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We report a combined experimental and theoretical investigation of MI,” (M = Cs, Cu, Ag, Au) to explore
the chemical bonding in the group IA and IB diiodide complexes. Both photoelectron imaging and low-
temperature photoelectron spectroscopy are applied to MI,” (M = Cs, Cu, Au), yielding vibrationally resolved
spectra for Cul,” and Aul,™ and accurate electron affinities, 4.52 4 0.02, 4.256 £ 0.010, and 4.226 4+ 0.010
eV for Csl,, Cul,, and Aul,, respectively. Spin—orbit coupling is found to be important in all the diiodide
complexes and ab initio calculations including spin—orbit effects allow quantitative assignments of the observed
photoelectron spectra. A variety of chemical bonding analyses (charge population, bond order, and electron
localization functions) have been carried out, revealing a gradual transition from the expected ionic behavior
in Csl,™ to relatively strong covalent bonding in Aul, . Both relativistic effects and electron correlation are
shown to enhance the covalency in the gold diiodide complex.

I. Introduction

The chemical bond is the most important concept in modern
chemistry. Traditionally chemical bonds are classified as
covalent or ionic in molecular systems. The group IB halides
are usually considered as ionic compounds. However, because
of the strong relativistic effects,! gold has been found to display
chemistry very different from its lighter congeners.>* Specifi-
cally, significant covalent bonding character has been increas-
ingly found in gold-containing compounds,* from the well-
known Au(CN),” complex®’ to the simple gold oxide and
sulfide molecules.® A question arises if the gold halide molecules
may in fact contain covalent characters. Because iodine pos-
sesses the lowest electron affinity among the halide elements
and it is very close to that of gold, we suspect that significant
covalent bonding may exist between Au and I. Therefore, in
the current article we investigate the evolution of chemical
bonding in the coinage iodide complexes, MI,” (M = Cu, Ag,
Au) using the more ionic Csl,” complex as a reference.

Gold halides form interesting solid materials,” and the electronic
structures of gaseous gold halide molecules have been investigated
in a number of previous computational studies,'°"!? in particular,
regarding the relativistic effects in these molecules."*~'® The
gold dihalide complexes AuX,™ (X = Cl, Br, I) have been
investigated previously using photoelectron spectroscopy (PES)
and mass spectrometry,!” with an emphasis on the production of
divalent gold(Il) species, AuX,, upon electron detachment from
the AuX,™ anions. The PES data on AuX,™ have stimulated a
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number of theoretical studies for detailed spectral assignments.'8~2

The importance of spin—orbit (SO) coupling for the assignment
of the PES spectra has been pointed out by Misha et al.,'” whose
calculations including SO effects yielded quantitative agreement
with the experimental data reported in ref 17.

In the current study, we present a joint experimental and
theoretical investigation on the coinage metal diiodide com-
plexes, MI,” (M = Cu, Ag, Au), emphasizing on the evolution
of chemical bonding from Cu to Au. The ionic Csl,” complex
is included as a reference. Both photoelectron imaging and low-
temperature PES data have been obtained for MI,™ (M = Cs,
Cu, Au). The Agl,” complex could not be studied experimen-
tally using the electrospray source due to the low solubility of
Agl. Vibrationally resolved PES spectra have been obtained for
Cul,™ and Aul,™ at 266 nm, as well as rich electronic structure
information at 193 nm using vibrationally cold anions. Density
functional theory (DFT) and ab initio calculations are carried
out on the four MI,™ species to help spectral interpretation and
chemical bonding analyses. As expected, SO coupling effects
are found to be important for all the diiodide complexes. Our
theoretical analyses reveal typical ionic bonding behavior in
Csl,™ and significant covalent character in Aul,”, while that in
Cul,™ and Agl,™ is found to be between the ionic and covalent
bonding.

I1. Experimental Methods

The MI,~ (M = Cu, Au, Cs) complexes were produced using
electrospray ionization (ESI), and the photodetachment experi-
ments were performed using two methods: photoelectron
imaging?! and low-temperature PES with a magnetic-bottle
photoelectron analyzer.?> The Agl,” complex was omitted in
the experiment due to the low solubility of Agl.

