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ABSTRACT

The advent of ion traps as cooling devices has revolutionized ion spectroscopy as it is now possible to efficiently cool ions vibrationally
and rotationally to levels where truly high-resolution experiments are now feasible. Here, we report the first results of a new experimental
apparatus that couples a cryogenic 3D Paul trap with a laser vaporization cluster source for high-resolution photoelectron imaging of cold
cluster anions. We have demonstrated the ability of the new apparatus to efficiently cool BiO™ and BiO, ™~ to minimize vibrational hot bands
and allow high-resolution photoelectron images to be obtained. The electron affinities of BiO and BiO, are measured accurately for the first
time to be 1.492(1) and 3.281(1) eV, respectively. Vibrational frequencies for the ground states of BiO and BiO,, as well as those for the anions

determined from temperature-dependent studies, are reported.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0127877

I. INTRODUCTION

Ever since its inception in 1981 by Smalley and co-workers, the
laser vaporization supersonic cluster source has dominated the field
of cluster science as an efficient and robust means of cluster pro-
duction." Virtually any solid material can be vaporized to form a
cluster beam, which is ideal for both mass spectrometry and spec-
troscopy.” However, cluster temperatures are difficult to control in
general in a laser vaporization cluster source and they can depend
on many factors, such as the geometry of the nozzle, carrier gas,
laser vaporization power, and cluster size.” Clusters not sufficiently
cooled internally present many experimental challenges for spectro-
scopic experiments, making it difficult to perform high-resolution
studies. Cooling cluster anions is particularly challenging because
of their relatively low abundance and complicated mechanisms of
formation in the laser vaporization cluster source.””

Cooling molecules has been approached from many directions
in the past, but the most effective cooling method for molecular
ions has been cryogenic ion trapping. The concept was first demon-
strated by Gerlich with his 22-pole ion trap, designed to investigate
ion-molecule reactions at low temperatures.” The 22-pole ion trap
has been widely used in spectroscopic studies of molecular ions.” "
Using cryogenic cooling of molecular anions for photoelectron spec-
troscopy (PES) studies was first demonstrated by our group in 2005

with the temperature-dependent study to observe C-H- - -O hydro-
gen bonding involving unactivated alkanes and vibrational cooling
of Ceo~ ina 3D Paul trap.'' " Linear ion traps have also been utilized
recently to cool cluster anions for PES studies.'*'” The cryogenically
cooled 3D Paul trap is convenient to implement and particularly
conducive to ion extraction and subsequent mass analyses.'” Thus, it
has been widely used in different spectroscopy experiments now, in
particular for ions from electrospray ionization.'* *’ In recent years,
several experimental apparatuses have also been developed to cou-
ple a laser vaporization cluster source to a cryogenically cooled ion
trap, including both linear and 3D ion trap configurations.'” """’
These recent developments have further highlighted the importance
of active cooling of molecular and cluster ions using ion trap tech-
nologies and their impact on spectroscopy. We have been developing
a new apparatus that couples our existing laser vaporization super-
sonic cluster source and velocity map imaging (VMI) system’’ with
a cryogenically cooled 3D Paul trap that we originally developed to
couple with an electrospray ionization source.'’ Here, we report our
initial results on two bismuth oxide anions (BiO™ and BiO, ™), which
are used as testing systems.

The bismuth oxide anions are excellent systems to test our
new apparatus since they can be readily produced from our laser
vaporization cluster source, yet no PES study on these anions has
been done previously. Furthermore, both systems are expected to
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have low vibrational frequencies due to the presence of a heavy
atom, making them particularly suitable for testing vibrational cool-
ing in our new apparatus. Early spectroscopic information on BiO
was summarized in the Huber and Herzberg book on constants of
diatomic molecules.”’ There have been a number of further stud-
ies on the spectroscopy and electronic structure of BiO.””** The
electron affinities (EAs) of BiO and BiO, were estimated to be 156
+ 14 and 311 + 27 kJ/mol, respectively, through thermodynamic
measurements.”” However, there have been no spectroscopic stud-
ies on BiO,, although there have been several mass spectrometric
reports on large BiyO, " cluster cations.”’ **

In this Communication, we report the first PES study of cold
BiO™ and BiO," using photoelectron imaging (PEI) and our newly
built cryogenic 3D Paul trap coupled to a laser vaporization cluster
source. Vibrationally resolved photoelectron spectra are measured
for both anions and the EAs of BiO and BiO, are measured accu-
rately to be 1.492(1) and 3.281(1) eV, respectively. Vibrational
frequencies for the ground states of BiO and BiO,, as well as those
for the anions determined from temperature-dependent studies,
are obtained. Vibrational cooling is demonstrated, opening new
opportunities to conduct high resolution PEI studies of size-selected
clusters from the laser vaporization cluster source.

