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An applied theoretical study has been performed on the conformations of
polymetal iodide complexes of the monovalent coinage metals at ab initio and
semi-empirical level. The polysilver systems [Ag,I]" ' (m=1-4) appear to be
quite flexible, although the difference as compared to the corresponding copper(1)
and gold(I) complexes is only of a quantitative nature. The results thus suggest
that X-ray scattering data of formal [Ag,I]* in aqueous solution and molten
nitrate media are best described by assuming a high intramolecular Ag* mobility,
indicating a direct connection between molecular polysilver complex properties
and the bulk properties of Ag*-conducting, solid materials. The polymetal
complexes have an overall tendency to prefer bent conformations with short
metal-metal separations. No direct covalent interaction between the metal ion
ligands can be detected, and although a stabilisation by dispersion interaction
cannot be excluded, the results are adequately described by second-order Jahn—
Teller interaction at the central iodide ion; the bent conformations allowing a
stabilisation through iodine sp-mixing.

The coordination compounds of silver with the halides
have been of interest to both solution and solid-state
chemists for at least 50 years. The increase in solubility
of the silver halides in aqueous halide solutions was
interpreted in terms of a stepwise anionic complex forma-
tion, [Ag,X,] " ™, (n>m; n=1-4). The silver halides
are almost unique in the sense that the solubility of
AgX also increases in solutions with an excess of Ag*
ions, owing to the formation of polymetal complexes of
the formal composition [Ag,X]™" ! (m>1). Pioneering
thermodynamic studies were done in aqueous solution
by Leden and Lieser, and later in ionic liquid media by
Holmberg.!™*

The subsequent liquid structural studies employing
X-ray scattering on solutions and melts optimised in
[Ag, 1" (and [Ag,Br]**), based on the thermodynamic
results, gave some unexpected results: the radial distribu-
tion functions display a peak corresponding to the Ag-I
(and Ag-Br) distances, but remarkably no other signifi-
cant features; most notably no distinct Ag-Ag correlation.
Integration of the Ag-I peak showed that it corresponds
to approximately four such distances per 1, although
the error in the estimation of the number of atom-atom
vectors is quite high (20-30%).>¢

*To whom correspondence should be addressed.
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At about 146 °C Agl is transformed into its o-form.
In a-Agl iodine is bee packed, whereas the silver ions
apparently move with a very low activation barrier
between several crystallographic positions; the compound
is one of the best known superionic conductors with a
conductivity around 1 Q! cm™?. Also compounds such
as Ag,Hgl, and various silver-halide-doped glasses with
isolated and network-forming oxoanions are excellent
silver-ion conductors. The latter systems are analogous
to the polymetal [Ag, X ]™ ! systems studied in solution,
at least when comparing the relative silver to halide ion
concentration and predominating molecular structural
fragments; thus a link seems to exist between the molec-
ular properties found in solution and the bulk properties
of the solid ion-conducting materials.

The structural chemistry of polymetal complexes of
gold(I) has recently rendered special attention because
of the so-called ‘aurophilic’ interaction, in which polygold
complexes assume unexpected configurations with short
metal-metal separations around main-group coordina-
tion centres.” Similar arrangements have also been
observed for the other coinage metals in the formal +1
oxidation state.®1°

These systems have been studied theoretically at semi-
empirical, density-functional and ab initio levels, giving



rise to two conflicting bonding models for explaining the
tendency towards a short metal-metal separation. The
semi-empirical and density-functional results indicate
that direct metal-metal orbital interactions overcome the
formal gold(I)-gold(I) repulsion, whereas post-
Hartree-Fock methods invoking scalar relativistic effects
suggest that the interaction is purely a correlation effect
(i.e. dispersion) enhanced by relativity and thus increas-
ing in the order Cu<Ag<Au.!' A recent review clearly
shows that the tendency towards a strong closed-shell
interaction is a characteristic property of the heavy
elements with d'° and d'%? valence configurations.!?

