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Spectroscopic constants, including dissociation energies, harmonic and anharmonic vibrational frequencies,
and dipole moments, are calculated for the complete alkali auride series (LiAu, NaAu, KAu, RbAu, CsAu).
The four-component formulation of relativistic density functional theory has been employed in this study,
using theG-spinor basis sets implemented recently in the program BERTHA. The performance of four standard
nonrelativistic density functionals employed is investigated by comparing the results with the best available
theoretical and experimental data. The present work provides the first theoretical predictions on the molecular
properties of RbAu. The intermetallic bond that occurs in the alkali auride series is highly polar and is
characterized by a large charge transfer from the alkali metals to gold. The extent of this electron transfer has
been investigated using several different charge analysis methods, enabling us to reach some general conclusions
on their relative performance. We further report a detailed analysis of the topological properties of relativistic
electron density in the bonding region, discussing the features of this approach which characterize the nature
of the chemical bond. We have also computed the fully relativistic density for the alkali halides MBr and Mi
(M = Li, Na, K, Rb, and Cs). The comparative study shows that, on the basis of several topological properties
and the variation in bond lengths, the gold atom behaves similarly to a halogen intermediate between Br and
l.

. Introduction and RbAu were discovered by Sommeté Single-crystal data
for RbAu and CsAu have been available since 199Both
CsAu and RbAu alloys crystallize with a cubic CsCl structure.
The gold-lithium phase diagram is more complex, and in the
range near the composition 1:1, there is a phase with CsCl
structure as well as a phase with tetragonal struétiiihe
potassium and sodium alloys with gold in 1:1 stoichiometry do
not exist!® The electrical properties change dramatically along
the alkali metal series, and a metahsulator transition occurs

¢ upon going from KAu to RbAu. Both CsAu and RbAu are ionic
kinds, giving origin to a particularly rich chemistry in both semiconductors. The stoichiometric compounds of Au with Li,

molecules and clusters and on solid surf#é3The geometry ~ Na, and K, on the other hand, are mefdiTheoretical band

and energetics of these compounds are strongly influenced byStructure studiedindicate that it is not possible to reproduce
relativity, electron correlation, and the so-called aurophilic these properties without including relativistic effects. In par-
effect3 These compounds exhibit peculiar features that result ticular, Watsof* showed that the semiconducting gap in solid
from the interplay between electronic and geometric effects in CSAU and RbAu originates from a combination of the-Au
determining the sizestability balance. The study of the separation and the ionic character of the compounds, and that
intermetallic bond in isolated molecules is very useful in the conductive properties of the Aalkali metal compounds
providing insight into the nature and features of the bonding cannot be understood without including both relativistic effects
and has the advantage that it can be easily modeled and tracke@nd the changes in AtAu separation. CsAu and RbAu in the
both experimentally and theoretical{. liquid phase form an ionic méfk23with a very low conductivity,

Due to the especially high difference in electronegativity reflecting the low mobility of the Cs Rb*, and Au ions.
between gold and alkali metals, the alkali aurides are found to Molecular dynamics simulations have been published for liquid
be particularly stable, and it has recently been shown that the CsAu?*25 LiAu and NaAu, on the other hand, show metallic
intermetallic bond between gold and the rare earths is particu- character in both the solid and liquid states. CsAmmonia
larly stable® The nature of the intermetallic bond between alkali (1:1), CSAUNHg, has also recently been stud#dDiatomic
metals and gold has been the subject of various experimentalmolecular species of alkali aurides exist in the gas phase, and
and theoretical investigations, since the solid compounds CsAua number of experimental studies confirm their stabilities. The
Knudsen cell method combined with mass spectroscopy analysis
*Email: belp@thch.unipg.it. of the vapor composition has been the most successful experi-

In recent years, molecules and solids containing intermetallic
bonds of the late transition metals have been studied with
growing interest in solid, liquid, cluster, and gas-phase chem-
istry. This attention is motivated by the technological applica-
tions that mixed-metal compounds have in fields such as
microelectronics, catalysisand nanostructured materiglsé
particularly interesting case of intermetallic compounds is those
containing golc~8 Gold shows high polarizability and elec-
tronegativity, and it can take part in chemical bonds of differen
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mental approach to the characterization of these compounds.n this recent work, we investigated the sensitivity of our results
Recently, two-photon ionization experiments have also been to the details of the numerical scheme used to evaluate the
carried out’ The analysis, by the third-law method, of the high- matrix elements, and we carried out a comparative study on
temperature gaseous equilibria that takes place between goldCsAu using several standard nonrelativistic exchange-correlation
and the alkali metals in the Knudsen cell mass spectroscopyfunctionals. It was shown that the performance of our imple-
experiment allowed the determination of the dissociation mentation of the four-component Dira&ohn—Sham (DKS)
energies of most of the alkali aurides. The technique has beenapproach is comparable to that of nonrelativistic density
applied recently by Balducci et &lto the study of the functional methods, and its reliable estimates of molecular
intermetallic bond in the diatomic molecules formed by gold parameters makes it an attractive alternative, also within the
and some rare earths. More than 30 years ago, the LiAu andrelativistic framework, to more expensive many-body tech-
NaAu molecules were observed, respectively, by Neébant niques.

Piacente?? while CsAu and RbAu were studied by Busse and  In the present work, we present a thorough DKS study of
Weil?%-32in the early 1980s. There are no Knudsen cell mass the complete series of alkali aurides, investigating various
spectroscopy experiments on KAu in the literature, but two- molecular properties such as dissociation energies, equilibrium
photon ionization experiments have recently led to the first direct bond lengths, harmonic and anharmonic ground-state vibrational
observation of this molecuf,as well as of NaAu. The species constants, and dipole moments. We investigate again the
have been produced by laser evaporation of a “salted” gold rod performance of different exchange-correlation functionals and
in a pulsed nozzle cluster source, and from the analysis of theconduct a detailed study of the intermetallic bond by applying
spectra, it has been possible to determine the vibrational several methods which have now been implemented in BER-
constants of the exited states and, in the case of KAu, also theTHA to the analysis of the electron density. In particular, a
ground-state fundamental frequency. Furthermore, the ground-detailed topological analysis based on the atoms-in-molecules
state dissociation energies for NaAu and KAu have been (AIM) theory of Badef® has been applied to the relativistic
determined. In the case of NaAu, the value obtained of 2.64 €electron density.