Il. EXPERIMENTAL METHODS

The experiments were carried out on a newly modified high-
resolution photoelectron imaging apparatus equipped with a cryo-
genically controlled 3D Paul trap, details of which are to be pub-
lished. The PEI apparatus with the laser vaporization cluster source
has been reported in detail previously.”” In the new version of
the instrument, a cryogenically cooled 3D Paul trap' ™’ is inserted
between the cluster source and the time-of-flight (TOF) mass spec-
trometer. Briefly, the second harmonic of a Nd:YAG laser was
focused onto a bismuth disk target (99.9% purity, Alfa Aesar). The
laser-induced plasma was quenched by a high pressure He car-
rier gas, seeded with 1% O, to promote the formation of bismuth
oxide clusters. Nascent clusters were entrained by the carrier gas and
underwent a supersonic expansion. Following a skimmer, anions in
the collimated beam were sent directly into the cryogenically cooled
3D Paul trap. The ion trap was cooled by a two-stage closed-cycle
helium refrigerator down to 4.2 K and could be controlled up to
300 K. The trapped anions were collisionally cooled by a mixed
He/H; buffer gas (19:1 by volume) for 45 ms before being pulsed into
the extraction zone of a TOF mass spectrometer at a 10 Hz repeti-
tion rate. The BiO™ and BiO, ™ anions of interest were mass-selected
before entering the interaction zone of the velocity map imaging
(VMI) lens. Photodetachment was performed using the third har-
monic of an injection-seeded Nd:YAG laser (Continuum Powerlite
9020; 355 nm; 3.496 eV) or a YAG-pumped dye laser. Photoelec-
trons were extracted and focused onto a set of microchannel plates
coupled to a phosphor screen and charge-coupled device camera.
Raw images were acquired for 100 000-300 000 laser shots and were
processed using the maximum entropy Legendre expansion method
(MELEXIR).*> The VMI lens was calibrated using PE images of
Au” and Bi~ at various photon energies. The typical resolution of
our VMI system was ~0.6% for high kinetic energy electrons and
as low as 1.2 cm™! for very slow electrons.’® Uncertainties were
estimated by measuring at least three independent PE images per
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photon energy and taking the average of each set of observed spectral
features.

PE angular distributions (PADs) were obtained from
the images, characterized by the anisotropy parameter (p).
The differential cross section of the photoelectrons can be
expressed as

do/dQ = oot /47[1 + P2 (cos(8)], (1)

where oo is the total cross section, P is the second-order Legendre
polynomial, and 0 is the angle of the photoelectrons relative to the
laser polarization. Hence, the PAD is described by

1(6) ~ [1+BP2(cos(0)], (2)

where B has a value ranging from —1 to 2.*° This model works
for single photon detachment transitions from randomly oriented
molecules. As photons carry one unit of angular momentum, the
angular momentum of the outgoing photoelectron will be I = +1.
If an electron is detached from an s atomic orbital (I = 0), the
outgoing photoelectron will have I = 1 (pure p-wave) with = 2.
It is non-trivial to interpret the B-value for electron detachment
from molecular orbitals (MOs) since the MOs are linear combi-
nations of atomic orbitals. Nevertheless, the values of B can be
used to qualitatively assess the symmetries of the MOs involved
in the photodetachment process and provide valuable electronic
information.*’

lll. RESULTS AND DISCUSSION

The addition of the ion trap has significantly altered the
observed cluster distributions from our laser vaporization source.
Previously, the entire anion cluster beam was perpendicularly
extracted down the TOF tube, producing a mass spectrum that cov-
ered a broad mass range.””” The Paul trap, however, can only trap a
limited mass range determined by the radio frequency (RF) voltage
due to the different kinetic energies of the anions in the supersonic
cluster beam. Furthermore, after the ions were extracted out of the