A. Photoelectron Imaging. The photoelectron imaging
experiment was carried out on a room temperature ESI-PES
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apparatus? by replacing the original magnetic-bottle photoelec-
tron analyzer with a velocity-map imaging system, details of
which have been described elsewhere.?! About 1 mM solutions
of Csl and Aul in water/methanol mixed solvents (1/3 volume
ratio) or Cul in pure acetonitrile were used as electrospray
solutions to generate the respective MI,” complexes. Anions
from the ESI source were directed into an ion trap via a rf-only
ion guide. After a trapping time of 0.1 s, the ions were pulsed
out into a time-of-flight mass spectrometer and directed into
the center of the photoelectron imaging system, where they were
detached by a linearly polarized laser beam at 266 nm. The
nascent electron cloud was accelerated by a high voltage pulse
applied to the imaging electrodes and was projected onto a
phosphor screen behind a set of microchannel plates. The
positions of the photoelectrons on the phosphor screen were
recorded by a CCD camera and accumulated as a photoelectron
image. The usual accumulation time was about 10° laser shots
at a 10 Hz repetition rate. Since the laser polarization was
parallel to the surface of the microchannel plates and the
phosphor screen detector, the original shape of the three-
dimensional electron clouds could be rebuilt through inverse
Abel transformation from the recorded two-dimensional images,
which were performed using the BASEX program.** The
electron binding energy spectra and photoelectron angular
distributions were obtained from the rebuilt three-dimensional
images. The electron kinetic energy resolution of our imaging
system is about 2.5% for 1 eV electrons, as calibrated from the
266 and 355 nm spectra of Br~ and I~.%!

B. Low-Temperature Photoelectron Spectroscopy. The
low-temperature PES experiment was carried out using a
magnetic-bottle apparatus coupled to an ESI source and a
cryogenically controlled ion trap.?> Anions from the ESI source
were guided by a series of rf-only quadrupole devices into a
Paul trap, which is connected to the coldfinger of a closed cycle
He refrigerator (10—350 K). The ions were accumulated and
cooled in the ion trap before being pulsed into the extraction
zone of a time-of-flight mass spectrometer. The MI,™ species
were mass-selected and decelerated before being detached by
193 nm photons (6.424 eV) from an ArF excimer laser or 266
nm photons (4.661 eV) from a Nd:YAG laser in the interaction
zone of a magnetic-bottle photoelectron analyzer operated at a
20 Hz repetition rate with the ion beam on and off on alternating
laser shots for background subtraction. Photoelectrons were
collected at near 100% efficiency by the magnetic bottle and
analyzed in a 5.2 m long electron flight tube. Time-of-flight
photoelectron spectra were collected and converted to kinetic
energy spectra calibrated with the known spectra of I" and
CIO;". The electron binding energy spectra reported were
obtained by subtracting the kinetic energy spectra from the
respective detachment photon energies. The kinetic energy
resolution (AE/E) of the magnetic-bottle electron analyzer was
2% (i.e., 20 meV for 1 eV electrons).

III. Computational Methods

The theoretical investigations were performed using both DFT
and wave function-based ab initio methods. The DFT calcula-
tions were performed using the generalized gradient approxima-
tion (GGA) with the PBE exchange-correlation functional®
implemented in the Amsterdam Density Functional (ADF
2009.01) program.?® The uncontracted Slater basis sets with the
quality of triple-C plus two polarization functions (TZ2P) were
used, with the frozen core approximation applied to [1s>—4d!’]
for Cs and I, [1s>—3p°] for Cu, [1s>—4p°] for Ag, and [1s>—4f'4]
for Au, respectively.”” The Agl,” complex was also calculated
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for completeness, even though no experimental data were
presented. The scalar relativistic (SR) and SO coupling effects
were taken into account by the zero-order-regular approximation
(ZORA).2® Geometries were optimized at the SR-ZORA level
and single-point energy calculations were performed with
inclusion of the SO effects. Vibrational frequency calculations
were carried out to verify that the species were minima on the
potential energy surface. The B3LYP hybrid functional was also
used to optimize the MI,” anions with the Gaussian 03
program.? The basis sets used are the same as in the ab initio
MOLPRO calculations described below.

