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Electrospray ionization (ESI) has become an essential tool in chemical physics and physical chemistry
for the production of novel molecular ions from solution samples for a variety of spectroscopic
experiments. ESI was used to produce free multiply-charged anions (MCAs) for photoelectron spec-
troscopy (PES) in the late 1990 s, allowing many interesting properties of this class of exotic species
to be investigated. Free MCAs are characterized by strong intramolecular Coulomb repulsions, which
create a repulsive Coulomb barrier (RCB) for electron emission. The RCB endows many fascinating
properties to MCAs, giving rise to meta-stable anions with negative electron binding energies. Recent
development in the PES of MCAs includes photoelectron imaging to examine the influence of the
RCB on the electron emission dynamics, pump-probe experiments to examine electron tunneling
through the RCB, and isomer-specific experiments by coupling PES with ion mobility for biological
MCAs. The development of a cryogenically cooled Paul trap has led to much better resolved PE
spectra for MCAs by creating vibrationally cold anions from the room temperature ESI source.
Recent advances in coupling the cryogenic Paul trap with PE imaging have allowed high-resolution
PE spectra to be obtained for singly charged anions produced by ESI. In particular, the observation of
dipole-bound excited states has made it possible to conduct vibrational autodetachment spectroscopy
and resonant PES, which yield much richer vibrational spectroscopic information for dipolar free

radicals than traditional PES. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4927086]

. INTRODUCTION

The first paper on electrospray by John Fenn in 1984
is titled “Electrospray Ion Source. Another Variation on the
Free-Jet Theme.”! In this prophetic article, Fenn envisioned
three possible applications of the electrospray ionization (ESI)
source. First and foremost, “this novel ion source may be useful
for producing in vacuo a wide variety of cluster ions for exam-
ination by various spectroscopic techniques.” Second is “the
prospect of extending the applicability of mass spectrometric
analysis to large organic molecules that are too complex, too
fragile, or too nonvolatile for ionization by more conventional
methods.” Third, there exists “intriguing possibility to use this
technique on probing the microscopic structure and properties
of solutions.” Indeed, the application of ESI in mass spectrom-
etry of complex and nonvolatile molecules was immediately
realized and has revolutionized mass spectrometric analyses
of biological molecules.2? However, its use as a novel ion
source for spectroscopy took more than a decade to be real-
ized, until it was first coupled with photoelectron spectroscopy
(PES) in 1998 for the investigation of multiply-charged anions
(MCAs).*° Since then, ESI has been used widely as an ion
source for various spectroscopic techniques,’! just as Fenn
envisioned. It has become an indispensible tool in chemical
physics and physical chemistry in the production of interesting
and novel ionic species from solution samples.

In this article, I provide a personal perspective on the
application of EST in photoelectron spectroscopy, starting from
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the initial motivation to study MCAs to more recent develop-
ment, in particular, the coupling of the ESI source to a cryo-
genically cooled Paul trap that has made it possible to perform
high-resolution PES. A number of reviews and perspectives
on the PES of MCAs have appeared;**=° and this perspec-
tive focuses on more recent advances. The article is orga-
nized as follows. In Sec. II, the current configuration of the
ESI-PES apparatus at Brown University, featuring a second-
generation cryogenically cooled Paul trap and a state-of-the-
art high-resolution PE imaging system, is described. Efforts
in active cooling of molecular ions in cryogenic ion traps and
its impact on spectroscopy will be mentioned. In Sections
III-V, recent advances in PE imaging, pump-probe exper-
iments, and isomer-specific experiments on MCAs will be
described. Section VI presents high-resolution PES afforded
by coupling the cryogenic Paul trap and PE imaging on singly
charged anions from ESI. In Section VII, I discuss the obser-
vation of dipole-bound excited states in singly charged anions,
which have dipolar neutral cores. The effects of cold anions on
photodetachment spectroscopy via vibrational autodetachment
from dipole-bound states (DBSs) and the potentials of resonant
PES via the dipole-bound states are presented. The article is
concluded with a brief summary and outlook for electrospray
photoelectron spectroscopy.

Il. EXPERIMENTAL METHODS

The first ESI-PES apparatus designed for the study of
MCAs involved a home-built ESI source coupled to a room

©2015 AIP Publishing LLC
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temperature (RT) Paul trap for ion accumulation.’” Tons were
pulsed out of the ion trap into the extraction zone of a time-
of-flight mass spectrometer at 10 Hz. The mass- and charge-
selected ions were studied by a magnetic-bottle PES analyzer
with an electron kinetic energy resolution of about 2% (AEk/
Ek). The ion accumulation using the Paul trap and the high
collecting efficiency of the magnetic-bottle PES analyzer were
crucial, allowing many MCAs to be investigated.*%3>33 The
Kappes group successfully integrated an ESI source to a RT
hexapole ion trap and a magnetic-bottle PES analyzer for the
studies of MCAs. 3840

One of the limitations of the first ESI-PES apparatus
was the lack of ion temperature control because the Paul
trap was operated at room temperature. Molecular ions, in
particular complex MCAs or weakly bounded anions, could
carry substantial internal energies even at RT. Consequently,
significant thermal broadening was observed, limiting the
PES resolution and the accuracy of the measured electron
binding energies. A second-generation ESI-PES apparatus was
developed,*! which featured a cryogenically cooled Paul trap.
This advance not only allowed high-resolution PES data to be
obtained by eliminating vibrational hot bands*>* but has also
allowed temperature-dependent phenomena to be studied.**->°
The first PES experiments performed using this newly built
apparatus were the observation of C-H- - -O hydrogen bonding
in long-chain alkane carboxylate anions at low temperatures*®
and the vibrationally resolved PE spectra of Cg, allowing the
electron affinity (EA) of Cg( to be measured with an accuracy
of +8 meV (2.683 + 0.008 eV).** The largest anion that was
completely vibrationally cooled using this instrument was the
fullerene dimer oxide dianion, [CeyOCg 1>~ with 121 atoms,
for which vibrationally resolved PE spectra were obtained at
low temperatures.’! Even though the temperature of the anions
was not known then in the cryogenic Paul trap, the effective
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cooling was demonstrated by the observation of H,-tagged
anions.’?> The second-generation ESI-PES apparatus staying
at Pacific Northwest National Laboratory continues to yield
interesting results.>~