The [Ag,1]* unit deserves special attention, since it is
the fundamental structural unit in the tetrahedral entities
that build up Ag* ion conducting materials and glasses.
The isoelectronic and neutral Cu,Se complex is the
smallest structural unit in the large Cu-Se clusters of
Fenske and co-workers. Recently, such units have theor-
etically been shown to be bent with a very soft Cu—Se-Cu
bending potential,!3! in analogy to our previous results
for [Ag,11", Ag,Se, [Au,1]* and Au,Se.!® Similar high-
level calulations on Ag,S and Au,S show a preference
for a bent configuration with rather short metal-metal
separations. The metal-metal interaction was shown to
be predominantly of the dispersion type, although large-
core effective core potentials (ECPs) overemphasize this
effect.!’

The present study includes an applied theoretical ana-
lysis at both the ab initio level, employing the pseudo-
potential approximation, and at the semi-empirical level
of the polymetal iodide complexes of the monovalent
coinage metals. The study focuses on the intramolecular
flexibility of the polymetal complexes and the potential
link to solid superionic conductors. The complex stabilis-
ation through metal-metal dispersion interaction is also
addressed.

Calculational details

Most calculations in this work were made with the
LANL2DZ basis sets of Gaussian92/94 employing ECPs
for the heavier atoms and full double-zeta basis sets for
H, N, O and F.'¥20 The LANL2DZ ECP basis sets are
essentially the original small-core ECP basis sets pub-
lished by Hay and Wadt supplemented with an additional
p-function for the fifth- and sixth-row elements. In the
comparative study of dimetal iodide species of groups 11
and 12, the LAN1DZ basis sets were used employing the
large-core ECPs for the transition metals. In a prelimin-
ary study on dimetal [M,X]*° (M =Ag, Au; X=1, Se)
these ECP basis sets were shown to give consistent results
comparable to those emerging from non-relativistic,
ab initio all-electron calculations.'®

Scalar relativistic effects are accounted for indirectly
by the use of average relativistic ECPs. In this study the
transition metals have a formal closed-shell d'° valence
configuration. Several studies have shown that ECP-
based basis sets perform as well as all-electron ones for
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most properties of both open- and closed-shell molec-
ules.?! Hartree-Fock (HF) calculations tend to give
rather realistic results, but the instantaneous electron—
electron correlation was taken into account by employing
Moller—Plesset perturbation theory to the second-order
(MP2). The exchange and correlation functionals used
in density-functional theory are normally derived on the
basis of the shape of the exchange-correlation hole within
the electron gas formalism, and therefore a typical DFT
method based on the functionals of Becke and of Lee,
Yang and Parr (BLYP) was included for sake of
comparison,?2-24

In order to analyze the bonding in these compounds
from a qualitative point of view we have also performed
calculations using the extended Hiickel method.
Although bonding models so far postulated for com-
pounds containing d'® cations differ greatly in detail,
they all lead to the same conclusion: the presence of a
low-lying excited state destroys the pure ‘core’ nature of
the closed d!° shell and also destroys its spherical sym-
metry. Since the d-—s separation is clearly of central
importance in this respect, the parameters used in a semi-
empirical model must be carefully chosen in order to
reproduce the structural and dynamical behavior
found experimentally for the different coinage metals.
Using the standard valence shell ionization potential,
H;(d)= —14 ¢V, for copper as a reference and the energy
separations indicated in Table 1, one can derive the H;;
values shown in Table 2 for all three metal atoms.?*

Since our main aim in using the extended Hiickel
method is to understand the influence of the d-s and
d-p separations in the angular flexibility of the polymetal
cations, we have simplified our models by taking the
same principal quantum numbers and orbital exponents
for all three metals. Our calculations were thus performed
with the standard 4s, 4p and 3d Slater-type orbitals used
for copper.?® The extended Hiickel parameters used for
iodine are those given in Ref. 27.

Table 1. Experimental energy separations {in cm~') for the
free M™ ions.

M+ 150 (d1OS())___)3D3 (dasl) 1SO (d1OSO)__)3P2 (d9p1)
Cu” 21928 66418
Ag* 39163 80172
Au* 15039 63052

Table 2. Valence shell ionisation potentials (in eV) used in
the extended Hiickel calculations.