(£0.2) eV differs significantly from that derived by the

Knudsen cell mass spectroscopy experiments of 242D1(3) Il. Theoretical and Computation Details

ev.? The formulation of the Dirac Kohn—Sham scheme imple-
The alkali aurides present special challenges to theoreticalmented in the program BERTHA has been described in a

studies because of the large number of electrons and theprevious article®? It was shown that a practical and efficient

importance of relativistic effec A comprehensive review of  implementation of the DKS scheme may be constructed

the current state-of-the-art of theoretical calculations for gold following closely the lines of the nonrelativistic theory. In the

compounds is available in ref 14. Among the alkali aurides, following, we shall review only some fundamental and peculiar

CsAu has been the target of widest interest and has become aspects of the theory. The DKS equation, in which only the

de facto test molecule to validate and calibrate different longitudinal interactions are considered, is given, in atomic units,

theoretical electronic structure models. Many theoretical inves- by

tigations of this system have included relativistic corrections,

either in a scalar model or in the full four-component formalism {carp + Bc* + v (r)} W.(r) = Wi(r) Q)

of the Dirac equatioR* 38 Fossgaard et at® for example,

performed an extensive study of the effects of relativity, electron where the diagonal potential operaté«(r) is given by the sum

correlation, and the lanthanide contraction on the ground-stateof three terms

spectroscopic constants of CsAu. The calculations were per-

formed using both wave function-based methods and density V(1) = v (r) + vilp(r)] + vi ()] (2)

functional methods, both in the four-component formulation and

in the corresponding nonrelativistic limit. The authors showed wve,(r) represents the external potential due to the fixed nuclei,

that, when electron correlation and relativity are combined, Uh[P(r)] represents the electronic Coulomb interaction, which

excellent agreement with the experimentally derived value for is a functional of the relativistic charge densjigr), and the

the dissociation energy is achieved. The molecule was fOUndterm denotedvtc[p(r)] is the relativistic |0ngitudina| ex-

to be strongly polar, with a very high dipole moment. The change-correlation potential, whose exact form is, like that of

analysis of the relativistic four-component Hartrdéock wave  the corresponding nonrelativistic quantity, unknown. A four-
function revealed a large charge transfer from the cesium atomspinor solution of eq 1 is of the form

to gold.

Theoretical studies are more scarce for the other alkali aurides. lIfi(l)(r)
Schwerdtfeger et & examined the LiAu and NaAu molecules @
; AN . . . W(r)
in a study of the relativistic and correlation effects in various W (r) = '(3) 3)
diatomic gold compounds. Recently, Tong and Ghéusigided WiT(r)
the diatomic molecules formed by the alkali metals (Li, Na, K) qli(4)(r)

and the coinage metals (Cu, Ag, Au). They calculated different

molecular properties using correlated methods based both on |y our approach, as in the nonrelativistic case, the components
density functional and COUpled-CIUSter theories. Relativistic of a DKS Spinor solution are expanded as a linear combination
effective core potentials were employed in the calculations. To of atom-centered functions. The four-component formulation
our knowledge, no theoretical study has been reported of RbAU. of relativistic density functional theory which is implemented
Recently, we completed the implementation of the generalized in BERTHA uses a Gaussian basis set whose elements are
gradient approximation (GGA) within a four-component for- referred to ass-spinors*? This basis set does not suffer from
mulation of relativistic density functional thedfythat is the variational problems of kinetic balafi¢and retains all the
incorporated in the parallel versitrof the program BERTHA? advantages in the evaluation of multicentered integrals which
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make Gaussian-type functions the most widely used expansion23s18p17d8f basis on which a diffuse s-type function had been
set in quantum chemistry. Th&-spinor functions are eigen- included. The details of the gold basis set optimization and a
functions of the total (spinorbit) angular momentum operators tabulation of the exponents may be found in ref 37. This basis
j? andj; and of the JohnsenLippmann fine-structure operafér set has already been used with success in molecular calcula-
with eigenvaluesc = +1, +2, £3, .... The explicit form of tions374054The calculations have been carried out by employing
these functions may be found in refs 40 and 42. In the DKS the following four widely used nonrelativistic density function-
module of the BERTHA program, an efficient relativistic als: the simple DiraeSlater (S) exchange approximatiethe
generalization of the McMurchieDavidson algorithr#f~47 has Becke 1988 (B88f exchange plus Perdew 1986 (P86)
been implemented in which the total electron density is correlation (BP86), the exchange-correlation functional HCT-
expanded directly into an linear combination of real Hermite H9358 and the Becke 1988 (B88)exchange plus LeeYang—
Gaussian functions (HGTF). Just as is found in the nonrelativ- Parr (LYP) correlatioP? (BLYP). The first is an example of
istic context, &5-spinor representation of the total charge density local density approximation (LDA), while the remaining three
can readily be expressed*as are examples of GGA functionals. The implementation of the
functionals is, with some minor adaptions, that described in ref
p(r) = ZZH[Q, Biivi K rIHon B;i,), K (4)  60. _ _ _
Cw:ANp All calculations were carried out with an energy convergence
criterion of 1 x 1077 hartree, and the equilibrium bond length
Here,H[a, f; i, j, k; r] denotes an auxiliary HGTF expansion was determined iteratively using a quadratic fit to the energy.

function, with a identifying the Gaussian exponent afiche The spectroscopic constanise( wex) were obtained by the
local origin of coordinates. The arrayo[a, f; i, j, K is the standard Dunhafhtreatment, based on a sixth-order polynomial
relativistic analogue of the scalar Hermite density matrix and fit to seven points distributed at equidistant intervals of 0.1 A
is defined following AImig*® by around the minimum. The equilibrium dipole momentwas

calculated at the optimized geometry. To avoid open-shell
Holo, B, j, K] = Z XEET[u, vii,j, K DH (5) calculations, the covalent dissociation energy was determined
T=LSuv by the cycle

TheE," coefficients, which contain the entire spinor structure, D(MAu) = D,,, — IP(M) + EA(Au) (6)
are described in refs 45 and 46. In eq 3] denotes an
element of the component density matri@$ andDSS where using the calculated ionic dissociation ener@.{ = E(M*)
T = L indicates the large component, alid= Sthe small  + E(Au~) — E(MAu, re)) and accurate experimental values for
component. Using this expansion, the costly explicit transforma- the ionization potentials and electron affiniti§3An analogous
tion from the integrals over the HGTF basis to the four-index method for the dissociation energy determination has been used
two-electron set oG-spinor integrals is avoided. This approach with success by different authot&s4
allows dramatic simplificatiorf§ when atomic basis functions The numerical cubature employed in the calculation of the
share their exponents and especially when the contributing exchange-correlation matrix elements adopted Becke’s atom-
spinors correspond to large values of the angular momentumcentered partitioning scheri@ The scheme used to generate
guantum numbers. the integration grid in BERTHA is detailed in ref 42. We used
The increased cost of a relativistic four-component calculation atomic-centered cells with a radial integration grid divided in
compared to the corresponding treatment in a nonrelativistic three shells. For the atom of gold, for instance, for the inner
scalar approximation arises mainly because of the increasedand middle shells, there were 20 and 11 radial integration points
work involved in the evaluation of the electron density from and 26 and 86 angular integration points, respectively; for the
the spinor amplitudes, the inherent complexity of which outer integration space, we adopted 20 radial points and 434
propagates into the cost of constructing the matrix representa-angular points. Some calculations with a finer integration grid
tions of the electrostatic interaction operators. The most intensivewere also performed in order to assess the accuracy of grid
computational tasks involve the evaluation of the Coulomb and employed. As suggested in ref 54, we employed the atomic radii
exchange-correlation integrals for the construction, respectively, corresponding to the minimum of the electron density along
of the J andK interaction matrices. Recently, we showed that the gold-alkali bonds.

