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ABSTRACT: The eﬀect of vibrational pre-excitation of anions on their
photoelectron spectra is explored, combining slow photoelectron velocitymap imaging of cryogenically cooled anions (cryo-SEVI) with tunable IR
radiation to pre-excite the anions. This new IR cryo-SEVI method is applied
to OH− as a test system, where the R(0) transition of the hydroxyl anion
(3591.53 cm−1) is pumped. Vibrational excitation induces a 30% depletion in
photodetachment signal from the v = 0, J = 0 ground state of the anion and
the appearance of all ﬁve allowed, rotationally resolved photodetachment
transitions from the OH− (v = 1, J = 1) level, each with peak widths between
1 and 2 cm−1. By scanning the IR laser, IR cryo-SEVI can also serve as a novel
action technique to obtain the vibrational spectrum of OH−, giving an experimental value for the R(0) transition of 3591(1.2) cm−1.

■

INTRODUCTION
Anion photoelectron spectroscopy (PES) is a powerful and
versatile method for determining electron aﬃnities, the
vibrational and electronic energy levels of neutral species
created by photodetachment, and the geometric changes that
occur upon photodetachment.1−6 It has been applied with
considerable success to free radicals, clusters, and reaction
transition states.6−9 In favorable circumstances, anion PES
yields resolved vibrational structure. The extent of this
vibrational structure is generally governed by Franck−Condon
considerations; only totally symmetric vibrational modes in
which there is a normal coordinate displacement upon
photodetachment are active in the PE spectrum. Hence, for
example, one does not typically observe vibrational motion
involving free OH,10 NH,11 and CH12 bonds since the anion
and neutral bond lengths change very little upon photodetachment. Likewise, transitions involving nontotally symmetric
modes are weak; odd Δv transitions in such modes are
symmetry-forbidden in the absence of vibronic coupling,13,14
and even Δv transitions require a large frequency change to
gain appreciable intensity in a photoelectron spectrum.15
However, if the anion is vibrationally excited, new vibrational
levels of the neutral become accessible by photodetachment.
The eﬀects of vibrational hot bands on the photoelectron
spectrum of the vinylidene anion (H2CC−) were considered by
Johnson,16 while Continetti and Guo showed that vibrational
pre-excitation of the F−(H2O) anion enables one to access
otherwise inaccessible regions of the F + H2O potential energy
surface.17 In this paper, we explore the eﬀect of infrared laser
excitation of an anion, OH−, upon its photoelectron spectrum.
© 2021 American Chemical Society

The hydroxyl radical and corresponding anion have a rich
spectroscopic history. The microwave spectrum of the radical
was measured by Townes in 1955,18 and since then the highresolution spectroscopy of this species has been mapped out in
great detail.19−21 OH has a 2Π ground state with a spin−orbit
splitting of 126.2923 cm−1 between the Ω = 3/2 and 1/2 ﬁne
structure levels and a rotational constant, Be, of 18.91083(106)
cm−1.22
The hydroxide anion has likewise been investigated by a
series of state-of-the-art spectroscopic techniques. Rotationally
resolved photodetachment transitions were observed in a series
of high-resolution laser photodetachment threshold measurement experiments by Lineberger23−26 and, more recently, by
Wester.27,28 The rotationally resolved infrared spectrum of
OH− was measured by Saykally using velocity-modulation
spectroscopy29 and by Schlemmer via laser-induced reactivity
(LIR) in a cold ion trap.30 Blondel used photodetachment
microscopy to obtain well-resolved rotational transitions
between OH− and the ﬁne structure levels of OH and
determined a reﬁned rotational constant of 18.7352(3) cm−1
for the anion.10
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that the mIR light excites the ion packet less than 1 ns before
photodetachment.
Photoelectron centroids are accumulated over several
thousand experimental cycles into two VMI images, depending
on whether the IR laser system was triggered in that cycle,
allowing for photodetachment images with and without IR preexcitation to be acquired simultaneously. The radial and
angular photoelectron distributions are reconstructed from
each accumulated image by using the Maximum Entropy
Velocity Legendre Reconstruction (MEVELER) method.39
The electron kinetic energy (eKE) distributions are related to
the radial distributions by acquiring images of the wellcharacterized detachment transitions of O− at several diﬀerent
photon energies.40
Because of the roughly constant resolving power (ΔeKE/
eKE) of the VMI spectrometer, slow photoelectrons give the
highest resolution features.34,35 For this reason, cryo-SEVI and
IR cryo-SEVI spectra are acquired by ﬁrst taking an overview
spectrum at a relatively high photon energy before tuning the
detachment laser to energies slightly above features of interest.
Narrow windows surrounding the high-resolution features are
concatenated together and scaled to match the relative
intensities of the overview spectrum, resulting in a single
high-resolution photoelectron spectrum. Cryo-SEVI and IR
cryo-SEVI spectra are plotted against electron binding energy
(eBE), given by eBE = hv − eKE. A diﬀerence spectrum is also
calculated by subtracting the eKE distributions with and
without IR pre-excitation.

