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ABSTRACT: Hydrogen bonding and metallophilic attractions are studied in the
model systems: [(AuNH3Cl)2], [(AuNH(CH3)2Cl)2], [{Au2(�-SH)(PH2O)(PH2OH)}2],
[(CuNH3Cl)2], and [{Cu(NH3)Cl}4] at the Hartree–Fock (HF) and second-order Møller–
Plesset (MP2) levels. The two interactions are found to be comparable and prevailing in
the final structure. It is determined that the aurophilic contact has a same magnitude
that the hydrogen bonding, and is stronger than the cuprophilic interaction. The
presence of hydrogen bond directs the growth of the crystal.
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Introduction

T here has been important progress in the de-
sign and synthesis of inorganic molecular ma-

terial used as simple building blocks that can be
induced to form complex molecular structures by
self-assembly [1–5]. Recent experimental and theo-

retical work has discussed the known metallophilic
and aurophilic interactions coexisting with hydro-
gen bonding (HB), M–�, or �–� attractions [6–8].
All these interactions can participate as building
blocks in the supramolecular structures [9, 10].

For the case of the intermolecular interaction com-
bination as metallophilic and hydrogen bonding have
shown a strong directionality to control the supramo-
lecular structures [11–14]. Some systems that have
aurophilic and cuprophilic attraction coexisting with
hydrogen bonding are shown in Table I. Theoretical
models have demonstrated the importance both of
their magnitude and of their comparable force [6, 7].
In general, the combination of metallophilic and other
secondary binding interactions, such as hydrogen
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bonding, has immense potential in the design of mo-
lecular materials [1–10].

The cation metals that participate in the metallo-
philic attractions have d8, d10 o, s2 configurations
[15]. These closed-shell interactions are estimated to
be energetically similar to hydrogen bonds (20–50
kJ/mol) in the case of Au(I) and to be weaker for
other metals, such as Ag(I), Cu(I), Tl(I), Hg(II), and
Pt(II) [16]. At the theoretical level, the metallophilic
and aurophilic attractions are interesting according
to when the electronic correlation effects are ac-
counted, strengthened by relativistic effects; this
phenomenon can be noticeable [17–19]. Thus, the
nature of these interactions can be studied by com-
paring calculations done at both Hartree–Fock (HF)
and post-Hartree–Fock [i.e., second-order Møller–
Plesset (MP2)] levels for a given model system.
Hence, it is necessary to perform calculations at
least at the MP2 level for a proper description of the
dispersion forces (with additional allowance for
virtual charge-transfer terms), which are included
among the correlation effects [17]. In contrast, cal-
culations based on density functional theory (DFT)
on metallophilic attractions are not adequate due to
the unreliable interaction energy near the van der
Waals minimum, because the specific form of cor-
relation energy (virtual double-dipole excitations,
leading to an R�6 power law) is not properly de-
scribed [20].

The aim of the present work is to study theoret-
ically the intermolecular interaction of the type
Au(I)–Au(I) and Cu(I)–Cu(I) in combination with
hydrogen bonds, comparing each model at the HF
and MP2 levels, thus allowing the correlation ef-
fects on the metal–metal and HB distance to be
estimated.

Models and Method

For each model combining metallophilic attrac-
tions and hydrogen bonds, we have optimized

the structural of monomers [ClAuNH3], [ClAuNH-
(CH3)2], [Au2(�-SH)(PH2O)(PH2OH)], and [ClCu(NH3)]
at the HF and MP2 levels. The phenylphosphine
and dicyclohexyl ligands of the original experimen-
tal structures are thereby replaced by the phosphine
and hydrogen or methyl groups, respectively. The
monomer geometries are then used for studying the
M. . .M and hydrogen bonding intermolecular in-
teractions in dimers 1–6 (Fig. 1). The interaction
energy, V(R), between the monomers was obtained
including a counterpoise correction.