excellent performance improvements in execution speed and The analysis of the atomic charge population was carried out

scalability can be achieved by parallelizing both theatrix using three different charge analysis methods: the Mulliken
andK-matrix constructiort?#!thus expanding significantly the  methodt® Chelp®” and an electrostatic fitting meth&8in the
range of applicability of the method. Mulliken method, the chargga on an atom A, is defined by

All the calculations reported in the present work were the expression
performed using the four-component DKS method implemented
in the parallel version of the BERTHA progrdfn®? as Uy =Zs — ZEA(DTTSTT)W @
summarized above. The nuclei are described by empirically b= :
parametrized Gaussian charge distributions, the details of which
may be found in ref 42. The large-compon@ispinor basis whereZ, denotes the atomic numbes!T the overlap matrix
sets we used were obtained from the decontraction of a standardver theG-spinor basis functions (witli = L, S), andD'" the
nonrelativistic basis set. In particular, we used the cc-pVTZ basis relativistic electron density matrix. The summation oweis
seb051for the lithium and sodium atoms and the 6-311G(2df,- restricted to thos&-spinors that are centered on the atom A.
2pd) basi® plus s and p diffuse functions (with exponent In the Chelp (charge from electric potential) method, the
0.0047) for potassium. For the rubidium atom, a 20s16p9d atomic and molecular charges are determined by fitting the
G-spinor basis sét was adopted, together with a small- molecular electrostatic potentials in the region beyond the van
component basis set generated by the restricted kinetic balanceler Waals region of the molecular system (at least 3 A). The
relation* For the gold atom, we used a kinetically balanced least-squares fit of the charges to the electrostatic potential is
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TABLE 1. Computed and Experimental Spectroscopic Constants of the Alkali Aurides
four-component DKS RECP
S HCTH93 BP86 BLYP BP86 BLYP CCSD(T) exptl

LiAu

re(A) 2.27 2.30 2.27 2.27 2.285 2.283 2.270

we(cm™?) 468.1 457.0 479.9 474.5 469 468 464

Xewe (CM™Y) 3.41 2.62 2.91 3.31

De (eV) 3.13 3.07 3.10 3.12 3.00 2.94 2.75 20D.07

2.92

NaAu

re(A) 2.59 2.65 2.62 2.61 2.610 2.618 2.607

we(cm™) 242.3 224.5 244.7 241.5 236 234 242

Xewe (M 1) 1.04 0.98 1.32 1.24

De (eV) 2.76 2.54 2.63 2.69 2.52 2.45 2.27 2640. %

2.20+0.13

KAu

re(A) 2.85 2.93 2.87 2.90 2.887 2.921 2.969

we(cM™) 163.4 152.7 164.3 159.9 162 159 158 169

Xewe (CM™Y) 0.50 0.32 0.37 0.33

De (eV) 2.87 2.61 2.72 2.74 2.69 2.58 2.24 2H#D.Z®
RbAu

re(A) 3.06 3.17 3.10 3.14

we(cm™?) 109.6 99.4 109.4 105.9

Xewe(CM™Y) 0.23 0.25 0.28 0.28

De (eV) 2.65 2.40 2.50 251 2.48 0.03
CsAl

re(A) 3.11 3.23 3.15 3.21 3.263

we(cmY) 96.0 85.3 93.9 90.8 8914

Xewe (CM™Y) 0.19 0.17 0.18 0.18 0.21

De (eV) 2.85 2.56 2.70 2.64 2.82 2.53+0.03

2 Relativistic effective core potential calculations of ref 83The experimental dissociation energies showrDarealues rather thab.. According

to our calculations, the difference between the two should range from

0.006 eV for CsAu to 0.03 eV fof Ri#fie8.9 Ref 106.¢ Ref 27.f Ref

29. 9 Ref 31." Four-component CCSD(T) of ref 38Refs 31, 38! The four-component DKS results for CsAu are from Ref 40.

obtained by finding the minimum of the function

f(qli QZl "'1qn) = [V(r|) - Ei(qll q2! "'lQn)]Z (8)

for msampling points. The molecular electrostatic potei{aj)
at each point; has the form

Pa(r)

V(ri)=Zf|ri_r|dr—f

wherepa(r) is the spherical Gaussian distribution that models
nucleug? A, andp(r) is the relativistic electron density defined
in eq 4.E; is the monopole approximation of the electrostatic
potential atr;, due to the net atomic charggs

N Oa
Ei:/ZL—
=r — ral

whereN is the number of atoms in the molecule. This method
was found to be particularly efficient in providing realistic
atomic charges in cases of strong charge trar&fer.

The electrostatic fitting method is based on a procedure that
expands the relativistic electron density in an auxiliary atom-

p(r)

[ry —r]

dr

9)

(10)

the total density coming from the functions centered on that
nucleus. In this way, an unambiguous definition can be given
of effective atomic charges.

The topological analysis of the relativistic electron density
has been carried out using tMathematicaprogram’® which
has been interfaced with BERTHA.

I1l. Results and Discussions

A. Spectroscopic ConstantsIn Table 1, we present the
computed bond lengths, harmonic and anharmomic vibrational
frequencies, and dissociation energies for the alkali aurides MAu
(M = Li, Na, K, Rb) using the four-component DKS method
implemented in BERTHA. The available experimental data
together with previous theoretical results are also presented.
Along the alkali metal series, it can be observed that the S
functional predicts the strongest bond with, in general, the
shortest bond length, and the largest dissociation energy. An
exception is the LiAu molecule where the results obtained by
the S density functional are comparable with those of the GGA
calculations. The fact that the local density approximation tends
to overestimate the bond strength has been observed also in
the nonrelativistic DFT contexf.”* Considering just the GGA
functionals, we notice that the differences in the computed bond
lengths among the various functionals are quite small for the
lighter molecules, increasing somewhat for the heavier ones but

centered basis set. A presentation of the main ideas at the corealways remaining within about 2% of each other. In their work,

of relativistic density fitting may be found in ref 49. Its
developments and implementation in BERTHA will be de-
scribed elsewher®. The relativistic density is a real quantity

Tong and Cheurid reported some molecular properties for the
MAu molecules (M= Li, Na, K), calculated both at the DFT
and CCSD(T) levels, using relativistic effective core potentials

