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The present work outlines the fair relationship of the computational model with the experi-
ments on anion photoelectron spectroscopy for the gold–water complexes [Au(H2O)1≤n≤2]–

that is established between the auride anion Au– and water monomer and dimer thanks to
the nonconventional hydrogen bond where Au– casts as the nonconventional proton accep-
tor. This work also extends the computational model to the larger complexes [Au(H2O)3≤n≤5]–

where gold considerably thwarts the shape of water clusters and even particularly breaks
their conventional hydrogen bonding patterns. The fascinating phenomenon of the lavish
proton acceptor character of Au– to form at least six hydrogen bonds with molecules of
water is computationally unveiled in the present work for the first time.
Keywords: H bonds; Au clusters; Second-order perturbation Møller–Plesset; MP2 calcula-
tions; DFT calculations.

NON-COVALENT INTERACTIONS, HYDROGEN BONDING AND NANO-DIMENSIONS

It is true that nano-dimensions made a paradigm shift1 in the theory of mo-
lecular interactions2, and, in particular, in that its branch – theory of non-
covalent interactions3–5 – that governs the world of supramolecular chemis-
try and molecular recognition. The theory of non-covalent interactions
covers a broad spectrum of different types of interactions, among which the
hydrogen bonding interaction is definitely one of the most important.

The hydrogen bonding interaction is the well recognized and deeply
studied phenomenon6–23. It manifests in the formation of a so called classi-
cal or conventional hydrogen (H) bond. According to Pimentel and
McClellan7 (see also6,8–23), “a hydrogen bond is said to exist when (i) there
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is evidence of a bond, and (ii) there is evidence that this bond sterically in-
volves a hydrogen atom already bonded to another atom”. This definition
suggests that a conventional hydrogen bond is at least an attractive inter-
action of three parties. One is a proton donor atom or molecule X that
donates the bonded hydrogen atom H, casting as a second party in the
form of the hydron Hδ+ (0 < δ+ ≤ 1), to the third party – a proton acceptor
group Y. The latter, while interacting with the X–H, yields the X–H···Y hy-
drogen bond.

An arbitrary X–H···Y H bond is geometrically characterized by the bond
length R(X–H), the H-bond separation r(H···Y), and the bond angle ∠ XHY.
By definition, the H bond X–H···Y is formed if the following conditions are
satisfied6–22:

(i) there exists a clear evidence of the bond formation – this can be, e.g.,
the appearance of the H-bond stretching mode νσ(X···Y);

(ii) there exists a clear evidence that this bond specifically involves a hy-
drogen atom (hydron) bonded or bridged to Y predominantly along the
bond direction X–H (see particularly18,21);

(iii) the X–H bond elongates relative to that in the monomer, i.e.

∆R(X–H) := Rcomplex(X–H) – Rmonomer(X–H) > 0;

(iv) the H-bond separation r(H···Y) defined as the distance between the
bridging proton and the proton acceptor Y is shorter than the sum of van
der Waals radii of H and Y, that is, shorter than the so called van der Waals
cutoff (see particularly14,15,19 and also21 quoted in21)

r(H···Y) < wH + wY

where wZ is the van der Waals radius of Z (Z = H, Y). Note that wH varies
and is usually taken the value of either 1.20 Å 24a or 1.10 Å 24b, and wAu =
1.66 Å. The distance r(X···Y) between the proton donor X and the proton
acceptor Y is often referred to as the H-bond length. The necessary but in-
sufficient condition imposed on r(X···Y) to indicate that the H bond is
formed is that r(X···Y) < wX + wY;

(v) the stretching vibrational mode ν(X–H) undergoes a red shift with re-
spect to that of the isolated X–H group, that is

∆ν(X–H) := νcomplex(X–H) – νmonomer(X–H) < 0

and its IR intensity significantly increases;
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(vi) the proton nuclear magnetic resonance (1H NMR) chemical shift
in the X–H···Y hydrogen bond is shifted downfield compared to the
monomer.

It is worth mentioning that the conditions (iii)–(vi) can also be treated as
an indirect justification of validity of (ii).