The Gaussian 98 package was used [21]. The
gold and copper atoms were treated by a 19 va-
lence-electron (VE) quasi-relativistic (QR) pseudo-
potential (PP) from Stuttgart [22]. The f-orbitals are
necessary for the weak intermolecular interactions,
as has been demonstrated previously for each atom.
We employed two f-type polarization functions:
Au(0.2, 1.19) and Cu(0.24, 3.70) [13]. This is desir-
able for a more accurate description of the interac-
tion energy. Also, atoms C, N, O, P, and Cl were
treated by the valence electrons for each atom, re-
spectively [23]. For these atoms, double-zeta basis
sets were used and one d-orbital polarization func-
tion was added. For the H atom, a double-zeta plus
one p-type polarization function was used [24].

Results and Discussion

Table II reports the optimized distances and
main parameters obtained for models 1–6 at the HF
and MP2 levels. It can be noted that the structural
parameters change substantially from the HF level
to the MP2 level, in particular M. . .M and hydrogen
bonding distances. The usual correlation-induced
shortening is found for all systems, suggesting the
aurophilic attractions by models 1–4 and cupro-
philic interactions by models 5 and 6. At the HF
level, the metallophilic attraction disappears, while
substantial parts of the hydrogen bonding survive

TABLE I ______________________________________________________________________________________________
Experimental values for metallophilic attraction and hydrogen bonding.a

System M(I)–M(I)/pm D–A/pm A–H/pm �A–M–M–A Ref.

[(piperidine)AuCl] 330.1 334.6 244.6 150.5° 11
[(dicyclohexylamine)AuCl] 326.8 339.1 243.0 151.1° 11
[{Au2(�-SPh)(PPh2O)(PPh2OH)}2] 307.3 241.0 155.1 58.4° b 12
[{Cu(NH3)Cl}4] 297.9 355.0 266.0 179.1° 13

a Distances in pm. Donor (D) and acceptor (A) atoms refer to the hydrogen bond.
b P–O. . .O–P.
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(only a part of the hydrogen bonding coming from
the dispersion). The optimized interaction energies
V(Re) are also shown in Table II. The potential
curves are given in Figures 2–5.

Of the models proposed, 1, 2, 3a, 4a, 6, and 5
have hydrogen bonds, while 3b and 4b do not have
a hydrogen bond. The change is obtained by rotat-
ing the ONH(CH3)2 and OPH2(OH) groups
through 120°, respectively. Furthermore, the aver-
age dihedral angle A–M–M–A was allowed to seek
minimal energy. This value has also been repro-
duced by our calculations when compared with the
experimental value (see Tables I and II).

An estimate of the intermolecular metallophilic
attraction energy can be obtained from the differ-
ence between the MP2 energies of each model at
HF- and MP2-optimized geometries at the equilib-
rium distance of MP2, thus sampling a part of the

metallophilically induced stabilization. The results
are shown in Table III.

[(AuNH3Cl)2] (1,2)

In 1 and 2, there are one and two HB per –Cl,
respectively. The gold–gold distance at the HF and
MP2 levels is very similar for both models, but the
donor–acceptor (D–A) distance is shorter in 1 than
in 2. Thus, we can appreciate that the HB is stronger
in the first model. From the interaction-energy
curves obtained (see Table III), the aurophilic inter-
action is 29.7 and 30.7 kJ/mol per pair by 1 and 2,
respectively. They are found in the classic range of
this interaction. The hydrogen bond energy pair
Cl. . .HON are 30.3 and 12.8 kJ/mol by 1 and 2,
respectively. This difference, more than double be-
tween 1 and 2, is due to the shortest distance of the
HB in 1 and thus has a greater force in the same
measure.

[(AuNH(CH3)2Cl)2] (3a,3b)

We have used a similar model to 2, changing
two OH by two OCH3 groups. The objective is
to reproduce the experimental structures [(piper-
idine)AuCl] and [(dicyclohexylamine)AuCl]. In 3a,
analogous trends are found with respect to 2, but
the Au–Au distance is now shorter. The hydrogen
bonding is comparable at the experimental struc-
tures. For the Cl. . .HON HB in 3a, the energy at the
HF level is 12.3 kJ/mol per bond. The remaining
estimate for the aurophilic energy is 50.1 kJ/mol, at
the upper end of the typical range. This must be to
the short Au–Au distance. The MP2 calculation re-
produces the experimental results, while at the HF
level an increase is observed in the Au. . .Au dis-
tance (repulsion). This last produces an increase in
the remaining parameters with a weakening of the
HB. Furthermore, the dihedral angle Cl–Au–Au–Cl
is reproduced at the HF and MP2 levels respect of
the experimental value [11]. This is indicative of the
direction that takes the force of the HB.

