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ABSTRACT: The anion photoelectron imaging spectra of an ion with m/z 85,
generated under ion source conditions that optimize •OH production in a
coexpansion with isoprene, are presented and analyzed with supporting calculations.
A spectroscopic feature observed at a vertical electron detachment energy of 2.45 eV,
which dominates the photoelectron spectrum measured at 3.495 eV photon energy,
is consistent with the OH−·isoprene ion−molecule complex, while additional signal
observed at lower electron binding energy can be attributed to other constitutional
isomers. However, spectra measured over a 2.2−2.6 eV photon energy range, i.e.,
from near threshold of the predominant OH−·isoprene detachment feature through
the vertical detachment energy, exhibit sharp features with common electron kinetic
energies, suggesting autodetachment from a temporary anion prepared by
photoexcitation. The photon energy independence of the electron kinetic energy
of these features along with the low dipole moment predicted for the neutral •OH·
isoprene van der Waals complex, suggest a complex photon-driven process. We present calculations supporting a hypothesis that
near-threshold production of the •OH···isoprene reactive complex results in hydrogen abstraction of the isoprene molecule. The
newly formed activated complex anion supports a dipole bound state that temporarily traps the near zero-kinetic energy electron and
then autodetaches, encoding the low-frequency modes of the dehydrogenated neutral isoprene radical in the electron kinetic
energies.

■ INTRODUCTION

Isoprene (2-methyl-1,3-butadiene) comprises about half of
total biogenic nonmethane volatile organic compound
emissions globally each year.1 Oxidation of isoprene by the
hydroxyl radical, the latter of which is often referred to as a
detergent of the atmosphere because it is the primary agent for
removal of atmospheric volatile organic compounds
(VOCs),2−17 initiates a series of reactions that results in
tropospheric ozone formation and •OH propagation. The
oxidation of isoprene in particular involves •OH addition to
one of the four sp2 hybridized carbon centers along the
butadiene backbone.18,19 Hydrogen (H) abstraction by •OH is
a higher barrier reaction than OH−VOC adduct formation for
unsaturated VOCs,20−23 though abstraction pathways have
been suggested for several substituted allylic species to occur
from nearly atmospheric to combustion-like temperatures, as
well as very low pressures.24−27

While a plethora of kinetic5,12 and computational13,14,17,28

studies on •OH + VOC reactions have been reported in the
literature, there have been a few spectroscopic studies on
products of either hydroxyl addition or hydrogen (H)
abstraction.29 In an effort to glean more detailed structural
information on the neutral radical OH−isoprene reaction
complex, we present the anion photoelectron (PE) spectrum of

the closed-shell anion, similarly to those previously reported
for other neutral radical species with closed-shell anions.30−32

As will be described below, the most intense feature observed
in the spectrum is consistent with the OH−·isoprene ion−
molecule complex (IMC), while additional, lower intensity
features are attributed to constitutional isomers of this
complex. Interestingly, spectra measured with photon energies
near the threshold of the OH−·isoprene IMC detachment
transition exhibit autodetachment features that suggest a more
complex photochemical process is taking place.

■ METHODS
The anion PE imaging apparatus used in this study has been
described previously.33 Ions were generated by coexpanding a
mixture of 27.5% H2, ∼2% O2, ∼1% isoprene, and balance Ar34

(60 psig) using a pulsed molecular beam valve through a
needle electrical discharge,35 which was stabilized by a hot,

Received: February 13, 2020
Published: February 24, 2020

Articlepubs.acs.org/JPCA

© 2020 American Chemical Society
2279

https://dx.doi.org/10.1021/acs.jpca.0c01250
J. Phys. Chem. A 2020, 124, 2279−2287

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

A
 U

N
IV

 B
LO

O
M

IN
G

TO
N

 o
n 

Ju
ne

 1
8,

 2
02

0 
at

 1
3:

35
:1

1 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marissa+A.+Dobulis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+C.+Thompson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kellyn+M.+Patros"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Sommerfeld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+Chick+Jarrold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+Chick+Jarrold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpca.0c01250&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01250?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01250?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01250?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01250?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.0c01250?fig=tgr1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.0c01250?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf
https://pubs.acs.org/JPCA?ref=pdf


biased thoriated iridium ribbon electron emitter. The H2/O2
mixture produces significant quantities of •OH and OH− in the
discharge source. After expansion, the gas mixture passed
through a skimmer, and the anions were accelerated to 1 keV
into a time-of-flight mass spectrometer.36−38 Anions of interest
were selectively photodetached using a range of photon
energies from a tunable optical parametric oscillator (Ekspla
NT 342) and the second harmonic (532 nm, 2.330 eV) and
third harmonic (355 nm, 3.495 eV) outputs of a Nd:YAG laser
(Continuum Surelite, 30 Hz). Photoelectron kinetic energies
(e−KE) were measured using velocity map imaging.39,40 Three-
dimensional PE velocity distributions were obtained from the
resulting image using BASEX41 and then converted to e−KE by
calibration with the PE image of O2

−.42 PE spectra shown
below are primarily plotted as a function of electron binding
energy, e−BE = hν − e−KE, which is independent of photon
energy.
Discharge-based ion sources can produce a broad range of

species, and a typical mass spectrum of species in the m/z
range 60−105 generated using this particular gas mixture (vide
supra) is shown in Figure 1. The singly charged complex anion

formed between •OH and isoprene is m/z 85. However, this
general C5H9O

− m/z 85 could assume many different
molecular structures, and the m/z 85 peak could also be
attributed to C7H

−, C4H5O2
−, and C3HO3

−. On the basis of
the absence of other CnH

− (n ≠ 7) clusters and trioxygenated
species in the mass spectrum, we conclude that C7H

− and
C3HO3

− are not significantly populating the m/z 85 ion
packet. However, to determine whether multiple structures
with C5H9O

− and C4H5O2
− molecular formulas may be

populating the ion beam, we turned to computational results
on the constitutional isomers of C5H9O

−/C5H9O, including
the OH−·isoprene IMC/OH·isoprene van der Waals complex,
various possible alkenoxide/alkenoxy species, the molecular
ion (MI) and neutral of the HO−isoprene radical adducts,
HO−Cx−/HO−Cx (x indexing the C atom on the butadiene
backbone), and the H-abstracted isoprene·water [Isoprene-

H]−·H2O/[Isoprene-H•]·H2O complexes. Also considered
were the constitutional isomers of C4H5O2

−, including various
possible butadiene-based peroxide anions, various diketone
and aldehyde-ketone species, and conjugate base species, along
with corresponding neutral species.
Molecular structures of each species of interest were

optimized via MP2/ma-def2-TZVP(-f).43,44 These were
followed by single-point calculations at the domain-based
local pair-natural orbital-based singles and doubles coupled
cluster including noniterative triples excitations [DLPNO-
CCSD(T)] level of theory with the aug-cc-pVTZ basis set for
the anions45−48 for a comparison of total energies, and
ionization potential equation-of-motion singles and doubles
coupled cluster level of theory (IP-EOM-CCSD/aug-cc-
pVTZ) for vertical detachment energies (VDEs).49,50 These
VDE values can be compared to the energy at which the
highest intensity detachment transition appears in the
experimental spectra in order to identify species present.
Adiabatic detachment energies (ADEs), the energy differ-