Here, we combine slow electron velocity-map imaging of
cryogenically cooled OH− (cryo-SEVI)31 with infrared preexcitation to investigate the eﬀect of vibrational excitation
upon its photoelectron spectrum. Cryo-SEVI is a highresolution variant of photoelectron spectroscopy in which
cryogenically cooled anions are photodetached with a tunable
laser, and the resulting photoelectrons are analyzed by using a
velocity-map imaging system designed speciﬁcally to measure
the kinetic energies of slower electrons with greater
precision.6,31 The combination of cryogenic cooling and
slow-electron imaging yields photoelectron spectra with energy
resolution as high as 1−2 cm−1, and in the case of OH−, we
obtain well-resolved rotational features. Upon infrared preexcitation, the IR cryo-SEVI spectrum reveals new rotationally
resolved features resulting from photodetachment transitions
between the v = 1 levels of OH− and OH.

■

EXPERIMENTAL METHODS
The cryo-SEVI method has been previously described in
detail.6,31,32 In this work, O− anions are generated by
expanding a dilute gas mixture of N2O in helium backing gas
through a pulsed Even−Lavie valve,33 equipped with a circular
ﬁlament ionizer. Electrons from the ionizer induce dissociative
attachment of N2O to produce O−. The ions are directed
through a radio-frequency (RF) hexapole ion guide, a RF
quadrupole mass ﬁlter, and into a cryogenically cooled linear
RF octupole ion trap held at 5 K. The ions are stored in the
trap for ∼40 ms, where they are collisionally cooled with an
80:20 He:H2 buﬀer gas mixture to their ground electronic
state. Inside the trap, O− anions react with H2 molecules to
form OH− anions, which are rotationally and vibrationally
cooled by further collisions with the buﬀer gas.
The ions are extracted from the trap into an orthogonal
Wiley−McLaren time-of-ﬂight mass spectrometer and guided
into the laser interaction region of a seven-plate velocity-map
imaging (VMI) spectrometer.34,35 Vertically polarized light
from a dye laser pumped by the second harmonic of a Nd:YAG
laser operating at 20 Hz is focused to a spot size of ∼0.01 mm2
and used to photodetach OH− anions. The dye laser system
can produce radiation between 220 nm and 1.8 μm with a
spectral bandwidth of <0.1 cm−1 and pulse energies up to 15
mJ. The resulting photoelectrons are projected onto a 2D
detector that comprises two chevron-stacked microchannel
plates coupled to a phosphor screen.36 A CCD camera
photographs the phosphor screen after each laser shot, and the
centroids of the photoelectron events in each image are
calculated and binned in a 1024 × 1024 grid in real time.37
Several modiﬁcations to the cryo-SEVI technique are
required to facilitate the selective vibrational excitement of
cryogenically cooled anions using infrared radiation prior to
photodetachment (IR cryo-SEVI). On alternating experimental
cycles, anions are vibrationally excited prior to photodetachment by using the horizontally polarized mid-infrared (mIR)
output of a tabletop OPO/OPA laser system (LaserVision),
pumped by a Nd:YAG laser (Continuum SureLite EX)
operating at 10 Hz. The infrared (IR) laser system can
produce radiation between 1.3 and 16 μm with a spectral
bandwidth of ∼3.5 cm−1 and pulse energies up to 4 mJ.38 The
mIR beam is rotated to ensure vertical polarization in the
interaction region and focused to a spot size of ∼0.07 mm2. It
is aligned to be collinear and counterpropagating to the visible
beam from the dye laser. The IR laser system is triggered such

