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The electronic configurations and the nature of chemical bonds of the classical lantern-type dinuclear rhodium(II)
tetraacetato complexes [Rhy(CH;COO)4(L),] (L = H,O, free) have been carefully investigated with broken symmetry
(BS) Hartree—Fock (HF), BS density functional theory (DFT), and BS hybrid DFT (HDFT) methods. Several electronic
configurations have been proposed for the ground states of the [Rhy(RCOO)4(H,0),] complexes. In this study, we
concluded that those different electronic configurations originate from the position of the axial H,Os, and not along the
Rh-Rh length. The BS(U)B3LYP calculation indicates that the stability of the o and § orbitals changed when the Rh—-OH,
length was 2.35 A. The natural orbital (NO) analyses and chemical indices clearly indicate that there is a o-type single
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bond between the Rh ions, and that the axial H,Os does not affect the overlap.

Dirhodium(Il) tetrakis(carboxylato) complexes, [Rh;-
(RCOO)4(L),], are extremely important in terms of their
utilization as supramolecular building blocks, antitumor drugs,
catalysts for carbenoid insert reactions, and so on.'” The
Rh-Rh distance of a typical dirthodium tetrakis(carboxylato)
complex, [Rhy(CH;COO)4(H,0),] (Figure 1), is 2.386A;
therefore, it has been considered that there is a single bond
between the Rh ions.* For the past several decades, the
electronic configurations of the dirhodium tetrakis(carboxylato)
complexes have been theoretically examined using various
calculation methods. These results have led to the conclusion
that the Rh ions have a single bond, which consists of
o?m*828*2r*4 in the singlet ground state (We note that the
word “configuration” used here has a meaning of both the
orbital occupation and the ordering of orbital energies.).
However, other configurations have also been proposed. For
example, Dubicki and Martin performed extended Hiickel
calculations on [Rhy(CH3CO0)4(H,0),] and concluded that the
electronic configuration was 7*0?8%6*27*4> On the other
hand, Norman and Kolari carried out SCF XaSW calculations
for [Rhy(HCOO)4(L),] (L = free, H,O) and reported that the
open-shell electronic configurations o?7r*827*46*2 were sta-
ble.® The earliest report of ab initio calculation was presented
by Nakatsuji et al. They performed the RHF calculations for
[Rhy(HCOO)4(L),] (L = free, H>O) and the obtained electronic
configurations were 7*8?7r*48*?62.7 In 2000, Lichtenberger
and Cotton reported calculated results of the pure DFT

Figure 1. Molecular structure of [Rhy(CH3COO)4(H,0),].

(RBLYP) method on [Rhy(CF3C0OO)4] and found that the
electronic configuration was o?7*826*27*4® Very recently,
Sizova et al. reported that the calculated results of the hybrid
DFT (RB3LYP) method on [Rh,(HCOO)4(L),] (L = free, H,0)
indicated configurations of o?m*8>w*46*2 and 8°mo?m*45*2,
respectively.’ In addition to those results, some different
electronic configurations have also been reported from calcu-
lations using other functional sets on related complexes.!”
However, the electronic configurations of the dirhodium
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tetrakis(carboxylato) complexes have not been clarified yet.
Because the determination of the electronic configurations are
necessary for further understanding of their properties, it is
meaningful to attain the electron configurations of the
dirhodium tetrakis(carboxylato) complexes by theoretical cal-
culations.!! In this paper, we investigate the electronic config-
urations and the nature of chemical bonds between the Rh!! ions
of the typical dirthodium tetrakis(carboxylato) complexes,
[Rhy(CH3CO0)4(L),] (L = free, H,0), by using the broken-
symmetry (BS)-HF, the BS-DFT, and the BS-HDFT methods.
The relation between structural parameters and electronic
configurations are specifically examined by using X-ray and
optimized geometries.

Theoretical Background

Computational Details.  All ab initio calculations are
performed using the LANL2DZ basis set for Rh atoms, and 6-
31G™* basis set for ligands. In order to correct the static
correlation, a spin-unrestricted, i.e., BS, method is employed
for the open-shell singlet calculations. In addition, three types
of DFT functional sets that have different ratio of the Hartree—
Fock exchange (B3LYP, BHandHLYP, and BLYP) are exam-
ined, as well as the pure HF method on Gaussian 03 and 09
(especially for CAM-B3LYP)!'® program packages.'? For the
model structure of the Rh, complex, many people have used a
reduced ligand, i.e., HCOO™, as a substitution for CH;COO™,
although the X-ray (crystal) structure of [Rh,(HCOO)4(H,0),]
has not been obtained. In order to avoid any error from the
reduction of the ligand, we use a realistic [Rhy(CH3COO),-
(H,0),] complex with a known geometry that has been
analyzed experimentally. We carried out a geometry optimiza-
tion of the complex, starting with the initial geometry of the
X-ray crystallographic data. For a comparative study, the
geometry of the without-axial-ligand-model i.e., [Rhy(CH;-
COO),] is also optimized, because its X-ray structure is not
determined.

