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The chemical bonding and electronic structure of RhC, RhN, and RhO
by anion photoelectron spectroscopy
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The electronic structure and chemical bonding of RhC, RhN, and RhO were experimentally
investigated using anion photoelectron spectroscopy. Vibrationally resolved photoelectron spectra
of RhC2, RhN2, and RhO2 were obtained at two detachment photon energies, 532~2.33 eV! and
355 nm~3.49 eV!. Electron affinities, low-lying electronic states, and vibrational frequencies are
reported for the neutral diatomic molecules. The adiabatic electron affinities are similar for the three
molecules and increase slightly from RhC to RhO~RhC: 1.46; RhN: 1.51; RhO: 1.58 eV!. The
low-lying electronic states are rather simple for RhC, with its first electronic excited state occurring
at 9400 cm21 above the ground state, whereas those of RhN and RhO are more complicated, with
numerous closely spaced low-lying electronic states. Excited states of the anions were also observed
for RhC2 and RhN2. The trend of the chemical bonding from RhC to RhO is discussed based on
the experimental results. ©1998 American Institute of Physics.@S0021-9606~98!00337-7#
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I. INTRODUCTION

Rhodium; and its oxides and complexes, is a widely u
transition metal catalyst from hydrocarbon conversions
nitrogen fixation.1 Thus, understanding the chemical bondi
between Rh and C, N, and O is of both basic and app
interest. The simple Rh diatomic molecules, RhC, RhN, a
RhO, serve as prototypes for this purpose. However, li
experimental information is known about these molecule2

Among the three diatomic molecules, RhC has been stu
more extensively.2–4 The ground state and several low-lyin
excited states are known for RhC. On the other hand, th
has been little experimental work on RhO.2 To our best
knowledge, RhN has never been studied experimentally p
to this work. Nevertheless, theoretical studies have been
formed on RhN and RhO. Shimet al. recently carried out a
detailed theoretical investigation of the electronic struct
and bonding in RhN.5 RhO has been briefly studied in tw
previous theoretical investigations of Rh compounds.6,7

In this paper, we report an experimental study of t
electronic structure of RhC, RhN, and RhO using anion p
toelectron spectroscopy~PES!. Electron affinities ~EAs!,
low-lying electronic states, and vibrational information a
obtained for all three molecules. The observed electro
states are compared to and interpreted with available the
ical results.

II. EXPERIMENT

The experimental apparatus used for this study has b
described in detail before.8,9 Briefly, it consists of a
magnetic-bottle time-of-flight~TOF! photoelectron analyzer
a laser vaporization cluster source, and a TOF mass s

a!Author to whom correspondence should be addressed.
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trometer. To generate the desired anionic species, a pur
disk target was laser-vaporized with a helium carrier g
seeded with CH4 ~5%!, N2 ~5%!, and O2 ~0.5%! for produc-
ing RhC2, RhN2, and RhO2, respectively. The anions pro
duced in the source were mass analyzed by the TOF m
spectrometer. The diatomic species of interest were mas
lected and decelerated before being intercepted by the ou
of a Nd:YAG laser. Two detachment photon energies w
used for the current set of experiments: 532~2.33 eV! and
355 nm~3.49 eV!. The obtained PES spectra are shown c
lectively in Fig. 1 for RhC2, RhN2, and RhO2. The energy
resolution was about 30 meV for 1 eV electrons, as c
brated using the spectrum of Rh2.10,11

III. RESULTS AND DISCUSSION

The chemical bonding between Rh and C~or N and O!
mainly involves the 4d and 5s valence orbitals of Rh and th
2p orbitals of C~or N and O!. Figure 2 illustrates schemati
cally the valence molecular orbitals~MOs! derived from
these valence atomic orbitals.3–5 The 11s and 5p are bond-
ing MOs between the 4d and 2p orbitals, whereas the 13s
and 6p can be viewed as the antibonding MOs betweend
and 2p. The 12s is a nonbonding MO of mainly 5s charac-
ter. The occupancies of the 11s, 5p, and 2d MOs are the
same for all three molecules. The differences between th
result from the different occupations of the 12s and 6p or-
bitals. The Rh–C bonding is characterized as a triple bo
with a very high dissociation energy (D055.97 eV),3