A. The third-generation ESI-PES apparatus

The second-generation ESI-PES apparatus is equipped
with a magnetic-bottle PES analyzer, which has an electron en-
ergy resolution of about 2% (AEk/Ek), i.e., about 10-20 meV
for low energy electrons under the best conditions.*! Hence, the
full benefits of actively cooling the anions cannot be fully capi-
talized due to the limited resolution of the magnetic-bottle PES
analyzer. The third-generation ESI-PES apparatus developed
recently at Brown University is shown schematically in Fig. 1,
which couples a newly designed ESI and cryogenic Paul trap
assembly with a high-resolution PE imaging system.’® Both a
Nd:YAG laser and a tunable dye laser (AL ~ 0.0015 nm, Sirah
Cobra-Stretch with a frequency doubling unit) are equipped
with this apparatus. Four major modifications were imple-
mented in the new ESI-PES apparatus: (1) the ESI source
with more compact ion optics; (2) the cryogenically cooled
Paul trap with pulsed thermalization gas and a more power-
ful cryostat; (3) the replacement of the magnetic-bottle PES
analyzer with a high-resolution co-linear PE imaging system;
and (4) the improved vacuum system by replacing all diffusion
pumps with turbomolecular pumps. The time-of-flight mass
spectrometer is similar to the previous design,’#! with the
exception of the ion detector, which is now placed in front of
the co-linear PE imaging lens and can be moved out of the ion
path during PE imaging experiments (Fig. 1). The capabilities
and some initial results from this apparatus will be highlighted
in Sections VIand VII. The high-resolution PE imaging system
has been described in detail elsewhere.’® The best resolution
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FIG. 1. Schematics of the current configuration of the third-generation ESI-PES apparatus at Brown University, featuring a cryogenic Paul trap and a
high-resolution photoelectron imaging system (TP: turbomolecular pump; CP: cryopump).
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achieved for near threshold electrons is 1.2 cm™! (FWHM)
from detachment of atomic anions and 2.8 cm™' from Au,~,
limited by rotational broadening.”’ Here, the new cryogenic
Paul trap and the associated more compact ion optics are briefly
discussed.

B. The cryogenic Paul trap

Controlling ion temperatures from ESI is challenging but
extremely important in ion chemistry and spectroscopy. The
linear 22-pole radio-frequency (RF) ion trap coupled with
a closed-cycle helium refrigerator, developed by Gerlich,*®
has been adapted by a number of groups for ion spectros-
copy.' =65 The 22-pole trap has a rectangular-shaped trap-
ping potential, which provides better ion cooling with min-
imal RF-heating. The linear design is also better suited for
direct online laser excitation of the trapped ions. Following
the Gerlich-type 22-pole design, a number of linear ion traps
with lower pole numbers and other configurations have been
designed with cryogenic cooling.®*"" The lower pole num-
bers allow better on-axis focusing of trapped ions, more suit-
able for overlap with online laser excitations.’® Our cryogenic
ion trap involves a 3D Paul trap. Despite some initial skep-
ticism, it has proven to perform quite well by completely
eliminating vibrational hot bands in PES*'~* and observation
of temperature-dependent effects.*=° Recent high-resolution
experiments showed that rotational temperatures can reach
down to 20-35 K (see Section VII C), while the trap is operated
at4.4 K. The biggest advantage of the 3D Paul trap is its ease of
operation and its suitability for extracting ions for subsequent
time-of-flight mass analyses. A number of cryogenic Paul
traps have been built recently to conduct spectroscopy on cold
ions,”'”7* in particular, Johnson and co-workers have devel-
oped it into a powerful cryogenic ion spectroscopy technique
via H, tagging.?8-30

The current ESI Paul trap system at Brown University
has been significantly improved over the first design.*' The
ion optics is much more compact without the 90° ion bender,
as shown in Fig. 1. After the desolvation capillary, ions are
transported by two sets of quadrupole ion guides and directed
into the Paul trap (R. M. Jordan Co., Inc.) by an octopole ion
guide. The ESI source and the first quadrupole ion guide can
be tilted off axis via a flexible bellows, so that the neutral
background gases from the high-pressure region would not
reach the ion trap. However, it is found that the tilt is not
necessary due to the efficient differential pumping. The ion
trap is cooled by a customized two-stage closed-cycle helium
refrigerator (Model SRDK from Janis Research Co., Inc.) that
can cool down the ion trap assembly from RT to 4.4 K within
about 1 h. The cooling gas, consisting of a mixture of 20%
H; in He, is pulsed into the ion trap, according to Kamrath
et al.”® Tons are pulsed out of the Paul trap at a 10 Hz repetition
rate into the time-of-flight mass spectrometer. The PE imaging
chamber is pumped by a cryopump, while the chambers for the
second octopole ion guide, the ion trap and extraction, and the
time-of-flight mass analyzer are all pumped by turbomolecular
pumps to eliminate any possibility of pump oils that would
be undesirable for the operation of the cryogenic ion trap.
The diffusion pumps used in the second-generation ESI-PES