and can be fitted by a linear combination of atom-centered (RECP) for gold and potassium. Compared with our DFT
functions using approaches adapted from nonrelativistic tech- calculations using the same correlation functionals (see Table
niques. It is natural to assign to each atom the contribution to 1), we note that there is very good agreement (within 0.02 A)
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in the bond length predictions. The DKS results also match of calculations is, however, complicated by the fact that we use
almost exactly the RECPCCSD(T) ones, except for a slightly  two different schemes. Tong and Cheéhgomputed the
larger deviation in KAu. In the case of CsAu, the deviations dissociation energies by taking the difference between the total
between our results and the four-component CCSD(T) ones ofenergy of the molecule at its equilibrium geometry and the
ref 38 are also small, and were analyzed in detail in ref 40. energy of the ground state of the separated atoms, while we
For the harmonic frequencie&e, our Computations y|e|d have used the thermodynamic CyCle described in section 2. For
values that are in general just a few wavenumbers higher thanKAu, the calculated dissociation energy lies within the experi-
those of the previous DFT calculations using the same func- mental uncertainty. For NaAu, there are two appreciably
tionals. By contrast, the GGA HCTH93 functional gives the different experimental estimatés?°and our results agree very
lowest harmonic frequencies for all aurides. The largest differ- Well with the more recent one of 2.64 &/ Among previous
ence is found for the NaAu molecule using the BP86 functional, calculations for NaAu, only the RECRCCSD(T) value of ref
where our calculations predict a harmonic constant that is 3.6% 39 is closer to the smaller experimental estimate of 2.20 eV.
higher. In the case of KAu, an experimental determination of Inspection of the RECPCCSD(T) results for the other mol-
the harmonic frequency is avai]aiﬂéand Comparison with the eCUleS, hOWEVGr, SUggeStS that the calculations underestimate
theoretical data shows that all calculations give quite accuratethe dissociation energy by 6:2.5 eV. The estimate of the
results. Our DKS value using the BP86 exchange-correlation dissociation energy of the RbAu molecule in the gas phase was
functional agrees with experiment within 7 cin made by Busse and Wéilusing Knudsen cell mass spectro-
The anharmonic constantgve are more difficult to compute ~ SCOPY results. They measured the equilibrium constants for the

accurately compared to other spectroscopic quantities, becauséeaction that produces RbAu(g) from atoms in the gas phase in

they depend on the fourth derivative of the potential energy the range of temperatures _155&2712'7 K. l_Jsing tht_ese
surface with respect the nuclear positidAgossgaard et & experimental data and statistical thermodynamic analysis, they

made a detailed analysis of relative errors on different spec- calculated the dissociation ene_r@,s to be_ 239+ 3.0 KJ/mpl
troscopic constants computed by four-component relativistic (2'48_i 0.03 ?V)' The appropriate rotgtlonal a_n_d V|bra_t|onal
DFT on a set of diatomic molecules using different nonrela- partition functions were determined usmg_emplrlcal estimates
tivistic exchange-correlation functionals. They found that the for the bond length (3.09 A) and harmonic frequency (151.1

. 1O b -1). Usi i
anharmonicity has a greater sensitivity to the numerical integra- €™ ) Using the same experimental data and procedure, but

tion scheme than do the other spectroscopic quantities, and ndf"”th our computed values for the iinter_nuclga( distance aﬂd
clear trend emerges with respect to basis set sensitivity. TheT€AUency, we obtain estimates of the dissociation energy that

difficulties in the accurate determination of the anharmonic d€Pend only weakly on the exchange-correlation function. For
constant using DFT are, of course, not peculiar to the relativistic the BLYP results, for example, we find th& = 2.44 eV,
framework?375 It is a general feature of almost all molecular  differing only slightly from the experimental value. The same
DFT calculations that the exchange-correlation integrals are @PProach has been used in ref 38 in order to obtain the
evaluated numerically, and the details of the procedure, suchdissociation energy estimate for CsAu reported in Table 1.
as the structures of the atomic cubature cells and the error As noted above, the quality of the theoretical results obtained,
tolerance in the numerical integration scheme, fix the critical in particular for the dissociation energies, appears to be
limits on the accuracy that can be achie¥&dExamples of essentially independent of the exchange-correlation functional
different methodologies have been proposed in the litertdfe. ~ used. A more detailed analysis of the results of Table 1 suggests
Recently?® we investigated these methods in detail for the thatthe HCTH93 functional tends to underestimate slightly the
evaluation of the anharmonicity in the case of the CsAu strength of the bond between gold and the alkali metals, yielding
molecule. By performing numerical tests to establish the optimal longer bond lengths, smaller harmonic frequencies, and smaller
spacing in the samp]ing of the energy curve and estimating the dissociation energies than the other GGA functionals.
accuracy afforded by the integration scheme employed in the B. Electronic Structure and Bonding. The chemical bond
computation of the exchange-correlation matrix elements, we between gold and alkali metals in the gas phase is strongly polar,
showed that stable estimates of the anharmonic constants camvith a significant electron transfer from the alkali metal to the
also be obtained in the DFT framework. In the present work, gold atom reinforcing the bond. The extent of the charge transfer
we have computed the anharmonic constants for the whole alkalimay have great importance for the electric properties in the solid
auride series, confirming the numerical stability of our proce- state. Scheuring et al. estimated the ionic contribution to the
dure. Except for the lighter molecules, LiAu and NaAu, for bond using empirical dat®.Tong and Cheung also predicted a
which the anharmonic constants are largest, the results appeavery polarized bon# resulting in a very large dipole moment
to be remarkably independent of the exchange-correlation and effective nuclear charge. A population analysis for the CsAu
functional used. We note, in addition, that for all molecules the molecule has been carried out by Fossgaard &8 @hey
anharmonic correction to the energy of the vibrational ground analyzed in great detail the four-component relativistic Hartree
state is very small, never exceeding 0.5%. Fock wave function, using both the Mulliken population and
Examination of Table 1 reveals that our four-component DKS Projection methods. The two methods were found to be in
calculations using GGA functionals yield dissociation energies dualitative agreement, predicting electron transfer values of 0.96
De in very good agreement with the experimental figures for and 0.71, respectively. These authors emphasized that both
all the alkali aurides, and that there is no strong dependency onrelativity and the lanthanide contraction play important roles
the functional that is used. The largest deviation, which in describing the polarity of the molecular bond in these systems.
overestimates the experimental value by about 0.2 eV (less than To investigate the extent of the charge transfer and the details
5 kcal/mol), is found for LiAu. Only in this case are the REEP  of the intermetallic bonding along the whole alkali auride series,
DFT estimates of ref 39 in slightly better agreement with we also performed an extensive analysis of the charge distribu-
experiment. In general, we predict somewhat larger dissociationtion using several methods. In addition, we report here a detailed
energies than those obtained using RECP calculations with theanalysis of the electron density based on the topological analysis
same functional&’ A direct comparison between the two series of Bader*?
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TABLE 2: Dipole Moments u (D) and Atomic Charges liken charges, also the Chelp and the electrostatic fitting methods
(excess electrons on Au) for the Alkali Aurides described in section 2. We also report the values of the effective
four-component DKS RECP chargeZe, which is the effective value of the point charge

S HCTH93 BPS6 BLYP BP86 BLYP ccsp()  transferred which would give rise to the computed dipole
moments at the equilibrium internuclear distantg.takes into

LiAu larizati ff . | limi
p 5.8 6.0 59 60 626 6.08 5.19 account no polarization effects and so provides a lower limit to
Zeit 054 055 054 055 058 0.56 0.48 the amount of electronic charge transferred. As with the dipole
Mulliken 005 007  0.05 0.08 moments, the computed charges show remarkably little depen-
Fitng 070 070 071 0.71 dence on the exchange-correlation functional used. The com-
Chelp 074 075 0.76 0.76 . .
puted electron transfer from the alkali metal to gold increases
21 5 7’\‘§A” 71 750 705 6.48 as the nuclear charge of the alkali atom is increased from Li to
%eﬁ 057 059 058 056 060 057 0.52 Cs. However, while all the charge analysis methods give
Mulliken  0.34 0.43 0.35 0.34 comparable results for the heavier molecules, the Mulliken
Fitting 073 074 074 0.78 charges differ strikingly from the other approaches for the light
Chelp 077 078 078 079 element systems, even predicting an essentially neutral LiAu.
KAu For CsAu, the results we obtain using DFT orbitals are close
K 89 95 93 92 943 912 936 to the charge transfer of 0.96 reported by Fossgaard et al. by
Zess 0.65 067 067 0.66 069 0.66 0.66 vsis of lativistic Hartreerock function® It i
Muliken 067 072 067 070 analysis of a relativistic Hartreg=ock wave functior®” It is
Fitting 085 087 085 0.86 well-known that the Mulliken charges are strongly dependent
Chelp 092 090 0.90 0.9 on the basis set, and in addition, they are particularly unreliable
RbAU when heavy atoms are involved because the overlap charge may
u 104 105 103 107 be large. Indeed, we find large Mulliken overlap charges for

