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ABSTRACT: Bimolecular reaction and collision complexes that
drive atmospheric chemistry and contribute to the absorption of
solar radiation are fleeting and therefore inherently challenging to
study experimentally. Furthermore, primary anions in the tropo-
sphere are short lived because of a complicated web of reactions
and complex formation they undergo, making details of their early
fate elusive. In this perspective, the experimental approach of
photodetaching mass-selected anion−molecule complexes or
complex anions, which prepares neutrals in various vibronic states,
is surveyed. Specifically, the application of anion photoelectron
spectroscopy along with photoelectron−photofragment coinci-
dence spectroscopy toward the study of collision complexes,
complex anions in which a partial covalent bond is formed, and
radical bimolecular reaction complexes, with relevance in tropospheric chemistry, will be highlighted.
KEYWORDS: ion−molecule complex, collision complex, atmospheric reaction complex, autodetachment,
noncovalent-bound states of anions, anion photoelectron spectroscopy

1. INTRODUCTION
Anion photoelectron (PE) spectroscopy has proven to be a
powerful tool for studying an astonishingly wide range of
chemical species, ranging from single atoms,1 to bare2 or ligated3

nanocrystals, to large biomolecules4 and beyond.5 The attributes
of the method (ability of m/z selection of the species of interest
prior to spectroscopic interrogation, relatively low number
densities of the species required, the Δs = ± 1/2 selection rule
allowing access to different spin states of the neutral, among
others) have enabled very meaningful studies of complex
systems, far too numerous to list. One particularly appealing
feature of this method is that information about both the initial
anionic state(s) and the final neutral state(s) can be gleaned
from the anion PE spectra.
This perspective will focus on the study of bimolecular

complexes of atmospheric relevance by photodetachment of
anionic species. In this context, the spectroscopic method is, in
its simplest form,

· · + e KEA B A B ( )
hv

(1)

where A−·B represents the anionic precursor of the bimolecular
complex A·B, which is detached with photon energy hv. The
resulting electron kinetic energy (e−KE) is measured to
determine the energy of the final state of the neutral complex
relative to the anion. Insights from these studies on the fate of
primary anions in the troposphere as well as transient neutral

collision and reaction complexes will be highlighted. Note that
there is a rich history of applying this technique to atmospheri-
cally relevant radicals and other reactive species like ozone,6,7

several examples of which are included in the references.8−18

This topic would make for an extensive review on its own.
In and of themselves, ion−molecule complexes (IMCs) have

historically inspired active scientific exploration because of their
importance in gas-phase reactions and photochemistry,19−27 the
properties and dynamics in aqueous electrolytic solutions,28−30

and physical processes in planetary atmospheres.31−35 Neg-
atively charged complexes in particular have proven to be fertile
ground for study using mass-selective photodetachment
spectroscopies, with fundamental physical insights on the anions
and their associated neutrals pouring from the laboratories
engaged in these studies.36−52 These species, like cationic IMCs,
can accumulate numerous neutral molecules, forming non-
covalently bound clusters, a topic explored in a recent review by
Sanov.39
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Are anions or anion−molecule complexes relevant in
tropospheric chemistry? The broad consensus is that anionic
species play a fairly narrow role in the troposphere, mainly
contributing to nucleating new particle formation.53 The
number density of anions in the troposphere54 is on the order
of 103−104 cm−3, so 0.1 part per quadrillion (for comparison, the
number density of •OH, arguably the most important tropo-
spheric oxidant, ranges from 103 to 106 cm−3).55 Yet, the initial
steps leading to new particle formation hold a fundamental
allure. Ions are continuously being generated in the air by
galactic cosmic rays, radon decay, and γ radiation from the soil56

and from electrification in rainfall and waterfalls.57,58 Cation
formation through any of these mechanisms necessarily involves
the production of a free electron, which can then attach to O2,
forming O2

− or, in the case of more energetic electrons, O− + O.
As O2 is the most abundant molecule in the troposphere with a
positive electron affinity (EA), O2

− and O− are the “primary
anions.”
As a primary anion, the fate of O2

− is complex. Figure 1
illustrates a reaction scheme involving both O2

− and O− devised

from an early study on the evolution of small air anions.59

Cluster formation reactions with other atmospheric molecules,
charge transfer from O2

− to species with higher EAs such as
•OH, COx, NOx, or SOx with subsequent clustering, contribute
to the very short lifetime of tropospheric O2

−.54 Reactions and
cluster growth, of course, start with simple IMC formation.
However, not all IMCs are alike. For example, O2

− can couple
with a neutral O2 molecule to form a fairly strongly bound anion
in which the charge is delocalized over both O2 molecules and
would be more appropriately described as O4

−.60−63 In contrast,
if O2

− couples with an N2 molecule, which has a negative EA, the
resulting IMC would be weakly bound and described more
appropriately as O2

−·N2. Of course, N2O2 can take other forms
of complex anions,64 underscoring the complex nature of
atmospheric chemistry.