■

RESULTS AND DISCUSSION
The cryo-SEVI and IR cryo-SEVI spectra of OH− are
presented in Figure 1. Figure 1a shows the spectrum with no
IR excitation, Figure 1b shows the vibrationally excited IR
cryo-SEVI spectrum with the IR laser tuned to the R(0)
rovibrational transition of OH− at 3591 cm−1,29 and Figure 1c
shows the diﬀerence spectrum. In all three scans, the black
traces are high-resolution scans taken at several photon
energies slightly above threshold for each feature. The blue
trace in Figure 1a is a low-resolution overview scan taken at a
relatively high photon energy. The red traces in Figure 1b are
from high-resolution scans taken with the IR laser on and
represent either new or depleted features resulting from IR
excitation.
As discussed previously,10,25,27 the near-threshold photodetachment of OH− is dominated by s-wave detachment with
electron orbital angular momentum l = 0. Combining this with
the unit angular momentum provided by the photon results in
a photodetachment rotational selection rule of J′ − J″ = ΔJ =
±1/2, ±3/2, where J′ and J″ are the total angular momentum
quantum numbers of the neutral and negative ion, respectively.
Because of the change in spin between anion and neutral, it is
more convenient to use the quantum number N = J − S (total
angular momentum without spin) when considering transitions
between rotational levels. For OH−, N″ =J″, while in the 2Π3/2
(2Π1/2) state of OH, N′ = J′ − 1/2 (N′ = J′ + 1/2). Detachment
transitions are labeled O, P, Q, R, and S, indicating ΔN of −2,
−1, 0, +1, and +2, respectively. The rotational selection rule ΔJ
= ±1/2, ±3/2 dictates that transitions in the S branch of the
2
Π3/2 manifold and transitions in the O branch of the 2Π1/2
manifold are formally forbidden; similar selection rules were
seen in the anion zero electron kinetic energy (ZEKE)
spectrum of SH−.41 Following Goldfarb et al.,10 transitions to
Ω′ = 3/2 and 1/2 levels of OH are labeled in Figure 2 with
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indices of 3 and 1, respectively. The R3(0) transition, for
example, corresponds to detachment from the N″ = 0 state of
the anion to the N′ = 1 (J′ = 3/2) state of the Ω′ = 3/2 series in
the neutral.
The cryo-SEVI and IR cryo-SEVI spectra (Figures 1a and
1b) exhibit a number of well-resolved transitions to both of the
spin−orbit states of the neutral radical, with typical peak
widths of 2−5 cm−1 FWHM. Peak assignments are given in
Table 1, with rotational transitions as indicated in Figure 2 and
Table 1. Peak Positions, Assignments, and Calculated
Energies for Detachment Transitions for the Cryo-SEVI and
IR Cryo-SEVI Spectra of the X̃ 2 Π ← X̃ 1 Σ+
Photodetachment of OH− in Figure 1a

Figure 1. Cryo-SEVI spectrum (a), IR cryo-SEVI (b), and diﬀerence
spectrum (c) of the X̃ 2 Π ← X̃ 1 Σ+ detachment of OH−. The blue
trace is an overview spectrum taken with a photon energy of 15004.07
cm−1, while the black traces are high-resolution scans taken near
threshold, and the red traces are high-resolution scans that show new
or depleted features after IR pre-excitation. Subscripts of 3 and 1
indicate transitions to OH levels with Ω′ = 3/2 and Ω′ = 1/2,
respectively.
a

Transitions from vibrationally excited anions are shown in red. All
values are reported in cm−1, and uncertainties in peak positions
correspond to one standard deviation obtained from a Gaussian ﬁt to
the high-resolution scan of the experimental peak. *Reported
transition energies were calculated based on the experimental values
of R3(0) and R1(0), reported by Goldfarb,10 and the expected shifts
in energy based on rotational energy level spacings reported by
Rosenbaum and Mélen.21,29

vibrational transitions labeled as v′ − v″, where v′ and v″ are
the vibrational quantum numbers in the neutral and anion,
respectively. The previously reported transition energies in
Table 1 were determined by computing the expected shift in
energy of the R3(0) and R1(0) transitions, reported by
Goldfarb et al.,10 based on the energy spacings between known
rotational levels in OH− and OH, given by Rosenbaum et al.29
and Mélen et al.,21, respectively.
The largest feature in Figure 1a, labeled G3, is the R3(0)
transition between the lowest vibration−rotation levels of OH−
and OH, thereby yielding an electron aﬃnity of the OH radical
of 14741(2) cm−1, in good agreement with that reported by
Goldfarb et al.10 Beyond this, the spectrum reveals two
overlapping sets of peaks, (A−H)3 and (A−I)1, that
correspond to detachment to diﬀerent rotational levels of the
2
Π3/2 and 2Π1/2 states of neutral OH, respectively. Many of the