Zett 071 069 070 0.71 ; . !
Moliken 083 079 08l 083 LiAu and NaAu (0.47 and 0.30, respectively, with the BLYP

Fitting 086 083 084 086 functional), while they drop to 0.19 for KAu and 0.03 for RbAu
Chelp 089 089 089 087 and become negative—(.38) for CsAu. Szefczyk et &Y.
CsAW compared several population analysis methods using various
u 9.9 10.8 10.2 107 11.73 theoretical approaches and basis sets. They concluded that the
Zest 0.66  0.70 0.67 0.69 0.75 Chelp approach gives the best performance in terms of computed
Muliken® 0.99 093  1.05 1.01 charge transfer values, with the advantage that the results

Fitting 0.93 0.93 0.93 0.94

Chelp 096 097 098 097 converge rapidly with the basis set. In our series of molecules,

_ ) _ ~ the Chelp and electrostatic fitting methods give consistently
meat;gg gﬂgrgl‘zscfglpcg‘e‘g]‘gg‘%s‘éz':‘gxt';/"#u’;egﬁggﬁ\%sfdctlggrf'ctrt]'gggesimiIar results, with the Chelp figures systematically slightly
Zei IS obtained as the dipole moment divided by the internuclear larger. In LiAu and NaAu, th_e alkali atomic charges are 6:70
distance? Relativistic effective core potential calculations of ref 39. 0-76 and 0.730.79, respectively. KAu and RbAu turn out to
¢ Four-component CCSD(T) of ref 38The four-component DKS have very similar charge transfers of roughly 0.9 electrons, with
results for CsAu are from ref 40.The relativistic Hartree Fock a somewhat larger value obtained for CsAu. The results reflect

Mulliken charge for CsAu is computed to be 0.96 in ref 38. the trend in the computed effective charges.

2. Topological Analysis of the Electron Densifyhe topo-
logical analysis of the electron density, developed in the
framework of the theory of atoms in molecules (AIM) of Bader

1. Dipole Moment and Charge Transfém. Table 2, we report
the computed dipole moments and charges for the alkali auride
molecules, together with previously available results. Our 43 . s X
calculations consistently confirm the very large dipole moments €t &l has been applied widely to study several chemical
found by Tong and Cheurf§ For the RbAu molecule, we found properties of small mole_c_ules such as _the nature of chemical
a dipole moment that is in the range of 10.3 D (BP86) to 10.7 bonding, molecular stability, land chemical reactnﬁtyt' has '
D (BLYP), a value that is similar to that obtained for Cs#u. ;ubsequently also been applied to molecules pontammg transi-
While the exchange-correlation functionals we have used fion metals’® * and a very recent example is the work of
apparently all give very similar results for the dipole moment, Muller-Rgsing et af® on the silver-silver bond in the silver
the trend of DFT results compared with CCSD(T) is unclear. halides. Some investigations _have also been conducted on
For LiAu and NaAu, the DFT calculations give larger dipole Molecules and clusters containing géld®® To our knowledge,
moments than CCSD(T). For KAu, the two methods essentially however, Bader's topological analysis has not previously been
give equivalent results, while for the heavier CsAu, the dipole applied to fully relativistic electron densities of molecules.
moments calculated using DFT are smaller than the CCSD(T) For molecular systems composed of light atoms, the topologi-
values by 2 D. The exact cause of this pattern is difficult to cal analysis of the electron density is known to give results in
establish. While the DFT formalism has proven to be a good agreement with experimeéfitOn the other hand, the study
successful approach to the calculation of dipole moments in of the topological properties of the electron density presents
small and light molecule¥!’® studies of the performance of some difficulties, both in experiments and in calculations, when
DFT models for the calculation of dipole moments of molecular heavy atoms are involved and, especially, if relativistic effects
systems containing heavy atoms are more scarce. Already for aare taken into account. In diffraction experiments aimed at the
system such as CuCl, the DFT results were rather disappoint-determination of the electron density, the large number of core
ing.”” Obviously, in a molecule with atoms of high atomic electrons of heavy atoms may cause loss of accuracy (see ref
number, small changes in the nuclear positions, even within 91 and references therein). From the theoretical point of view,
the uncertainty in the computed equilibrium positions, may cause the topological analysis of the density for a molecular system
significant variations in the dipole moment. containing heavy atoms may be especially problematical,

The atomic charges shown in Table 2 have been computedparticularly near the nuclei, due to the use of effective core
using different population analysis methods: besides the Mul- potentials and the consequent absence of an explicitly repre-
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TABLE 3: Topological Analysis (DKS/BLYP) of the exactly in the middle of the bond, represents a useful reference.

Electron Density for the Alkali Aurides and Auz® As can be seen in the Table, the bep of the alkali aurides all lie
G(rp)/ significantly farther away from the gold atom than from the

o p(re) VPp(ro) A2 Az G(rp)  H(ro)  p(rp) alkali atom and in a narrow range of values between 1.529 and

LiAu 1.529 0.0348 0.1521-0.0396 0.2315 0.0360 0.0020 1.034 1.653 A. This is particularly striking when viewed in comparison
Ef\AU 1155772 8-&276(‘)3 8-&818738-8282 8-1232 g-ggig 8-88(2)2 8-332 to the bond distances between gold and the alkali atoms which,
RbAu 1.653 0.0200 0.0671-0.0127 0.0927 00154 00014 0770 ©N the contrary, vary widely (from 2.27 to 3.21 A) along the
CsAu 1.622 0.0232 0.0652-0.0143 0.0938 0.0162 0.00002 0.670 series. This is a clear indication that the size of the gO'd atom
Au2 1.244 0.0831 0.1997-0.0729 0.3456 0.07870.0287 0.947 in the alkali auride molecules is both fairly independent of the
aDistancer, (A) of the bond critical point from the gold atom, alkali metal anq m_uch bigger than in the gold d'm‘?“ reflgctlng
electron density(rs) (e/(auj) at the bond critical point, Laplacian accurately_the ionic charactgr of the bo_nd. _Note, in particular,
V2p(rv) (e/(auy) at the bep, eigenvalues of the Hessian of the electron that the ratio of the gold atomic volumes implied by thealues
density along the interatomic axidsf and along the perpendicular  and the corresponding Chelp charges (Table 2) is roughly
directior&s ({1:2), the kri]netic 17nergy d;nsit%_(rb) _(hartree/(au"‘), tlotal constant along the series.
energy densityi(r:) (hartree/(auf) and the kinetic energy per electron The ionicity of the alkali aurides is also confirmed by the