To compare with the experimental PES spectra, we performed
high-level ab initio calculations for MI,” (M = Cs, Cu, Ag,
Au) using the MOLPRO 2008 program.* In these calculations
we used both the CCSD(T) (coupled-cluster with single and
double and perturbative triple excitations)’' and CASSCF
(complete-active-space self-consistent field) methods.*?> The
geometries of MI,~ were optimized with CCSD(T); single-point
energies of the ground and excited states of the neutrals were
calculated at the geometry of the anions at the same level. The
electron binding energies corresponding to one-electron transi-
tions from the closed-shell ground states of the MI,™ anions to
the ground and excited states of the MI, neutrals were obtained
using a CASSCF/CCSD(T)/SO approach that was used previ-
ously for M(CN),” (M = Cu, Ag, Au).” In this approach the
SO splittings were treated as a perturbation to the scalar-
relativistic state energies and were calculated on the basis of
CASSCF wave functions with the diagonal matrix elements
replaced by the CCSD(T) energies. The SO coupling effect was
included by using a state-interacting method*® with SO pseudo-
potentials. The valence orbitals, the 6s orbital for Cs, 3d and
4s for Cu, 4d and 5s for Ag, 5d and 6s for Au, and 5p for I,
were included in the active space during the CASSCF calcula-
tions. As a result, we correlated 11 valence electrons in 7 active
orbitals, denoted as CASSCF(11,7) for Csl, and CASSCF(21,12)
for MI, M = Cu, Ag, Au). The basis sets used were
(12s11p5d3f2g)/[8s8p5d3f2g] for Cs,** cc-pVTZ-PP for Cu, Ag,
and Au,® and aug-cc-pVTZ-PP for 1,° respectively. The
effective core potentials with 46, 10, 28, 60, and 28 core
electrons were used for Cs, Cu, Ag, Au, and I, respectively 33637
For Cul,™, we noted larger than usual deviations (~0.2 eV) of
the calculated VDEs related to detaching electrons from the
Cu 3d d, orbital. Considering the necessity of balancing the
3d'97*4s!'*™ configurations involving the highly contracted Cu
3d orbitals,®® a larger basis set with diffuse functions,
aug-cc-pVTZ-PP,*%" was used for Cu in the CCSD(T) single-
point energy calculations, which led to excellent results.

IV. Experimental Results

Figure 1 shows the photoelectron images of MI,” (M = Cu,
Au, Cs) recorded at 266 nm and room temperature. The
photoelectron images for Cul,” and Aul,” are similar, both
displaying one spectral band with similar electron kinetic
energies and angular distributions. The image of CsI,™ is very
different, displaying much lower electron kinetic energies with
isotropic angular distributions. The different angular distributions
between the photoelectron images of the coinage diiodides and
Csl,™ suggest that they possess different electronic structures
and different highest occupied molecular orbitals (HOMOs)
from which an electron is detached. The electron binding energy
spectra obtained from the images display vibrational fine features
with a rather broad Franck—Condon envelope for Cul,” and
Aul,". The electron binding energies of Csl,™ are much higher.
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Figure 1. Photoelectron images of MI,” (M = Cs, Cu, Au) at 266 nm
(inset), photoelectron spectra obtained from the images (gray curves),
and 266 nm photoelectron spectra at 12 K (black curves). The double
arrow represents the laser polarization. The vertical dot lines indicate
the 0—O transitions resolved in the 12 K spectra for Cul,” and Aul,”
and adiabatic detachment energy estimated from the 266 nm spectrum
of Csl,” at 12 K (not shown).

TABLE 1: Experimental Adiabatic Detachment Energies
(ADEs) for MI,” (M = Cs, Cu, Au) and the Observed
Totally Symmetric Vibrational Frequencies for the Ground
State of Cul, and Aul,

ADE (eV)* Vib. Freq. (cm™")
Csl,™ 4.52 +0.02
Cul,~ 4.256 +0.010 160 £ 15
Aul,” 4.226 +0.010" 180+ 15

“ Also represent the electron affinities for the corresponding
neutral MI, species. ” A less accurate value of 4.18 4 0.07 was
reported previously (ref 17).

In addition to the broad ground state band, the onset of a second
band is observed in the 266 nm spectrum of Csl, .