Via the hydrogen or hydron “bridge”, a hydrogen bond establishes the
connection between the atoms X and Y. Their electronegativities exceed
the electronegativity of the hydrogen atom. Hence, X and Y can be particu-
larly chosen as F (3.98), N (3.04), O (3.44), C (2.55), P (2.19), S (2.58),
Cl (3.16), Se (2.55), Br (2.96) and I (2.66), where the corresponding Pauling
electronegativity is given in parentheses. The Y atoms possess a lone pair of
electrons and therefore play the role of typical conventional proton accep-
tors in the formation of conventional hydrogen bonds, as though, the exis-
tence of the lone-pair electrons in the proton acceptor cannot be ruled
out25.

The above definition of the hydrogen bond interaction is rather general
and allows to unify many types of interaction under the “hydrogen bond-
ing” category, thus considerably broadening its conventional manifold (see
in particular26,27 and references therein), either its X- or Y-submanifolds.
Interestingly, the Y-submanifold is largely extended by including the
transition-metal “nonconventional” proton acceptors, such as Co, Rh, Ir,
Ni, Pd, Pt, Ru, and Os21b–21d,22, despite that they do not possess free electron
pairs, in contrast to the conventional ones. The specific criteria which addi-
tionally characterize such nonconventional hydrogen bonds are the follow-
ing (refs26b–26c: (a) the bridging hydrogen is bonded to a rather electro-
negative element, (b) the acceptor metal atom is electron-rich (e.g. late
transition metals) with filled d shells (recall here25), (c) the bonding ar-
rangement is approximately linear (see also27a).

What about gold – the “cornerstone” of nanoscience due to the discovery
of more than two decades ago that gold nanoparticles supported on metal
oxides reveal the exclusively high catalytic activity for CO oxidation28?
Whether can gold enter the Y-submanifold? Or put in the other words:
Whether the gold atom or clusters of gold are prone to play, interacting
with conventional proton donors such as the O–H and N–H groups, a role
of a proton acceptor and hence to participate in the formation of non-
conventional hydrogen bonds?
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GOLD AND HYDROGEN BONDING: A NONCONVENTIONAL PROTON ACCEPTOR

The Pauling electronegativity of the atom of gold is 2.54, that is, it is
greater of that of H. Gold, obviously, obeys the foregoing condition (b).
Hence, it can be in principle a potential candidate for a nonconventional
proton acceptor – this suggestion was computationally proved for the first
time in29. The latter reported a strong computational evidence of the pro-
pensity of a triangular gold cluster to behave as a proton acceptor with the
O–H group of formic acid and the N–H one of formamide. Speaking pre-
cisely, it was shown that the triangular Au3 cluster rather strongly binds ei-
ther formamide or formic acid and forms with them the planar and cyclic
complexes. The bonding involves two ingredients: the anchoring bond be-
tween the gold atom and the carbonyl oxygen and the N–H···Au or
O–H···Au contacts between Au and the amino group of formamide or the
hydroxyl group of formic acid. As argued in29, these contacts share all the
common features (i)–(vi) of the conventional hydrogen bonds and there-
fore, they can therefore be treated as their nonconventional analogs.

Since this work29, the existence of the X–H···Aun nonconventional hydro-
gen bond was computationally demonstrated for a wide variety of mole-
cules in different charge states Z = 0, ±1, ranging from the Aun-DNA bases
and Aun-DNA duplexes30a–30c, to Aun-(HF)m

30d, [Aun
Z-(H2O)m]Z 30e, and

[Aun-(NH3)m]Z 30f–30g complexes. The latter family includes the smallest
nano-sized tetrahedral gold cluster Au20

Z(Td) 31 (see also32 for current review
and references therein). The charge-state specificity of the bonding ingredi-
ents of the Aun

Z-(NH3)m complexes unveiled in30f–30g has recently been ex-
plored to formulate the bonding encoding approach for molecular logic30h.
On the experimental side, the hydrogen acceptor propensity of the gold
atom and some its clusters has been experimentally detected for the com-
plexes [Au(H2O)]–-Arn

33, [Au(H2O)n=1,2]– 34, and [Au(H2O)]– 35, the crown
compound [Rb([18]crown-6)(NH3)3]Au–NH3

36 (see also37), for the com-
plexes of small gold clusters with acetone38a and with amino acids38b–38d

(see also the closely related recent work39), and for the gold(III) antitumor
complex40. The latter work reports the synthesis and properties of the
Au(III) compound of tridentate ligand 1,4,7-triazacyclononane (TACN)
[Au(TACN)Cl2][AuCl4]. In its cationic state, the Au(III) atom is bound by
two N atoms of TACN and two atoms of Cl. The unbound amine group of
TACN forms with Au(III) the Au(I)–H(3C) (in the notations of40) bond
length of 1.91 Å.