whereas the Rh–O bond is weaker (D054.2 eV)2 due to the
occupation of the antibonding MOs. The ground state sy
metry and MO configurations are known to b
X 2S1(¯12s16p0), X 1S1(¯12s26p0), and
X 4S2(¯6p212s1) for RhC,3,4 RhN,5 and RhO,6,7 respec-
tively. With this basic electronic structure information, w
4 © 1998 American Institute of Physics
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FIG. 1. Photoelectron spectra of RhC2, RhN2, and RhO2 at ~a! 532 ~2.33 eV! and~b! 355 nm~3.49 eV!. HB stands for hot band transitions. Transitions d
to excited states of the anions are labeled with single quotes. Vertical lines represent vibrational levels or spin-orbit components. See text for the a
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interpret and discuss the PES spectra and energy levels o
three molecules individually in the following.

A. RhC and RhC 2

The 532 nm spectrum of RhC2 shows a well-resolved
vibrational progression starting at 1.46 eV with a vibration
spacing of about 1000 cm21. The intense peak represents t
ground state of RhC and yields an adiabatic EA of 1.46
for RhC. A weak hot band was observed, giving a vibratio
frequency for the RhC2 ground state also of about 100
cm21. A very weak signal was observed in some spectra
about 0.53 eV, labeled as ‘X,’ which was most likely due to
an electronically excited state of RhC2. The 355 nm spec-
trum of RhC2 reveals two more transitions at 2.62 and 2.
eV due to two excited states of RhC.

As mentioned above, RhC has been studied most ex
sively among the three molecules concerned in the cur
investigation. Its ground state and several low-lying exci
states are known,2–4 making the interpretation and assig
ment of the PES spectra of RhC2 rather straightforward. The
first excited state of RhC is a2P state involving a transition
from the 12s to 6p orbital. Excitation energies of the tw
spin-orbit components (2P3/2,1/2) known previously are in
excellent agreement with those of the two excited state
tures observed in the 355 nm spectrum of RhC2, as shown in
Table I.

In RhC2, the extra electron can enter either the 6p or-
bital with a ground state configuration of̄ 12s16p1(X 3P)
Downloaded 26 Jun 2007 to 130.20.226.164. Redistribution subject to AI
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or the 12s orbital with a ground state o
X 1S1(¯12s26p0). From the latter configuration it would
require a two-electron transition to reach the2P excited
state. Although such multielectron transitions have been
served in anion PES of 3d oxide diatomics,12,13 they are
expected to have low cross sections. Therefore, 12s16p1 is
a more reasonable configuration for the ground state
RhC2. Detachment of the single 6p electron of RhC2 then
results in theX 2S1 ground state of RhC, and removal of th
single 12s electron leads to the2P3/2,1/2 excited state. The
intensity ratio of the two spin-orbit components should
2:1. The observation that their intensities appeared to
equal was probably due to a contribution from thev51 level

FIG. 2. Schematic diagram showing the correlation of the valence molec
orbitals of RhX with the valence atomic orbitals of Rh and X (X5C, N, O!.
The 11s, 5p, and 2d molecular orbitals are fully occupied in all thre
molecules, which have different occupancies in the 12s and 6p orbitals.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Observed binding energies~BE! and measured spectroscopic constants for RhC2 and RhC.

BE ~eV!

Term value~cm21! Vib. freq. ~cm21!

Current Previousa Current Previousa

RhC2 X 3P(12s16p1) 0 0 1000~60!
A 1S1(12s26p0) 0.53~5! 7500~200!

RhC X 2S1(12s16p0) 1.46~2!b 0 0 1000~60! 1049.87
A 2P3/2(12s06p1) 2.62~3! 9400~100! 9462.94 949.41

2P1/2 2.72~3! 10 200~100! 939.12
10 242.75

aFrom Reference 2.
bAdiabatic electron affinity of RhC.
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of 2P3/2 to that of the2P1/2 peak because the vibration
frequency and the spin-orbit splitting are very similar~Table
I!.