J. Chem. Phys. 143, 040901 (2015)

apparatus*! were a significant problem, preventing operating
the cryogenic Paul trap at the lowest possible temperature.

lll. PHOTOELECTRON IMAGING

OF MULTIPLY-CHARGED ANIONS: THE INFLUENCE
OF THE REPULSIVE COULOMB BARRIER (RCB)
ON THE PHOTOELECTRON EMISSION DYNAMICS

Although MCAs are ubiquitous in the condensed phases,
isolated MCAs are usually not stable due to the strong in-
tramolecular Coulomb repulsion and are difficult to form in the
gas phase.”>"%° The coupling of ESI with PES allowed MCAs
to be spectroscopically characterized for the first time.*%3>40
When an electron is detached from a MCA, it experiences a
short-range attraction by the nuclei and a long-range repulsion
from the negatively charged residual ion, resulting in the so-
called RCB (Fig. 2(a)). The RCB prevents slow photoelectrons
from being emitted from MCAs, evidenced by a cutoff in PE
spectra of all MCAs. The RCB provides dynamic stability to
MCAs, allowing long-lived meta-stable MCAs with negative
electron binding energies to be observed (Fig. 2(b)).38:81-84

The strong intramolecular Coulomb repulsion not only
influences the energetics and stability of MCAs, but it is also
expected to strongly influence the electron emission dynamics,
which can be investigated using PE imaging by measuring the
photoelectron angular distribution.®>-87 The first PE imaging
on MCAs was done on a series of linear aliphatic dicar-
boxylate dianions [~0,C-(CH;),-CO, ™, n = 3-11],8-" which
were expected to display strong anisotropy in the PE angular
distribution. Because photoemission took place from one end
of the MCA:s, the outgoing electron was expected to be pushed
to peak along the axis of the molecules. This anisotropy
was observed as a parallel distribution along the laser polar-
ization. Since the MCAs were not aligned, this observation
suggested that there was a maximum detachment cross sec-
tion when the linear dianions were aligned with the laser
polarization. The anisotropy was observed to decrease with
increasing chain length as the Coulomb repulsion decreases.
At higher detachment photon energies, the anisotropy was also
observed to decrease because of the increased kinetic energies
of the outgoing electrons.?’ Even though photoelectron angular
distributions are governed by partial wave interferences of the
outgoing electron for neutral or singly charged anions,*%” the

AB?-
Meta-Stable Dianion AB-
AB2-
Stable Dianion hv = KE + EB KE>hv !
EB = hv - KE EB<0

FIG. 2. Schematic potential energy curves showing the electron binding
energy (BE) and the repulsive Coulomb barrier (RCB) in multiply-charged
anions (using a doubly charged anion as an example): (a) for an electronically
stable multiply-charged anion with a positive BE; (b) for a meta-stable
multiply-charged anion with a negative BE because the electron kinetic
energy (KE) is higher than the detachment photon energy (hv).
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classical electrostatic effects dominate in MCAs and seem to
have smeared out any quantum effects. Using the three isomers
of benzene dicarboxylate dianions [o-, m-, p-C6H4(C02)22_],
we showed that the PE angular distributions were quite sensi-
tive to the locations of the extra charges,’' suggesting that PE
imaging may allow structural information to be obtained for
complex MCAs.

If electron detachment occurs from the central part of a
linear doubly charged anion, one would expect a perpendic-
ular electron emission pattern owing to the Coulomb repul-
sion from the two terminal negative charges. Indeed, this was
observed in the PE imaging of the diphenyl disulfonate dian-
ion®? in which the hi ghest occupied molecular orbital (HOMO)
consists of the it system on the phenyl rings. Fig. 3(a) shows the
HOMO and the structure of this dianion, as well as the calcu-
lated RCBs using the local approximation scheme.” Figs. 3(b)
and 3(e) show the PE images at two different photon ener-
gies with strong perpendicular photoelectron distributions. In
a control experiment, the PE angular distributions for a set
of linear disulfonate dianions [~O3S-(CH,),-SO5~, n = 1-3]
were observed to exhibit parallel distributions because electron
emission was from the —SO;~ end groups, similar to the linear
dicarboxylate cases mentioned above. As shown below, Verlet
and co-workers have also observed perpendicular PE angular
distributions for several dianions with similar structures and
charge carriers.’*%

IV. PUMP-PROBE EXPERIMENTS: PROBING
ELECTRON TUNNELING THROUGH THE REPULSIVE
COULOMB BARRIER AND EXCITED STATE DYNAMICS

Near the top of the RCB (Fig. 2), electron tunneling can
occur, and it was shown that such tunneling can be approx-
imately described using the nuclear tunneling model for a-
decay.$>%7 The lifetimes of meta-stable MCAs are determined
by the rate of electron tunneling.”®*° The Kappes group has
investigated electron tunneling in several meta-stable MCAs
using mass spectrometry and photodetachment.3*19-192 MCAs
can be pumped to an excited state, from which fast elect-
ron tunneling can occur. Such resonant tunneling was first
observed in the copper phthalocyanine tetrasulfonate tetra-
anion.®® The Kappes group used ultrafast pump-probe exper-
iments to probe the dynamics of the excited states in several
phthalocyanine MCAs and observed both resonant tunneling
and internal conversion.'**!% In a recent PES experiment on

J. Chem. Phys. 143, 040901 (2015)

c) 266nm

FIG. 3. (a) The calculated electrostatic

potential for detaching an electron

from the highest occupied molecular

orbital (shown in the inset) of
tozos 4 the diphenyl disulfonate dianion
(T03S-CgH4-CgH4-SO37).  (b) and
(c) The photoelectron image and
spectrum at 266 nm. (e) and (f) The
photoelectron image and spectrum at
290 nm. The double arrow indicates the
laser polarization.®?