We have also obtained the PES spectra at 12 K for MI,~
(M = Cu, Au, Cs) using the low-temperature magnetic-bottle
apparatus.?? The 266 nm spectra at 12 K for Cul,” and Aul,”
are superimposed on the spectra obtained with the imaging
method at room temperature in Figure 1 (black thick curves).
Because of the spectral cutoff associated with the magnetic-
bottle apparatus, only a rising tail with an onset around 4.5 eV
was obtained for Csl,~ at 266 nm at 12 K (not shown). The
effects of vibrational cooling at 12 K were dramatic. Due to
the elimination of vibrational hot bands, the 12 K spectra were
significantly sharpened. In particular, a single vibration progres-
sion was clearly revealed for Cul,” and Aul,™ with frequencies
of 160 & 15 and 180 & 15 cm ™!, respectively (Table 1). Because
of the elimination of vibrational hot bands, the adiabatic
detachment energy (ADE) for the ground state transition or the
electron affinity of the corresponding neutral can be determined
accurately, as marked by the dashed line in Figure 1. The
obtained values are 4.256 4+ 0.010 and 4.226 + 0.010 eV for
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Figure 2. Photoelectron spectra of MI,” (M = Cs, Cu, Au) at 12 K
and 193 nm. The short bars represent the positions of the calculated
vertical detachment transitions.

Cul,” and Aul,” (Table 1), respectively, from the clearly
observed 0—O0 transitions. The ADE for Csl,” was estimated
from the onset of the 12 K spectrum to be 4.52 + 0.02 eV
(Table 1).

The 193 nm spectra for MI,” (M = Cu, Au, Cs) at 12 K are
shown in Figure 2. Eight well-resolved peaks, labeled X and
A—G, were observed for Cul,”, whereas six peaks (X and A—E)
spanning roughly the same energy range were resolved for
Aul,". Six peaks (X and A—E) were observed for Csl,™, with
the first three peaks (X, A, B) very closely spaced. The vertical
detachment energies (VDEs) for all observed peaks are given
in Table 2 and compared with theoretical calculations. The MI,™
complexes are superhalogens,* all with extremely high ADEs.
The current 193 nm spectrum for Aul,” at 12 K is better
resolved than the previous spectrum taken at room temperature.'”
The current ADE of 4.226 4+ 0.010 eV for Aul,” measured at
266 nm and 12 K is much improved relative to the value of
4.18 £ 0.07 eV measured previously at 193 nm and room
temperature.!” The spectra of Cul,” and Csl,” have not been
reported previously. However, they show some similarity to the
PES spectra of CuBr,~ and Nal,™, respectively.**

V. Theoretical Results

We have optimized the structures and found that the MI,~
(M = Cs, Cu, Ag, Au) anions are all linear with a '=," ground
state and D..,, symmetry, consistent with previous calculations.
These structures are confirmed to be minima, and the results of
the vibrational analysis at the PBE level are given in Table 3.
Also given in Table 3 are the optimized PBE, CCSD(T), and
B3LYP bond distances and normalized vibrational frequencies
(NVF) to evaluate the I-M—I bonding strengths. The Au—I
distance at the CCSD(T) level is in excellent agreement with a
previous calculation at a similar level of theory.!” We have also
computed the vibrational frequencies for the neutral final states
for Aul, and Cul,, and the calculated symmetric stretching
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TABLE 2: Observed and Calculated Vertical Detachment
Energies (VDEs) for MI,~ (M = Cs, Cu, Ag, Au) and
Final-State Assignments for M = Cs, Cu, Au
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TABLE 3: Calculated PBE, CCSD(T), and B3LYP Bond
Lengths and PBE Vibrational Frequencies for MI,” (M =
Cs, Cu, Ag, Au)