Charge sharing within an anionic complex formed by the
association of an anion and a neutral of the same molecule (e.g.,
above, O2

− + O2) is not surprising since both molecules have
identical EA. This effect has also been evident in larger
molecular systems such as biacetyl65 and benzoquinone.66

Larger unary complexes have the additional interesting feature
of modeling the solvated electron.67−69 The situation is more
complex in heterobimolecular complexes in which both species
have positive but unequal EAs. Whether and how charge is
shared depends not only on the relative EAs but also on other
physical attributes of the molecules, such as polarizability, dipole
moment, presence of electrophilic centers, and ability to form
hydrogen bonds.
Beyond probing the nature of anionic complexes that lie along

the path connecting primary anions and larger complexes and
particles, negatively charged IMCs provide a back door for
studying neutral collision complexes and reaction complexes.
For example, photodetachment of an HO−·X ion molecule
complex can prepare a neutral OH radical in reactive distance
from the X molecule.
In the following sections of this perspective, the application of

anion photodetachment spectroscopies applied toward anion−
molecule complexes with relevance in atmospheric chemistry
will be surveyed. First, the photodetachment of ion−molecule
complexes in which the definitive charge carrier is O2

− will be
explored: These O2

−·X complexes offer a backdoor view of
fleeting neutral collision complexes as well as information on
how strongly this primary anion interacts with other molecules
(X) present in the troposphere. For cases in which charge
delocalization across both molecular species occurs, anion PE
spectra of the complex anion shows how tightly bound the
excess electron becomes. Finally, an overview of the use of
complex anions as precursors to radical reaction complexes will
be offered.

2. INTERMOLECULAR BINDING IN
ANION−MOLECULE COMPLEXES AND INSIGHTS
INTO NEUTRAL COLLISION COMPLEXES, STUDIED
BY ANION PHOTODETACHMENT

As noted above, anion photodetachment techniques provide
spectroscopic information on both the initial anion and the final
neutral states. As a primary ion, O2

− can interact with and form
complexes with other molecules, and how strongly the O2

− and
partner molecule interact is reflected in the anion PE spectrum.
The effect of neutral O2−X repulsion is also reflected in the
spectrum, as will be described below.
To set the stage for the following discussion, Figure 2 shows

Leonard−Jones potentials generated using typical neutral van
der Waals binding energies (ca. 0.05 eV) and intermolecular
distances for the three low-lying neutral states of neutral O2 with
a hypothetical atmospherically relevant molecular partner (X)
along with the potential for the more strongly interacting but
noncovalent O2

−·X ion−molecule complex. From the figure, the
energy required to detach the electron from the IMC is clearly
greater than that for the isolatedO2

− molecular ion. This effect is
referred to as a solvent shift or microsolvation of the ion. Put
another way, the EA of theO2·X van derWaals complex is higher
than that of isolated O2 by an amount approximately equal to the
solvation energy or the energy required to dissociate X from
O2

−.
The PE spectrum is the distribution of kinetic energies of

electrons (e−KE) detached from anions via eq 1, where e−KE is

Figure 1. Scheme showing the transformation of the primary O2
− and

O− anions. Reprinted with permission from ref 59. Copyright 2002
Elsevier.
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related to the photon energy (hv), the neutral EA, and the
internal energy of the final neutral state (electronic, rotational,
vibrational: Eintneutral) and that of the initial state of the anion
(Eintanion)

= + =KE hv E E hv BEe EA eint
neutral

int
anion (2)

The electron binding energy (e−BE) is the photon energy-
independent difference in energy between the final neutral and
the initial anion states. Figure 2 includes arrows representing the
energy of the detachment photon hv and representative e−KE
values. The associated e−BE values are simply hv− e−KE, and PE
spectral features measured using different photon energies
should appear at constant e−BE. Exceptions to this rule include
indirect processes, such as

· · + + e KEA B A B A B ( )
hv

(3)

Photoexcitation to an excited state of the anionic complex, such
as the charge-transfer state suggested by eq 3, can yield electrons
with kinetic energies independent of the photon energy.
Examples of this spectroscopic signature will be presented in
section 3.
Descriptions of how ions are produced and the various ways

photoelectron spectral measurements are made can be found in
numerous publications, several of which are included
here.6,7,15,36,47,48,60,63,70

An example of how charge localization on O2
− is reflected in

the PE spectrum of an O2
−·X complex is shown in Figure 3, with

the assumption that X is an “innocent” partner in this complex
(charge distinctly localized on O2

−, and X does not undergo
significant molecular or electronic structural changes in the
process of complex formation). The top panel shows the PE
spectrum of both isolated O2