Natural Orbital Analysis. Because the BS method does
not provide a conventional molecular orbital diagram, we
performed a natural orbital (NO) analysis to investigate their
chemical bonds. In addition, the occupation numbers provide
very useful information about the Rh—Rh bond, such as the
overlap between the o and B orbitals, and the contribution of
the double excitation to the ground state. Yamaguchi has
proposed a procedure to analyze the chemical bond using the
occupation number. Because it can be related to the weight of
the double excitation state in the chemical bond, one can utilize
the occupation number to analyze the instability in the
chemical bond."* The NOs are determined by diagonalizing
the first-order density matrices as

Py = nid@ ()Y () (0

where n; denotes the occupation number of the NO ¢,. If an
occupation number is close to 1.0, then the two electrons are
largely localized on each Rh ion.!* On the other hand, »; should
be equal to 2.0 if a stable chemical bond exists. One of the
merits of the NOs is that they give us a symmetry-adapted
(SA)-like orbital picture based on the DODS approach.'* To
assess the instability in the Rh—Rh bond, the instability value y;
is introduced here as follows:
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I’l,‘2 —4n; + 4
niz — 21’1,‘ + 2
where #n; denotes the occupation number of the highest-
occupied NO (HONO), and Wp is the weight of a double
excitation for the corresponding orbital. The effective bond
order is given by

Vi = 2Wp? = 2

nj —n;

b=

3)

where n;* denotes the occupation number of lowest-unoccupied
NO (LUNO).

Results and Discussion

Electronic Configuration and Rh-Rh Interaction of
[Rhy(CH3COO0)4(H,0),]. In order to examine the electronic
configurations of the Rh, complexes, we began with the
calculations of the real complex, [Rhy(CH3COO0)4(H,0),]. As
explained above, we carried out the geometry optimization by
using the initial geometry of the X-ray data. Although it has
been reported that the optimization of [My(RCOO)4(H,0),]
slightly shifts the axial H,O from the M—M axial axis, there
have been no reports on how the H,O-shift changes the
electronic configuration of the complex.'® The fact that many
possible electronic configurations of [Rhy(RCOO)4(H,0),]
have been reported seems to suggest that the shift of H,O
from the Rh-Rh axial axis may change the configuration. For
that reason, we initially compared the electronic configurations
of the X-ray geometry with that of the optimized geometry
using the UB3LYP method. The optimized structural param-
eters, total energies, and (S?) (total spin angular momentum)
values are summarized in Tables 1 and 2.

As shown in Table 1, the optimized geometries are almost in
agreement with the X-ray geometry of [Rh(CH3COO0)4(H,0),],
except for the H,O ligands on the axial axis. The optimized
Rh-OH, distance is longer than that of the X-ray geometry by
about 0.1 A. In the geometry optimization, the calculated total
energy is slightly more stabilized (7.42 kcal mol~") than that of
the X-ray geometry. The estimated binding energies of the Rh—
OH, are 17.7 and 14.8 kcal mol ™' for the optimized and X-ray
geometries, respectively. Because the difference in the Rh-
OH, binding energies between the two geometries is about
3 kcal mol~!, we conclude that the stabilization energy mainly
comes from the reorientation of the H,O.

We also investigated the dependence of the optimized
structures on the calculation methods. As shown in Table 1, the
optimized geometries using the UBLYP and UBHandHLYP

Table 1. Optimized Geometry of [Rhy(CH3;COO)4(H,0);]
(Distance/ A, Angle/°)

UHF UBHandHLYP UB3LYP UBLYP Exp.