Glrellp(re) (hartree/e). very small value of the electron density at the bond critical point,
reported in Table 3. Such small values are typical of ionic
molecules such as NaBr and Nal that hay®) values of 0.0316
and 0.0265 e/ayrespectively (see below). In contrast, the;Au
molecule presents an electron density at the bond critical point
that is nearly three times as large as for the alkali aurides,
Numerical studie¥ on atoms indicate that, in order to describe _reflecting a greater accumulation of the electron density in the
accurately the density topology in the valence region, the number/ntérnuclear zone.
of core electrons simulated by relativistic core potentials must ~ The Hessian of the electron density at the bond critical points
be small. In the present work, all our topological analysis has has some special features that permit a topological description
been based on the relativistic electron density obtained by all- of the chemical bond. We recall that the Hessian at the bcp has
electron DKS calculations. This will give us the advantage of one positive eigenvalue and two negative eigenvalues. In
correctly tracking the relativistic effects and analyzing electron diatomic molecules, the density curvature rat along the
densities that are not affected by the use of relativistic effective internuclear axisds, is the positive value, implying that the
core potentials. charge density is locally depleted at the bcp along this direction.
We recall that the topological analysis of the density consists Consequently, the two perpendicular curvaturgg which are
principally of the search of the critical points (cps) of the three- €qual by symmetry, are now negative: In these directions, the
dimensional functionp(r), defined as the points where the density has a maximum a. So, from a topological point of
gradient fieldVp(r) vanishes. The cps are characterized by the View, the formation of a chemical bond and its associated

sented core electron dens®/Some of these problems may be
overcome if one adds a posteriori the cosdectron density
obtained by atomic calculatiof$When relativistic effects are
important, global topological properties of the electron density
can be predicted reliably only by fully relativistic calculations.

three eigenvaluesi{, 1,, 1) of the Hessian matrix of(r) and interatomic surface is the result of the perpendicular accumula-
are labeled asr( s) according to their rankt, which is the tion of density toward the internuclear line and the parallel flow
number of nonzero eigenvalues, and their signatsirashich of density away from the zero-flux surface, leading to its
is defined to be the algebraic sum of the signs of the eigenvalues.Separate concentration in each of the atomic basins. The
There are thus four types of stable cpsifer 3. In particular, ~ dominant effect may be described qualitatively by the sign of

we are here concerned with the so-called bond critical points the Laplacian of the density (the trace of the Hessian matrix)
(bcp), characterized as having two negative and one positive V2p('s) at the bond critical point® For the molecular systems
Hessian eigenvalues. A bep is therefore a maximum in the  studied here, the positive eigenvaliisedominates, so that the
plane defined by the two Hessian eigenvectors correspondinglLaplacian of the electron density at the bcp is positive. It has
to the negative eigenvalues and a minimum along the third to be noted, however, that the Hessian eigenvalues are very small
perpendicular eigenvector direction. A chemical bond between at the bcp, both in the internuclear direction and perpendicular
two nuclei is then characterized by a line of maximum electron to it. Such flat density in the interatomic region was found to
density which links two atomic nuclei and intersects the zero- be a peculiar, but general, feature of the metallic b6nd.
flux surface separating the two nuclear basins at a bcp. The relationship between the sign and magnitude of the
In Table 3, we report the main topological parameters Laplacian and the nature of the electronic structure has been
computed with the BLYP functional for the alkali aurides. Some studied in detail, both for atoms and for moleculédts
test calculations employing the other GGA functionals have been particular strength is that it maps the regions in which the
performed, and the results do not differ appreciably from those electron density is concentrated or depleted. Where the Laplacian
obtained using the BLYP functional. In the topological analysis, of the electron density has a negative sign, the electron density
it is useful to have a comparative appro¥clin which is locally concentrated, and conversely, if the Laplacian is
topological quantities may be related to the chemical interac- positive, the electron density is locally depleted. At the atomic
tions. To this purpose, we have also carried out calculations onlevel, the analysis of the Laplacian density reveals a spherical
Au,. The first parameter reported in the table is the distance symmetry with alternating signs that start with negative values
from gold of the bond critical point located at the intersection on the nuclei. These alternating signs define a Laplacian shell
of the line joining the nuclei with the zero flux surface. It should structure, where each shell is characterized by a negative
be noted that, as expected for diatomic molecules, the electronLaplacian and is separated from the next by a positive region.
density does not exhibit any other bcp. For these highly For light atoms, a strict correspondence has been observed
symmetric molecules, the position of the bcp may be taken asbetween the shell structure of the Laplacian and the electron
a measure of the atomic dimensions in the molecule. The shell structuré8949 put for the heavier atoms, this cor-
homonuclear case of Auwhere by symmetry the bcp lies respondence is not so strictly observed and may even be lost
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Figure 2. Cut of the Laplacian electron density (in e/(3wlong the
3 I‘ 3 internuclear axis for the alkali aurides and the gold dimer. Distances
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Figure 1. Contour plots of the Laplacian of the electron density (in 1 1
e/(auy) for the alkali aurides and the gold dimer. The positive contour 0 0
levels (red) range from 0.03 to 10.00 with step 0.03, while the negative -1 -1
ones (blue) from 0 te-7000 with step 10. Distances are in A. -9 -9
-2 -1 0 1 2 -2 -1 0 1 2
entirely for the outer valence sheffs?”%8 For example, nu- KAu

merical result of Kohout et & indicates that the Laplacian of
Au~ exhibits only four shells. We have confirmed this in detail
in our own DKS calculations and analysis of the average
electronic shell radii. The results of this analysis are available
as Supporting Information.

For light-atom molecules, the Laplacian shell structure is
found to persist, and its features, in particular, its sign at the
bcp, change according to the nature of the chemical bond. For
example, ionic bonds, hydrogen bonds, and van der Waals
interactions are typically found to be associated with a positive
sign of the Laplacian at the bcp, while covalent bonds are more
often associated with a negative sign of the Laplacian at the
bcp’8 These correspondence rules have met with some success
in describing the chemical interactions in molecules containing
first- and second-row atoms but are found to be much more
uncertain, or to fail completely, when atoms heavier than those
of the third row are involved! This failure is clearly related to -
the loss of the atomic valence shell structure of the Laplacian
discussed above and is confirmed also for the molecules we -2 -1 0 1 2 -2 -1 0 1 2z
have studied in this work. We found positive values of the Figure 3. Contour plots of the electron density (e/@uyom 0.005
Laplacian of the electron density for all molecules, not only to 0.2 with step 0.005 for the alkali aurides and,ADistances are in
the stongly ionic alkali aurides but also the homonuclear species” ™
Au. In fact, the Laplacian value at the bcp of Ais greater  containing the nuclei. In Figure 3, we display the contour plots
than that of the alkali aurides. of the electron density itself. By inspection of Figure 1 and