− (blue dotted trace, calibrated
using a previously published spectrum71) andO2

−·hexane (black
solid trace). The O2

− PE spectrum shows series of peaks spaced
by the vibrational frequency of O2, or a vibrational progression,
in both the ground 3Σg

− state and the low-lying 1Δg state (an

Figure 2. Leonard−Jones potentials for a general, innocent O2
−·X ion−

molecule complex (black trace) and three low-lying neutral states of the
associated van der Waals complexes (blue, red, and green traces)
accessible by detachment of the anion using 3.5 eV photon energy
(purple, dashed arrow). Representative electron kinetic energies (e−KE,
black arrows) resulting from the vertical detachment process in which
the neutral bimolecular complex will undergo kinetic energy release
(KER, orange arrows) associated with the repulsive potential. EAs of
both the van der Waals complex and the bare O2 are included. Adapted
with permission from ref 83. Copyright 2016 American Chemical
Society.

Figure 3. Representative PE spectrum of O2
−·hexane (hexane =

innocent neutral partner in the ion−molecule complex) compared to
bare O2

−, along with the computed (CAM-B3LYP/aug-cc-pVTZ)
structure and frontier orbitals of the anion. Adapted with permission
from ref 96. Copyright 2021 American Chemical Society. PE spectrum
of O2

−·hexane adapted with permission from ref 83. Copyright 2016
American Chemical Society.
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additional progression associated with the low-lying 1Σg
+ state

overlaps with the high-e−BE portion of the 1Δg vibrational
progression). The spectrum of O2

−·hexane is shifted to higher
e−BE, as expected from Figure 2. In addition, the transitions to
individual vibrational levels of O2 are not resolved: As shown in
Figure 2, along the O2−hexane intermolecular coordinate, the
minimum energy structure of the anion corresponds to a
repulsive part of the neutral potential, so previously resolved
vibrational features are convoluted with continuum signal.
Indeed, we would anticipate the neutral molecules to have a
kinetic energy of ca. 0.05 eV upon detachment.
The molecular structure of O2

−·hexane is shown below the
spectrum along with the frontier orbitals of the anionic complex,
which closely resemble the πg orbitals of O2

−. Importantly, what
the data and calculations suggest is that the primary anion, O2

−,
interacts noncovalently with a nonpolar but polarizable
hydrocarbon. The energy required to dissociate the anion−
molecule complex is 0.48 ± 0.05 eV based on the solvent shift,
which is far greater than the average collision energy at room
temperature (ca. 0.06 eV).
More strongly bound complexes such as the venerated O2

−·
H2O complex72−76 can still be largely characterized as innocent.
Numerous studies have shown that the charge does indeed
remain localized on the O2 portion of this particular complex.
The PE spectra obtained by Continetti and co-workers,76 which
is shown in Figure 4 (also obtained by Johnson and co-workers72

and Sanov and co-workers74,75), show a large ca. 1 eV solvent
shift. The additional information gleaned in measurements
made by Continetti and co-workers is the narrow 0.12 eV kinetic

energy release by the neutral molecular partners upon
photodetachment, which reflects the repulsion between the
two neutrals.76 Circling back to the fate of O2

− in the
troposphere, it is clear that the thermodynamic driving force
for noncovalently bound complex formation is nontrivial.
The heading of this section also refers to neutral collision

complexes. In their simplest form, atmospheric collision
complexes are bimolecular systems that, for their ca. picosecond
lifetimes, have symmetries and, to a lesser extent, molecular
structures that differ from the individual separated molecules.
With the lower symmetry of the collision complex, electronic
and vibrational transitions that are forbidden in the isolated
molecules may become allowed in the collision complex. This
effect has been known since the early 20th century.77 More
recent studies have considered the contribution of collision
complexes such as O2−O2, O2−N2, and N2−H2O to the solar
energy budget.78−81 The atmosphere-abundant homonuclear
diatomic molecules, N2 and O2, have no allowed electronic,
vibrational, or rotational transitions that would contribute to the
greenhouse effect, but while undergoing collisions, they can
contribute appreciably.82

Our previous studies on O2
−·X ion−molecule complexes

suggest that the energy of the 1Δg state of the neutral O2
undergoing a collision changes with the identity of X.83,84Figure
5 shows the PE spectra and spectral fits of bare O2

− (Figure 5a)
and a series of O2

−·X complexes (Figure 5b−f). The fits facilitate
a more systematic determination of the change in EA with X
along with the change in the term energy of the singlet state.
From the spectral fits, the following was learned. For nonpolar