Rh-Rh 2.588 2413 2409 2433 2386
Rh-O (bridge) 2.099  2.058 2077 2.099 2.042
Rh-O (axial) 2459  2.376 2407 2445 2309
0--0 2.221 2.238 2269 2300 2.246
0CO 125.7 125.8 126.1 1255 1245
RhRhO (bridge) 84.27 86.71 8738  87.66 87.70
RhRhO (axial) 168.6 171.6 172.7 1733 176.5
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Table 2. Electronic Configurations, HOMO-LUMO Gaps, (S?) Values, and Total Energies of [Rhy(CH;C00)4(H,0),]

Functional Geometry Electronic configuration | AE 1 umo-Homo)l/€V (8% Total energy/au
UHF X-ray St *as*? 12.1 0.6787 —1287.5071
Optimize S0P *As*? 12.9 0.8477 —1278.5479
UBHandHLYP X-ray 4820 8*? 7.45 0.1234 —1285.1394
Optimize St *as*? 7.41 0.2043 —1285.1537
UB3LYP X-ray 82?8 *? 4.19 0.0000 —1286.0065
Optimize oS 28 2 3.98 0.0001 —1286.0183
UBLYP X-ray ol A R R 2.11 0.0000 —1285.5912
Optimize oo A B s e 1.80 0.0000 —1285.6123
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Figure 2. Bonding and antibonding molecular orbital of
[Rhy(CH3C0O0)4(H;0),] (X-ray geometry).

methods are also in good agreement with the X-ray and
UB3LYP geometries of [Rhy(CH3COO0)4(H,0),], except for the
Rh-OH, length. On the other hand, the UHF method elongates
the Rh—Rh and the Rh—OH,, lengths. These results indicate that
all the methods overestimate the Rh—OH, length. These
differences between the optimized and X-ray geometries in
the Rh—OH, length are considered to originate mainly from the
effects of the crystal packing. The Kohn—Sham orbitals of
[Rhy(CH5CO0)4(H,0),] calculated with the UB3LYP method
are shown in Figure 2.

As shown in Figure 2, the interaction between the Rh" ion
and O atom of the H,O molecule occurs only in the Rh (o) or
Rh (0*) orbital and the lone pair orbital of H,O; the other metal
orbitals do not interact with the H,O.

The order of orbital energies of the occupied orbitals and
HOMO-LUMO gaps of [Rhy(CH3COO0)4(H,0);] of each
geometry are shown in Table 2 and Figure 3.

As expected, the obtained electronic configurations (orbital
energy orders) are changed by the geometries. In the case of the
X-ray geometry, the electronic configuration calculated by the
UB3LYP method becomes 77#820?*48*? and the o orbital is
destabilized in comparison with the electronic configuration of
the without-H,O model, [Rhy(CH3;CO0),], as explained below.

On the other hand, the optimized geometry produces the orbital
energy order of m*0?8°7*?6*27r*? in which the o orbital is
stabilized. The degenerate 7™ orbitals are divided into two
degenerate states by the shift of the H,O position.

The calculated electronic configurations also depend on the
DFT functional sets. For the UBLYP method, an orbital
interchange between the o orbital and the other orbitals does
not occur, even if the geometry is optimized, because the o
orbital is stable. On the other hand, the orbital order of the
UBHandHLYP method is the same as that of the UB3LYP
method if X-ray geometry is used. However, the optimized
geometry changes the stability of the o and 7 orbitals
and, consequently, the orbital orders of the UB3LYP and
UBHandHLYP methods turn out to be different. Interestingly,
the geometry optimization using the UHF method significantly
unstabilizes the 77 orbital. It is considered that the character-
istics of the HF method are reflected in these hybrid DFT
methods, as discussed later.

Electronic Configuration and Rh-Rh Interaction of
[Rhy(CH3COO)4].  For a comparative study, the relation
between the optimized geometry and the electronic config-
uration was also investigated on the without-axial-ligand
model, [Rh,(CH3COO),]. It is well known that some theoret-
ical calculations have deduced that [Rhy(RCOO),] has the
electronic configuration of o?*§*r*48*2.

First, we optimized the geometry of the ground state of
[Rhy(CH3COO0),4] with the UB3LYP method (Table 3).

As shown in Table 3, the optimized Rh-Rh length of
[Rhy(CH5CO0),] is shorter than that of [Rhy(CH3COO)y-
(H,0),], although the CH3COO™ ligands of [Rhy(CH3;COO0),]
change only slightly with the optimization. The obtained
electronic configurations of [Rhy(CH;COO),] are summarized
in Table 4 and Figure 3. The calculated molecular orbitals of
[Rhy(CH5COO0),] derived by the UB3LYP method are also
shown in Figure 4.