Figure 2. Relevant rovibrational energy levels of OH− and OH.
Arrows depict some experimentally observed transitions originating
from the v″ = 0, 1 levels of OH−.
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SEVI spectra are acquired simultaneously, experimental
variations in ion signal or detachment laser power should
aﬀect both spectra identically, greatly simplifying the
comparison of these data and the generation of diﬀerence
spectra. However, slight variations are still present, which can
lead to peaks from the nonexcited spectrum appearing in the
diﬀerence spectrum, such as peak E1 appearing as a positive
peak, as well as causing noise in the diﬀerence spectrum that
could be mistaken for very weak signalthis is most prevalent
in the high eBE range of Figure 1c, where the weak feature i1 is
comparable in intensity to noise.
IR cryo-SEVI can also be used as an infrared spectroscopic
technique, capable in principle of determining the vibrational
spectra of cryogenically cooled anions. Typically, anion
vibrational frequencies are mapped out with action spectroscopic techniques in which anions are complexed with weakly
bound “tags” such as Ar or D2 that are shed when the anion is
vibrationally excited.42,43 These tags can result in small
perturbations of the anion vibrational frequencies. IR cryoSEVI circumvents this eﬀect by instead scanning the output of
the OPO/OPA while monitoring the electron signala
maximum in the sequence band intensity in the cryo-SEVI
spectrum should be achieved when the IR frequency matches
the transition energy. This is shown in Figure 3a, which
displays representative IR cryo-SEVI spectra in this IR
scanning mode where feature h3 grows in as the photon
energy is scanned through the R(0) transition in OH−. The
uncertainty in the anion vibrational frequency determined by

features observed in the cryo-SEVI spectrum have been
previously reported by Schulz et al.25 and Goldfarb et al.,10
allowing for their direct assignment. Features (A−C) 3
correspond to the P3 branch, features (D−F)3 correspond to
the Q3 branch, (G−H)3 correspond to the R3 branch, (A−C)1
correspond to the Q1 branch, and (D−F)1 and H1 correspond
to the R1 branch. We clearly observe the weak S1(0) and
S1(1) features G1 and I1; in previous work10 only the S1(0)
transition was reported, and that was barely visible.
While there are a few features in the cryo-SEVI spectrum
originating from anion rotational levels with J > 2, the most
intense features arise from transitions from the J = 0 and 1
levels, indicating the ions are rotationally cold. The rotational
temperature of the anions can be estimated by ﬁtting the ratio
of the intensities of the R3(0) and R3(1) features to a
Boltzmann rotational distribution, given by
I1
= 3e−2hcB0 / kbT
I0