Model 3b is obtained through a rotation of the
ONH(CH3)2 groups. Thus, hydrogen bonding is
eliminated in model 3a. We can appreciate that the
Au–Au distance increase to values on 400 pm at the
HF and MP2 levels. The OCH3 produces a repul-
sion effect on theOCl atoms that it must be greater
to the aurophilic attraction. The dihedral angle Cl–
Au–Au–Cl is 180°, distant to the experimental value
of 151.1° in [(dicyclohexylamine)AuCl] [11], which
demonstrates the importance of the HB in the
growth of the crystal.

FIGURE 1. Theoretical models with and without hy-
drogen bonding: [(AuNH3Cl)2] (1,2), [(AuNH(CH3)2Cl)2]
(3a,3b), [{Au2(�-SH)(PH2O)(PH2OH)}2] (4a,4b),
[(CuNH3Cl)2] (5), and [{Cu(NH3)Cl}4] (6).
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[{Au2(�-SH)(PH2O)(PH2OH)}2] (4a,4b)

This model shows intra- and intermolecular auro-
philic interactions. We center our attention on the
intermolecular interactions through HB and on the
aurophilic attraction for the pair of opposite A-frames.

Of these models, 4a does, and 4b does not, have
hydrogen bonds. Better results (see Table II), com-
pared with the experimental structure [{Au2(�-
SPh)(PPh2O)(PPh2OH)}2] [12], are found for system
4a with Au–Au � 296.1 pm, O. . .O (D–A) � 249.9 pm,
and H. . .O � 154.4 pm distances at the MP2 level. The

TABLE II _____________________________________________________________________________________________
Optimized M–M distances and hydrogen-bonding geometries for complexes at the HF and MP2 levels.*

Model Method M–M D–A H–A �A–M–M–A V(Re)

[(AuNH3Cl)2] 1 MP2 328.8 329.5 233.9 180° �90.3
HF 352.3 352.9 257.3 180° �66.2

[(AuNH3Cl)2] 2 MP2 323.7 234.4 288.5 180° �81.4
HF 353.1 353.7 316.7 180° �57.5

[(AuNH(CH3)2Cl)2] 3a MP2 314.1 338.1 274.4 146.6° �74.6
HF 366.9 387.7 325.9 145.5° �37.3

[(AuNH(CH3)2Cl)2] 3b MP2a 436.8 437.2 — 180° �50.1
HFa 454.1 454.4 — 180° �33.6

[{Au2(�-SH)(PH2O)(PH2OH)}2] 4a MP2 296.1 249.6 154.4 55.4° b �273.9
HF 327.8 256.9 165.2 51.7° b �231.8

[{Au2(�-SH)(PH2O)(PH2OH)}2] 4b MP2a 312.6 559.7 — 145.9° b �110.5
HFa 411.0 580.3 — 146.1° b �41.0

[(CuNH3Cl)2] 5 MP2 333.9 334.4 229.4 180° �78.4
HF 348.3 348.7 239.3 180° �76.9

[{Cu(NH3)Cl}4] 6 MP2 329.5 374.3 274.3 180° �23.5
HF 335.1 385.3 298.3 180° �8.7

* Distances in pm. Interaction energies, V(Re), in kJ/mol. Donor (D) and acceptor (A) atoms refer to the hydrogen bond.
a Without hydrogen bond.
b P–O. . .O–P.

FIGURE 2. Interaction energies V(R) at the HF and MP2 levels for models 1 and 2.
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dihedral angle P–O. . .O–P is reproduced at the exper-
imental value. When we compare the experimental
compound and model 4a, the intermolecular
Au. . .Au distances are considerably shorter and indi-
cate a much stronger aurophilic attraction among
these atoms. Furthermore, the groups combine inter-
molecularly by P–O. . .H–O–P bonding, the distances
between oxygen atoms O. . .O are within the range

that is considered diagnostic of strong hydrogen
bond.