12 3 4
Binding Energy (eV)

the bisdisulizole tetra-anion (BDSZ*"), an intense constant
kinetic energy peak was observed over a large range of pho-
todetachment energies.'% The same kinetic energy at different
detachment photon energies suggested a common resonant
tunneling state within the RCB, i.e., the tetra-anion absorbed a
detachment photon at different energies but relaxed to the same
lower excited state (assumed to be the S| lowest excited state),
from which resonant tunneling occurred. A tunneling lifetime
was estimated to be ~450 fs using a pump-probe experiment.
Similar resonant tunneling was observed in a series of triply
charged ion-pairs of BDSZ*~ with alkali ions [M* (BDSZ*")]
and the tunneling lifetimes were found to be dependent on the
alkali ions.'%

Verlet and co-workers have recently coupled pump-probe
experiments with PE imaging to probe the dynamics of MCAs
and the effects of the RCB.%+-2%107.198 [ ap experiment on the
deprotonated fluorescein dianion, they pumped the dianion to
its S; excited state within the RCB and observed strong reso-
nant tunneling.'?” They observed that the electron kinetic ener-
gies from the resonant tunneling and the tunneling lifetimes are
constant when the pump laser was tuned to different vibronic
levels of the S state. These observations were explained using
an adiabatic tunneling model, i.e., the internal energies in the S,
excited state were preserved during electron tunneling through
the RCB. This model should apply when electron tunneling is
fast, relative to vibrational relaxation. On the other hand, if the
tunneling lifetime is long in the nascent excited state relative to
internal conversion or vibrational relaxation, one expects that
tunneling would occur from the lowest or a lower excited state
in the MCA following relaxation from the initial excitation.

In the PE imaging experiments of the linear dicarboxy-
lates and disulfonate dianions discussed in Section III above,
the MCAs were not aligned. One would expect much stron-
ger anisotropy if aligned samples were possible. Verlet and
co-workers have been able to achieve such alignment using
pump-probe experiments of two doubly charged dye mole-
cules, pyrromethene 556 (PM?") and doubly deprotonated in-
digo carmine.’®°*% Both dianions consist of a central ar-
omatic system with two terminal sulfonate groups and a =
HOMO on the aromatic system, very similar to the diphenyl
disulfonate dianion shown in Fig. 3(a).”> PE images using
single photon detachment also revealed perpendicular angular
distributions because the anisotropy of the RCB is similar to
that of Fig. 3(a). However, both dianions are highly photoactive
with long-lived S; excited states within the RCB. The transition
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1000 fs 2000 fs

5000 fs

FIG. 4. Time-resolved photoelectron images by exciting the pyrromethene-
556 dianion to its S; excited state with a 2.43 eV pump pulse followed by
a 1.55 eV probe pulse at different delay times. The double arrow indicates
the laser polarization. Reprinted with permission from Horke et al., J. Phys.
Chem. Lett. 3, 834 (2012). Copyright 2012 American Chemical Society.

dipole to the S state is along the molecular axis defined by the
two sulfonate groups. Hence, excitation to the S; state prepares
an aligned sample along the laser polarization direction. A
probe laser that detaches an electron from the S; state can
probe the dynamics of the S; state, as shown in Fig. 4. At short
delay times, a much stronger perpendicular angular distribu-
tion is observed because of the aligned S; state along the laser
polarization. As the probe delay is increased, the anisotropy
is decreased as a result of molecular rotation. In fact, at a
delay time of 2 ps, a parallel angular distribution is observed,
suggesting that the PM?~ dianions initially prepared in the
S, state have undergone a 90° rotation. At long delay times,
the angular distribution is isotropic because of the rotational
dephasing. For short-lived excited states, one would expect that
resonant tunneling or internal conversion may compete with
the rotational dephasing, resulting in much more complicated
angular distributions.

V. ISOMER-SELECTIVE PHOTOELECTRON
SPECTROSCOPY OF MULTIPLY-CHARGED
BIOMOLECULES

The most important application of ESI is in the mass
spectrometric analyses of biomolecules, which are often in the
form of multiply-charged cations or anions.>® PES can be a
valuable technique to probe the electronic structure and sta-
bility of negatively charged biomolecules.'” However, many
gaseous biomolecules exist as a mixture of different isomers,
which have different structures, but similar thermodynamic
stability. The presence of close-lying multiple isomers posed a
major challenge to the application of PES to biomolecules. Ion
mobility involves sending a mass-selected ion packet through
a collision cell. Ions with different shapes or cross sections
have different diffusion times in the collision cell and can be
separated spatially and temporally. Ion mobility has become
a powerful technique in biological mass spectrometry for

J. Chem. Phys. 143, 040901 (2015)
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FIG. 5. The ion mobility arrival times (a) for four DNA oligonucleotide
MCAs and the isomer-selected photoelectron spectra (b). See Ref. 111 for the
structures of the oligonucleotides. Reprinted with permission from Vonderach
et al., J. Am. Chem. Soc. 134, 7830 (2012). Copyright 2012 American
Chemical Society.

structural determination. Isomer-selective PES using ion
mobility was demonstrated for small carbon clusters in the size
range of the linear-to-cyclic structural transition.'!”

Recently, the Kappes group has developed a novel
instrument coupling ion mobility mass spectrometry with PES
and obtained isomer-selective PES for MCAs of biomole-
cules.!'!"!3 Fig. 5(a) shows the ion mobility separation of
four DNA oligonucleotide MCAs.''3 The corresponding PE
spectra for the different isomers are shown in Fig. 5(b).
Clearly, different isomers for the same MCA gave different
PE spectra. The PES resolution here was limited because of
both the complexity of the MCAs and more importantly their
internal energies. These experiments were performed at RT
and the large MCAs were expected to carry significant thermal
energies to cause vibrational broadening. Hence, cooling of
the isomer-selected MCAs following ion mobility separation
would enhance the spectral resolution.