BiOCO,

Bi BiO,
A BiO" BiOH,
A
180 200 220 240 260 280 300
m/z

FIG. 1. The mass spectrum of BiO,~ (x = 0-3) anions produced from a laser
vaporization cluster source and cooled in a 3D cryogenic ion trap.
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FIG. 2. The photoelectron images and
spectra of BiO~ taken at 690.8 nm
(1.795 eV) with the ion trap operated at
(@) 4.2 K and (b) 300 K. The double
arrow below each image indicates the
laser polarization.

c

1.0 1.2 14

Binding Energy (eV)

trap, they began to separate spatially according to their mass-to-
charge ratios. Thus, the full range of the trapped ions could not be
extracted into the TOF mass spectrometer. Figure 1 displays a mass
spectrum for the BiOx~ (x = 0-3) anions optimized around BiO, ",
which was by far the most intense anion observed in this mass range.
The diatomic BiO™ was significantly weaker in comparison and was
also less intense than the Bi~ anion. In this mass range, we also
observed BiO3; ™ and BiOCOQOs3 . The latter should be due to trace car-
bon impurities in the bismuth target. Interestingly, we also observed
BiO3H, ™, which was likely due to chemical reactions between BiO3 ™~
and Hy in the thermalization buffer gas. Apparently, no other anions
in this mass range were reactive with H; in the cold ion trap.

A. Photoelectron imaging of cold BiO™

Figure 2(a) presents the PE spectrum of cryogenically cooled
BiO™ taken at 690.8 nm (1.795 eV) when the ion trap was operated at
4.2 K. The spectrum is very simple with a single vibrational progres-
sion corresponding to the Bi-O stretching vibration, representing
the detachment transition from the ground state of the BiO™ anion
to that of neutral BiO. The 0-0 transition defined by peak X gives
rise to an accurate EA of BiO of 1.492 + 0.001 eV. The X peak has
a linewidth of ~10 meV (~80 cm™) mainly due to the instrumen-
tal resolution. The experiment was repeated three times with careful
and independent calibration. The scatter of the peak positions was
within 1 meV, which defines the experimental uncertainty. Peaks g,
b, and c are due to vibrational excitations of BiO (Table I), yielding a
vibrational frequency of 675 + 8 cm™'. BiO™ has a >~ ground state
with a half-filled n* highest occupied molecular orbital (HOMO),

- —
b) 300 K
X
hb
e

1.6

giving rise to a “TT ground state for neutral BiO. The observed transi-
tion should correspond to the My ground spin-orbit state, whereas
the 21'[3/2 spin—orbit excited state is known to be at a substantially
higher energy.”” " The observed binding energies of the four vibra-
tional peaks of the i ground state are summarized in Table I,
where the 3 parameter of each peak is also given. The (s + d)-
wave angular distribution is consistent with the detachment of a *
electron.

We also obtained the PE image and spectrum of BiO~ at
300 K for comparison, as shown in Fig. 2(b). A vibrational hot
band was clearly observed, yielding a vibrational frequency of 596
+ 10 cm™ for the BiO™ anion. The reduced vibrational frequency
in the anion agrees with the anti-bonding nature of its HOMO. To
determine the vibrational temperature of the ions, we performed

TABLE 1. The observed binding energies of the vibrational peaks and their § values
from the PE spectrum of cold BiO™.

Peak  Assignment Binding energy (eV) AE(cm™')" B
hb® V=1 1.421(1) ~596(10)

X v=0 1.492(1) 0 -0.5
a v=1 1.576(1) 678(5) -0.4
b v=2 1.660(1) 677(8) -05
¢ v=3 1.743(1) 669(9) ~0.4

*Vibrational spacing.
®Measured from the 300 K spectrum.
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TABLE II. Summary of the molecular constants for BiO and BiO~.

BiO (*II2) BiO™ (")

Current work Literature® Current work
w, (cm™) 691.64
v (ecm™h)P 675+ 8 678.32 596 + 10
wexe (cm™) 1.4651
re (A) 1.934° 1.996
*From Ref. 37.

"Fundamental vibrational frequency.
“From Ref. 31.