The electronic configuration of [Rh,(CH3;COO),] calculated
by the UB3LYP method is o?m*8*m*45*2 and the orbital
ordering is the same as those reported. However, as shown in
Figure 3c, the orbital energies of [Rhy(CH3COO),] are degen-
erate, so it is expected that the orbital order would be easily
changed by the calculation method or the structural change.
Therefore, we examined the dependence of the electronic
configurations of [Rhy(CH3;COOQ),] on the calculation methods
and the optimized geometries. The optimized geometries and
the electronic configurations of [Rhy(CH3COO),] for the
different calculation methods are summarized in Tables 3 and
4, respectively.
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Figure 3. Occupied molecular orbital diagram of [Rhy(CH3COO)4(L),] (L = H;O, free) (a) UHF, (b) UBHandHLYP, (c) UB3LYP,

and (d) UBLYP.

Table 3. Optimized Geometries
(Distance/A, Angle/°)

of

[Rhy(CH3CO0)4]

UHF UBHandHLYP UB3LYP UBLYP
Rh-Rh 2.571 2.397 2.389 2.413
Rh-O (bridge)  2.085 2.048 2.064 2.090
0--0 2.221 2.237 2.267 2.299
0CO 125.5 125.5 125.8 126.2
RhRhO (bridge) 85.12 87.71 88.25 88.35

RhRhO (axial)

Table 4. Electronic Configurations and HOMO-LUMO

Gaps of [Rhy(CH;CO0),]

Functional Geometry Ecl)icﬁt;;;:t:ion ! AE(HO/I\::%LUMO)l
UHF Optimize  §*c?m**48*2 12.6
UBHandHLYP Optimize 0282m*r*45*? 6.26
UB3LYP Optimize  o?m*§2w*45*? 3.00
UBLYP Optimize  o?*§*w*45*2 1.04

v o Y

o

T

Figure 4. Bonding and antibonding molecular orbital of
[Rhy(CH3CO0)4].
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in [Rhy(CH3COO),].

As summarized in Table 3, the optimized Rh—Rh lengths are
significantly different when derived by the various methods, in
comparison with the other structural parameters, however, a
dependency on the methods is not clarified. On the other hand,
the calculated HOMO-LUMO gaps (JAE(HOMO-LUMOJ)
depend on the ratio of the HF exchange, as reported in many
papers.

The calculated results show different electron configurations
stemming from the different methods. The UBLYP and
the UB3LYP methods give a stable o orbital but the
UBHandHLYP method, which involves 50% HF exchange
potential, unstabilizes the o orbital and destabilized the §
orbital. The difference seems to be closely related to the
difference in optimized Rh—Rh length. For example, in the case
of the UHF method, the Rh—Rh distance is elongated and it
affects to stabilities of the o and the § orbitals. In this way, the
order of the electronic configuration of [Rhy(CH3COO0),] is
closely related to the ratio of the HF exchange potential in the
DFT methods.

Relation between Geometry and Electronic Configura-
tion. To explain the relation between the geometry and the
orbital ordering, we performed UB3LYP calculations of [Rh,-
(CH3COO0)4] with several Rh—Rh lengths. Starting from the
optimized geometry, the Rh—Rh length is elongated from 2.36
to 2.56 A by increments of 0.02 A. In those calculations, the
acetato ligands are fixed. The obtained potential energy surface
and the orbital diagrams are shown in Figure 5.

As shown in Figure 5a, an energy minimum appears around
2.38A on the Rh-Rh length. This is consistent with the
optimized geometry, and other minima are not found within

this range. Figure 5b shows that a shorter Rh—-Rh length
stabilizes the o and 7 orbitals, and unstabilizes the o orbital.
This phenomenon is easily understood by the change in the
orbital overlap. The crossing point between the § and 7t orbitals
is found around 2.54 A on the Rh-Rh length, which is 0.16 A
longer than the optimum. However, this value is not realistic in
comparison with the optimized or X-ray Rh—Rh length. In other
words, a change of Rh-Rh length does not have a large
influence on the electronic configuration.

Next, in order to clarify the relation between the electron
configuration and the H,O position, we also carried out
UB3LYP calculations with an artificial model structure of
[Rh,(CH5CO0)4(H,0),], where the Rh—OH, length is changed.
Starting from the X-ray geometry, the Rh—OH, length was
elongated from 2.30 to 2.45 A by increments of 0.01 A. In those
calculations, the geometry of the [Rh,(CH;COOQ),] component
is fixed. The obtained potential energy surface, Rh—-OH,
binding energy (4yind(Rh—OH,)), absolute value of differential
energy between o and § orbitals, and the orbital diagrams are
shown in Figure 6.