In Figure 1, we display the contour plots of the Laplacian Figure 3, the most eye-catching feature is that the Laplacian
electron density and in Figure 2 the plots of its value on a plane plots are much more structured than the electron density plots,
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and they differ strongly from molecule to molecule, providing course, identifying this expression with the kinetic energy
a sort of “molecular fingerprint”. All molecules are characterized density implies the widely used approximation of using DFT
by positive values of the Laplacian over a wide internuclear orbitals as electronic wave functions and the formal division of
region. The alkali aurides present values of the Laplacian at the total electronic energy into electrostatic, kinetic, and rest-
the bcp that are very small and decrease progressively on passingnass contributions. We show in the table only the former results,
from LiAu to CsAu. For these molecules, the Laplacian profile because the two approaches provide virtually identical values
in the region of the bcp is rather flat and becomes flatter along for the alkali aurides. We note here, however, that eq 11 gives
the series (see Figure 2). By contrast, the bcp in idifound a somewhat smaller kinetic energy density for,AX0.0671
in a region of the Laplacian profile with a higher curvature.  hartree/boh) than that reported in the table. Remarkably, all
The contour plots in Figure 1 show clearly the atomic inner alkali aurides bonds are characterized by positive values of the
shell structure of the Laplacian, with the alternating sign total electron energy densitii(ry,) at the bcp, as is expected in
displayed as a change in color. Considering first the shell ionic bonds® It should also be noted, however, that the values
structure of the alkali metals in the smallest aurides LiAu and are generally very small and, in fact, almost vanishingly small
NaAu, we clearly identify one and two shells. In the isolated for CsAu. For the Awmolecule H(rp) instead adopts a negative
atoms, one more outermost shell is observed, which disappears/alue of large magnitude. The potential energy contribution here
in the ionic aurides due to the electron transfer from the alkali dominates, which is typical of covalent bonds. We see therefore
metal to gold. In KAu, a similar situation is observed, with three that, for these systems containing heavy atoms, the analysis of
shells surrounding the potassium. However, in this case, thethe Laplacian shell structure fails to characterize the chemical
absence of a fourth shell may already be a consequence of thehond, while the energy density analysis still appears to
loss of atomic Laplacian structure discussed above for heavy discriminate between ionic and covalent bonding. The generality
atoms. In this connection, we recall that the Laplacian was found of these conclusions is, however, not yet established and requires
to be positive at the bcp of the homonucléarsystem, while  further study, as is indicated by the tiny bcp energy density for
it is negative for Na®% the alkali aurides and the restriction of all of our test systems
The heavy-atom features of the Laplacian become evidentto those involving metatmetal bonds.
for RbAu. Atomic rubidium already lacks the outermost (fifth) In Table 3, we finally report the quanti(rs)/o(rs), which
shgll of the Laplauan, so that the charge tran;fer to gold is not may be called the kinetic energy per electftlsually, it is in
visible. Interestingly, however, the fourth atomic shell is clearly - excess of unity for ionic interactions, while it is less than unity

altered upon formation of the chemical bond with Au. In'the ¢4 covalent bonds (see refs 91 and 102). For our molecular
direction away from Au, the shell remains evident (negative gystems, however, we do not find this kind of simple relation.

sign), but it disappears in the direction toward the gold atom \wt, the exception of the LiAu molecule, the values@(r )/
(positive sign). In the case of CsAu, the fifth electron shell (5s, o(rv) are smaller than unity both for the alkali aurides and for
5p, 5d) is not represented at all in the Laplacian shell structure. o, - Thys, the G(rp)/p(rs) quantity does not seem to be

Besides the Laplacian, an important local quantity that has 5 icyarly useful in characterizing the chemical bond for the
been considered in the description and characterization of theheavy-atom molecules discussed here.

chemical bond is the total energy density at the ¥€p%1 The . o
total energy densityd(r) is defined as the sum of the kinetic (Br3l I-; h,isTgpfci)rI]c;?Ii(;asluilmvczrcyozfmekeentc?gggcilit?heeHa?:g?oZr;/s
energy densitys(r) (positive definite) and the potential energy between gold and the halogens from a topological point of view.

densityV(r) (negative). It is typically found that the total energy . .
density is positive (i.e., the kinetic energy density dominates) The suggestion that gold should b‘? regard_ed as possessing the
chemical properties of a halogen is certainly fascinating and

in regions from which the electron density tends to escape, has b lored i t review by PvvkkGagliardill
wheread/(r) dominates in regions in which the electron density as been explored In a recent review by Fyykkbagliardi,
predicting the stability of uranium tetraauride, has investigated

is bound?’® For covalent bonds in small molecule#(r) at the . . ; .
bcp is typically negativa® while it is positive for ionic bonds some different metal tetraauride compounds, in which gold acts
or on the interatomic surface separating two noble gas atéins. ?S a Ilgr;]md to rt‘heTrEetallltijCGaRter with a Lorn:jall cha;g&%t_ h
In contrast to the properties of the Laplacian shell structure, twas s OW%F at b Adian hu;present og_ enbgt S.\g Ic d
these features of the energy density tend to be preserved als@re Intermediate between the corresponding bromides an
when heavy atoms are involvéd. |qd|gle§._0n the basis of this idea, we have mve_stlgated pc_)ssmle
We have computed the energy densities of the alkali auridess'm”a”t.Ies between g°|d. and the h‘?"Oge”S in the series of
at the bcp as reported in Table 3. The density of kinetic energy respective compo.unds W'th. the alkali metals. In Tablg 4, we
has been determined using two different approaches. In the ﬁrst,reconader .the main topological parame_ters for.the alkali aurides
we have applied the semiempirical functional form proposed [°9ether with those of the corresponding halides (Br, I). The
by Abramovi® which relates the kinetic energy density to the Iatter'were aIsp computed by us based on the. relativistic electron
electron density and its Laplacian at the bcp. This approach is density obtalne.d by D,KS/BLYP computations. Thg large-
often used to estimate the kinetic energy density from the COMPONentG-spinor basis sets for nglge' were obtained by
topological analysis of the experimental electron density without decontracting the 6-311G** basis séts.” The equilibrium
the necessity of a molecular wave functihn the second bond Ien.gth an.d the dISSOC.IatIOH energy shovyn in the table for
approach, we have calculat&qr) using the definition of the the alkali bromides and |od|Qes are thg experlmental vdﬁ]es.
relativistic (positive definite) kinetic energy operator and our 1he bond length of the aurides obtained in these studies are

spinor solutions of the DKS equation, according to the following SYyStematically intermediate between those of the two corre-
expression sponding halides, confirming the analogous findings of ref 11

mentioned above. Remarkably, these results appear to be
=Syt 0+ BE — |AW 11 independent of_ the exchange-correlat_lon functlor_1al e_mployed
G(r) Z a (T{coep + fic cYPLr) (A1) for the calculation of the bond length in the alkali aurides.
Turning now to the results of the topological analysis, it is
where the sum is extended to the occupied electronic states. Ofsurprising that, except in the case of RbAu, all topological
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TABLE 4: Comparison of the Topological Properties of the Electron Density for the Alkali Aurides and Halides