VDE (eV)
feature final state expt’ calcd
Csl,™ X 73% [*Zipul, 27% [T, 455 4.55 (4.63)°
A 100% [*TL3,] 4.63  4.68
B 100% [*T13 o] 472 472
C 52% [Py o, 48% [*Zip o] 489 4.92
D 73% [*M], 27% [*Z10] 555 549
E 52% P21 o, 48% [Plip o] 577  5.68
Cul,~ X 100% [*T13 o] 429  4.29 (447"
A 98% [PI1ip o 1, 2% [*Zip ) 473 476
B 99% [*Zip o), 1% [lip ] 502 503
C 100% [*13/,] 5.16 5.12
D 52% [°I1 0], 48% [*Z100] 533 529
E 100% [*As, o] 565 555
F 98% [*Asp o], 2% [(I13n ]  5.84 571
G 52% [*Ziu), 48% [P 0] 624 6.09
98% [y o], 2% [*As o] 6.28
97% [Tz o], 3% [z o] 6.40
96% [Zi12 o], 4% [Tz ¢ ] 7.44
Agly™ 100% [*T13 o] 4.78
91% [ g1, 9% [z ¢] 5.23
100% [*13/,] 5.27
52% [*Zi/ul, 48% [*TLip2] 5.40
91% [Zy ], 9% [Tz o] 5.86
52% [*TLi], 48% [*Zipul 6.21
100% [*Asp o] 7.76
57% [PAsp ol 43% T3 o] 8.01
57% [P1s ol, 43% [PAsp o] 8.37
97% [Tz o], 3% [Siz o] 8.48
97% [Zi gl. 3% [Tz o] 8.87
Auly” X 99% [*IL3p o], 1% [PAsp ] 428  4.28 (4.51)°
A 94% [T o], 6% [*Z1p ] 491  4.84
B 100% [*TT35] 520 5.21
C 52% [*Ziu), 48% [Pl 0] 543 5.40
D 91% [*Zi1p o], 9% PILip ] 572 573
E 52% [M1ip0], 48% [*Z1pa]  6.28  6.15
100% [PAs o] 6.16
52% P13 ol, 48% [*Asp2 o] 6.93
51% [PAsp o, 49% [*T13 o] 7.89
87% [PIyj2 o, 13% [*Zi112 o 8.01
90% [*Z112 o], 10% [*I1y) o] 8.82

“ The uncertainty for the measured VDEs is 0.02 eV. ? The first
vertical electron detachment energies (VDE,) of M, (M = Cs, Cu,
Au) were aligned with the experimental data for easier comparison
for the higher VDEs. The theoretical VDE, given in parentheses
were computed without including SO effects for the neutral and
anionic ground states. The SO effects were included in the calcula-
tions of excitation energies for the neutral species. The higher
VDEs were obtained by adding the experimental first VDE to the
neutral excitation energies calculated at the geometry of the anions.

frequencies are in good agreement with the experimental
observations for Cul, and Aul,. The calculated VDEs are given
in Table 2 for MI,” (M = Cs, Cu, Ag, Au). The first VDE in
each case was calculated as the total energy difference between
the neutral and anionic ground states at the anion geometry.
VDE:s for the excited states were computed by adding the first
VDE to the excitation energies of the neutral species at the anion
geometry. The calculated first VDE, given in parentheses in
Table 2, was overestimated by ~0.1—0.2 eV relative to the
experimental values. To facilitate comparison with the experi-
ment in the cases of MI,” (M = Cs, Cu, Au), the first VDE
was aligned with the experimental value and the higher VDEs
were shifted by the differences between the calculated and
experimental first VDE, as given in Table 2 and plotted in Figure
2 (vertical bars).

R vibrational
RM-I) (A) frequency (cm™')  NVF (cm™!)*
CCSD(T) B3LYP PBE o, g, T, Oy Oy W
Csl,” 3.563 3.620 3.585 96 63 13 8 63 11
Cul,” 2430 2.458 2.482 255 125 (138)" 62 172 125 42
Agl,”™  2.622 2.660 2.679 196 113 48 162 113 39

Aul,” 2575 2.619 2.611 196 141 (159)* 52 196 141 52

“The normalized vibrational frequencies (NVF) were computed
by assuming that all the metal atoms have the same mass as Au.
> The frequencies for the neutrals are listed in parentheses. The
geometry optimizations and frequency analysis are carried out with
spin—orbit coupling.
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Figure 3. Orbital interactions from fragment MO analysis for MI,~
(M = Cs, Au). The highest singly or doubly occupied orbitals are
labeled with arrows. The orbitals of the I-+<I” fragment have one-
electron vacancy (illustrated with a diagonal grain pattern). The I—1
distance in the I+++I” fragment is taken as the same as in the Csl,~
anion. The energy levels are shifted to align all the nonbonding orbitals
for the convenience of examining orbital interactions without the
electrostatic effects. The 5s and 5p orbitals of Cs and Au are not
counted.