VI. HIGH-RESOLUTION PHOTOELECTRON IMAGING
AND SPECTROSCOPY OF COLD ANIONS
FROM ELECTROSPRAY

The coupling of the cryogenic Paul trap with an ESI
source in the second-generation ESI-PES apparatus has signif-
icantly improved the quality of the PE spectra of MCAs, as
well as that of singly charged anions.*'=>> Issendorff and co-
workers have also coupled a cryogenic 12-pole linear ion
trap with a magnetic-bottle PES analyzer for the study of
atomic clusters.!'* The moderate resolution of the magnetic-
bottle analyzer is sufficient for MCAs, for which no slow
electrons are possible due to the RCB. However, for singly
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charged anions, the cryogenic Paul trap offers an opportunity to
conduct high-resolution PES using PE imaging. In contrast to
the magnetic-bottle analyzer, the imaging method allows very
slow electrons to be detected, including zero eV electrons. The
energy resolution for slow electrons can be extremely high in
PE imaging. The Neumark group has exploited this property
and developed slow electron velocity-map imaging (SEVI)
into a new type of high-resolution PES for anions,''>~!'” which
yields comparable resolution as ZEKE, but is much more
advantageous in its implementation and operation. In SEVI,
a series of PE images are obtained using a tunable detachment
laser. Then, the high-resolution parts of these spectra (i.e.,
the slow electrons) are cut out and stitched together to form
a high-resolution SEVI spectrum.''” We have found that it
is often valuable to present the full set of PE images and
spectra taken at different detachment energies, because there
may be interesting energy-dependent spectral features, such as
resonant phenomena or near threshold enhancement.

A. High-resolution PE imaging of the cold fullerene
Ceo anion

Fig. 6 shows a comparison of the PE spectra of Cgy~ using
the first- and second-generation ESI-PES apparatuses,*>!!8
and the new PE imaging data on the third-generation appa-
ratus.'!' Qualitative improvement was observed using the
second-generation ESI-PES apparatus by cooling the Cgy~
anion to 70 K, evidenced by the elimination of the hot bands
(red curve in Fig. 6(a)), but the spectrum was limited by the
resolution of the magnetic-bottle analyzer. An extensive set
of PE images were taken for Cgp~ on the third-generation
apparatus at different detachment wavelengths.'"” Figs. 6(b)-
6(d) reproduce the PE images and spectra at three photon
energies. In addition to the interesting angular distributions,
significant photon-energy dependent effects were observed.
For example, the 0-0 transition is no longer the strongest peak
at the lower photon energies (Figs. 6(c) and 6(d)). A total of
sixteen vibrational peaks were resolved for the ground elec-
tronic state of Cg, yielding fourteen fundamental vibrational
frequencies, many of which were obtained for the first time
for gaseous Cgp. Furthermore, the EA of Cgy was accurately
measured as 2.6835(6) eV, resolving some major uncertainly
in the literature.'”® Recently, the Neumark group has also
coupled a cryogenic octopole ion trap with PE imaging and
obtained high resolution PES data for cold atomic clusters from
a laser vaporization source or supersonic ion beam source for
molecular anions.'?!-124

B. Vibrational state-selective resonant two-photon
high-resolution PE images of AuS-

Even though the ESI source was considered to be a soft
ionization method by transporting solution ionic species into
the gas phase, ion-molecule reactions or collision-induced
dissociations can occur during electrospray, most likely in
the high pressure region right after the desolvation capillary
and in front of the first skimmer (Fig. 1). For example, in
an experiment aimed at producing Au-thiolate clusters,'?’
simple anions, such as Au~, AuH,",'?® and AuS~,'?" were
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FIG. 6. Comparison of the photoelectron spectra of Cgp~ from the magnetic-
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tuses (a) to that of the third-generation apparatus coupling a cryogenic Paul
trap and high-resolution photoelectron imaging (Figure 1) at three detachment
wavelengths (b)—(d). The double arrow indicates the laser po]arization.] 19

observed and they must come from ion molecule reactions or
collision-induced dissociations. The AuS™ anion was previ-
ously produced using a laser vaporization cluster source and
its electronic structure was investigated by the magnetic-bottle
PES apparatus and ab initio calculations.'?® The production of
the AuS™ anion from the ESI source afforded an opportunity
to obtain high-resolution PE spectra of cold AuS™ on the third-
generation ESI-PES apparatus.

It was during the search for dipole-bound states in AuS~
(see below) that a valence electronic excited state was observed
for AuS~, 0.1089 eV below the detachment threshold (C3X~
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in Fig. 7(a)). Eight vibrational levels (v” = 0-7) were observed
for the X~ excited state using resonant two-photon detachment
spectroscopy.'?” Four long-lived levels (v’ = 0-3) were bound-
states below the detachment threshold, and four short-lived
levels (v’ =4-7) were found to be above the detachment
threshold and underwent autodetachment. The four bound
vibrational levels allowed vibrational state-selective PE im-
ages to be obtained by resonant two-photon detachment via the
3%~ excited state. Fig. 7(b) shows a PE image from the v = 1
level of the X~ intermediate state to the >X. final state of neutral
AuS, with an unusual Franck-Condon envelope. PE images
were obtained from all the four bound levels (v’ = 0-3) of the
3%~ state, each with a very different Franck-Condon envelope,
reflecting the symmetry of the initial vibrational wavefunctions
in the 3%~ state. In fact, some vibrational levels were resolved
to be doublet, due to spin-spin coupling in the 3L~ state. The
p-wave angular distribution was consistent with the nature of
the 0" electron that was detached by the second photon (see
electron configurations in Figure 7(a)). Excitation to the 3%~
excited state of AuS™ involved a spin-forbidden transition from
the 'Z* ground state, in agreement with the long lifetime of
this state. Interestingly, three low-lying excited states were also
predicted to exist for AuS~ below the >~ state,'?” which can be
accessed by 1+ 1 or 1 + 1 resonant two-photon detachment.