ence between the zero-point levels of an anion and the lowest
energy minimum on the potential energies surface of the
corresponding neutral, were computed for a smaller subset of
the possible structures via orbital-optimized MP2 (OO-MP2/
ma-def2-TZVP(-f)). Orbital-optimized MP2 is needed be-
cause, for various neutral doublets, spin contamination is rather
large (⟨S2⟩ up to 1.5) if unrestricted Hartree−Fock-based wave
functions are employed, but very small (⟨S2⟩ less than 0.77)
with OO-MP2. Furthermore, for a few IMCs, the larger aug-cc-
pVTZ basis set was studied, and an alternative protocol was
considered, where the ADE is computed as the sum of the
distortion energy of the anion (to the geometry of the neutral)
and the VDE (obtained with IP-EOM-CCSD), so that no spin-
contamination influences the ADE via the geometry
optimization of the neutral. Two more sophisticated protocols
bracket the OO-MP2/ma-def2-TZVP(-f) ADE by about ±0.25
eV, and we conclude that OO-MP2/ma-def2-TZVP(-f)
represents a well-balanced cost-efficient approach. Version
4.1.2 of the ORCA package,51,52 was used for all ab initio
calculations.
For comparison, we additionally performed density func-

tional theory (DFT) calculations for the ADEs and VDEs of
various species using dispersion-corrected Coulomb attenuat-
ing method Becke three-parameter, Lee, Yang, and Parr
(CAM-B3LYP)53 functional with the aug-cc-pVTZ basis set.
These calculations were completed using the Gaussian 0954

and 1655 suites.
Lastly, we performed an extensive search for species or

conformations that may support a dipole-bound state (DBS),
or, more generally, a nonvalence bound state. For all
optimizations of neutrals, OO-MP2/ma-def2-TZVP(-f) was
used for the reasons stated above. At any given geometry, the
existence of DBSs was studied using excited-state EOM-CCSD
(EE-EOM-CCSD), and IP-EOM-CCSD: The binding energy
of all excited bound anion states is obtained as a difference
between the VDE and the excitation energies. For the DBS
calculations the aug-cc-pVDZ basis set used was extended with
a (6s6p3d) set of diffuse functions (even-scaled exponents,
even-scaling factor 4). This set was placed on an atom or a
ghost center close to the positive end of the polarity-causing
group of the respective molecule, e.g., the H atom of the OH in
OH·isoprene complexes, the O atom of the water molecule in
[Isoprene-H•]·H2O complexes, or the C atom attached to the
peroxyl group in peroxides.

Figure 1. Typical mass spectrum of the mix of hydrogen, oxygen,
argon, and isoprene showing 60 ≤ m/z ≤ 105. The m/z value
coinciding with OH−isoprene species is 85, indicated by the arrow.
Several other ions that have been identified unambiguously are
labeled.
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■ RESULTS AND DISCUSSION
Figure 2 shows PE spectra of the m/z 85 ion obtained with
2.330 eV (green trace), 2.883 eV (blue trace), and 3.495 eV
(purple trace) photon energies. The spectra measured with
3.495 and 2.883 eV photon energies are dominated by a
feature labeled X with VDE = 2.45 ± 0.02 eV. From the 2.883
eV spectrum, which exhibits a 1060 ± 20 cm−1 shoulder
progression on the high e−BE falling edge, we approximate the
adiabatic detachment energy of band X to be 2.33 ± 0.05 eV.
Therefore, the spectrum measured with 2.330 eV photon
energy (green trace) is near the threshold for this transition.
All spectra show two broader and less intense features to lower
e−BE values. The lower e−BE features, labeled x′ and x″, have
approximate origins at 1.1 ± 0.1 and 1.75 ± 0.05 eV,
respectively. Band x″ has a distinct VDE of 1.87 eV in the
2.330 eV spectrum. Finally, the spectrum measured using
3.495 eV exhibits three peaks spaced by 890 cm−1 at 2.79, 2.90,
and 3.01 (±0.04) eV, labeled A. There is also a platform of
continuum signal from 2.7 to 3.495 eV in this spectrum, which
is not observed above 2.7 eV in the 2.883 eV spectrum.
We first consider the assignment of band X, incorporating