We present the energy levels of the Kohn—Sham orbitals in
Figure 3, which provides a qualitative understanding of the
orbital interactions between M and I, and demonstrates the
ionic bonding in Csl,™ versus the covalent bonding in Aul, .
The isocontour surfaces of the Kohn—Sham molecular orbitals
of MI,m (M = Cs, Cu, Ag, Au) are shown in Figure 4. The
splittings due to SO coupling are shown in Figure 5; the o, and
7T, (or 0, and ;) MOs can mix via SO interactions. The atomic
charges and M—I bond orders have been analyzed using several
different theoretical formalisms, as presented in Table 4. Figure
6 displays the electron localization functions (ELF) of MI,™
(M = Cs, Cu, Ag, Au).*

VI. Comparison between Experiment and Theory

The electronic structures of MI,” can be understood from
orbital interactions or charge transfer between M and I, . Similar
to the familiar valent MO patterns of the diatomic molecules,
such as F, or I, the 20,, 20y, 17,, 171, valent manifold formed
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Figure 4. The isocontour surfaces of the Kahn—Sham orbitals for the
MI,~ complexes (isocontour = 0.03 au). The 5s and 5p orbitals of Cs
and Au are not counted.

from the I 5p orbitals are still present in the MI,™ systems and
are split according to the nature of the I+++(M)++-I interactions.
As shown in Figure 3, when Cs is inserted between the two
iodine atoms, the ionic interactions between Cs and I,™ primarily
lead to charge transfer from the Cs 6s orbital to the ligands and
the I 5p manifold is only split by 0.9 eV. However, when Au
is inserted between the two I atoms, the Au 6s and 5d_2 orbitals
interact with the o, ligand orbital, giving rise to significant
stabilization of 20, and destabilization of 40, (Figure 3).
Similarly, the Au 5dsr orbitals interact with the 7, ligand orbitals,
leading to the stabilization of 15, and destabilization of 2sz,.
The significant orbital interactions between the Au s—d hybrids
and the I 5p manifold are clear from the MO isocontour surfaces
shown in Figure 4. Consequently, the I 5p manifold is split by
about 4 eV in energy (Figure 3).

Figure 5 shows that there are significant SO effects for the I
S5p and Au 5d orbitals, where the splittings of the spinors
qualitatively reveal the respective contributions of the I 5p and
Au 5d orbitals (Figure 4). The energy levels of the spinors for
Csl,™ are in qualitative agreement with the PES spectral pattern.
The assignments of the PES spectra based on the SO-split states
are given in Table 2; the calculated VDEs are also compared
with the experimental spectra as short vertical bars in Figure 2.
Overall, the calculated VDE patterns are in excellent agreement
with the experimental data for all three complexes, MI,” (M =
Cs, Cu, Au). The slightly inferior agreement for the high-lying
excited states is a result of the limited active space employed
during the expensive CASSCF calculations. The current as-
signments and calculated VDEs for Aul, are consistent with
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Figure 5. The SO splittings of the SR-ZORA MOs of Csl,™ and Aul,™.
The 5s and 5p orbitals of Cs and Au are not counted, consistent with
Figures 3 and 4.

TABLE 4: Theoretical Atomic Net Charges on M and M—I
Bond Orders in MI,” (M = Cs, Cu, Ag, Au)

Charge Population

NPA Hirshfeld Voronoi MDC-q AIM

Cs 0.95 0.40 0.43 0.65 0.83

Cu 0.46 —0.01 —0.03 —0.08 0.31

Ag 0.48 0.03 0.05 —0.03 0.23

Au 0.24 —0.10 —0.10 —0.18 —0.08

Bond Order
Wiberg Mayer G—J N—M(@3)