where I0 and I1 are the intensities of the R3(0) and R3(1)
peak, respectively, h is Planck’s constant, c is the speed of light,
B0 is the rotational constant of OH− (18.7354(16) cm−1),10 kb
is Boltzmann’s constant, and T is the rotational temperature of
the anion. When comparing the intensities of these two peaks
at a photodetachment energy of 666.48 nm, we estimated a
rotational temperature of roughly 25 K, which is only slightly
higher in temperature than the cryogenic trap and similar to
rotational temperatures of OH− measured by Otto et al. while
held in a 22-pole RF ion trap held at 8 K.27
In the IR cryo-SEVI spectrum (Figure 1b), the R(0)
rovibrational transition of OH− anions was pumped by using
2.78 μm (3591 cm−1) light on alternating experimental cycles
prior to photodetachment, forming anions in the (v″, J″) = (1,
1) rovibrational level. In these spectra, there is a clear
reduction in the relative intensities of peaks G3 and D1,
indicating an ∼30% depletion of the (0, 0) population of the
detached anions. Conversely, ﬁve new features appear (d3, h3,
c1, e1, and i1) and correspond well with the calculated values
for detachment from the (1, 1) rovibrational level of OH− to
the (v′, J′) = (1, 3/2) and (1, 5/2) levels in the 2Π3/2 state and
to the (1, 1/2), (1, 3/2), and (1, 5/2) levels in the 2Π1/2 state.
These, in fact, are all of the expected transitions from a J″ = 1
rotational level in the anion based on the ΔJ = ±1/2, ±3/2
selection rule. Each appears within 15 cm−1 of a nearby
ground-state transition due to the slight diﬀerence in
vibrational frequency between the anion and neutral,
demonstrating the necessity for a high-resolution technique,
such as cryo-SEVI, to resolve these features. Note that
although the 0−1 hot band photodetachment transition
would be well separated from the ground state SEVI
transitions, the Franck−Condon factor for this transition is
roughly 4 orders of magnitude smaller than that for the 0−0
transition; hence, observation of 0−1 rovibrational transitions
via cryo-SEVI would be exceptionally challenging.
Figure 1c shows the IR cryo-SEVI diﬀerence spectrum,
calculated by subtracting the photoelectron distribution of the
cryo-SEVI spectrum from that of the IR cryo-SEVI spectrum
and normalizing to the G3 depletion feature. Transitions
arising from vibrationally excited anions in the IR cryo-SEVI
spectrum appear as positive features in the diﬀerence spectrum,
while transitions from states depleted by vibrational excitation
appear as negative features. As the cryo-SEVI and IR cryo-

Figure 3. (a) Representative IR cryo-SEVI spectra of feature h3 taken
with a ﬁxed detachment frequency (hv = 14802.5 cm−1) while the IR
wavelength is scanned across the R(0) transition of OH−. (b) Plot of
integrated intensity of h3 as a function of IR wavelength (black
squares) and ﬁt to Gaussian (red trace). The integrated intensity is
normalized to the most intense transition measured.
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this method can be related to the intensity of the feature as a
function of IR wavelengthplotting the integrated area of h3
as a function of energy and ﬁtting it to a Gaussian distribution,
as is plotted in Figure 3b, returns a FWHM of 2.80 cm−1,
comparable to the reported bandwidth of the LaserVision
output. One-sigma errors in the reported vibrational frequency
are then 1.2 cm−1. In the case of OH−, we ﬁnd the R(0)
rovibrational transition energy to be 3591(1.2) cm−1,
encompassing the value of 3591.5254 cm−1 measured by
Rosenbaum et al.29 The six IR cryo-SEVI spectra used to
generate the IR spectrum in Figure 3b were each accumulated
for around 20000 experimental cycles, equating to roughly 1.5
h of data collection in total. Compared to infrared photodissociation of tagged anions, the necessity of obtaining a
reasonably high quality photoelectron spectrum at each IR
wavelength limits the utility of IR cryo-SEVI as a means of
obtaining an infrared spectrum over a large frequency range,
but improved collection and data analysis methods may narrow
this gap in the near future.
The large rotational constant of the hydroxide anion made it
possible to monitor the eﬀect of IR excitation on speciﬁc
rotational transitions in the cryo-SEVI spectrum, which would
typically not be feasible for polyatomic systems. However, in
our experience, the rotational proﬁles of cryo-cooled anions are
around 5 cm−1 wide,6 which matches well with the 3 cm−1
bandwidth of the IR laser system. It should thus be possible to
vibrationally excite most of the anion population and observe
new vibrational features in the photoelectron spectrum from
transitions to neutral vibrational levels that are inaccessible
from the anion ground state. One can, for example, excite IRactive, nontotally symmetric modes in the anion, as this will
enable one to access normally inactive, nontotally symmetric
modes of the neutral species. Such an experiment would be of
particular interest for the vinylidene anion H2CC−, where it
has been shown that excitation of nontotally symmetric modes
of neutral H2CC drives isomerization to HCCH.44 This
experiment will be facilitated by previously measured and
calculated vibrational frequencies for the vinylidene anion.16,45
Overall, the range of applicability of IR cryo-SEVI remains to
be determined, but any anion with a relatively isolated
vibrational origin transition in its cryo-SEVI spectrum is a
viable candidate.
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