[\ H,-,'(S) H,-;(p) H,-,'(d)
Cu* —11.28 —-5.77 —14.0
Ag* —9.14 —4.06 —~14.0
Au* —12.14 —6.18 —14.0
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Results and discussion

Non-solvated complexes. The thermodynamics and struc-
tures of the polysilver iodide and bromide systems,
formally formulated as [Ag,X]" ! (1-4), have been
studied in both concentrated aqueous solution and ionic
liquids. The experimental knowledge about these systems
thus serves as calibration for our theoretical studies.

— N

Of course, the ‘naked’ notation used is a gross over-
simplification, and the ionic nature of the solvent defin-
itely is of fundamental importance for the stabilisation
of polymetal complexes or clusters with high formal
positive charge. This fact is nicely illustrated by the
results collected in Table 3. The MI and [M,I]" (M=
Cu, Ag, Au) entities have optimised M-I distances close
to those observed for the monovalent solids, gaseous

MI, various anionic complexes and the structurally char-
acterised formal [Ag,I]** ion in both aqueous solution
and nitrate melts, as seen in Table 4. The attachment of
more than two cations to the central iodide ion gives rise
to substantially longer optimised M-I distances in the
Dj;, and T4 point groups.

Table 5 contains the comparative results for the
group 11 and group 12 [M,I]*/** ions. The dimetal
complexes of the group 12 metal ions have M-I distances
known from the solids MI,(s), gaseous MI,, and solution
species such as [CdI]* and [Hg,I]** collected in Table 4.
Generally, the optimised M-I-M angle is slightly larger
for the group 12 dimers than for the corresponding
group 11 ones, possibly reflecting the larger cation—
cation repulsion.

The potential energy curves (M-I distance optimised
at fixed M—I-M angles between 80 and 180°) for M~I-M
bending are shown in Figs. 1a and 1b. For both groups
the bent configuration is energetically preferred in spite
of the obvious cation-cation electrostatic repulsion. The
dimetallic complexes of group 11 metal ions have very
flat potential curves, both in comparison with the corre-
sponding group 12 congeners and thermal energy (almost
0.03 eV) at room temperature. The most shallow poten-
tial curve is found for silver(I) and cadmium(II) in the
two groups. The isoelectronic Cu,Se molecule studied
by Alrichs and co-workers also exhibits a flat potential
curve for angular deformation. The heaviest group mem-
bers deviate the most, as seen by more steep potential
curves and minima at smaller angles; gold(I) is here
anomalous with a minimum at about 69°. The M-M

Table 3. Calculational results for the non-solvated [M,,I1™~' complexes employing the LANL2DZ basis sets.

M= Cu Ag Au

HF MP2 HF MP2 HF MP2
(Mi]
Ru_/A 2.505 2.455 2715 2.673 2.647 2.622
M, 11*
Ru_y/A 2.622 2.545 2.848 2.776 2737 2.682
Amam/° 124.2 104.6 129.1 110.8 107.0 74.1
Opt- symm. C2v C2v C2v C2v CZV sz
AE/eV? 0.084 0.267 0.053 0.196 0.408 0.854
[M3”2+
Rupi/A 2.817 2.702 3.056 2.946 2.930 2.813
Amam/ 120.0 120.0 120.0 120.0 120.0 103.4
Opt. symm. D3, Dg, Dap, D3, Day, Cay
AE/eV? 0.120
M I3+
Ruw/A 3.286 3.008 3.527 3.268 3.302 2.998
Apam/’ 109.5 109.5 109.5 109.5 109.5 109.5
Opt. symm. T4 T4 T4 T4 Ty Tq
AE/eV° 0.635 0.670 0.585 0.635 0.646 0.841

?Energy favouring the freely optimized structure (C,,) relative to the restricted structure with Ay frozen at 180° (D).
bEnergy favouring the freely optimized structure (Cs,) relative to the restricted structure with Ay frozen at 120° (Ds,).