Xmolecules [X = hexane (Figure 5b) and isoprene (Figure 5c)],
the a1Δg − X3Σg

− splitting remained within 0.05 eV of that of
bare O2 [T0 (a1Δg) = 0.977 eV]. However, in the case of X =
acetone (Figure 5d), which has a large dipole, T0 (a1Δg) = 0.83
eV. For polar partners capable of hydrogen bonding [X = EtOH
(Figure 5e) and 3-buten-2-ol (Figure 5f)], T0 (a1Δg) is below
0.8 eV. Why is there an apparent change in the term energy of
the singlet state? Both the anion and the singlet neutral state
have electrons paired in the now nondegenerate π* orbital
pointing toward X, suggesting that this component is more
stabilized by the presence of X than the π* that can be described
as more parallel to X (see the singly and doubly occupied orbitals
depicted in Figure 3). While the singlet state of the neutral van
derWaals complex is still higher in energy than the triplet state, it
is more stabilized relative to the 1Δg state of bare O2 than the
triplet state is relative to the 3Σg

− state because of the relative
stability of the π* orbital pointing towards X.
There are limitations to this approach to studying transient

collision complexes. The measurements described above are low
resolution, though we note here that collision-induced
absorption lines are also broad, ca. 400 cm−1.85 In addition,
the spectroscopic information is averaged over a distribution of
repulsion (collision) energies predetermined by the specific
attributes of X, rather than the ambient temperature of the
neutral gas. In the case of X = polar, the structure of O2

−·X is well
defined, so the neutral structure being probed is strongly biased
toward a specific collisional orientation, not averaged over a
range of relative molecular orientations or impact parameters.
Nonetheless, information gleaned from these studies

represents a small piece of a larger puzzle: The identity of the
collision partner of O2 affects the spectral range of collision-
induced absorption, if modestly. The O2

−−X (noncovalent)
binding energy has been determined for a number of X partners.
These data could eventually inform models of atmospheric

Figure 4. PE spectra of O2
−, O2·H2O, and O2(H2O)2− measured using

3.2 eV photon energy, reported by Continetti and co-workers. These
results show the large shift in binding energy of the O2·H2O complex
relative to bare O2 along with the broadening of spectral features. O2

−·
H2O represents a strongly interacting anion−neutral pair, as reflected in
the large “solvent” shift, but with the excess charge localized on the O2

−.
Reproduced with permission from ref 76. Copyright 2001 AIP
Publishing.
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reaction pathways involving the primary O2
− anion as well as

models of the greenhouse effect.
We note here that there is a substantial body of

complementary work probing direct absorption, photosensitiza-
tion, and production of singlet oxygen from photoexcitation of
neutral O2·X van der Waals or encounter complexes,85−93 which
could easily be the topic of its own perspective.

3. [O2−M] − COMPLEX ANIONS
Complexes formed between O2

− and other molecules in the
troposphere can be simple ion−molecule complexes as
described in the previous section, a complex anion in which
charge is shared, or, in other words, a partial covalent bond is
established. The O4

− noted above is an example. The situation is
more complicated for heteromolecular species with different,
but both positive, EAs as well as differences in other properties
such as polarizability, dipole moment, hydrogen-bond donor
availability, etc. Figure 6 shows a hypothetical scenario in which
two molecules, A and B, form an anion−molecule complex. In

this scenario, molecule A has a lower EA than molecule B but A
has low polarizability. In contrast, B is highly polarizable, polar,
or perhaps a H-bond donor (or any combination thereof). At
infinite A + B separation, A + B− is clearly more stable than A− +
B because the EA of B is higher. However, as A and B− come into
proximity, the resulting B−·A ion−molecule complex is less
stable than A−·B, since the polar or H-bond-donating B
molecule stabilizes A− more than the nonpolar neutral A
molecule stabilizes B−.
Further, the fact that both A and B can bind an electron gives

rise to the possibility that the excess charge will be delocalized
between A and B with concomitant partial covalent bond
formation.94 In this case, the resulting anion would not be
appropriately described as an ion−molecule complex. Rather, it
is a complex anion: [A−B]−. Photodetachment of the complex
ion breaks this partial bond and results in a neutral van derWaals
complex at a strongly repulsive intermolecular distance. This
effect is represented in Figure 6: The energy of the neutral
complex in the structure of the [A−B]− complex anion lies
significantly above the A + B dissociation limit. The difference

Figure 5. PE spectra of (a) O2
− and (b−f) O2

−·X (dashed lines) along with spectral simulations (solid black) used to determine the relative energies of
the neutral states correlating with the 1Δg (blue), 1Σg

+ (green), and 3Σg
− (red) neutral final states of O2 in the van derWaals complexes. Left column, X

= the nonpolar (b) hexane and (c) isoprene molecules. Right column, X = (d) polar acetone molecule, (e) polar and H-bond-forming ethanol
molecule, and (f) polar, polarizable, and H-bond-forming butenol molecule. ΔEA values are the shift in the origins of the simulated spectra of the
complexes relative to the bare O2

− simulation, and T0 (1Δg) represents the simulated origin of the first excited state relative to the simulated origin of
the 3Σg