Franck-Condon (FC) simulations using the PESCAL program with
the Morse potential.** This was accomplished by manually adjusting
the bond length of the anion from the known value of the neutral®’
using the experimentally derived vibrational frequencies. The vibra-
tional temperature of the simulation was adjusted iteratively to best
fit the observed vibrational hot band. The best fit is shown in Fig.
S1(a), which yielded a bond length increase of 0.062 A for the anion.
This result is also consistent with the stronger Bi-O bond in the neu-
tral because of the anti-bonding nature of the t* HOMO of BiO™. A
summary of the derived molecular constants for BiO and BiO™ from
the FC simulations is given in Table II. We were unable to determine
the vibrational temperature from the cold spectrum because the
hot band was negligible. The FC simulation at 300 K indeed agrees
well with the measured spectrum at a trap temperature of 300 K

COMMUNICATION scitation.org/journalljcp

[Fig. S1(b)], indicating that the BiO™ anions were generally thermal-
ized with the surroundings at this trap temperature.

B. Photoelectron imaging of cold BiO,™~

Figure 3(a) shows the PE image and spectrum of cryogeni-
cally cooled BiO, ™~ at 3.496 eV when the Paul trap was operated at
4.2 K. The spectrum, which should be due to the detachment tran-
sition from the ground state of BiO,~ to that of BiO,, was more
complicated because multiple vibrational modes were active. The
observed vibrational features and their assignments are summarized
in Table III. Peak X is due to the 0-0 transition, defining the EA of
BiO, to be 3.281 + 0.001 eV. Peaks a and b form a short vibrational
progression, which should be due to the bending mode (v;) with an
observed frequency of 140 + 8 cm ™. The assignments of the weak
higher binding energy vibrational peaks were assisted by FC simula-
tions (vide infra). We were also able to determine the  parameters
of the two intense peaks X and g, as given in Table III. The p-wave
distribution suggests that the HOMO of BiO;," should be a o-type
orbital. Surprisingly, there is one weak peak observed below the EA
at 3.254 + 0.002 eV, due to a vibrational hot band derived from the
bending mode of BiO, . To confirm the hot band, we also conducted
the experiment at a trap temperature of 300 K, as shown in Fig. 3(b).
The bending hot band was observed to increase significantly, in
addition to the appearance of more unresolved hot bands on the
lower binding energy side. The spectrum at 300 K also underlines
the importance of cooling anions with low frequency vibrational
modes: the bending progression is completely obscured in the 300 K
spectrum due to both rotational and vibrational broadening.

a)42K
e
hb bcd f g h
L R FIG. 3. The photoelectron images and
spectra of BiO, ™ taken at 3.496 eV with
b) 300K the ion trap operated at (a) 4.2 K and
(b) 300 K. The double arrow below each
image indicates the laser polarization.
hb
bcde §9h
|IIII|IIIIIIIII|IIIIIIIII|IIII|IIII
2.8 3.0 3.2 34

Binding Energy (eV)
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TABLE lIl. The experimental binding energies, assignments, and 8 parameters for
the observed vibrational features from the PE spectra of cold BiO, ™.

Peak Assignment Binding energy (eV)* B
hb 2,° 3.254(2) -
X 0,° 3.281(1) 0.3
a 2! 3.298(1) 0.1
b 202 3.318(1) e
¢ 30> 3.343(8)
d 201302 3.359(5)
e 1o! 3.378(1)
f 30* 3.409(2)
¢ 3021} 3.447(1)
h 162 3.475(2)

*In cases where the intensity of a transition is too low, the 8 parameter could not be
evaluated properly.