J. Chem. Phys. 143, 040901 (2015)

Vil. RESONANT PHOTOELECTRON SPECTROSCOPY
VIA DIPOLE-BOUND EXCITED STATES

A. PES of phenoxide at room temperature
and observation of dipole-bound states

High-resolution PE images for singly charged anions from
ESI were first attempted on the phenoxide anion using the
RT Paul trap on the first-generation ESI-PES apparatus.®’ The
phenoxide anions could be produced readily from ESI of a
basic solution of phenol, but the PES results were a com-
plete surprise, as shown in Fig. 8. The spectrum displayed
in Fig. 8(b) was obtained at 409.37 nm with the resolution
of a single vibrational progression (defined by peaks b, c,
d...) and a vibrational hot band transition (defined by peak
a). This spectrum was consistent with a previous PES study
using a hemispherical electron analyzer.'” As the detach-
ment photon energy was decreased, the spectral resolution was
improved (Fig. 8(c)), but the peak width was not significantly
reduced because of ro-vibrational broadening. This could be
seen clearly for the spectrum at 546.43 nm, which was near
the detachment threshold. But the 0-0 transition defined by
peak b was much broader than the instrumental resolution.
Surprisingly, sharp peaks appeared in the lower photon energy
spectra (Fig. 8(c)). Most strikingly, the spectrum at 538.18 nm
consisted mainly of one very strong and sharp peak with a
width close to the instrumental resolution. Furthermore, the
sharp peaks seemed to exhibit constant kinetic energies, as
seen in Fig. 8(d). The constant kinetic energies and the intense
nature of the sharp peaks suggested that they must be due to
excitation to some autodetaching resonant states.

Further experimentation with different anions showed that
such sharp features existed only for anions with a dipolar
neutral core, strongly suggesting that they came from excited
DBSs. DBS was predicted to exist for neutral molecules
with sufficiently large dipole moments (>2.5D)"3%-133 and had
been observed,'3* 138 usually with very low binding energies.
Excited DBSs near the detachment thresholds of anions were
observed by Brauman and co-workers in photodetachment
cross sections. 37142 The excited DBSs in anions with neutral
dipolar cores are analogous to Rydberg states in neutral mole-
cules. Because the binding energies of DBSs were on the
order of a few to few tens of wavenumbers, vibrational or
rotational autodetachment can occur, resulting in resonances
in the detachment cross sections. Lineberger and co-workers
had performed high-resolution autodetachment spectroscopy
via DBS.!#148 The phenoxy radical has a sufficiently large
dipole moment (~4 D) (see inset of Fig. 8(b)) and it was
plausible that phenoxide could have excited DBS near its
detachment threshold. The wave function of the DBS was
calculated and shown in Fig. 8(a). However, one puzzling issue
was why the sharp peaks observed in Fig. 8(c) seemed to have
no wavelength dependence. In the meantime, SEVI spectra
had been reported for phenoxide produced from a supersonic
ion beam.!*’ The moderate cooling of phenoxide in this study
appeared to be critical, even though vibrational hot bands were
still observable. Most importantly, no similar sharp peaks were
observed in the reported SEVI spectra. Clearly, the observation
of DBS resonances in the PE spectra of RT phenoxide was
due to the temperature effects: the internal energies in the hot
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FIG. 8. Photoelectron spectra of phenoxide (C¢H4O7) at room temperature. (a) The wave function of the dipole-bound excited state of phenoxide. (b) The
photoelectron spectrum at 409.37 nm. (c) Photon energy dependent photoelectron spectra from 492.41 nm to 536.43 nm. (d) The same data plotted in kinetic
energy scale, highlighting the constant kinetic energy nature of the unexpected sharp peaks (a., 8, v). The inset in (b) shows the structure of the phenoxy radical

and its dipole moment.

anions made it possible for resonant excitations to the DBS at
much broader photon energy ranges.

B. Resonant PE imaging and spectroscopy of cold
phenoxide via dipole-bound states

The PE images and spectra of cryogenically cooled phen-
oxide done on the third-generation ESI-PES apparatus are
shown in Fig. 9 (left).!>* These spectra were hugely improved
in comparison with the RT data in Fig. 8(c). In fact, the near
threshold 0-0 transition at 549.43 nm (Fig. 9(a)) was partially
rotationally resolved, as seen from the fine features in the
expanded spectrum in the inset. The constant kinetic energy
sharp peaks were no longer observed. In comparison to the

SEVI spectrum taken with the supersonic ion beam,'* vibra-
tional hot bands were completely eliminated in the spectra
presented in Fig. 9. Hence, in addition to the main vibrational
progression due to the v{; mode, a number of weak peaks and
combinational vibrational levels with weak Franck-Condon
factors were resolved and assigned, i.e., the vg, vip, and v;g
modes.