The experimental works33–37 have been focused on the nonconventional
X–H···Au– hydrogen bonds that involve the auride anion Au–. The latter be-
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haves very similar to the heavier halides Br– and I– which are known as ra-
ther good proton acceptors in hydrogen-bonded systems19,24. The bonding
patterns of the compound [Rb([18]crown-6)(NH3)3]Au–NH3

36a–36b comprise
of the hydrogen bonds which are formed between neutral ammonia mole-
cules playing as proton donors, on the one hand, and auride anions as pro-
ton acceptors on the other. Four NH3 molecules are coordinated to Au– and
simultaneously three of them, characterized by the distance r(N···Au–) =
3.73 Å, are coordinated to Rb centers. The fourth is uncoordinated to the
latter and separated from Au– by r(N···Au–) = 3.63 Å. The corresponding
bridged hydrogen atom is distanced from Au– by r(H···Au–) = 2.581 Å and
forms the bonding angle ∠ NHAu– = 158.1°. Thus, the geometric criteria
(i)–(iv) are obeyed for the X–H···Au– contact that is then definitely the hy-
drogen bond. Moreover, the auride anion has the 5d shell filled with the
5d106s2 valence electrons (see e.g.30e) – that is, the condition (b) is also satis-
fied. Besides, the proton donor N atom is highly electronegative (condition
(a)), and the angle ∠ NHAu– is within the range determined by the condi-
tion (c)36a.

The aim of the present work is to offer the number of computational
mise-en-scènes behind the experiments on anion photoelectron spectros-
copy of gold–water complexes [Au(H2O)1≤n≤2]– 34 and their generalization to
the larger ones, [Au(H2O)3≤n≤5]–. The existence of such complexes is pro-
vided the nonconventional X–H···Au– hydrogen bonds that glue together
the auride anion and water clusters (cf. e.g.41). Note that the computational
methodology of the present work is outlined in Appendix.

HYDROGEN BONDING PATTERNS BETWEEN AURIDE ANION AND
CLUSTERS OF WATER

The key computational facts about the most stable anionic complexes
[Au(H2O)1≤n≤5]– are collected in the left column of Table I. Since the compu-
tational electron affinity of the gold atom is high: EAtheor(Au) = 2.129 eV 42,
it is therefore the gold atom of [Au(H2O)1≤n≤5]– where the most excess elec-
tron charge is located on. This is witnessed by the Mulliken charges of gold
which are e.g. equal to qM

n=1(Au) = –0.902 and qM
n=2(Au) = –0.839, and

therefore, as anticipated, the gold atom mainly exists in [Au(H2O)1≤n≤5]– as
the auride anion. The latter casts as the strong proton acceptor, even stron-
ger in some cases than the oxygens of the studied water clusters: this can
readily be seen by juxtaposing the stretching frequency ν(O–H(···Au)) =
3279 cm–1 of the hydron Hbonded, which belongs to the proton-donor water
molecule of the water dimer and H-bonded to Au– in [Au(H2O)2]–, and the
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ν(O–H(···O)) = 3727 cm–1 of the H, that bridges the water dimer within
[Au(H2O)2]– 43. It is worth mentioning that the aforementioned stretching
vibrational mode ν(O–H(···Au)) of [Au(H2O)2]– is the lowest one among the
considered series of complexes. Two direct and significant consequences
can be drawn from the fact that the auride anion functions as the strong
proton acceptor in the complexes [Au(H2O)1n≤5]–.
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TABLE I
The computational mise-en-scènes of bonding between the auride anion (left column) or the
gold atom (right column) and the selected clusters of water molecules (H2O)1n≤5. The verti-
cal detachment energies (VDE) and adiabatic detachment energy (ADE) are given in eV. The
ZPE-corrected binding energies (Eb

ZPE) and energy differencies are given in kcal mol–1,
R(O–H) and r(H···Y) in Å, ∠ XHY in °, and ν(X–H) in cm–1. The reference asymptote for the
complex [Au(H2O)n]Z is the infinitely separated AuZ and (H2O)n where Z = –1,0 and (H2O)n
designates the ground-state cluster of n molecules of water. The exception is n = 4, as indi-
cated below by asterisk, when the R-sided conformer [Au(H2O)4]R

