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Rhodium (Rh) is a rare and expensive metal, mainly used as a catalyst. Investigating its electronic structure aids
in elucidating the mechanisms that govern catalytic reactions. In this work, we employed the high-resolution slow-
electron velocity-map imaging (SEVI) method to measure the electron affinity (EA) of Rh and the electronic structure
of its atomic anion Rh™. The EA of the Rh atom was determined to be 9216.8(4) cm~—! or 1.14273(5) eV, representing a
fourfold enhancement in precision over the previous best result. Moreover, the energy levels of Rh™ were measured to be
0.41178(15) eV (3°F,) and 0.28668(7) eV (3F3) above the ground state 3F,, with an accuracy improved by factors of 110

and 50, respectively, compared to earlier measurements.
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1. Introduction

Rhodium is a hard, silvery-white inert metal, notable
for its rarity and high cost. It exhibits excellent mechanical
strength, stable chemical properties, and good electrical con-
ductivity. These characteristics render it suitable for manu-
facturing electrical contacts, electrodes, and high-temperature
thermocouples, as well as for electroplating, where it provides
a glossy, wear- and corrosion-resistant surface to materials
like silver or platinum, thereby enhancing both aesthetics and
durability.!!! Beyond these applications, rhodium and its com-
pounds serve as highly efficient catalysts in organic synthesis
processes,[2‘4] in_automotive exhaust puriﬁcation,[s’ﬂ and in
hydrogen storage.!”-%]

These properties are intrinsically linked to rhodium’s dis-
tinctive  electronic structure. Its ground-state electron con-
figuration is 4d®5s!,” differing from its group counterparts
Co(3d74s%) and Ir(5d76s?).
arises from the interplay of electron correlation effects, rela-

This electronic configuration

tivistic effects, and Hund’s rules, leading to an electron rear-
rangement between the closely spaced 4d and 5s orbitals, in
which one 5s electron occupies a 4d orbital. This unique elec-
tronic architecture profoundly determines rhodium’s physical
and chemical behavior. First, it renders rhodium chemically
inert and highly corrosion-resistant. Second, it provides an
ideal platform for catalysis: the nearly full d-orbitals can do-
nate electron density into the antibonding * orbitals of re-
actant molecules (such as CO, NO, and olefins), thereby ef-
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ficiently weakening and activating their chemical bonds.[!
Concurrently, rhodium possesses vacant valence orbitals ca-
pable of hybridizing and accepting electrons from reactants,
facilitating the formation of key reaction intermediates. This
dual capability — to donate and accept electrons — makes
rhodium an essential active center in many important catalytic
reactions.

A precise measurement of rhodium’s electronic energy-
level structure enables the quantitative description of its
“electron-capturing ability”, which, in turn, advances our
understanding of its catalytic mechanisms and provides a
theoretical foundation for designing next-generation, high-
performance rhodium-based catalysts.

In contrast to its group counterparts cobalt (Co)!'% and

(111 whose properties have been well established,

iridium (Ir),
research on the energy levels of rhodium anions was very lim-
ited before this work. To our knowledge, only two studies
have been reported. In 1981, W. C. Lineberger’s group used
laser photodetachment electron spectrometry (LPES) to mea-
sure the electron affinity (EA) of Rh as 1.138(8) eV and de-
termined the spin-orbit coupling splittings of the anion ground
state °F to be 0.294(8) eV (3F3) and 0.418(8) eV (°F) above
the ground state 3Fy4, respectively.['?] Later, in 1998, Scheer
et al. measured Rh’s EA using laser photodetachment thresh-
old (LPT) spectroscopy and reported a refined electron affinity
of 1142.89(20) meV."3] Due to the unfilled d-orbitals in Rh~,

along with significant electron correlation and relativistic ef-
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fects, theoretical calculations have been particularly challeng-
ing. As a result, accurate theoretical computational studies on
this subject remain scarce.

In the present work, we report high-resolution photoelec-
tron spectra of Rh™ obtained using the slow-electron velocity-
map imaging (SEVI) method. The SEVI technique, charac-
terized by both high resolution and the capability to simulta-
neously measure multiple transition channels, has contributed
significantly to the measurement of EAs of atoms. For in-
stance, high-precision EA values have been obtained via the
SEVI method for main-group elements such as Ga,!!4] As, [15]
and Pb; 19! transition metals including Fe, 171y 181 g [191 and
Y:[201 a5 well as for lanthanides and actinides such as La,[!]
Ce,[221 U, 23] and Th.[2429]