Apparently, the cold anions without a large amount of ro-
vibrational energies made it more difficult to observe the DBS.
To search for the DBS, we scanned the dye laser above the
detachment threshold by monitoring the total electron yield
and found eight autodetaching vibrational levels, as shown
schematically in Fig. 10, where the vibrational levels of the
neutral phenoxy are also shown. We were also able to observe
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FIG. 9. Comparison of the non-resonant photoelectron images and spectra of phenoxide (C¢HsO™) (left) to resonant photoelectron images and spectra via

dipole-bound excited states. The double arrows below the images indicate the laser polarization.

the DBS ground state by resonant two-photon detachment. The
binding energy of the DBS was measured to be 97 cm ™! relative
to the detachment threshold at 18 173 cm™!, i.e., the EA of
phenoxy. By tuning the detachment laser to each vibrational
level of the DBS, we obtained resonantly enhanced PE spectra,
which consisted of both direct detachment and autodetach-
ment. Because the electron in the DBS is so weakly bound
and outside the neutral core (see Fig. 8(a)), the structure of
the anion in the DBS and that of the neutral phenoxy is the
same. In fact, a detachment spectrum was obtained by scanning
the laser near the v;; vibrational levels and the v;; frequency
measured for the DBS was found to be identical to that of the
neutral phenoxy, as resolved in the PE spectra. Thus, there
is a propensity rule of Av = —1 for the autodetachment,'>!
first derived for autoionization of Rydberg states of H,.!> The
allowed and observed autodetachment channels are indicated
in Fig. 10.

The right hand side of Fig. 9 shows four resonantly
enhanced PE images and spectra. The spectrum in Fig. 9(e)
corresponded to the excitation of the first overtone of the vy,
mode (11’51, leading to a very intense 0-0 peak. The angular
distributions from the autodetachment-enhanced peak and that
of the direct detachment are different, as can be seen in the
PE images of Figs. 9(a) and 9(e). The direct detachment tran-
sition gave a somewhat perpendicular distribution, whereas
the autodetachment transition gave an isotropic distribution.
The spectrum in Fig. 9(f) corresponded to the excitation of
the first overtone of the vg mode (1 8’0"), which also led to an

150

enhanced 0-0 transition and the highly non-Franck-Condon PE
spectrum. The spectrum in Fig. 9(g) corresponded to excitation
to a combinational level of the DBS (10’0111’01) (Fig. 10).
Coupling of one quantum of the v;; mode to the outgoing
electron led to the significantly enhanced 10y peak, which
had a very weak Franck-Condon factor in the non-resonant
PE spectra (Figs. 9(c) and 9(d)). The spectrum in Fig. 9(h)
involved excitation to the 185'11’> combinational level of
the DBS (Fig. 10). Hence, coupling of one v;g quantum to the
outgoing electron led to the significantly enhanced 11, peak,
and coupling of one v;; quantum led to the enhanced 18o'11,!
combinational peak in the PE spectrum. These represented
the first resonantly enhanced PE spectra via the DBS and
were valuable to obtain vibrational frequencies of the neutral
radicals for those modes, which have weak Franck-Condon
factors.

C. Photodetachment spectroscopy of cold anions
via autodetachment from vibrational levels of excited
dipole-bound states

The cryogenic Paul trap coupled with ESI provides further
opportunities to perform vibrational autodetachment spectros-
copy via DBS by monitoring the total electron emission signals
as a function of the detachment laser wavelength, near and
above the detachment threshold. Because the structures of the
dipole-bound anions are practically identical to that of the
neutral radical core, autodetachment spectroscopy can be used
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to probe vibrational properties of interesting neutral radicals
using optical excitation. Lineberger and co-workers used au-
todetachment to perform rotational spectroscopy using a high-
resolution laser,'*~'%® but with narrow wavelength ranges.
Furthermore, the limited cooling capacity often yielded quite
congested autodetachment spectra even for relatively simple
anions.

The first systematic vibrational autodetachment spectrum
obtained using the third-generation ESI-PES apparatus was on
the deprotonated uracil anion ([U-H]") (see inset of Fig. 11(b)
for its structure).'>3 The [U-H]- radical has a calculated dipole
moment of ~3.2 D, sufficient to bind an electron to give rise to
an excited DBS for the anion. The wave function of the DBS
excited state of [U-H]™ is shown in Fig. 11(a) as an inset. The
autodetachment spectrum shown in Fig. 11 covered an energy
range of 1850 cm™' starting from just below the detachment
threshold at 28 076 cm™! (indicated by the arrow). A total of
46 autodetachment vibrational peaks were observed. The very
weak peak below the threshold at 27 930 cm™!' came from
resonant two-photon detachment and represented the ground
state of the DBS, giving rise to a binding energy of 146 cm™".
A clear step was observed at the detachment threshold (see
the arrow) and the continuous baseline above threshold rep-
resented the total electron yield of non-resonant detachment.
Thus, each above-threshold autodetachment peak should have
a Fano line shape,'>*!5 which was observed more clearly
for peak 5 near the baseline (Fig. 11). Many of the observed
peaks corresponded to combinational vibrational levels of the
DBS. Twenty-one fundamental vibrational frequencies were
obtained out of a total of 27 for the [U-H]- radical, in particular,

all the low-frequency modes including symmetry-forbidden
out-of-plane modes were observed.'>

More interestingly, rotational profiles were resolved for
the vibrational resonances and allowed the rotational tempera-
ture of the anions in the cryogenic Paul trap to be characterized
quantitatively. Fig. 11(b) presents a comparison of the simu-
lated rotational profile for peaks 8 and 9, using the PGOPHER
program.'>® Peak 8 (v;6) corresponded to a c-type transition
and peak 9 (vo4) was a b-type transition. The simulation yielded
a rotational temperature of T, = 35 K, while the cryogenic
trap was operated at 4.4 K measured off the trap surface using
asilicon diode temperature sensor. More recent experiments on
the deprotonated thymine anion gave rise to a similar rotational
temperature,'>’ whereas a slightly lower rotational temperature
was observed for the smaller acetate anion (~20-35 K),!8
which was the lowest rotational temperature achieved thus far
in the cryogenic Paul trap. The discrepancy between the nomi-
nal trap temperature (4.4 K) and the achieved ion temperature is
most likely due to the RF-heating. Surprisingly, the achievable
temperature in the Paul trap is not significantly inferior in
comparison to the 22-pole trap (Tt ~ 10-20 K),%%%3 which
is supposed to have less RF-heating. It is interesting to note
that ion traps are more effective at vibrational cooling and less
effective at rotational cooling due to RF-heating, in contrast to
the cooling effects in supersonic molecular beams, where rota-
tional cooling is much more effective than vibrational cooling.