We assign the very weak signal at 0.53 eV to be from
excited state of RhC2, resulting from the configuration
12s26p0(1S1). This excited state is metastable as the
laxation to the anion ground state is spin-forbidden. We h
observed such metastable anionic excited states in se
transition metal oxide systems previously.14,15 The observed
binding energies and the obtained spectroscopic informa
for RhC and RhC2 are listed in Table I.

B. RhN and RhN 2

The PES spectra of RhN2 ~Fig. 1! are much more com
plicated than those of RhC2. Eleven detachment feature
were observed in the 532 nm spectrum between 1 and 2.
binding energies, and more features with weak intensity w
further revealed beyond 2.5 eV in the 355 nm spectru
None of the features can be assigned to vibrational prog
sions, except for the 2.00 and 2.12 eV features, which w
identified as a vibrational progression, as shown in both
532 and 355 nm spectra. The binding energies of the
served features are given in Fig. 3 with the assigned tra
tions, as discussed next.

From the MO picture shown in Fig. 2 and the discuss
above for RhC2, it is expected that the ground state M
configuration of RhN can be either̄ 12s26p0(X 1S1) or
¯12s16p1(X 3P). Shim et al. recently performed a de
tailed theoretical study on RhN.5 They calculated the groun
and several excited states with relativistic corrections. T
predicted ground state of RhN isX 1S1 with two low-lying
excited states,A 3P and B 1P, both derived from the
¯12s16p1 configuration. TheA 3P state was predicted to
be about 1825 cm21 above the ground state with four close
spaced spin-orbit states; theB 1P state was predicted to b
3360 cm21 above the ground state.

In the ground state of RhN2, the extra electron should
occupy the 6p MO, and the following one-electron detach
ment channels are expected, leading to the ground and
lying excited states of RhN,

¯12s26p1~2P!→¯12s26p0, X 1S1 ~1!

→¯12s16p1, A 3P0,1,2, B 1P.
~2!
 2007 to 130.20.226.164. Redistribution subject to AI
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Even with the spin-orbit components, the observed PES
tures are more numerous than the above derived transiti
We noted that the first four weak features between 1.1
1.4 eV show exactly the same spacing as those four inte
features at higher binding energies between about 1.6 and
eV ~Fig. 1!, implying that they represent the same set
neutral electronic states. This observation is important, s
gesting that the first four weak features should be due
transitions from an excited state of RhN2, consistent with
the fact that their relative intensities were observed to v
slightly at different experimental conditions.

Therefore, we assign the strong peak at 1.51 eV as
transition from the ground state of the anion to the grou
state of RhN (X 1S1), yielding an adiabatic EA of 1.51 eV
for RhN. The next three intense features at 1.58, 1.63,
1.75 eV are assigned to the spin-orbit components of
A 3P i state. The peak at 1.88 eV is assigned to theB 1P
state. Thus, we see that theA 3P state is nearly degenerat
to the ground state. The3P0 component is only 0.07 eV
above the ground state, which was barely resolved in the
nm spectrum. The calculated spin-orbit levels for the3P
state are consistent with, but do not agree quantitatively w
our experimental measurements. However, the calculated

FIG. 3. Schematic energy levels showing the measured binding ene
~eV! of detachment transitions from the ground and excited states of R2

to those of RhN.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. Measured electronic energy levels~cm21! for RhN2 and RhN compared to previous calculationsa

Current measurement~cm21! Previous calculation~cm21!a

RhN2 X 2P(12s26p1) 0
A 4S2(12s16p2) 3900~100!

RhN X 1S1(12s26p0) 0 0
A 3P0(12s16p1) 560~50! 1825(V501), 1972(V502)

3P1 970~90! 2112(V52)
3P2 1900~100! 3074(V51)b

B 1P(12s16p1) 3000~100! 3360(V51)b

C 3S2(12s06p2) 7800~100! 8223
D 1D(12s06p12 12 300~200! 14 062

aFrom Reference 5.
bThe calculation indicates that these spin-orbit coupled states have equal contributions from the3P and 1P
non-spin-orbit coupled states.
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citation energy for theB 1P level is in excellent agreemen
with our measurement as shown in Table II.