2. Experimental method

The experimental setup used in this work has been de-
scribed in detail previously.!!32%26-281 Only a brief overview
is provided here. Rh™ ions were generated using a laser ab-
lation ion source and subsequently trapped in an ion trap.
The ion trap was mounted on a cryogenically cold head with
an adjustable temperature in the range from 5 K to 300 K.
The trapped ions were cooled via collisions with a buffer gas
mixture (80% He and 20% H;), which was delivered by a
pulsed valve. After a controllable storage time of 545 ms,
the trapped ions were ejected by applying pulsed voltages to
the end-cap electrodes of the ion trap. After ejection, the ions
were accelerated by a —1000 V high-voltage pulse in a Wiley—
McLaren time-of-flight mass spectrometer and detected us-
ing a microchannel plate (MCP) detector.>?' The ion detector
could be moved aside to allow a mass gate to select the ions of
interest for the subsequent photoelectron energy spectroscopy.
These ions were photodetached by a tunable dye laser (linearly
polarized, 400-920 nm, linewidth 0.06 cm‘l). The wave-
length of the dye laser was measured using a HighFinesse WS-
600 wavelength meter with an accuracy of 0.02 cm ™.

The photoelectrons were accelerated by the electric
field in the imaging zone and were projected onto a
The hitting
position of each photoelectron was recorded in real time by

microchannel-plate-enhanced phosphor screen.

a charge-coupled device (CCD) camera in an event-counting
mode. 33! The three-dimensional velocity distribution was
reconstructed from the projected two-dimensional image us-
ing the maximum-entropy velocity-map Legendre inversion
method.3?! Since the radius r of the photoelectron spherical
shell is proportional to the electron velocity, the kinetic en-
ergy of the photoelectrons corresponding to different transition
channels can be determined separately. This approach enables
the measurement of both the energy levels of a negative ion
and the corresponding neutral atom.

3. Results and discussion
3.1. Overview of the energy spectrum

Figure 1 shows the photoelectron energy spectra at a pho-
ton energy of 18020.98 cm™~! for an ion trapping time of 10 ms
and an imaging voltage of 650 V. Given that the energy level
structure of neutral Rh has been precisely measured,!'?3] the
energy gaps between different peaks can assist in identifying
the corresponding energy levels. Based on the preliminary
data of the Rh™ fine structure, the known structure of the neu-
tral species, and photodetachment selection rules, all observed
peaks have been assigned. The corresponding transitions for
the observed peaks are illustrated in Fig: 2, and Table 1 sum-
marizes the assignment and binding energy for each peak. The
photoelectron image in Fig. 1 and the spectral assignments in
Fig. 2 indicate that the observed peaks originate predominantly
from the p-wave detachment of an s-type electron. As a result,
the signal intensity in laser photodetachment threshold (LPT)
measurements is very low. This low intensity, governed by the
Wigner threshold law, severely limits the accuracy and resolv-
ing power of the LPT method.!3-34]

Relative intensity

37, 3F5 3F,

6 8 10 12 14 16 18

Binding energy (103 cm~1)
Fig. 1. Photoelectron energy spectra at photon energy /v = 18020.98 cm™~'.
The vertical sticks below the spectra indicate the photodetachment channels
from the anionic states labeled on the left to the specific neutral states, based
on previously reported energy levels from literatures.!'33 These sticks rep-
resent all possible transitions; some of them lack corresponding observed
peaks, likely due to weak intensities. The black sticks represent transitions
from the ground state >F4 of Rh~, while the green sticks represent transitions
from excited states >F3 and >F, of Rh~. Note: The peaks labeled in red were
used for the precise determination of EA (peak 10) and fine structures (peaks
8 and 9).

Peak 2, located at approximately 9200 cm™', corresponds
to the transition from the negative ion’s ground state Rh™ 3F;
to its neutral ground state Rh *Fq /2- The binding energy of this
channel defines the electron affinity of Rh, EA(Rh). However,
if this photodetachment channel is directly selected for the EA
measurement, an infrared laser is needed, which is outside the
tuning range of our dye laser system. Instead, we chose the
strong peak 10 to measure EA(Rh) as its final neutral state
*F7), is well known with an accurate energy of 5690.97 cm ™
above the ground state of Rh. 3!

Based on the results obtained in this experiment, the re-
lated energy-level diagram is plotted in Fig. 2.
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Table 1. Assignments of observed peaks and their binding energies. The expected binding energies are calculated values according to the
present precise measurements and accurate energy levels of the neutral atom Rh.

Peaks Levels(Rh™—Rh) Measured binding energy (cm ') Expected binding energy (cm ™)
1 3F3 = *F7)2/°F2 — *Fs)» 8485(182)* 8434.5(5)/8493.6(11)
2 3F4 — “Fy (EA) 9254(97)* 9216.7(4)

3 3F3 — “Fs ), 9443(215)* 9502.6(5)

4 F; — *Ds), 10228(32) 10214.4(5)

5 3F4 — *Fyn 10750(8) 10746.7(4)

6 3F4 — “Fs ) 11809(7) 11814.8(4)

7 3F3 = 2Fy 12594.4(14) 12595.5(5)

8 3F, — s 13686.8(11) 13686.8(11)

9 3F3 — 2Fs)» 14695.8(5) 14695.8(5)

10 3F4 — TFy)s 14907.7(4) 14907.7(4)

11 3F; — 4Ps ), 16124.7(21) 16125.8(5)

*The uncertainties for these peaks were estimated from the full width at half maximum (FWHM) due to-the distortion near

the phosphor screen margin.
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Fig. 2. Energy-level diagram related to the present measurement. Peak 10 (in
red) is used for the EA measurement, and peaks 9 and 8 for the fine-structure
measurement.