the results of calculations on the various C5H9O
− constitu-

tional isomers, summarized in Table 1. They predict the
following: (1) The alkenoxides, which can form by −H shift in
the OH−isoprene adduct MI, are lowest in energy but
generally have VDE values in the range 1.49−2.13 eV, below
the observed 2.45 eV VDE. We note here that calculated VDEs
are not corrected for zero-point energies, which results in a
slight systematic overestimation of the value. (2) The OH−·
isoprene and [Isoprene-H]−·H2O IMCs are nearly isoenergetic
and are predicted to be 0.2−0.4 eV higher in energy than the
least stable alkenoxide. However, the calculated VDEs of the
OH−·isoprene IMCs, which range from 2.52 to 2.7 eV
depending on the conformer, are in close agreement with
the observed spectrum, particularly considering the previously
noted expected overestimation. In contrast, the [Isoprene-H]−·
H2O IMC has a calculated VDE of 1.37 eV. (3) The HO−
isoprene adduct MIs, HO−Cx−, are predicted to be 0.1−0.5

eV higher in energy than the IMCs and have calculated VDE
values closer to 1 eV. Results of DFT calculations are in
qualitative agreement with these results. The VDE values
calculated at the CAM-B3LYP level for the adduct MIs and the
OH−·isoprene IMC were marginally higher than those
calculated at the IP-EOM-CCSD/aug-cc-pVTZ level, while
the values calculated via DFT for the alkenoxide species were
marginally lower than those at the IP-EOM/CCSD/aug-cc-
pVTZ level.
Within the C4H5O2 family, the computational results, which

are included in the Supporting Information, predict several
peroxide species having VDEs comparable to what was
observed. However, the associated ADE − VDE differences
(calculated at CAM-B3LYP/aug-cc-pVTZ) suggest much
broader transitions than what is observed. The conjugate
base anions of the carboxylic acid isomers, which seem less

Table 1. Summary of Lowest Energy Conformer C5H9O Computational Resultsa

relative energy VDE

potential C5H9Ο− isomers MP2/ma-def2-TZVP(-f) (eV) DLPNO-CCSD(T)/aug-cc-pVTZ (eV) IP-EOM-CCSD/aug-cc-pVTZ (eV)

separated OH− + isoprene 0.00 0.00 N/A
molecular ions of OH−isoprene adducts

HO−C1− −0.62 N/A 0.85
HO−C2− −0.17 N/A N/A
HO−C3− −0.13 N/A 1.16
HO−C4− −0.59 −0.47 0.77

OH−·isoprene ion−molecule complexes
C1/methyl pocket −0.65 −0.63 2.64
C1/C3 pocket −0.65 −0.63 2.66
C4 hydrogen bond −0.51 −0.49 2.52
C4/methyl pocket −0.67 −0.66 2.70

[Isoprene-H]−·H2O −0.69 −0.64 1.37
alkenoxides

O−−C1 −0.89 N/A 2.08
O−−C2 −1.16 N/A 2.13
O−−C3 −1.94 N/A 1.49
O−−C4 −0.99 N/A 2.09

aLowest relative energy species are bolded. Structures were optimized using MP2/ma-def2-TZVP, followed by single-point DLPNO-CCSD(T)/
aug-cc-pVTZ calculations. Vertical detachment energies (VDEs) were calculated at IP-EOM-CCSD/aug-cc-pVTZ using the optimized anion
structure.

Figure 2. PE spectra of the m/z 85 anions at 3.495 eV (violet), 2.883
eV (blue), and 2.330 eV (green) photon energies.
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likely to form given the extensive structural rearrangement
leading to their formation from the starting materials present in
the ion source, are predicted to have VDE values of ca. 3.8 eV.
Dicarbonyl structures, which would also require significant
structural rearrangement, were also predicted to have higher-
than-observed VDE values.
We therefore assign band X to the OH−·isoprene IMC.