− state. Note that this value is lower for polar partners. (a−c) Adapted with permission from ref 83. Copyright 2016 American Chemical Society.
(d−f) Adapted with permission from ref 84. Copyright 2017 American Chemical Society.
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between this energy landscape and that depicted in Figure 2 is
that in the case of the [A−B]− complex anion, the spatial extent
of the wave function along the A�B intermolecular coordinate
for the anion overlaps with a much more highly repulsive part of
the neutral intermolecular potential. In addition, there are two
bound anionic asymptotes. Photodetachment experiments that
measure electron kinetic energy in coincidence with the kinetic
energy release of the neutral molecules, such as those developed
by Continetti, provide a direct measure of the repulsion between
the two neutral molecules prepared by detachment of the
anion.61−63,95

Taken a step further, there can be instances of partial covalent
bond formation between an anion and a neutral that has a
negative EA (cannot bind an electron as an isolated molecule)
but with a corresponding noncovalently interacting neutral van
der Waals complex. Both cases will be touched on here, in the
context of the O2

− primary anion, with its modest EA of 0.448
eV (e.g., molecule “A” in Figure 6).71

The first case described above, in which both molecules in a
heterobimolecular complex have positive electron affinities, can
bemore deeply explored by systematically varying the properties
of one of the partner molecules via functionalization. A recent
example96 of this approach is the study of O2

−·M, where M =
glyoxal (or ethanedial, OCHCHO; EA = 1.10 ± 0.02 eV),97

methyl glyoxal (EA = 0.87 ± 0.02 eV),98 and dimethyl glyoxal
(EA = 0.69± 0.02 eV).65 The singly occupied molecular orbitals
in M− can be described as a π bond that is antibonding with
respect to the two C�O bonds and bonding with respect to the
central C−C bond. Substitution an −H atom for a −CH3 group
destabilizes this orbital, resulting in the decrease in EA with
methyl substitution.
Glyoxal and its methylated analogs have relevance in

tropospheric chemistry. Glyoxal is used to trace reaction
pathways of biogenic compounds in the troposphere,99,100 and
it contributes to secondary organic aerosol formation.101,102 The

molecule with its close-lying C2v and C2h (historically referred to
as cis and trans) isomers and its low-lying triplet states has made
for interesting spectroscopic and theoretical investiga-
tions.103−111 Methylglyoxal is the product of oxidation of several
volatile organic compounds in the troposphere,112−117 while
dimethylglyoxal, or biacetyl, is produced by ring cleavage from
NOx oxidation of aromatics.118−120 These molecules have also
been actively investigated spectroscopically.121−128

Figure 7 shows how different the anion PE spectra of the
complex anions formed between O2 and M = glyoxal (Figure

7a), methylglyoxal (Figure 7b), and biacetyl (Figure 7c) are
from the typical solvent-shifted and broadened PE spectrum of
O2

− seen for innocent O2
−·X ion−molecule complexes (e.g.,

Figure 6b). In particular, they are dominated by electrons with
near-zero kinetic energy regardless of photon energy! This
spectroscopic feature is the signature of an indirect detachment
process noted above, such as thermionic emission of the electron
from a short-lived excited anion state such as a highly

Figure 6. Schematic of energies of different hypothetical anion−
molecule complexes in which molecules A and B both have positive but
different electron affinities as well as physical attributes. IMC stands for
ion−molecule complex, which assumes charge is distinctly localized on
one of the two molecules in the bimolecular complex anion. [A−B]−

suggests charge delocalization and partial covalent bond formation
between the two constituents. Relatively flat energy landscape of the
neutral A·B van der Waals complex along with the molecules at infinite
separation is also included for reference. Because of the partial bond in
the [A−B]− complex, photodetachment of the electron prepares a
neutral complex that is distorted and therefore higher in energy than the
optimized structure of the A·B van der Waals complex.

Figure 7. Anion PE spectra of (a) [O2-glyoxal]−, (b) [O2-
methylglyoxal]−, and (c) [O2-biacetyl]− complexes obtained using
photon energies of 2.330 (green), 2.883 (blue), and 3.495 eV (purple).
Features labeled X are attributed to direct detachment transitions, while
intense signal at the high e−BE edge of each spectrum is attributed to an
indirect electron ejection process. (Insets) Signals attributed to two-
photon processes in which the first photon dissociates the complex
anion and the second photon detaches the daughter anion. Adapted
with permission from ref 96. Copyright 2021 American Chemical
Society.
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vibrationally excited ground state of the anion, a quasibound
excited electronic state, or a charge-transfer state (e.g., eq 3).
Alternatively, autodetachment from quasibound vibrational
levels of a nonvalence-bound state, such as a dipole-bound or
correlation-bound state, of the anion can also lead to distinct
e−KEs that are independent of the photon energy.129,130