°Energy favouring the freely optimized structure (Ty4) relative to the restricted structure with Ay v frozen at 90° (Dyy,).
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Table 4. Experimental structural data for solid, liquid and gaseous group 11/12 metal-iodide compounds with low coordination

numbers for iodine.

lodine .
Compound? coord. number Ry /A Ref.
Cul(g) 1 234 28
Cul(s)-a 4 2.51-2.65 29
Cul(s)-B 4 2.56-3.10
Cul(s)-y 4 2.61
Cu,Hgl,(s)-a 3 2.64(Cu), 2.65(Hg) 30
CuzHgl,(s)-B 3b 2.63(Cu), 2.80{Hg)
CusPygly(s) 4 2.58-2.68 31
[Cuzlg*~(s) 1;2 2.49-2.51; 2.57-2.61 32
[Ag,Cu,lgl*~(s) 1,2 2.58(Cu); 2.60(Cu), 33
2.82-2.95(Ag)

[Cu2|4]:’(dmso) 1,2 2.54 34
[Cusyls)* ™ (mecn) 1;2 2.59
Aglig) 1 2.54 35
Agl(s)-a 4 2.83 36
Agl(s)-B 4 2.80-2.82 37
Ag,Hgly(s)-a 3 2.59-2.96(Ag, Hg) 38
AgyHgly(s)-B 3 2.81-2.82(Ag), 2.78(Hg) 39
Ag,l(NO3)(s) 4+2° 2.86-3.10 40
Agzl(NO3z),(s) 4+2°¢ 2.84-3.08 41
Ag,Hgl,(NO3), - H,O(s) 3 2.71-3.11(Ag), 2.63(Hg) 42
Ag,IF -2H20(s) 4° 2.81-2.90 43
[Agal4} 7 (s) 1,2 2.67; 2.79-2.80 44
[Aglgl*~(s) 1; 29 3.17-3.19; 2.76-2.99 45
[Ag,lgl*~(s) 1; 2° 2.69-2.82; 2.90-2.93 46
[Agl,],” (mecn) 2 2.81 47
[Aglitht)], (tht) 3 2.82 48
[Ag4l1**(aq) 4 2.79 5
[Ags11** (melt) 4 2.80 6
Aul(s) 2 2.62 49
[Aul;17(s) 2 2.563-2.54 50
Znly(g) 2 2.38 51
Znly(s) 2 2.57-2.67 52
Cdl,(g) 2 2.55 51
Cdly(s) 3 2.98-2.99 53
LCdI]*()aq) 1 2.77 54

gl2(g 2 2.61 51
Hgl,(s)-red, orange, yellow 2 2.61-2.79 55
Hgl{(NO3Ns) 29 2.64, 2.66 56
Hg, 1, (TiFg)(s) 29 2.62, 2.63 57
{Hgl;}{dmso) 2 2.62 58
[Hg,11**(aq) 2 2.63 59
[Hg,I1¥* (dmso) 2 2.61

2aq, water; dmso, dimethyl sulfoxide; mecn, acetonitrile; tht, tetrahydrothiophene; melt, nitrate ionic liquid. ?Pyramid.

°Trigonal prism. 9Chain. ®Cube. fStella quadrangular.

overlap populations are in all cases zero or slighly
negative, indicating that the preferred bent geometry can
not be assigned to metal-metal interaction by direct
orbital overlap.

Models of solvation. Experimentally, a strong ionic
medium is required to stabilise the polysilver clusters of
formal high cationic charges, viz. [Ag,1]**. The media
used are based on nitrate (NO; 7) or perchlorate (ClO, "),
and the non-complexed silver cations have been shown
to coordinate four oxoanions in a bidentate, asymmetric
configuration. Thermodynamic, vibrational spectro-
scopic and direct structural results show that complex
formation with anions such as I~ and Br~ is associated

with a release of anions, qualitatively and quantitatively.
It is difficult to uniquely interpret the data in terms of a
change of coordination mode or number; probably both
effects are significant. The results are in any case clear:
the cations are preferably coordinated to the anions of
the ionic medium, rather than any molecular constituent
present, and the net coordination of the silver(I) cations
is decreased upon binding to the halide centres.
Therefore, we have modelled the solvation by using
anions such as H™, F7, CI” and NO;™ in different
conformations. Since we only have experimental poly-
metal structural information for the formal complexes
[Ag,J1?*, the comparative study was confined to the
silver systems [Ag,I]™ 1. To each silver atom one, two
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Table 5. Calculational results for the non-solvated dimetal [M,11*/3* complexes employing the LANL1DZ basis sets.