Simulations using spectroscopic parameters calculated from
the DFT-optimized IMC and van der Waals complexes were
not practical using our own simulation code,56 which invokes a
number of approximations that are valid only for rigid
molecules. For the present species, there is a very large
difference in intermolecular distances between the two charge
states and the change in orientation of the OH relative to
isoprene for this system, which makes the assumption of a rigid
molecule problematic. As a first-order treatment of the system,
we approximated simulation parameters on the basis of the
difference between the ADE and VDE values, 0.18 eV. The
•OH−isoprene intermolecular potential is relatively flat: The
Franck−Condon overlap between the IMC and the zero-point
state of the neutral complex is vanishingly small, while
maximum overlap will be with a neutral complex on a
modestly repulsive part of the neutral potential. Therefore, the
0.18 eV spread between the ADE and VDE values can be taken
as an approximate lower limit of the repulsion energy on the
neutral surface with the largest Franck−Condon overlap with
the IMC. Our simulation is based on CAM-B3LYP/aug-cc-
pVTZ optimizations of the complex in which the •OH/OH− is
situated in the methyl-C4 pocket (Supporting Information),
coupled with incorporating excitation of isoprene-local modes
based on the relative structures of the isoprene in the IMC and
free isoprene. A simulation that has been broadened to account
for accessing a dissociative portion of the intermolecular
potential is shown in Figure 3a, along with an unbroadened
simulated spectrum superimposed on the experimental
spectrum obtained with 2.883 eV. The simulation does show
a 1021 cm−1 vibrational shoulder progression similar to that of
the observed spectrum. This isoprene-local mode is shown in
the inset of Figure 3a. This mode is active because of the
reduction in strength of the nontraditional H-bonding [C−
H···−OH] upon photodetachment. Also active are unresolved
low-frequency vibrational modes of the butadiene backbone of
the IMC, which is slightly nonplanar in the anion. The origin
of this simulation was set at 2.40 eV, though this value should
be taken as an upper limit on the ADE, given very low Franck−
Condon overlap between the zero-point levels of the strongly
bound IMC and weakly bound van der Waals complex. We
acknowledge that other conformers likely contribute to the
broadness of this feature with similar vibrations.
The EA of •OH is 1.8277 eV,57,58 putting an upper limit on

the OH− + isoprene solvation energy at 0.574 eV. This value is
comparable to the 0.6 eV solvation energy determined from
the PE spectrum of O2

−·isoprene.30 We note that the OH−·
CH4 shift reported by Continetti and co-workers29 is 0.27 eV;
methane is less polarizable and lacks the OH− encompassing
pocket available in isoprene, and C(sp2)−H bonds are more
polar than C(sp3)−H bonds, further enhancing the charge
stabilization.
The lower intensity features observed at lower e−BE, bands

x′ and x″, do exhibit VDEs that are consistent with what would
presumably be an ensemble of the HO−isoprene adduct MIs
(VDEs range from 0.77 to 1.16 eV) and the alkenoxides
(VDEs range from 1.4 to 2.1 eV). The HO−C4 adduct MI

simulation in Figure 3b serves as a representation of what
could be several overlapping HO−Cx− spectra. Simulation
parameters are available in the Supporting Information. The
representative HO−Cx− structure is inset in Figure 3b. Finally,
we note that band x″ shows a profile and binding energy
comparable to the alkenoxides studied previously.32 The
simulation of a representative alkenoxide spectrum, with
oxygen addition to C1 [inset in Figure 3c], is shown
superimposed on the 2.330 eV spectrum of m/z 85 in Figure
3c. Again, we assume that there would be an ensemble of m/z
85 alkenoxides contributing to this portion of the spectrum,
and the single simulation is shown as a representative of the
other potential species present.
Having assigned the major transitions in the spectrum, we