Indirect detachment might be expected if the Franck−
Condon overlap between the anion and the neutral lies “behind”
the repulsive wall (i.e., the energy of the neutral van der Waals
complex in the structure of the anion is higher than the photon
energy used to detach the anion), making the cross section for
direct detachment to the neutral vanishingly small. In this case,
direct detachment signal, labeled X in Figure 7, was observed.
There is also evidence of photodissociation and detachment of
daughter ions in the spectra, with the glyoxal anion carrying the
charge in photodissociation of [O2−glyoxal]− and O2

− carrying
the charge in photodissociation of [O2−biacetyl]−, suggesting
that EA plays some role in which photodissociation channels are
favored.
Aside from the photodissociation, the fact that both indirect

and direct detachment processes are observed suggests that
there is nonzero Franck−Condon overlap with the neutral but
that the absorption cross section to an anion excited state
common to all three complexes was larger. For reasons detailed
in the original publication, a dipole-bound state supported by
the cis-M conformers appears to be the most likely explanation.
How is the electronic structure of the [O2−M]− complex

described? The excess charge is indeed delocalized between O2
and M, so a partial covalent bond is formed between the two
constituents, but O2 carries more charge than M, despite M
having a higher EA than O2 in this case. Figure 8 shows the
LUMO, HOMO, and SOMO of the [O2−glyoxal]− complex
anion along with the π3 orbital of glyoxal, which is the SOMO of
the glyoxal anion, and a πg orbital of O2. The HOMO of [O2−

glyoxal]−, which is the orbital associated with detachment to the
lowest energy neutral limit, O2

3Σg
− + glyoxal 1A1, is delocalized

across both molecules but has more amplitude attributable to
the π* orbital on O2 (correlated with the πg orbital of isolated
O2), and the LUMO has more glyoxal-local π3 character. There
are several low-lying excited states of this anion that lie below the
detachment continuum, including what would nominally be
described as a charge-transfer state (LUMO ← HOMO
transition), potentially giving rise to a rich, IR electronic
absorption spectrum for these and related complex anions.
Partial covalently bound complex anions also form between

O2
− and species with negative EA. One of the products of

tropospheric O2
− reactions included in Figure 1 is CO4

−(H2O)k,
implicating O2

− association with CO2. Isolated CO2 has a
negative electron affinity, though as detailed by Weber in an
insightful review,131 CO2 can interact quite strongly with anions
because of the electrophilicity of the C atom. Charge−
quadrupole interactions and charge transfer can lead to
significant O−C−O nonlinearity, which layers in charge−dipole
interactions. In the specific case of O2

− + CO2, a partial covalent
bond is formed between the two molecules,132,133 creating an
anion with high vertical detachment energy, as shown by Kim
and co-workers.134 This is a noteworthy case in which the
adiabatic electron detachment energy of CO4

− (i.e., the
adiabatic electron affinity of the O2·CO2 van der Waals
complex) is modest, ca. 1.5 eV, but the cross section for
detaching to the equilibrium structure of the neutral complex is
zero, leading to a particularly high VDE of 4.56 eV.134

The thread that connects CO4
− and [O2−glyoxal]− is the

electrophilic carbon center of the carbonyl group. From a
standard chemistry textbook point of view, the similar orbital
energies and good overlap between O2/O2

− and C�O frontier
orbitals facilitate partial bond formation.
The fate of CO4

− formation has already been studied (see
Figure 1), but what are the potential implications of complex
anion formation such as [O2−glyoxal]−? No studies directly
measuring the fate of this complex anion have been published to
our knowledge. However, as with all atmospheric ions, anions, or
cations, the complex anion could cluster with additional
molecules, e.g., [O2−glyoxal]−·(H2O)n. This species is a radical
(doublet ground state) with a high electron binding energy, so it
could potentially be reactive with molecules to which it clusters.
Further studies of this and a related complex anion may yield
interesting new insights into tropospheric chemical processes.

4. NEUTRAL ATMOSPHERIC REACTION COMPLEXES
STUDIED BY DETACHMENT OF ANIONIC
COMPLEXES

Radicals such as OH, HO2, RO, RO2, etc., generally have
positive electron affinities, with the associated anions having
relatively stable singlet ground states. These ions play a role in
the fate of the primaryO2

− andO− ions, as illustrated in Figure 1.
However, this section gives an overview of how the anions can be
used as precursors to neutral radical reaction complexes.
An important oxidant in the troposphere is the hydroxyl

radical, which can abstract hydrogens from volatile organic
compounds, creating radical species that can then form peroxo
species from O2 addition, or it can form adducts with
unsaturated molecules such as isoprene. In particular, the highly
investigated OH−isoprene adduct is itself a radical that can
undergo a sequence of reactions that ultimately leads to
tropospheric ozone production. Yet, short-lived radical reaction