Rm_i/A Amarm/® Optimum symmetry AE/eVe

HF MP2 HF MP2 HF MP2 HF MP2
[Cul1* 2.622 2.552 124.8 103.7 Cyp, Cypy, 0.080 0.258
[Ag,l1* 2.827 2.765 128.4 108.2 Cay Cyy, 0.056 0.202
[Au,ll* 2.748 2.706 108.1 68.9 Cyy Cyy 0.353 0.831
[Zn, 1137 2.752 2.770 1329 124.2 Cy, Coy 0.198 0.435
[Cd2|]3+ 2.856 2.839 136.9 126.2 Cy, Cyy 0.126 0.344
[Hg,!1** 2873 2.862 123.8 115.7 " Cav 0.491 0.904

2Energy favouring the freely optimized structure (C,,) relative to the restricted structure with Ay frozen at 180° (D).

1.4 T T T T
a)
1.2 F 1
1r .
5 08 T 3
() a°
9 osf .

M-I-M angle / deg

AE / eV

120
M-I-M angle / deg

140 180

Fig. 1. The potential energy curves for M-I-M bending (optimised M-I distances at fixed angles) for (a) group 11 [M,I]*
complexes and (b) group 12 [M,II** complexes. Circles represent Cu/Zn, squares Ag/Cd and triangles Au/Hg. Solid curves
connect data points from HF calculations and hatched lines those from MP2 calculations.

or three solvent ions were attached. Only one non-
bridging solvent ion per silver atom gives rise to realistic
Ag-1 distances for the tri- and tetrasilver complexes, the
experimental Ag-I distance being our calibrator. It was
also noted that all four model solvent ions give very
similar results, making each of them eligible for further
studies. The hydride and fluoride ions can potentially
produce spurious results because of a strong tendency to
dimerise, and the nitrate ions give rise to unnecessarily
large calculations. Consequently, the chloride ion was
chosen as a compromise for the complete study of
solvation effects, [M,,ICl,]” being the object of study
for all three metals in group 11.

How realistic is a solvent model based on one chloride
ion per metal atom? As mentioned above, experimental
results in nitrate and perchlorate ionic media indicate an
effective solvent anion coordination number substantially
lower than four in the formally cationic complexes.
Furthermore, the high formal charge of an [AgJ**
entity is unrealistic in a condensed medium, and would
for instance not be expected to be found in a mass-
spectroscopic experiment; a charge of +1 or —1 is more
realistic, corresponding to [Ag,I(Ox),]* or [Ag,1(0Ox),]”
(Ox=NO;" or ClO,7). We have chosen to explore the
latter model, since we experimentally observe only one
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type of well defined Ag-I interaction (i.e. distance in the
radial distribution functions), indicating that all four
silver (1) atoms are coordinatively equivalent. The use of
Cl™ to model solvent oxoanions seems electronically
adequate, although the potential steric hindrance that
might occur between the bulkier oxoanions is not
properly handled by the monoatomic anion.

Solvated complexes. The results from the calculations of
the structural properties of [MICl]™, [M,ICL] ,
[M3ICL;]” and [M,ICl,]” are shown in Table 6. The
monomeric [MICl]™ species in all cases display a linear
(C;,) configuration 5 with M-I distances of the correct
magnitude.

The [M,ICl,]” dimers have a preferred bent config-
uration. The energy difference between the linear (D)
6 and bent (C,,) 7 configurations is higher than for the
corresponding non-solvated ions (2). The energy differ-
ence is fairly low, but definitely larger than thermal
energy at room temperature, and thus the dimeric com-
plexes seem less floppy when anion solvation is taken
into account. The energy difference is smallest for the
silver complex; it is slightly larger for the copper dimer
and substantially larger for the gold one, following the
same trend as the naked [M,1]* models.
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Table 6. Calculational results for the solvated model [M,,ICl,,]~ complexes employing the LANL2DZ basis sets.