Cs—1 0.05 0.33 0.19 1.05
Cu—I 0.43 0.88 0.50 1.00
Ag—1 0.41 0.77 0.49 0.99
Au—I 0.51 0.79 0.55 0.99

those by Misha et al. reported previously with the inclusion of
SO coupling.'” We see that the HOMO of Csl, is the ¢, orbital
of the I, ligands, whereas in the three coinage diiodides the
HOMO is the s, orbital of the I, ligands with significant
antibonding interaction with the metal d orbital. The different
HOMOs for Csl, ™ and the coinage diiodides are consistent with
the different angular distributions for the ground-state transitions
observed in the photoelectron images (Figure 1). Further
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Figure 6. The electron localization functions (ELFs) for MI,” (M =
Cs, Cu, Ag, Au) calculated with the PBE functional.

examination shows that the orbital orderings of Cul,™ and Aul,™
are also different. In particular, the 4d o, and 0, MOs in Cul,~
are higher lying, whereas they are relatively lower lying in
Aul,". Therefore, detachment from the d, MO in Cul,” was
observed at 193 nm, corresponding to the bands E and F in
Figure 2. But the §, MO of Aul,” possesses higher electron
binding energies and was not accessible using the 193 nm
detachment laser. As pointed out previously,'*** SO coupling
is very important to be included for Au- and I-containing
compounds in order to achieve good agreement with experi-
mental data.

VI. Discussion

The group IA elements possess a ns'(n — 1)d° configuration
compared to (n — 1)d'%s! for the group IB elements. The filled
(n — 1)d" shell gives rise to distinct chemistry and electronic
structures for group IB compounds through s—d hybridization,
relative to the predominantly ionic bonding in group IA
compounds. Particularly, the strong relativistic effects in gold
enhance the s—d hybridization,' resulting in significant o-co-
valent bonding between Au and I in Aul,™.

The M—I bond lengths in CsI,” are much longer than those
in Aul,” by about 1 A (Table 3). In the group IB complexes,
the M—I bond lengths increase from Cu to Ag and then decrease
from Ag to Au due to the relativistic effects in Au. The PBE
M-I bond lengths increase by 0.20 A from Cu to Ag but
decrease by 0.07 A from Ag to Au. The fact that the M—I bond
lengths of the group IB complexes are smaller than that of Cs
by about 1 A is consistent with the atomic radii. All the M—I
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bond lengths in the coinage diiodide complexes are within the
range of the M—I covalent single-bond lengths (2.45, 2.61, and
2.57 A for Cu, Ag, Au, respectively) estimated by the self-
consistent covalent radii derived by Pyykkd.* The optimized
Au—TI distance of 2.58 A at CCSD((T) level is consistent with
the experimental distances in [Aul,]” units found in crystals
(2.529, 2.5604, and 2.7713 A).*~* The PBE-optimized Cs—I
distance is 0.06 A shorter than the sum of the covalent radii.

The M—I bond strengths can be measured by the vibrational
frequencies of the totally symmetric stretching modes because
it is not influenced by the mass of the central metal atom. Indeed,
the o, vibrational frequency of Aul,™ is larger than that of Csl,™,
indicating that the Au—I bonds are much stronger than the Cs—I
bonds. Considering the larger mass of Au than that of Ag, Cu,
and Cs, we also calculated the normalized vibrational frequen-
cies (NVF) by assuming that all the metal atoms have the same
mass as Au. Both the o, vibrational frequencies and NVFs
indicate that the M—I bond strength increases as Cs—I < Ag—I
< Cu—I < Au—I, which agrees well with the calculated Wiberg
bond orders listed in Table 3. Note the above analyses nicely
confirm the experimental observation, which shows that the
symmetric stretching frequency of Aul,™ is slightly higher than
that of Cul,™.

The charge population and bond order analyses for MI,™
M = Cs, Cu, Ag, Au) given in Table 4 reveal that all the
methods predict much less positive charge on the group
IB—metal atoms than on Cs, indicating that Cu, Ag, and Au
have covalent character in contrast to the ionic bonding in Csl, .
The Aul,” complex is especially interesting: All the charge
population formalisms except natural population analysis (NPA)
predict negative charges on the Au atom. This slightly negative
charge on Au is consistent with the strong s—d hybridization
of Au and the much stronger covalent bonding in the Aul,™
complex than in its lighter congeners. Except the N—M(3) bond
order, which includes ionic interactions, all the calculated bond
orders are larger for M—I (M = Cu, Ag, Au) than for the Cs—I
bond, indicating that the Cs—I bond is ionic whereas the coinage
complexes have more covalent character, with Au—I having
the strongest covalent bonding.