Z is treated with respect to
AuZ and the corresponding water cluster (H2O)4

3D which is thoroughly discussed in Appen-
dix. The quantities chosen to characterize the nonconventional hydrogen bonds O–H···Au–

are underlined. The MP2 values are presented in curly brackets



Number 1

This predetermines rather large, by the absolute value, binding energies
Eb

ZPE. As demonstrated in Table I, the latter range from 12.3 kcal mol–1 for
n = 1 to ~19.7–22.7 kcal mol–1 for n = 2–4, and apparently approaches the
saturation threshold of ca. 23.6 kcal mol–1 for n = 5. Note that the present-
ed computational Eb

ZPE are consistent with the experimental Eb
ZPE-expt 35, for

instance, with Eb
ZPE-expt([AuH2O]–) = 10.4 kcal mol–1 and with the stabiliza-

tion energy of [Au(H2O)2]– taken with respect to the asymptote [AuH2O]– +
H2O. The latter, as estimated in35 as equal to ca. 10.2 kcal mol–1, fairly
agrees with our value of 10.9 kcal mol–1.

Actually, the strength of the nonconventional hydrogen bonds of the
studied complexes is underestimated because they mainly involve so called
“free” O–H groups of water clusters that do not participate in the water–
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water hydrogen bonds. Consider for instance the complex [Au(H2O)3]–. Its
water trimer is considerably enlarged in comparison to the equilibrium one
in the neutral charge state in order to accommodate the auride anion. The
difference in energy between these two forms of water trimer, equal to
10.78 kcal mol–1, is the additional contribution that, together with
Eb

ZPE([Au(H2O)3]–), determines the strength of the three nonconventional
O–H···Au– hydrogen bonds of [Au(H2O)3]–.
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Number 2

The auride anion is a strong proton acceptor that, while interacting with
a water cluster, significantly perturbs it. This perturbation manifests in
a number of ways.

One of them is spectroscopic – it is the formation of a wide infrared win-
dow ∆νw(O–H) of ca. 450 cm–1 in [Au(H2O)]– between the most red-shifted
O–H stretching mode(s) and the next one(s). This window narrows to
~80 cm–1 in [Au(H2O)2]– and to ~130 cm–1 in [Au(H2O)3]– and is superim-
posed with the stretches of the conventional O–H···O hydrogen bonds in
larger complexes.

The other is that the auride anion can also be a “breaker” of the water–
water hydrogen bonds as e.g. occurs under the formation of the complexes
[Au(H2O)4,5]–.

APPROACHING THE EXPERIMENT: ELECTRON DETACHMENT

Let us now turn to the computational mise-en-scènes gathered in the right
column of Table I and served to deeper understand the experiments on
anion photoelectron spectroscopy of gold–water complexes35. Since gold
is the key carrier of the excess electron charge of the complexes
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[Au(H2O)1≤n≤5]–, a removal of this charge, formally implying the alternation
Z = –1 ⇒ Z = 0 of the charge states, converts the auride anion into the neu-
tral gold atom. Despite the high electron affinity of the latter, Au may only
induce a small charge transfer from the adjacent oxygen atom and, as a re-
sult, forms with the latter the so called Au–O anchoring bond (see30c for
more detailed discussion and for references). This anchoring bond is very
weak, as reflected in the corresponding binding energies. For n = 1–5,
the shortest Au–O anchoring bond of 2.520 Å is formed in [Au(H2O)2] –
naturally, its formation is characterized by the large binding energy
Eb

ZPE([Au(H2O)2]) = 3.2 kcal mol–1.
Nevertheless, the anchoring bond enables to re-polarize the adjacent O–H

bond of the neighboring water molecule and substantially activates it
within the O–H···O hydrogen bond if n ≥ 2. For n = 2, ∆R(O–H) = 0.008 Å,
∆r(H···O) = –0.093 Å, and ∆ν(O–H) = –143 cm–1, relative to the gas-phase
water dimer. Since the anchoring interaction is weak, the relaxation of the
water cluster within [Au(H2O)1≤n≤5] is not significant, in contrast to the an-
ionic charge state. For example, the energy difference between the equilib-
rium water trimer and that of [Au(H2O)3] amounts only to 0.4 kcal mol–1.