The near degeneracy between thē12s26p0 and
¯12s16p1 configurations for RhN suggests that th
4S2(¯12s16p2) state would be a likely candidate for th
excited state of RhN2. This excited state of the anion ca
lead to the following one-electron detachment channels:

¯12s16p2~4S2!→¯12s16p1, 3P0,1,2,
1P ~3!

→¯12s06p2, 3S2, 1D, 1S2.
~4!

Note that from this anionic excited state one cannot reach
ground state of the neutral through a one-electron deta
ment. Further note that the detachment channel~3! results in
the same set of states as that of detachment channel~2! from
the anionic ground state. Therefore, the four weak feature
low binding energies are naturally due to the transitions
scribed in~3!. These are shown in Fig. 1, where detachm
features from excited anionic states are labeled with sin
quotes. It was noted that the relative intensities of the f
tures due to detachment from the excited anionic s
seemed to be different from those due to detachment of
ground state RhN2. In particular, the intensities of th
‘A 3P2’ and ‘B 1P ’ peaks appeared to be high, which w
probably due to contributions from hot band transitions
sociated with theX 1S1 andA 3P i features.

The second one-electron detachment channel~4! from
the anionic excited state can result in three more RhN
cited states, which cannot be reached from the ground s
of the anion through one-electron detachment. Among
three states given in~4! above, the3S2 and 1D states were
calculated by Shimet al. with predicted excitation energie
at 8223 and 14 062 cm21, respectively. We assign the fea
tures at 2.0 and 2.5 eV to these two states, respectively.
measured excitation energies are in good agreement with
theoretical predictions. Both of these states were predicte
have longer bond lengths than that of the ground state, c
sistent with our observation of the vibrational progressio
for these two states. The estimated vibrational frequenc
900~100! cm21 for these two states is also consistent w
those predicted, 817 and 831 cm21 for the 3S2 and 1D
states, respectively. The features at high binding energies
weak and it is possible that there may be transitions du
 2007 to 130.20.226.164. Redistribution subject to AI
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the unknown1S2 state, which was not calculated by Shi
et al. The binding energies of all the detachment transitio
between RhN2 and RhN are given in Fig. 3. The measur
excitation energies of the low-lying states are summari
and compared to the theoretical predictions in Table II.

C. RhO and RhO 2

The 532 nm spectrum of RhO2 shows two strong peak
at 1.58 and 2.05 eV. The 1.58 eV peak should be due to
transition from the ground state of the anion to that of t
neutral, and defines the adiabatic EA of RhO. A hot band
a vibrationally excited level were also observed around
1.58 eV ground state peak, yielding a similar vibrational f
quency of about 730 cm21 for the ground states of both
RhO2 and RhO. A weak feature at 1.78 eV was also o
served in the 532 nm spectrum with a weak vibrational p
gression similar to that of the ground state. More featu
were revealed between 2.3 and 2.6 eV in the 355 nm sp
trum, where the weak 1.78 eV feature was not well resolv

Surprisingly, RhO has not been studied in detail theor
cally, although it was investigated briefly in two previou
theoretical studies about Rh compounds.6,7 The ground state
of RhO was predicted to beX 4S2(¯6p212s1) in the the-
oretical studies. The PES spectra of RhO2 can be interpreted
straightforwardly with the following one-electron transition
by assuming that the extra electron enters the 12s orbital:

¯6p212s2~3S2!→¯6p212s1, X 4S2, A 2S2 ~5!

→¯6p112s2, C 2P3/2,1/2. ~6!

We assign the 1.58 and 2.05 eV peaks to the ground s
(X 4S2) and the first excited state (A 2S2) of RhO, due to
detachment of a spin-down and spin-up 12s electron, respec-
tively, through one-electron transitions. The high binding e
ergy features are assigned to be due to the two spin-o
states ofC 2P3/2,1/2, resulting from detachment channel~6!.
A vibrational progression was clearly seen for the2P3/2 state
with a frequency of about 800 cm21. The weak feature a
1.78 eV, which was not resolved clearly in the 355 nm sp
trum, is tentatively assigned to theV51/2 component of the
X 4S2 ground state. No low binding energy features due
anionic excited states were observed in the spectra of Rh2

compared to those of RhC2 and RhN2. However, a close
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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examination of the low binding energy side of the 532 n
spectrum of RhO2 did reveal very weak signals~,1% rela-
tive to the strongest feature!, which were probably due to
anionic excited states but could not be definitively identifi
because of their feeble intensities. Our observed binding
ergies and spectroscopic constants for RhO and RhO2 are
given in Table III.