le M p(re) V2p(rp) A2 A3 G(rp) H(ry) Do
LiBr 2.022 0.678 0.0537 0.2633 —0.0750 0.4133 0.0658 0.00001 4245
LiAu 2.27° 0.741 0.0348 0.1521 —0.0396 0.2315 0.0360 0.0020 2991
Lil 2.3922 0.751 0.0330 0.1258 —0.0355 0.1969 0.0307 0.0007 3357
NaBr 2.502 1.010 0.0316 0.1453 —0.0309 0.2071 0.0333 0.0030 3.8
NaAu 2.6P 1.037 0.0268 0.1178 —0.0235 0.1649 0.0265 0.0029 2964
Nal 2.71F 1.048 0.0265 0.1015 —0.0219 0.1452 0.0237 0.0017 3205
KBr 2.821” 1.303 0.0292 0.0994 —0.0235 0.1466 0.0245 0.0003 3294
KAuU 2.90 1.326 0.0270 0.0887 —0.0204 0.1295 0.0218 0.0004 2475
Kl 3.048 1.354 0.0242 0.0709 —0.0168 0.1046 0.0176 0.00001 8.4
RbBr 2.9453 1.413 0.0259 0.0953 —0.0187 0.1328 0.0223 0.0014 4.0
RbAu 3.14 1.487 0.0200 0.0671 —0.0127 0.0927 0.0154 0.0014 2°48
Rbl 3.177 1.469 0.0214 0.0694 —0.0135 0.0966 0.0163 0.0010 3247
CsBr 3.072 1.534 0.0260 0.0797 —0.0195 0.1188 0.0198 0.0001 4207
CsAu 3.2% 1.588 0.0232 0.0652 —0.0143 0.0938 0.0162 0.00002 253
Csl 3.318 1.602 0.0214 0.0589 —0.0137 0.0862 0.0145 0.0002 8.4

aRef 106.P This work DKS/BLYP.¢ Ref 28.9 Ref 27.2 Ref 31.f Refs 31, 389 The parameter. is the equilibrium bond length (A); the other
terms are as in Table 3, except that the bond critical points here defined as distance from the alkali metal. The experimental dissociation
energiesdD, (eV) are also shown.

parameters for the alkali aurides again fall between those of experimental value of the dissociation energies in the alkali
the bromides and iodides. Only the total electron energy density aurides has been found to be about 0.2 eV (less than 5 kcal/
at the bcp does not show such a trend, but this parameter ismol). Such accuracies are fully within the limits expected of
extremely small for all molecules. For the rubidium compounds, GGA functionals. The nonrelativistic GGA functionals used
the order of the auride and iodide topological parameters is have given results that are close to each other. The HCTH93
inverted, so that the parameters of Rbl are found to lie betweenfunctional tends to underestimate slightly the strength of the
those of RbBr and RbAu. It should be noted, however, that the bond between gold and the alkali metals.
auride and iodide parameters are always very close to each other The molecules studied have large dipole moments that
in the rubidium case. increase as nuclear charge is increased within a series. A
Despite the surprising similarities between the alkali halides significant electron transfer from the alkali metals to gold has
(Brand I) and aurides, in terms of both the bond lengths and been observed. We have used several methods to analyze the
the topology of the electron density, the energetics are quite charge density. The Mulliken charge analysis fails to describe
different. In particular, the dissociation energy of the aurides is the charge transfer for the lighter alkali aurides because of the
smaller than for the corresponding halides. Furthermore, the |arge overlap charge. The most reliable data on charge transfer
alkali aurides have a different behavior than the halides in the gppear to be those obtained by the Chelp method.
solid state. For instance, while the halides are typically | the present study, we have, for the first time, used a fully
insulators, the aurides of lithium, sodium, and potassium are re|aivistic electron density obtained by four-component density
metallic solids, while the aurides of rubidium and cesium are fnctional theory to carry out a detailed topological study of
semiconductors. CsAu and RbAu crystallize in the octacoordi- nolecular electron density distributions. The comparative study
nated CsCl stucture, as do all other cesium halides. The halidesyf the topological properties of the alkali aurides, together with
of the other alkali metals have a NaCl structure, but the hose of the gold dimer, have confirmed the strong ionicity in
structures of the metallic NaAu and KAu have not yet been ihe gikali aurides. By studying the Laplacian of the electron
fully eIumdated_. More than one structure appears to have beendensity, it has been confirmed that the outer valence shells in
observed for LIAU® the Laplacian structure may be lost entirely for heavy atoms. A
detailed study of the Laplacian shell structure of the Aon
has shown that only four shells are formed, and that they
The spectroscopic properties and the electronic structure ofcorrelate strongly with the first four electronic shells. For
the groud state of the complete series of alkali aurides have molecules containing heavy atoms such as the ones studied here,
been investigated within the four-component formulation of the analysis of the sign of the Laplacian at the bond critical
relativistic density-functional theory recently implemented in point fails to characterize correctly the chemical bond, while
the BERTHA program. For the RbAu molecule, this has the energy density analysis appears to provide accurate dis-
represented the first theoretical study that attempts to predictCrimination between ionic and covalent bonding. The generality
its molecular properties. The nature of the intermetallic bond Of these conclusions calls however for further study. The bond
of the alkali aurides has been investigated in terms of both dipole between gold and the alkali metals presents several similarities
moments and charge transfer and the topological analysis ofwith the alkali halides. For several molecular properties,

Conclusions

the fully relativistic electron density. including bond lengths and the main parameters characterizing
The present study has confirmed that a model constructedthe density topology, almost all the aurides are intermediate

using a detailed four-component treatment of the Ditidohn— between the corresponding bromides and iodides.

Sham amplitudes expanded inGaspinor basis set correctly In many cases, there are no experimental data with which

recovers one-body relativistic corrections. It has also demon- we are able to compare the spectroscopic and electronic
strated that the use of the available nonrelativistic gradient- properties that we have obtained theoretically for the alkali
corrected density functionals in conjunction with a density aurides. Experimental work to resolve the rotational structure
derived from these relativistic amplitudes yields results whose of the alkali aurides would provide very interesting data against
quality is comparable to what one would expect in nonrelativistic which to test our theoretical predictions. Furthermore, these
quantum chemical studies. The largest deviation from the molecules provide examples of very stable metaktal bonds
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in systems that exhibit unusually large dipole moments and

J. Phys. Chem. A, Vol. 110, No. 13, 2006553

(46) Grant, I. P.; Quiney, H. Mint. J. Quantum Chen200Q 80, 283.

appear to be suitable candidates for studies of Fourier transform21é47) McMurchie, L. E.; Davidson, E. RI. Comput. Phys1978§ 26,

microwave Spectroscopy.

Supporting Information Available: Details of the Laplacian
shell structure obtained by our DKS calculations forAand

analysis of the average electronic shell radii. This material is

(48) Almlof, J.J. Chem. Physl996 104, 4685. Ahmadi, G. R.; Alnilh
J.Chem. Phys. Lettl996 246, 364.

(49) Quiney, H. M.; Belanzoni, P.; Sgamellotti, Pheor. Chem. Acc.
2002 108 113.

(50) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(51) Woon, D. E.; Dunning, T. H., Jr. To be published. The basis set is

available free of charge via the Internet at http://pubs.acs.org. available at http://www.emsl.pnl.gov/forms/basisform.html.
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