- is observed only in the reaction
of O with CH2CN-. This result can be rationalized from the
mechanisms of the corresponding reactions. As shown in Figure
5a, the formation of CN- can occur through a spin-conserved
process without an activation energy barrier. It is very likely
that a similar reaction mechanism is involved in reactions of
larger nitrile anions with O atoms. However, formation of CCN-

may proceed by different mechanisms. In the reaction of
CH2CN- + O, the most favored pathway of CCN- (triplet)
formation involves two hydrogen transfer transition states that
have no activation energy barriers relative to the triplet
intermediate. In contrast, to form CCN- from other nitrile
anions, insertion of an O atom in the C-C bond and/or
additional C-C bond cleavages seem to be necessary, such that
higher energy transition states may be involved in the reactions.
Thus, the formation of CCN- may be energetically prohibited.
The lack of CCN- production does not have a pronounced effect
on the overall efficiency of the reactions of CH3CHCN- and
(CH3)2CCN- with O atoms, indicating that these reactions
mainly proceed through the spin-conserved electron detachment
and CN- producing channels.

4.4. Reaction of CH2CHO- with O Atoms. As shown in
Figure 7, the direct association of CH2CHO- with O atoms
forms the triplet intermediate (-38.8 kcal/mol) that can undergo
electron detachment, and the neutral product OCH2CHO
(doublet) is 36.3 kcal/mol below the total energy of the reactants:

Similarly, the calculations indicate that the relative energy
of the singlet-triplet crossing point is very close to that of the
triplet state minimum (not shown), such that spin conversion
may occur with a measurable rate during the approach of
CH2CHO- with O atoms on the attractive potential energy curve;
the energetically accessible reaction pathways are shown in
Figure 7. The first pathway is the electron detachment from the
singlet intermediate (-94.9 kcal/mol), and the neutral product
is identical to that formed in reaction 11. The second pathway
is the direct elimination of HCO- via C-C bond cleavage from
the singlet intermediate, and the third reaction channel involves
two subchannels. In the third pathway, the singlet intermediate
proceeds through two transition states and one intermediate to
form an isomer, which can directly lose an electron to form the
more stable isomer of neutral HOCH2CO, or overcome ad-
ditional energy barriers to produce CO and CH3O- products.
The neutral product has a relative energy of -36.3 or -58.3
kcal/mol if the electron detachment occurs from the direct
associative singlet intermediate or from one of the low energy
isomers, respectively. Because the electron detachment from
the singlet state isomer has the lowest activation energy barrier,
it is likely to be the most favored channel among the singlet
reaction pathways if spin conversion occurs. According to the
experimental observations, the only ionic product is the as-
sociation product (OCH2CHO-), which is observed in only trace
amounts; therefore, electron detachment is facile for this reaction
under our experimental conditions. Although it is not possible
to determine whether the spin-allowed or spin-forbidden electron
detachment channel is the major reaction pathway, it is
reasonable that spin conversion is the rate-limiting step of the
spin-forbidden reactions, such that the spin-conserved pathway
is the major channel for this reaction.

5. Conclusions

The experimental and computational studies of CH2CN-,
CH3CHCN-, (CH3)2CCN-, and CH2CHO- reacting with N and
O atoms were conducted to explore anion-atom reactions that
may occur in interstellar clouds. The major ionic product of
the reactions between nitrile anions (CH2CN-, CH3CHCN-, and
(CH3)2CCN-) and atoms (N and O) is CN-, whereas CCN-

was also detected in the reaction of CH2CN- + O. In contrast,
an ionic product was not observed for the reactions of CH2CHO-

with N and O atoms, where electron detachment is a reasonable
mechanism to deplete the CH2CHO- anion. The reactions of
anions with O atoms exhibit larger reaction rate constants
compared to the corresponding reactions with N atoms. This
trend was investigated by theoretical computations, and the
results indicate that the existence of energy barriers on the
entrance channel of anions and N atoms are too high to be
overcome by the reactants in the spin-conserved reactions. On
the other hand, the relative energy of the doublet-quartet
crossing point is fairly close to the total energy of the reactants
on the entrance channel; spin conversion cannot occur with a
sufficiently high rate, such that the efficiency of the reactions
between anions and N atoms is rather low. In contrast, energy
barriers do not exist in the reactions between anions and O atoms
on the entrance channel, such that both spin-conserved and spin-
forbidden reactions may be feasible, although the former
processes will likely dominate. All the reactions of anions with
O atoms exhibit very high efficiencies indicating they are
essentially collision controlled processes. Our current results
indicate that the major factor influencing the reaction efficiency

Figure 7. Reaction coordinate plot for CH2CHO- + O at 0 K. Calculations
were performed at the (RO)MP2(full)/aug-cc-pVTZ//MP2(full)/aug-cc-
pVDZ level of theory as described in the text. The number and letter in the
parentheses indicate the charge and multiplicity for each state, respectively.
The spin-allowed reaction is shown as the green line, the most dynamically
favorable spin-forbidden channel is shown as the blue line, and other possible
reaction channels are shown as black lines. The spin-conversion process is
shown as dotted lines. The only ionic product is the associative product
(OCH2CHO-), which is observed in trace amounts.

-CH2CHO (S) + O (T) f OCH2CHO (D) + e-,
∆H0 ) -36.3 kcal/mol (11)
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of anions with N and O atoms is whether spin-allowed
barrierless reaction pathways exist. Although all experiments
were performed under conditions of higher pressure and
temperature than those that exist in the ISM, these reactions
are two-body processes, such that the reaction rate constants
are independent of pressure; moreover, temperature-variable
experiments generally exhibit either a simple temperature
dependence or no dependence. Therefore, laboratory measure-
ments provide a valid approach to explore the ion chemistry of
the ISM. Although spin-forbidden reactions exhibit low reaction
efficiencies, they may still contribute in the ISM due to the
extremely long time scales of clouds (∼106 years).28 This work
provides an understanding of the chemical mechanisms that may
occur in the interstellar medium and allows us to explore some
synthetic pathways that may lead to the formation and observa-
tion of large interstellar neutrals.
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