3.2. EA measurement

To accurately determine the binding energy for peak 10,
measurements were conducted at a lower imaging voltage of

= 15100
‘ Rh~(3F4)—>Rh(2F7/5) = 14907.7(4) cm~4
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Fig. 3. (a) The squared radius > for peak 10 versus the photon energy /v.
A linear least-squares fit was performed using the formula hv = BE 4 o - 12,
where the vertical intercept 14907.7 cm™! is the BE for peak 10. (b) Mea-
sured binding energy values of peak 10 plotted as a function of photoelectron
kinetic energy. The dashed lines indicate an uncertainty of 0.4 cm~!.

150 V because a lower imaging voltage yields a higher en-
ergy resolution, while a higher imaging voltage can cover a
larger dynamic range of photoelectrons’ velocities. SEVI can
achieve an energy resolution of a few cm™! near the photode-
tachment threshold. Therefore, we acquired spectra by varying
the photon energy Av from 14956 cm™! to 15076 cm~! in a
step of 20 cm~!. Figure 3 shows the photon energy hv ver-
sus the squared radius 7> of the photoelectron spherical shell.
Linear fitting of v versus 7> to the equation hv = Ej + BE =
a-r? + BE yields a binding energy BE = 14907.7(4) cm™! for
the transition *F4 — *F; 5, with uncertainties obtained from
the fitting. Then, the electron affinity of Rh is determined as
9216.8(4) cm™! or 1.14273(5) eV by subtracting the energy
level of *F7 /5 5690.97 cm™" from 14907.7(4) cm™".

3.3. Fine structure measurement

SEVI has a higher energy resolution for photoelectrons
with lower kinetic energy. Therefore, peaks 8 and 9 were se-
lected to determine the binding energies of the fine-structure
states 3F3 and 3F, of Rh~. To minimize the impact of the un-
certainty of o on their BE measurement, a photon energy for
measuring the BE of peak 8 or 9 was chosen such that its radius
r was almost identical to the radius ry of peak 10 at a different
photon energy. Under this condition, the formula is replaced
by Ex = Exo+ a(r? —r§) and BE = hv — E;.35) If r and r¢ are
nearly identical, the uncertainty of BE is mainly contributed
by the uncertainties of r and ry, almost independent of the un-
certainty of . Compared with the general method E;, = o - 12,
this method can reduce the measurement error since both iv
and EA have been accurately measured.

Figure 4 illustrates the photoelectron intensity versus 2

at
two different photon energies, such that peaks 9 and 10 have
almost the same radii.

Using this method, the binding energies of the
fine-structure states were determined to be: BE(’F; —
*Fs)y) = 14695.8(5) cm™' and BE(’Fy — *Fsp) =
13686.8(11) cm™!. As a result, the energy levels of F,

and 3F3 of Rh™ were determined to be 3321.2(12) cm ™! and
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2312.2(6) cm™! above the ground state 3Fy, respectively. The
measured results are in excellent agreement with those ob-
tained from previous experiments, as shown in Table 2.

Photoelectron kinetic energy (cm=1')
0 200 400

hv=14955.81 crn’l9

hv=15167.58 cm~!

10
k ,/9\
5 10 15 20 25

72 (103 pixel?)
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Fig. 4. Photoelectron energy spectra acquired at photon energies of
14955.81 cm™! and 15167.58 cm™!. Under these conditions, peak 9 in
the top panel and peak 10 in the bottom panel have essentially the same
kinetic energy.

Table 2. Electron affinity of Rh and fine structures of Rh™ (eV).

Method EA Rh~(3F;)-Rh- (°F;) Rh™ (°F,)-Rh~ (°F;) Ref.
LPES  1.138(8) 0.294(8) 0.418(8) [12]
LPT 1.14289(20) / / [13]
SEVI  1.14273(5)  0.28668(7) 0.41178(15) this work

4. Conclusions

In summary, we precisely measured the electron affinity
of Rh and the fine structures of its negative ion using the slow
electron velocity-map imaging (SEVI) method in combination
with a cryogenically cold ion trap. The electron affinity of Rh
was determined to be 9216.8(4) cm~! or 1.14273(5) eV. The
precision of the present work represents a fourfold improve-
ment over previous studies. Furthermore, the energy levels of
3F, and 3F3 of Rh~ were determined to be 3321.2(12) cm ™! or
0.41178(15) eV, and 2312.2(6) cm™! or 0.28668(7) eV above
the ground state >Fj, respectively. The precisions were im-
proved by factors of 110 and 50, respectively, compared to
prior results.
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