Figure 8. Anion molecular structure and frontier orbitals of the [O2−
glyoxal]− complex anion, highlighting the small O−C internuclear
distance (ca. 2.2 Å relative to the O−C internuclear distance in the O2

−·
hexane ion−molecule complex (ca. 3.2 Å, Figure 3) between the two
species, as well as the O2 and glyoxal orbital mixing, based on CAM-
B3LYP/aug-cc-pVTZ calculations on both anions. Adapted with
permission from ref 96. Copyright 2021 American Chemical Society.
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complexes are a difficult target for study because they are
inherently transient.
Continetti and co-workers demonstrated in several publica-

tions how atmospherically relevant radical neutral reaction
complexes could be prepared by detaching stable, closed-shell
anion−molecule complexes. For example, the group explored
the entrance channel of the OH + CH4 → H2O + CH3 reaction
via photoelectron−photofragment coincidence spectroscopy of
the OH−·CH4 ion molecule complex.135 Their study established
that CH4, when in the OH−·CH4 complex, is slightly distorted
relative to isolated CH4, since vibrational excitation of CH4 was
evident in the photoelectron spectrum. A similar study was
conducted on the OH−·C2H4 ion−molecule complex.136 Their
results provided insight into the dynamics of the entrance
channel of the abstraction reaction.
Showing the versatility of this general strategy for studying

reaction dynamics, Continetti and co-workers probed the
methoxide−water [CH3O−·(H2O)] ion−molecule complex as
a precursor to the exit channel of the CH3OH +OH → CH3O +
H2O reaction.137 The methoxide anion and neutral have been
studied extensively using anion photodetachment meth-
ods;138,139 The PE spectrum of CH3O− has short, well-resolved
vibrational progressions, though affected by vibronic coupling,
with an origin at 1.57 eV.139 The e−KE distribution resulting
from detachment of CH3O−·H2O, shown in Figure 9 taken from

ref 137, shows a ∼1 eV solvent shift. However, the broadness of
the electron detachment signal coupled with the narrow kinetic
energy release of the neutral CH3O and H2O daughters along
with supporting calculations suggested a relatively long-lived
neutral complex with both bend and stretch excitation of the
H2O “product” molecule, again providing insight into the
dynamics of this reaction.
The Jarrold group recently reported a similar study of the

OH−·isoprene ion−molecule complex,140 though without the
capability of determining the kinetic energy release of the final
neutral molecules of the experiments done by Continetti and co-
workers. However, using a tunable detachment laser, they
demonstrated that −H abstraction by the neutral OH radical

could be driven by photodetachment of the OH−·isoprene ion−
molecule complex near threshold.
Using photon energies well above the threshold photodetach-

ment of the OH−·isoprene ion−molecule complex, the usual
signature of an innocent complex was observed, as shown in
Figure 10. That is, compared to the PE spectrum of OH− (black
trace), the spectrum of the OH−·isoprene complex (purple and
blue traces) appears shifted to higher e−BE and is broadened.
However, tuning the detachment laser so that energetically the
detachment transition produces electrons with near-zero kinetic
energy, i.e., at the threshold for detachment, the spectrum
exhibits photon-energy-independent features at low e−KE,
which, as noted previously, is the signature of an indirect
process. Supporting calculations suggested that the OH
prepared by photodetachment abstracts an H atom from the
methyl group on isoprene. Slow electrons generated with the
lowest photon energies get temporarily bound by the large
dipole moment created by the nascent H−OH bond. The newly
formed isoprenyl radical is simultaneously created in a
vibrationally excited state. The overall dipole-bound H2O−
[isoprenyl] + e− then undergoes vibrational autodetachment,
with the energy difference between the vibrationally excited
dipole-bound state and the resulting neutral state, which is on
the order of a vibrational spacing, being carried away by the
autodetached electron.
The bottom panel of Figure 10 shows common features (a at

e−KE = 120 cm−1; b at e−KE = 370 cm−1; c at e−KE = 730 cm−1)
seen in spectra obtained with 2.330 and 2.431 eV with a new
feature emerging (asterisk at 530 cm−1) with slightly higher
photon energy (increasing that the photon energy accesses other
vibrational modes of the transient dipole-bound state). These
energies are not direct vibrational energy spacings, but they are
offset by the modest binding energy of the dipole bound state,
which is on the order of tens of cm−1. Taking the binding energy
into account, these results suggest that the isoprenyl radical is
formed with excitation in the backbone twist and distortion
modes. Again, this approach to studying radical reaction
complexes provides unique insight into the reaction dynamics.
Limitations of this approach lie in the structure of the