M= Cu Ag Au

HF BLYP MP2 HF BLYP MP2 HF BLYP MP2
[MICII—
RM_,/AO 2.610 2.538 2.532 2.821 2.756 2.747 2.722 2.714 2.679
Rm-ci/A 2.280 2.230 2.229 2513 2.434 2.472 2.463 2.438 2.443
Arma/® 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0 180.0
[M,ICI;1™
RNH/A° 2.659 2.557 2.560 2.880 2.801 2,783 2.759 2.734 2.712
Ru-a/A 2.256 2.213 2.208 2.485 2.436 2.446 2.432 2.434 2.415
Amoim/° 106.7 88.7 76.2 113.3 104.8 85.8 105.3 105.9 71.6
A ma/’ 176.1 172.1 172.6 174.8 177.3 173.9 177.0 177.5 174.2
Optimum symmetry Cayy Cayy Cay Cay Cay Cay Cay Cyy Cay
AE/eV? 0.133 0.337 0.341 0.114 0.312 0.264 0.356 0.595 0.660
[M31CI31™
RM—I/AD 2.709 2.598 2.588 2.947 2.847 2.820 2.801 2.801 2.770
Rmci/A 2.238 2.190 2.193 2.467 2.415 2.430 2.412 2.403 2.400
Amam/° 120.0 120.0 72.1 112.5 106.0 78.6 104.3 104.0 66.7
Armea/° 180.0 180.0 167.4 177.9 174.2 169.8 177.2 175.2 168.9
Optimum symmetry D3, D3p Csy Cs, Ca, Cay Cay Cay Cs,
AE/eV? 0.286 0.007 0.083 0.131 0.098 0.196 0.485
[M4ICI, 1™
Rua/A. 2768 2725 2.625 3.021 2.933 2.869 2.844 2.895 2.794
Rm-cl/A 2.224 2.200 2.180 2.453 2.418 2.415 2.399 2.421 2.388
Amam/® 109.5 58.1 67.3 109.5 63.6 69.7 109.5 63.0 65.2
Ama/’ 180.0 162.3 167.0 180.0 171.2 168.8 180.0 170.6 170.5
Optimum symmetry Tq Ca Cay Ty Csv Cav Ta Ca Cu
AE/eV° 0.488 0.218 0.198 0.023 0.260 0.489
AE/evH 0.808 0.592 0.423 0.324 0.876 1.275

?Energy favouring the freely optimized structure (C,,) relative to the restricted structure with Ay frozen at 180° (D ).
bEnergy favouring the freely optimized structure (Cs,) relative to the restricted structure with Ay__y frozen at 120° (Dj,).
°Energy favouring the freely optimized structure (C,,) relative to the restricted structure with Ay__n frozen at 109.5° (7).
9Energy favouring the freely optimized structure (C,,) relative to the restricted structure with Ay__y frozen at 90° (Dy,).

X -
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MP2 level. In general, the energy difference between the

7 two configurations is small, although the pyramidal one

becomes more stable going from Cu to Au. It is thus

indicated that inclusion of correlation effects favours a

Also the trimeric clusters exist in two symmetrical pyramidal C;, symmetry of the trimers. The overlap
forms: planar (D3;,) 8 and pyramidal (Cs,) 9. populations between the metal atoms are in all cases
For copper(I) the planar configuration is energetically essentially zero or slightly negative, just as for the non-
preferred at the HF and BLYP levels, but not at the solvated complexes. The attractive force favouring the
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bent configuration should therefore be ascribed to elec-
tron correlation (vdW, or more precisely, dispersion
interaction). The molecules are very likely to be easily
angularly deformed because of the small difference in
energy. It should also be noted that the optimised
[-M-Cl angle deviates slightly from 180° in the pyram-
idal configuration.

The tetrameric molecules can adopt three different
symmetric configurations; tetrahedral (7;) 10, square
planar (Dg4,) 11 or square pyramidal (C,,) 12.