The experiments on anion photoelectron spectroscopy of [Au(H2O)]– and
[Au(H2O)2]– that are conducted in35 measure the vertical detachment ener-
gies, VDE1

expt = 2.76 eV and VDE2
expt = 3.20 eV which correspondingly

agree with the computational ones, VDE1
theory = 2.708 eV and VDE1

theory =
3.187 eV. From the viewpoint of the chemical bonding patterns that are
formed in the studied gold–water complexes, the charge state alternation
Z = –1 ⇒ Z = 0, which can be achieved either by using different metallic
supporters or/and applied voltage, the NeNePo (“A Negative ion-to Neutral-
to Positive ion”) experimental technique (see45 and references therein), the
resonant photoionization46, or by varying pH in different solvents47, exe-
cutes a simple switch-type operation. In the most studied cases, the latter
transforms the nonconventional O–H···Au hydrogen bonding interaction to
the Au–X anchoring one, except the cyclic R-sided conformer [Au(H2O)4]R

Z=0

which is stabilized by both the anchoring and nonconventional hydrogen
bonding interactions.

The total relaxation of the studied systems under the charge state alterna-
tion Z = –1 ⇒ Z = 0 is rationalized in terms of the adiabatic detachment en-
ergy or shortly ADE. As follows from Table I, the VDE-ADE difference
amounts to 0.15 eV for n = 1, 0.36 eV for n = 2, 0.53 eV for n = 3, then rises
to 1.05 eV for n = 4 and falls to 0.62 eV for n = 5. On the one hand, this dif-
ference can be interpreted as the effect of solvent on the electron detach-
ment that causes the significant relaxation of the solvent molecules. On the
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other, it implies that the concept of VDE is not generally true, as far as
larger solvent clusters are on the stage. The latter solvation, as is remarkably
seen from the case of n = 4, results in that the bottom of the solvent poten-
tial energy surface is quite dense, accommodating many conformers with
nearly equal energies. Nevertheless, their VDEs and ADEs can be essentially
different as in the present case of n = 4 when the ∆VDE(L-R) is only 0.02 eV,
whereas ∆ADE(L-R) = –0.18 eV.

As was noticed above, the key source of that VDE drastically distinguishes
from the ADE is the considerable solvent relaxation that is actually a break-
age of the hydrogen bonding patterns of water clusters by the auride anion.
This is transparently observed for the L-sided isomer of [Au(H2O)4]L

– when
the water tetrameric ring is broken to accommodate the auride anion. The
number of nonconventional hydrogen bonds is equal to 4. And remark-
ably, all hydrogen are involved in the hydrogen bonds of [Au(H2O)4]L

– and
[Au(H2O)4]R

–, either conventional or nonconventional.

SUMMARY: “GOLD-WATER BIRTHDAY CAKE”

Hamlet: Do you see yonder cloud that’s almost in shape of a camel?
Polonius: By the mass, and ‘tis like a camel indeed.
Hamlet: Methinks it is like a weasel.
Polonius: It is backed like a weasel.
Hamlet: Or like a whale.
Polonius: Very like a whale.

Scene II. – A Hall in the Castle.
William Shakespeare “Hamlet, Prince of Denmark”