By tuning the detachment laser to the autodetachment
peaks, resonant-enhanced PE images and spectra can be ob-
tained, like those shown in Figs. 9(e)-9(h). Such highly non-
Franck-Condon resonant PE spectra are not only valuable
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to provide accurate measurements of vibrational frequencies
for those modes with weak Franck-Condon factors, they are
also important in the assignments of the observed vibrational
levels of the DBS. In fact, the assignments of the 46 observed
autodetachment resonances for [U-H]~ were done by measur-
ing the resonant PE spectra in conjunction with calculated
frequencies. The potentials of resonant PES via DBS have
been illustrated in a number of recent studies.'”’~'>° The
resonant PES led to the definitive determination of the 0-
0 detachment transition in the acetate anion, allowing the
EA of the acetyloxyl radical to be accurately and unambig-
uously measured.'”® Autodetachment spectroscopy and reso-
nant PE images and spectra for the deprotonated thymine
and the 2-hydroxyphenoxide anions have also been reported
recently,'””15% allowing the measurements of the vibrational
frequencies of the corresponding neutral radicals and further
demonstrating the potentials of resonant PES via DBS as a new
technique for vibrational spectroscopy of novel radical species.

Vill. CONCLUDING REMARKS

Since the first coupling of ESI with photoelectron spec-
troscopy, the application of ESI has blossomed in a myriad
of new spectroscopic techniques. It has become an indispen-
sible tool in chemical physics for the spectroscopic investiga-
tion of solution-based ionic species, in particular, biological
molecules and reaction intermediates. The combination of ESI
with cryogenic ion trap technology has played a major role
in the expansion of ESI in spectroscopic applications, which
has largely fulfilled Fenn’s original vision of ESI as “An-
other Variation on the Free-Jet Theme.”! As a matter of fact,
vibrational cooling works spectacularly well in cryogenic ion

35 K was obtained. The inset in (b) shows the structure

traps, even though the rotational cooling is slightly inferior in
comparison to free-jet expansions. It is conceivable that further
development in the ion trap technology can produce truly
ultracold ions in both the vibrational and rotational degrees of
freedom, which will further its applications in high-resolution
spectroscopy.

ESI allows facile production of free multiply-charged an-
ions and the development of ESI-PES techniques has allowed
this class of exotic gaseous species to be characterized spec-
troscopically for the first time. Intramolecular Coulomb repul-
sions determine the stability of free multiply-charged anions
and result in the repulsive Coulomb barrier. The RCB influ-
ences many properties of MCAs and has given rise to novel
spectroscopic phenomena. Because of the RCB, threshold
detachment is no longer possible for MCAs and the outgoing
electron must have sufficient kinetic energies to overcome
the RCB. The RCB has made it possible to observe meta-
stable MCAs with negative electron binding energies. Electron
tunneling has been observed through the RCB and it has been
shown that the nuclear tunneling model is applicable to tunnel-
ing in MCAs. Pump-probe experiments have been performed
to study the tunneling lifetimes in MCAs and the competition
between tunneling and internal conversion. PE imaging has
made it possible to directly observe the effects of intramolecu-
lar Coulomb repulsion on the electron emission dynamics and
it has been found that the electrostatic effects dominate any
possible quantum interference effects of the outgoing electron
waves in PES of MCAs. Future development by coupling
ultracold MCAs and ultrafast lasers should allow more detailed
dynamic phenomena to be probed. The combination of ion
mobility for isomer separation with PES has shown promise to
expand the applications of PES to complex biological MCAs.
If cryogenic ion trap technology can be combined with ion
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mobility, much better resolved PES is possible, which would
be valuable to probe the electrostatic interactions in gaseous
biological MCAs.

The development of the third-generation ESI-PES appa-
ratus by coupling a cryogenic Paul trap with high-resolution
PE imaging has allowed accurate electronic and vibrational
information to be obtained for singly charged anions from
ESI and the corresponding neutral species. The use of tunable
lasers has made it possible to do resonant two-photon PES
for anions state-selectively. Excited dipole-bound states have
been observed for a number of cold anions from ESI. The vi-
brationally cold anions allowed purely vibrational autodetach-
ment spectra to be observed. Resonant PES has been performed
by tuning the detachment laser to a specific vibrational level of
the dipole-bound state, resulting in highly non-Franck-Condon
PE spectra due to the propensity of vibrational autodetachment
from the dipole-bound state. It has been shown that the combi-
nation of vibrational autodetachment spectroscopy and reso-
nant photoelectron spectroscopy can be a powerful approach
to obtain vibrational information for interesting radical species
with sufficiently large dipole moments. This technique can
even be further developed into conformation-selective PES. '
Autodetachment from the dipole-bound exited states of an-
ions involves strong vibronic coupling. It would be extremely
interesting to conduct pump-probe experiments to probe the
autodetachment dynamics and the mechanisms of vibronic
coupling.
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