As shown in Figure 6a, the energy minima of the total
energy and binding energy are found around 2.39 A on the
Rh-Rh length, which is also consistent with the optimized
geometry. Other energy minima are not found within this range.
Figure 6d shows that the Rh—OH, length strongly affects the
stabilization of the o and o™* orbitals. Interestingly, the orbital
energies of the o and § orbitals have a crossing point around
2.35 A. This suggests that the position of H,O strongly affects
the stability of the o orbital, and consequently, the orbital
energy order seems to be easily changed.
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Table 5. n;, y;, and b; Values of [Rhy(CH;COO)4(L),]

Model structure Functional Geometry n; (0) n; (0™) Vi b;
[Rhy(CH3CO0)4(H,0);] UHF X-ray 1.571 0.429 139  0.571
Optimize 1.397 0.603 314 0.397
UBHandHLYP X-ray 1.937 0.063 0.20 0.937
Optimize 1.893 0.107 0.60  0.893

UB3LYP X-ray 2.000 0.000 0.0 1.00

Optimize 2.000 0.000 0.0 1.00

UBLYP X-ray 2.000 0.000 0.0 1.00

Optimize 2.000 0.000 0.0 1.00
[Rhy(CH3COO)4] UHF Optimize 1.391 0.609 32.1 0.391
UBHandHLYP Optimize 1.882 0.118 0.80  0.882

UB3LYP Optimize 2.000 0.000 0.0 1.00

UBLYP Optimize 2.000 0.000 0.0 1.00

Nature of the Rh—Rh Bond. In order to examine the nature
of the metal-metal bond between Rh ions, NO analyses were
carried out on [Rhy(CH;COO)4(L);] (L = none, H,O) com-
plexes. The obtained occupation numbers (n;), instability
values (y;), and effective bond orders (b;) are summarized in
Table 5.

All the results show that the o and o™ orbitals are the HONO
and the LUNO, respectively, and indicate that the Rh—Rh bond
is a single bond. In Figure 7, the HONO and LUNO of
[Rhy(CH3;COO)4(L);] calculated by the UB3LYP with the
optimized and X-ray geometries are depicted.

The n; and y; values of the Rh—Rh single bond calculated by
the UB3LYP method are close to 2.0 and 0.0, respectively,

showing that the o bond is an almost closed shell type orbital.
In other words, a large overlap and a strong interaction exist
between the Rh ions.

In the previous section, we suggested that the axial H,O
molecules affected the orbital energies. From these values at
each geometry, we found that the change in the H,O geometry
hardly influenced the overlap of the Rh—Rh single bond. For
the UBHandHLYP method, the calculated b; values of the X-
ray and optimized geometry are 0.937 and 0.893, respectively,
indicating that the instability in the o orbital is caused by the
excitation to the o™ orbital. The UHF calculation shows a much
smaller b; value. These results demonstrate that the Rh—-Rh
overlap becomes smaller with the increase in HF exchange
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In order to elucidate the effect of the HF exchange potential,
especially for the long-range correlation, we also carried out
calculations using the UCAM-B3LYP method.'® The results for
the n;, y;, and b; values are depicted in Figures 8a-8c,
respectively.

As shown in Figure 8, the n;, y;, and b; values calculated by
the UB3LYP method are constant for all the examined Rh-Rh
lengths, indicating that the o bond is a closed shell. On the
other hand, the UCAM-B3LYP calculation shows instability
where the Rh—Rh length is longer than 2.44 A. From this, it
seems that the long-range correlation is important if one must
examine longer Rh—Rh interaction.

Conclusion

In this study, we examined the relation between the
electronic configurations (and the orbital ordering), the mo-

[Rhy(CH3COO)4(L);] (L = free, H,O). The calculated results
indicate that the electronic configuration is affected by the
position of the axial H,O molecules, but not by the Rh—Rh
length. This seems to be the main reason why many electronic
configurations have been presented in the past. The DFT
functional sets, especially the ratio of the HF exchange, also
change the orbital ordering. As illustrated in Figure S1 in the
Supporting Information, the HF exchange tends to make the
HOMO-LUMO gap longer and the Rh—Rh overlap smaller.
Because the decrease of the overlap makes the energy gap
between the bonding o and antibonding o™ orbitals smaller,
the electronic configurations seem to change along with the
enlarged HOMO-LUMO gaps. At this stage, it is difficult to
say which functional set is the best for this system but the HF
exchange in the exchange-correlation term of the DFT is
necessary for the relatively longer Rh—Rh distances. Finally,
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we emphasize that the dependency of the orbital ordering on
the geometry should be an important factor to consider when
examining the photoexcitation of related materials. One must
be careful about the ligands on the axial position when
considering the photoexcitations.
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