now consider the near-threshold signal observed in the PE

Figure 3. Franck−Condon simulations of (a) OH−·isoprene IMC,
(b) HO−C4 adduct MI, and (c) C1−O alkenoxide species formed by
−H transfer. Simulation parameters are in the Supporting
Information.
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spectrum measured using 2.330 eV photon energy (Figure 2).
This spectrum exhibits a reproducible, intense, near-threshold
feature at e−KE = 120 ± 7 cm−1, with a less intense shoulder at
e−KE = 370 ± 10 cm−1 and peak at e−KE = 725 ± 10 cm−1.
These would correspond to e−BE values of 2.315, 2.284, and
2.24 eV, respectively. However, these features remain at
constant e−KE as the photon energy is tuned through the
threshold, as shown in Figure 4. For example, the PE spectrum
measured with 2.431 eV photon energy (510 nm), shown as
the mustard trace, exhibits peaks at identical e−KE values and
relative intensities, as can be seen when plotted against e−KE
[Figure 4b] rather than e−BE [Figure 4a]. To guide the eye,
the approximate ADE is indicated by the red arrows, and the
VDE is indicated by the black arrows in Figure 4a,b. Note that
the lowest photon energy (2.230 eV) used falls below the
approximate ADE. Spectra measured with incrementally higher
photon energies than 2.431 eV also exhibit this e−KE = 120
cm−1 peak, with the other peaks increasing in relative intensity
with increasing photon energy. Additionally, a peak at e−KE =
530 ± 10 cm−1 is prominent in the spectrum collected with
2.572 eV photon energy. The direct detachment signal
associated with band X becomes more apparent at higher
photon energies. These sharp features at low e−KE are not
distinguishable from the noise in the spectra measured with
2.883 or 2.230 eV photon energies.
Enhancement of transitions to certain vibrational levels in

photodetachment can occur when the photon energy happens
to be resonant with a quasibound vibrational level of an anion
state, which then undergoes vibrational autodetachment in
addition to direct detachment to the (enhanced) final neutral
level. This phenomenon is not unusual in neutrals with large
dipole or quadrupole moments or can otherwise support an

electron in a nonvalence bound state near the detachment
continuum, as those reported by Mabbs,59,61 Wang,62,64

Bowen,65,66 and Lineberger.67−71 However, according to our
calculations, the neutral •OH·isoprene van der Waals complex
does not support a nonvalence bound state. This negative
result is astonishing insofar as the conditions for the support of
a nonvalence bound state are favorable: The neutral complex
possesses first a dipole moment of 2.4 D, equal or close to the
range (2.4 D72 to 2.5 D73) normally considered critical for
actual molecules; second, a fairly substantial polarizability; and,
third, the vertical product with the greatest Franck−Condon
overlap has a small excluded volume, as the dipole essentially
originates from the OH bond, and in the anion the H atom is
pointing away from the isoprene moiety. “Excluded volume” is
any volume near the positive center of the dipole of the neutral
that is taken up by nonpolar groups or substituents so that the
excess electron cannot occupy it.74 We note that finite basis set
computations can never exclude the presence of extremely
diffuse states, but we are confident to rule out states with
binding energies in excess of 2 cm−1. In addition, the features
shown in Figure 4 are different from those typically observed in
the case of an excited anion state near the detachment
continuum. These features are more akin to the O2

−

vibrational autodetachment observed in O3
−·(O2)n clusters,

33

in which photodissociation of ozonide in the cluster produced
vibrationally excited O2

− fragments that underwent autode-
tachment that encoded the O2

− vibrational frequency rather
than ozonide vibrational frequencies. O2

− vibrational autode-
tachment has also been previously observed in electron
attachment to ozone.75

We consider the neutral + e− system prepared by the near-
threshold detachment of the OH−·isoprene IMC. Figure 5