12

For all group 11 metals the configuration of 12 is the
energetically favoured one when electron correlation is
taken into account (BLYP and MP2 levels). In absence
of the recent solid-state structures presented by
Schmidbaur and co-workers these results should have
been regarded with some suspicion. It should be noted
that the [M,I]** structural motif exists in some
copper(I) and silver(I) iodide compounds as well; in
Ag,I(NO;)(s) and AgzI(NO;),(s) the coordination
around I~ is best described as a distorted trigonal prism
with four shorter and two longer Ag-I distances,***!
and in RbCu,I;(s) and Ag,IF-H,0O(s) pyramidal
[M,I** units are linked along one M-M edge into
chains of formal [M,I]* composition.>'*** In these com-
pounds the [M,I]?* pyramids have approximate C,,
symmetry, with two longer and two shorter M-M dis-
tances. The short M—M distances are essentially equal to
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the M-I distance, and the Ag,IF - H,O(s) was described
in terms of [Ag,]** pairs.

The energy difference between the T4 and C,, symmet-
ries is very small for the silver system, [Ag,ICl,]™,
possibly indicating an easy interchange between these
configurations. The gold cluster favours the C,, config-
uration the most, possibly giving support to the claims
that relativistic effects enhance the correlation inter-
action. The relativistic effects are here only included
through the use of average relativistic ECPs (i.e. scalar
effects). It should be noted that for the corresponding
copper system the C,, configuration is almost equally
stabilised, although relativistic effects are expected to be
much smaller than for gold. Thus we cannot observe any
clear relativistic effect going from Cu to Au, although
we would expect a difference in performance between a
non- and quasi-relativistic ECP for gold. It can also be
noted that Au behaves more like Cu than Ag.

It is here also appropriate to highlight the unpredict-
able behavior of the DFT method (BLYP). These func-
tionals tend to mimic the HF results for the dimers and
trimers, but those of MP2 for the tetramers. Therefore,
results studying the effects of correlation obtained from
DFT methods should be taken with some reservation.

The conversion between T, and C,, configurations can
easily be visualised, 13, involving the inversion of a
CIM-I-MCI pair. The D, symmetry is thus included
only for sake of completeness.

RS

13

Interpretation of correlation effects. The concept of cor-
relation effects may appear somewhat abstract, since they
can not easily be visualised in a direct way. It is particu-
larly difficult in the systems studied here, since the metal
atoms are connected via a bridging iodide ion. What are
the effects of the inclusion of dynamic electron correlation
on the direct metal-metal interaction, and what are the
effects on the hybridisation on the iodide ion? Although
doing relatively advanced calculations, we seem to be
confined to a phenomenological explanation: when
instantaneous electron correlation is adequately taken
into account, the metal-metal separations decrease, pro-
ducing polymetal complexes with small M—I-M angles.
Much can of course be said of about the level at which
correlation has been taken into account. MP2 is known
to overestimate the correlation effects when using large-



core ECPs. However, that argument would only be valid
for the silver systems (36-electron ECP), for which we
observe the smallest correlation effects. A more precise
estimation would require the inclusion of metal f-func-
tions and calculations on coupled cluster or configuration
interaction levels. However, we must never forget that
the largest approximation we make in this study is to
‘extract’ the polymetal complexes from the ionic media
performing the calculations on isolated model systems.
With this in mind we believe that the present study is
undertaken at an appropriate level, and that the results
can be regarded as at least semi-quantative.

The obvious analogy between the [M,1]" complexes
and H,0 makes the qualitative analysis on extended
Hiickel level quite informative.®® As seen in Fig. 2, the
preferred bent geometry for the [M,I]* ions can be
understood as a consequence of a second-order Jahn—
Teller interaction between the HOMO of &, symmetry
and LUMO of o, symmetry in the linear configuration.
The interaction causes a distortion in which one of the
m, components essentially remains unchanged (1b; in
C,,), whereas the s and p orbitals on the iodine atom
mix to push the other n, component (2a, in C,,) and o,
(3a, in C,,) away from each other, thus cancelling the
second-order Jahn-Teller instability. The bent geometry
in this highly approximate analysis ends up with an
optimal M—I-M angle between 90 and 100° for all three
coinage metals. The amount of energy stabilisation
obtained is inversely correlated to the energy difference
between the m, and o, orbitals in the linear configuration
(1.9 eV for Cu, 3.9eV for Ag and 1.1eV for Au), and
consequently the energy differences between the bent and
linear configurations follow exactly the same pattern,
Au>Cu>Ag, as found in the MP2 calculations. It
should also be mentioned that this is purely an effect on
the central iodine atom, since all M—M overlap popula-
tions are zero also in the most stable bent configuration.