precursor anion. As an example, the more tropospherically
relevant reaction between OH and isoprene involves addition of
the OH to one of the carbons along the butadiene back-
bone.141−143 The structure of the OH−·isoprene ion−molecule
complex, however, is governed by the stability of the
nontraditional C−H···−OH hydrogen bond. OH− is in closest
proximity to the methyl H atoms, so the reaction that is initiated
by photodetachment is the abstraction reaction. While this
reaction is relevant in combustion reactions and a small fraction
of reactions in the troposphere, this approach does not provide
easy access to the desired adduct formation reaction. However,
in a number of cases, such as the OH−·CH4 and CH3O−·H2O
complexes explored by Continetti and co-workers,135,137 the
structures of the anionic precursors have Franck−Condon
overlap with the desired entrance or exit channels of the
reactions of interest.
Finally, we note that anionic IMCs of atmospheric relevance

have also served as precursors to anionic reaction complexes,
such as in the case of the O2

−·H2O complex, revealing details of
the O− + H2O → OH− + •OH reaction.72 New insights on
anionic ion−molecule complexes gained in the past decade may
inspire additional studies along this line.

Figure 9. Photoelectron−photofragment coincidence spectrum of the
CH3O−·H2O ion−molecule complex measured using 3.20 eV photon
energy. This experiment probes the exit channel of the CH3OH + OH
→ CH3O + H2O reaction. Diagonal solid line and dashed lines
represent the limit to the ground and vibrationally excited neutral
product channels. See text for additional details. Reprinted with
permission from ref 137. Copyright 2022 American Chemical Society.
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5. SUMMARY AND OUTLOOK
The chemistry of the troposphere is a complex web of processes
that depend on numerous, often coupled factors. The tropo-
sphere, which is not an isolated system in chemical parlance, still
has unknown sinks and sources of reactants and pollutants.
Negative ions have not generally been considered significant
participants in atmospheric chemistry, yet O2

− has recently been
implicated as an intermediate in H2SO4 formation on soot, along
with the more recognized OH radical reactant.144

This perspective has surveyed the application of one tool,
anion photodetachment techniques, toward the study of several
types of bimolecular anionic complexes with relevance in
tropospheric chemical and physical processes. These studies
provide direct insight into the energy of the noncovalent bond
formed between the primary O2

− anion and different neutral
partner molecules. These studies also reveal phenomena such as
how the spin- and symmetry-forbidden 1Δg − 3Σg

− transition of
O2, which becomes allowed while O2 is undergoing a collision,
has collision-partner energy dependence.
O2

− was also shown to form partial covalent bonds with
atmospherically relevant molecules having a carbonyl group,
such as glyoxal or CO2. The complexes formed have low
photodetachment cross sections at photon energies near the
adiabatic binding energy, resulting in high vertical detachment
energies. They are therefore reactive radicals with several low-
lying excited electronic states, and they are strongly bound
anions, both in terms of dissociation to the separate molecular
constituents and in terms of removing the electron. A more
thorough picture of the electronic structure of the [O2−
glyoxal]− complex anion may lead to better understanding of, as
one example, its potential role in the atmospheric chemistry of
microclimates defined by biomass burning.145 Partial bond
formation between two molecules with positive EAs was shown
to be nuanced in that the difference between the EAs is not the
sole governing factor. There are numerous additional atmos-
pherically relevant ketones and aldehydes that could likewise
form unique, complex anions with the superoxide anion.
Finally, application of this technique to neutral radical

reaction complexes has provided valuable insights into the
dynamics of these reactions. These experiments can readily be
broadened to include participating of water molecules that
would complex with the anions in the troposphere, which would
influence the dynamics of the radical reaction complexes.
Solvation in related, larger molecular cluster anions have already
been shown to drive “core switching”, in reference to the identity
of the distinct (core) charge carrier in the cluster.39,40,74,146 A
change in electron distribution in the complex will certainly
affect the reaction dynamics.
Anion photodetachment spectroscopies offer a powerful tool

for the study of a diverse array of atmospherically relevant
species and could shed further insight into pieces in the complex
puzzle the troposphere presents.
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Figure 10. (a) Photoelectron spectra of the OH−·isoprene complex
measured using three photon energies, compared with the OH−

spectrum measured with 3.495 eV photon energy. PE spectra of
OH−·isoprene measured with photon energies above threshold
photodetachment (3.495 and 2.883 eV) are typical of a simple ion−
molecule complex in which the charge is carried by OH−; 2.330 eV
spectrum shows sharp features at the high e−BE edge (low e−KE edge).
(b) PE spectra of the OH−·isoprene complex plotted in terms of e−KE
(corresponding to the e−BE range indicated by the dashed box in a),
showing that at three photon energies in the threshold detachment
range, i.e., producing electrons with near-zero kinetic energy, low e−KE
features appear to be independent of photon energy, suggesting an
indirect detachment process. (a and b) Adapted with permission from
ref 140. Copyright 2020 American Chemical Society.
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