Figure 4. PE spectra over a range of photon energies as plotted as a function of (a) e−BE and (b) e−KE. Approximate origins for band X are shown
with the red arrow and the approximate VDE is shown by the black arrows in both panels. Gray lines highlight the common e−KE features seen in
multiple spectra in panel b.
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shows relative energies of the anion and neutral IMC and van
der Waals complex, along with the various species that fall
within the energy between these two limits. Note that for all
species, there are multiple conformers with relative energies
that vary by tenths of an electronvolt, so the energies shown
are approximate. In the case of threshold detachment of the
lower energy OH−·isoprene IMC conformers, a neutral •OH
radical is prepared with the O-center in the pocket between the
allylic and methyl H atoms. This structure is different from the
optimized neutral van der Waals complexes, in which the •OH
is significantly further from isoprene, and the •OH is
orthogonal to the plane of the butadiene backbone with the
O-center pointing toward the more positive C2 or C3 atoms.28

Before a hypothesis regarding the nature of the autodetach-
ing state can be put forward, a structure that supports a DBS
(or nonvalence bound state) must be identified. We
considered a variety of geometries, but from a formation
kinetics point of view, the most likely candidates are •OH·
isoprene and [Isoprene-H•]·H2O. We also consider peroxy
radicals with the formula •O2−C4H5. Our results can be
summarized as follows:

1. Peroxy radicals show the largest dipole moments (up to
3.8 D) compared to the other hypothetical structures.
Nonetheless, peroxy radicals do not support any DBS,
presumably owing to their excluded volume.

2. •OH·isoprene structures possess dipoles at the lower
end of the range considered critical in real molecules
(2.4−2.5 D) as well as substantial polarizabilities and

small excluded volumes; however, EOM-CCSD calcu-
lations nevertheless fail to identify any DBS.

3. [Isoprene-H•]·H2O forms two types of conformers. In
the lower energy conformers, the H2O is in an axial
position above the [Isoprene-H•] plane, and the two
OH bonds point toward the π-system. The dipole is
again on the order of 2.4 D, and we are unable to find
any DBSs. As the OH bonds point toward the [Isoprene-
H•] moiety, the excluded volume effect is large and the
absence of DBSs is not surprising.
In the second type of conformer, the H2O molecule

lies in an equatorial position in the [Isoprene-H•] plane,
and the two OH bonds point away from the [Isoprene-
H•] moiety. These structures lie 40−60 meV higher in
energy than the first conformer class. The dipoles of the
second type of conformer are slightly larger (up to 2.5
D), but more importantly, the excluded volume is very
small, and our calculations indicate the existence of
DBSs with binding energies between 5 and 20 cm−1. A
representation of the isosurface containing 60% of the
electron density of the singly occupied dipole-bound
orbital of such a conformer is shown in Figure 6.

In view of these results we hypothesize that the observed
autodetaching state corresponds to vibrationally excited levels
of a ([Isoprene-H•]·H2O)

− DBS. This structure can be formed
by excitation of an OH−·isoprene where the OH− is in one of
the pockets adjacent to the methyl group. From this geometry,
the rearrangement to an [Isoprene-H•]·H2O structure is
essentially a hydrogen shift plus modest relaxations. If the
excitation of OH−·isoprene happens very close to threshold,
the energy of the outgoing electron is near zero, and it may be
caught into the DBS during the H-shift. The H-shift, which
originates from the vertical geometry reached by excitation, is
found to be a barrierless downhill process and can be thought
to happen fast. Unique, nonlocal properties have been
observed in combination with breakdown of the Born−
Oppenheimer approximation near threshold in a variety of
diatomics76,77 and potentially along select modes in
polyatomics.78