To help understand the observed vibrational features, we car-
ried out FC simulations for BiO,~, as shown in Fig. S2(a). The
multi-mode FC simulations were performed using the ezFCF suite.*’
There have been no theoretical calculations on BiO, but its structure
is expected to be bent similar to other group VA dioxides, such as
NO,™ and SbO, "% Our observation of a low frequency bending
mode is also consistent with a bent BiO,™ and BiO,. The ground
state of BiO,™ is assumed to be 'A; and that of BiO, to be *A;,
similar to their lighter MO,™ congeners.”” * During the simula-
tion, the initial geometry of the anion was set using the structures
of the known group VA dioxides as guides, while the geometry of
neutral BiO, was manually adjusted from this initial anion geome-
try to obtain the best fit to the observed spectrum. This process was
repeated until the simulation agreed with the experimental observa-
tions, using the observed bending vibrational frequencies as a guide.
The best fit yielded a bond length change of —0.020 A and a bond
angle change of +4° from the anion to the neutral, as shown in
Table IV, where the final anion and neutral structural parameters
are also given. These data would be interesting to be compared
with future theoretical calculations. We note that a much larger
bond angle change was predicted from SbO,™ to SbO,, resulting
in a broad bending progression in the simulated PE spectrum for
SbO, .7 The FC simulation allowed the weak higher vibrational fea-
tures to be readily assigned. Peaks ¢ and f are assigned to the v =2
and 4 levels of the asymmetric stretch mode (v3), which are allowed
by symmetry. Peak d is assigned as the combination of the over-
tone of the asymmetric stretch and the bending mode, while peak

TABLE IV. Molecular constants for BiO, and BiO,~ from the current work.

BiO; (CA1) BiO,™ (*Ay)
v1 (em™) 789 + 8 e
v, (cm™) 140 + 8 215+ 8
vs (cm™) 270 + 40 e
Ar. (A) —0.020 [anion (1.995) — neutral (1.975)]
A0 (deg) +4 [anion (108) — neutral (112)]

COMMUNICATION scitation.org/journalljcp

g is assigned to the combination of the overtone of the asymmet-
ric stretch and the symmetric stretch (vi). These three transitions
allow us to estimate the asymmetric stretch frequency to be 270 cm ™
with a large uncertainty (Table I'V). Peaks e and h are assigned to the
symmetric stretching mode, giving rise to a vibrational frequency of
789 + 8 cm™'. The obtained spectroscopic constants for BiO, and
BiO, ™ are summarized in Table ['V.

We were able to estimate the vibrational temperature of the
cooled BiO,™ anions using the FC simulation and the vibrational
hot band of the bending mode. According to the simulation, the 2,°
hot band was not clearly populated until Ty;, ~ 80 K, which seemed
to be rather high. Previously, we were able to achieve rotational tem-
peratures for trapped anions of about 30-35 K in the 3D Paul trap
from anions produced from an electrospray source.”””* We expected
that the vibrational temperature should be similar. However, it was
possible that the rotational and vibrational temperatures were not
in equilibrium. It is also possible that we did not find the optimal
cooling conditions yet for the newly designed ion trap because we
were focusing on obtaining the best trapping efficiency for each
ion. The buffer gas pressure and composition, RF amplitude, trap-
ping time, and possible collisional heating during ion extraction
from the Paul trap could all influence the final observed vibrational
temperature.'’

The FC simulation of the 300 K spectrum [Fig. S2(b)] indicates
that the vibrational temperature of BiO,~ was roughly in equilib-
rium with the ion trap at this temperature. Despite the incomplete
vibrational cooling of BiO,™ at 4.2 K, the cold spectrum was still a
huge improvement in comparison to the 300 K spectrum. Without
the ion trap, we expected that the supersonic cooling would not be
able to cool the BiO, ™ anion down to 80 K to allow the well-resolved
spectrum shown in Fig. 3(a). We were able to obtain a Ty, of only
175 K for Au,™ previously from the supersonic cluster source.” We
are still tuning and optimizing the newly designed ion trap system.
We expect to be able to determine both rotational and vibrational
temperatures using suitable anions.

IV. CONCLUSIONS

We have demonstrated vibrational cooling using a
temperature-controlled 3D Paul trap for anions produced from
a laser vaporization cluster source. The addition of the cryogenic
Paul trap has allowed us to significantly quench vibrational hot
bands that are present when clusters are formed by laser vapor-
ization but are difficult to cool during the supersonic expansion.
Test experiments were done on cryogenically cooled BiO~ and
BiO,", allowing us to determine both the electron affinities as
well as the vibrational structures of BiO and BiO, for the first
time. The current study has shown that we can trap and cool
molecular anions from a laser vaporization cluster source using a
temperature-controlled 3D Paul trap, which should open new pos-
sibilities to study cluster anions using high resolution photoelectron
imaging.

SUPPLEMENTARY MATERIAL

See the supplementary material for the Franck-Condon simu-
lations for the photoelectron spectra of BiO™ and BiO; ™.
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