Qualitatively, the same arguments of a second-order
Jahn-Teller interaction can be exploited for the [M;1]**
ions (the HOMO of 1aj and LUMO of 2a; symmetry in
Dy, push the corresponding 2a, and 3a, orbitals apart
by s—p mixing on iodine in Cs,) and for the [M,I]?*. In

Fig. 2. A schematic view of the cancellation of the second-
order Jahn-Teller situation for the linear configuration by
s—p mixing on the iodide ion upon bending.

POLYMETAL IODIDE COMPLEXES

the tetrametal complex the situation is more complicated,
starting from a square-planar D, symmetry, since both
distortions to either T4 or C,, symmetries will defuse the
near Jahn-Teller degeneracy. The distortion to the C,,
configuration is in all important aspects analogous to
those for the di- and trimetal complexes. In all cases, the
order of energy stabilisation mimics those from ab initio
calculations: Au>Cu>Ag.

It is clear that bending the M-I-M angles in the
polymetal complexes introduces an increase in s—p mixing
on the iodine atom also in the more advanced calcula-
tions. The fundamental question thus emerges: what is
the ultimate cause of the bending distortions we observe;
second-order Jahn-Teller or metal-metal dispersion
effects? The case can of course be pleaded for both
explanations, but from an experimental point of view we
must never forget that the biggest approximation in the
theoretical description is the full or partial neglect of
interactions with the surrounding medium.

Consequences for the interpretation of experimetal results
In the interpretation of the experimental X-ray scattering
experiments there were two explanations offered to
account for the absence of any Ag-Ag correlation
expected from a [Ag,J]?* (or [Ag,Br]*) cluster:
(1) absence of definite energy minima, thus producing
no well defined time and space average features in the
radial distribution functions (‘silver ions floating on the
surface of the large halide anions’); (2) a misinterpreta-
tion of the thermodynamic data due to changes in activity
factors, so that the stepwise complex formation with
Ag* may stop at three per halide ion ([Ag;X]**) instead
of four ([Ag,X]**). If the trimeric silver complex adopts
a nearly perfect pyramidal structure, the Ag-Ag distances
would coincide with the Ag-X distances and thus give
rise to only one peak in the difference radial distribution
functions.

The first model was preferred for three reasons. Firstly,
it is unlikely that the Ag-Ag separations coincide per-
fectly not only with Ag-I distances in the iodide system
but also with the Ag-Br ones in the bromide system.
Secondly, a nearly perfect pyramidal [Ags1]** configura-
tion ought to give rise to a strong Raman-active vibra-
tional band from the breathing mode, but only a weak
polarised band at about 140 cm™! is observed in the
Raman spectra of highly concentrated solutions and
melts (generally, the silver halide glasses, melts and
solutions tend to reveal very little information when
exposed to various spectroscopic methods).5! Thirdly,
there is a vast number of Ag*-conducting glasses with
almost identical AgX-AgOx (Ox=oxoanion) composi-
tions as the molten nitrates studied by us. The local
structure in the analogous glass systems is described in
terms of silver iodide clusters. These circumstances, of
course, offer an exciting link between the macroscopic
(bulk) property of silver ion conductivity and the impli-
cated microscopic (molecular) flexbility for [Ag,JPP*
emerging from this study. However, it should be
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emphasised that the larger degree of flexibility found for
the polysilver complexes is only of a quantitative nature,
and there is no qualitative difference in the bonding
scheme between silver and copper or gold.

We can thus conclude that the present theoretical study
lends support to a model based on intramolecular mobil-
ity of the silver ions coordinated to halide centres; the
silver ions can be visualised as ‘floating’ on the electron
surface of the central halide ion. Currently, theoretical
studies on extended systems aiming at the estimation of
the diffusion and conductivity properties of the coinage
metal ions in halide compounds are being pursued.
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