D. Trend of chemical bonding from RhC to RhO

The systematic study of the three diatomics of Rh off
an opportunity to probe the trend of chemical bonding fro
the carbide to the oxide. The electron affinities that we
termined for the three molecules are very similar and
crease slightly from RhC~1.46! to RhN ~1.51! to RhO~1.58
eV!. No substantial vibrational excitations were observed
any detachment transition of the three molecules, consis
with the nonbonding or slightly antibonding nature of t
12s and 6p MOs ~Fig. 2!, from which all the detachmen
transitions occur. We observe that the ordering of the 1s
and 6p MOs undergo a gradual change from RhC to Rh
The separation between these two MOs is more than 1 e
RhC, whereas they become nearly degenerate in RhN
RhO, the 6p MO is actually slightly lower in energy than th
12s. Although we could not directly probe the bonding MO
~i.e., 11s and 5p!, the gradual stabilization of the 6p anti-
bonding MO from RhC to RhO indicates that the 5p bonding
MO is gradually weakening from RhC to RhO, consiste
with the known dissociation energies of RhC~5.97!3 and
RhO ~4.2 eV!.2 The dissociation energy of RhN has not be
experimentally determined. The recent calculation by Sh
et al. predicted a dissociation energy of 1.74 eV for RhN5

This value is low, considering the trend from RhC to Rh
One would expect the dissociation energy of RhN to be
tween those of RhC and RhO. It is also interesting to n
that while the first excited state of RhC is more than 1
above the ground state, both RhN and RhO have much m
complicated and closely spaced low-lying energy levels. T
complicated nature of the low-lying energy levels of bo
RhN and RhO is probably responsible for the fact that wh
the optical spectroscopy of RhC was measured long ago2 to
date there has been no report of any optical experiment

TABLE III. Observed binding energies~BE! and measured spectroscop
constants for RhO2 and RhO.

BE ~eV!
Term value

~cm21!
Vib. freq.

~cm21!

RhO2 X 3S2(6p212s2) 0 730~80!
RhO X 4S3/2

2 (6p212s1) 1.58~2!a 0 730~80!
4S1/2

2 1.78~3! 1600~100! 730~80!
A 3S2(6p212s1) 2.05~3! 3800~100!
B 2P3/2(6p112s2) 2.29~3! 5700~100! 800~90!
2P1/2 2.59~3! 8100~100!

aAdiabatic electron affinity of RhO.
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RhN and RhO. Thus, PES provides a relatively convenie
albeit less accurate, means to unravel the complicated s
troscopy of these seemingly simple diatomics.

IV. CONCLUSIONS

We report a systematic photoelectron spectrosco
study of RhC2, RhN2, and RhO2 at 532 and 355 nm de
tachment wavelengths. The experiments provide direct m
surements of the electron affinities and low-lying electro
states of the neutral diatomics, as well as anionic exc
state information in the cases of RhC2 and RhN2. The spec-
tra of RhC2 are simple and the obtained energies of t
excited states agree with previous optical measurements.
spectra of RhN2 and RhO2 reveal that the low-lying elec-
tronic states of RhN and RhO are more complicated due
the near degeneracy of the 12s and 6p outermost occupied
MOs. The spectra of RhN2 provide a rigorous test for the
recent theoretical calculations and indicate that the calc
tions including relativistic corrections describe the low-lyin
electronic states of RhN quite well.5 No detailed theoretica
calculations are yet available for RhO. The current resu
provide spectroscopic information for both the anions a
the neutrals of these simple Rh diatomic molecules and
be valuable to compare to future theoretical efforts and
tical experiments.
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