The electron localization functions (ELFs) shown in Figure
6 reflect the electron pair density in the MI,~ complexes, which
provide further insight into the nature of the bonding between
M and I. In covalent bonding the forces binding the nuclei are
exerted by an increase in the charge density shared mutually
between the two atoms, whereas in ionic bonding the two atoms
are bound by increased cationic or anionic charges localized in
the region of each nucleus. As shown in Figure 6, there is no
electron pair density between the Cs and I atoms, as expected
from their ionic bonding. Significant electron pair density exists
between the M—I (M = Cu, Ag, Au) bonds, increasing from
Cu to Au and suggesting relatively strong covalent character.

The different bonding nature between the groups IA and 1B
compounds can also be glimpsed from the orbital interaction
analysis (Figure 3). In Csl,~, the Cs 6s! orbital is much higher
in energy than the frontier 5p orbitals of I+++I", resulting in an
electron transfer from Cs to I+++I™ and the formation of an ionic
compound [(I7)Cs™(I7)]. Their orbital interactions are weak, and
the energy levels of the I 5p manifold change very little from
the fragments to the Csl,” complex. The Aul,” complex is quite
different. Because the energy of the Au 6s! orbital is much closer
to that of the frontier S5p orbitals of I-+<I", the strong orbital
interactions lower the occupied 20, orbital and lift the unoc-
cupied 40, orbital significantly. The directional 5d.> orbitals
of Au can hybridize with the 6s orbital, promoting orbital
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overlap to form the Au—I covalent bonds. The 3d orbitals
of Cu are more tightly contracted in the radial distribution
while the energy gap between Ag 4d and 5s is considerably
large, thus the s—d hybridization is relatively unfavorable
for Cu and Ag than for Au, as confirmed by the charge
population, bond order, and ELF analyses. Therefore, the
series of MI,” (M = Cs, Cu, Ag, Au) complexes investigated
here provide a gradual transition from ionic bonding in Csl,™
to covalent bonding in Aul, .

It is also interesting to compare the covalent bonding in Aul,™
with that of AuO,™ or AuS, , which were reported recently to
possess linear structures with multiple covalent bonding char-
acter.® The valent MOs of Aul,™ are similar to those in AuO,™
or AuS,”. However, the latter is two electrons fewer and the
27, MO is half-filled. As seen in Figure 4, the 27, MO is
antibonding, which cancels out the bonding interaction of the
17t, MO. Because the 2;t, MO is half-filled in AuO,™~ or AuS, ",
there is net sz bonding in these two molecules, giving rise to
multiple bonding character. However, both the 277, and 177, MOs
are fully occupied in Aul,” and they cancel each other, leaving
only a single o bond between Au and I. Just like in Au(CN),",
the covalent bonding imparts significant stability to Aul,”. This
conclusion is consistent with the fact that Aul,™ is a highly stable
complex in solution and, unlike AuBr,” or AuCl,™, it does not
undergo disproportionate reactions.*

VII. Conclusions

A series of metal diiodide complex, MI,” (M = Cs, Cu, Ag,
Au), have been studied both experimentally and theoretically
to examine the metal—iodine chemical bonding. Photoelectron
imaging and low-temperature photoelectron spectroscopy were
used to obtain vibrational and electronic structure information,
yielding accurate electron affinities, 4.52 £ 0.02, 4.256 + 0.010,
and 4.226 £ 0.010 eV for Csl,, Cul,, and Aul,, respectively,
and well-resolved detachment transitions to the ground and
excited states of the neutral MI, complexes. Spin—orbit coupling
is found to be important in these systems. Theoretical vertical
detachment energies computed using the CASSCF/CCSD(T)/
SO approach allow quantitative assignments of all spectral
transitions. Chemical bonding analyses, including charge popu-
lations, bond orders, electron localization functions, and orbital
interactions reveal a transition from typical ionic bonding
character in Csl,™ to relatively strong covalent bonding in Aul, .
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