It is pretty obvious indeed that writing on the special occasion is a fair
work that allows to explore such writing mode or style which might not be
so precisely appropriate for a scientific paper – it can however be perfectly
suitable for the Festschrift paper. Regarding this particular Festschrift occa-
sion (see the dedication), we have intended to partially take this advantage
of the aforementioned author’s freedom that any Festschrift may gener-
ously offer, and to touch the extremely broad topic of what the entire spec-
trum of physico-chemical consequences of the charge-state alternations
stands for by exposing some computational “thought” mise-en-scènes that
lie behind the concrete experiments on anion photoelectron spectroscopy
of gold–water complexes [Au(H2O)n]Z (Z = –1, 0), actually referred to the
“Negative ion-to Neutral” experiments.
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In the present work, we have demonstrated what matters and relevant to
the experiments on anion photoelectron spectroscopy for the gold–water
complexes and, especially, the computational evidence of interesting syner-
getic effect between the nonconventional O–H···Au hydrogen bonding in-
teraction and the Au–X anchoring one that both govern the gold–water
complexes in the different charge states. If we are unable to determine their
charge state, Z = –1 or Z = 0, these complexes look like, in Shakespeare’s
terms, “camels” or “whales”. What about Z = +1? It was not initially been
thought to discuss this charge state because of many earlier studies on the
interaction of Au+ with, for example, water molecules48 and the DNA bases
and base pairs49 and, in particular, the recent work50 which reveals a rather
surprising dumbbell-type structure around Au+ exhibiting two Au–O an-
choring bonds, each ended by rigid tetrameric rings of water. It has how-
ever initiated our study, without which, we believe, the present Festschrift
work would be quite incomplete, of how many nonconventional hydrogen
bonds with water the auride anion enables to form simultaneously? Com-
paring with maximum two anchoring Au–O bonds that the gold atom can
form at once48, Fig. 1 unveils the fascinating phenomenon that the cluster
[Au(H2O)12]– is bound by six nonconventional O–H···Au– hydrogen bonds
which basic characteristics are summarized in Table II. Regarding the fair
occasion of writing this Festschrift paper, this complex surprisingly resem-
bles, in a quantum-chemical sense, an enchanting “birthday cake” where
the auride anion looks like a candle!
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FIG. 1
The “birthday-cake” cluster [Au(H2O)12]– with six blue nonconventional O–H···Au– hydrogen
bonds. Its electronic energy is equal to –1053.751779 hartree and ZPE = 190.04 kcal mol–1. The
nonconventional hydrogen bonding patterns of this cluster are summarized in Table II. Yellow
ball is gold, oxygen atoms are indicated by red and the hydrogens by light blue balls



APPENDIX: COMPUTATIONAL METHODOLOGY AND NOTES

All calculations reported in the present work were performed by means of
the Gaussian 03 package of quantum chemical programs51. The Kohn–Sham
self-consistent field formalism with the hybrid density functional B3LYP
potential was used in conjunction with the basis set comprised of the stan-
dard Pople basis set 6-311±G(d,p) for non-gold atoms and the energy-
consistent 19-(5s25p65d106s1) valence electron relativistic effective core po-
tential developed by Ermler, Christiansen and co-workers with the primi-
tive basis set (5s5p4d)52 for the gold ones. In addition, the second-order
perturbation Møller–Plesset (MP2) calculations within the frozen-core ap-
proximation were performed for small gold–water clusters [Au(H2O)n=1,2]Z=0,–1.

All geometrical optimizations were performed with the keywords ‘Tight’
and ‘Int = UltraFine’. The harmonic vibrational frequencies and unscaled
zero-point energies (ZPE) were also calculated, for the latter being used to
correct the binding energies. Enthalpies and entropies, which are also re-
ported in the present work, were obtained from the partition functions cal-
culated at room temperature (298 K) using Boltzmann thermostatistics and
the rigid-rotor harmonic-oscillator approximation53.

The present work exploits two isoenergetic isomers, [Au(H2O)4]L
– and

[Au(H2O)4]R
– which however take different pathways under the electron de-

tachment. If the former proceeds to the conformer [Au(H2O)4]L where water
molecules arrange in the well-known tetrameric ring structure (H2O)4

ring

with the planar oxygen frame54, the latter adapts the 3D shape (H2O)4
3D,

as demonstrated in Fig. 2. In the gas phase, the water cluster (H2O)4
3D
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TABLE II
The hydrogen bonding patterns of the cluster [Au(H2O)12]– which are displayed in Fig. 1 and
characterized by the bond distances (in Å), bond angles (in °), and concomitant stretching
frequencies (in cm–1)

R(O–H) r(Hbonded···Au) ∠ OHbondedAu ν(O–H)

0.9819 2.469 170.2 3465, 3476

0.9752 2.572 162.7 3604

0.9740 2.610 163.1 3500, 3582, 3635, 3656

0.9739 2.644 164.1 3635, 3637, 3656

0.9738 2.632 165.1 3635, 3637, 3656

0.9732 2.539 174.1 3476, 3550, 3519, 3550



lies naturally higher the (H2O)4
ring by ∆EZPE = 6.58 kcal mol–1. Their

enthalpy difference ∆H = 7.45 kcal mol–1. Due to the large entropy differ-
ence, ∆S = 9.88 cal K–1 mol–1, the Gibbs free energy difference is lowered
to ∆G = 4.51 kcal mol–1. Furthermore: the total dipole moment of (H2O)4

3D

is rather large, i.e., 3.63 D, compared to that (H2O)4
ring is non-polar. This

implies that the 3D cluster (H2O)4
3D can be energetically favorable in polar

environment.
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