The autodetachment features with common e−KE observed
over a range of photon energies between 2.3 and 2.6 eV point
to photon-driven production of a vibrationally excited species
that is chemically different from the initial anion state over this
energy range, as noted above. In this case, low-frequency
modes of the transition state complex are encoded in the
e−KE’s of the autodetached electrons. Assuming the Δv = −1
propensity rule for vibrational autodetachment,59−71 the e−KE
values encode the vibrational spacings of various modes in the
DBS, which in general are nearly identical to those of the
neutral, minus the binding energy of the DBS. The initially
planar butadiene backbone is slightly buckled in the neutral
[Isoprene-H•] radical, suggesting the vibrational modes
involve the low-frequency backbone bend modes. The
[Isoprene-H•] radical has 30 vibrational modes (39 for the
[Isoprene-H•]·H2O complex), with a number of low-frequency
modes that can be described as backbone bends and twists.
Table 2 summarizes four such modes with DFT calculated
unscaled harmonic vibrational level spacings that are ca. tens of
cm−1 higher than the observed e−KE values (120, 370, 530,
and 725 cm−1), which would be consistent with Δv = −1
vibrational autodetachment of the DBS.

Figure 5. Relative energies of the OH−·isoprene IMC, the HO−Cx−
MI, and the [Isoprene-H]−·H2O IMC, with corresponding neutrals.
TS and TS− refer to the transition states for H-abstraction on the
anion and neutral surfaces, respectively.
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Finally, we comment on band A observed in the 3.495 eV
spectrum, but not in the 2.883 eV photon energy spectrum
shown in Figure 2. This band consists of a progression of
narrow features that fall between e−KE values of 0.49 and 0.80
eV. We observed a similar, though subtle, enhancement of
signal in the O2

−·isoprene spectrum in this e−KE range.30 A
much more dramatic enhancement was observed in the PE
spectrum of O2

−·benzene, which we attributed to a resonance
with a temporary anion state of benzene30 on the basis of both
the energy and the vibrational progression that matched a
progression observed in electron transmission studies on
benzene.79 In the case of OH−·isoprene, these features appear
in an e−KE window similar to the temporary anion state
observed for butadiene.79 We therefore tentatively assign band
A to a resonance with the temporary •OH·[isoprene]− state.
Further studies on this system are underway.

■ CONCLUSIONS
To summarize, the anion PE spectrum of the m/z 85 ion
generated by coexpanding isoprene, O2, and H2 through a
discharge source, measured using 3.495 eV photon energy, is
dominated by a detachment transition that is consistent with
the OH−·isoprene IMC. Autodetachment signal is observed

when the photon energy is tuned through the •OH·isoprene +
e− photodetachment threshold. The e−KEs of the autodetach-
ment features are independent of the photon energy over a ca.
0.3 eV range, suggesting that the autodetaching anion is not a
vibrationally excited OH−·isoprene. A viable explanation
supported by computational results is that, near the •OH·
isoprene + e− threshold, the radical van der Waals complex
may undergo an H-abstraction reaction, weakly trapping the
threshold electron in a temporary dipole-bound state of the
reaction complex. This state then undergoes vibrational
autodetachment of the electron with e−KEs that encode the
low-frequency modes of the transient complex.
Additional signal in the PE spectrum observed at lower

e−BEs are assigned to the ensemble of HO−isoprene adduct
MIs and alkenoxide ions sharing m/z 85. The signal observed
exclusively in the PE spectrum collected using 3.495 eV
photon energy at higher e−BE (0.5 ≤ e−KE ≤ 0.9 eV) is
tentatively assigned to a resonance with the lowest energy
temporary anion state of isoprene. Subtle enhancement was
observed in the same range of e−KE values in the PE spectrum
of the O2

−·isoprene IMC.
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Table 2. Four of the 30 Harmonic Unscaled Vibrational
Frequencies Resulting from CAM-B3LYP Calculations on
the Neutral [Isoprene-H•] Radical That May Be Implicated
in Vibrational Autodetachment of the ([Isoprene-H]·H2O)−

DBS

mode calc freq/cm−1 exp eKE/cm−1

backbone twist 136 120
backbone distortion 386 370
backbone distortion 537 530
C4−Cmethyl twist 760 730
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