At the MP2 level, the energy minimum is Re �
296 pm and V(Re) � �273 kJ/mol. This energy
includes an estimate for both the hydrogen bonds
and the aurophilic attractions. The latter contribu-
tion is 34.5 kJ/mol per contact, while the contribu-
tion per hydrogen bond is 102.6 kJ/mol.

FIGURE 3. Interaction energies V(R) at the HF and MP2 levels for models 3a and 3b.

FIGURE 4. Interaction energies V(R) at the HF and MP2 levels for models 4a and 4b.
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The established hydrogen bond presents a high
magnitude (102.6 kJ/mol). This can be explained by
the fact that the O. . .HOO distance is short, 154.4
pm and, additionally, the donor and acceptor atoms
are oxygens. In this case, we can speak of short
strong hydrogen bonds (SSHBs). SSHBs have at-
tracted a great deal of interest during the past few
years [25, 26]. Experimental and theoretical studies
have confirmed that the force of the SSHBs are
within the range of 100–120 kJ/mol. Thus, we have
a dimer of A-frames with high nucleation and inter-
SSHBs.

For the model without HB (4b), we obtain a mild,
longer equilibrium Au–Au distance of 312.6 pm

with a smaller interaction energy of 30.8 kJ/mol per
contact (see Table III) at the MP2 level, while at the
HF level, there is no evident minimum. The inter-
action potential in Figure 4 is negative due to an
electrostatic and induction contributions would still
be there.

[(CuNH3Cl)n] (n � 2, 4) (5,6)

These models are one of the few systems pub-
lished recently, providing evidence of Cu(I)–Cu(I)
attractive interactions in the absence of any bridg-
ing ligand [13]. Model 5 is a classic dimer with
copper contacts and hydrogen bonds, an analogue

FIGURE 5. Interaction energies V(R) at the HF and MP2 levels for models 5 and 6.

TABLE III ____________________________________________________________________________________________
Metallophilic interaction energies [�E(MP2–HF)], metal–metal energy per pair [�E(M–M)], and hydrogen bond
energy [�E(HB)] per pair.*

Model M–M �E(MP2–HF) �E(M–M) �E(HB)

[(AuNH3Cl)2] 1 328.8 �29.7 �29.7 �30.3
[(AuNH3Cl)2] 2 323.7 �30.3 �30.3 �12.8
[(AuNH(CH3)2Cl)2] 3a 314.1 �50.1 �50.1 �12.3
[(AuNH(CH3)2Cl)2]a 3b 436.8 �18.0 �18.0 —a

[{Au2(�-SH)(PH2O)(PH2OH)}2] 4a 296.1 �68.9 �34.5 �102.6
[{Au2(�-SH)(PH2O)(PH2OH)}2]a 4b 312.6 �61.5 �30.8 —a

[(CuNH3Cl)2] 5 333.9 �9.37 �9.37 �35.5
[{Cu(NH3)Cl}4] 6 329.5 �14.83 �4.9 �4.2

* Distance in pm and energy in kJ/mol.
a Without hydrogen bond.
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at the model 1. In model 6, each copper atom is
surrounded by three other [Cu(NH3)Cl] moieties,
leading to a triginal–bipyramidel coordination
sphere [13]. At the MP2 level, the Cu. . .Cu contact
distances are 333.9 pm and 329.5 pm (Table II) by 5
and 6, respectively. In both models, the Cu. . .Cu
distance is longer than the experimental average
value of 297.9 pm (see Table I). The D–A and H–A
distances are very close to experimental. In this
case, hydrogen bonding is of type Cl. . .H–N, which
is longer than in models 1 and 2.

In contrast, at the HF level, all distances are
lengthened, since the dispersion effect disappears.
Thus, the hydrogen bond is maintained. We esti-
mate the cuprophilic interaction as the difference of
the MP2 and HF energies at the equilibrium dis-
tance. The cuprophilic contacts per pair are 9.4 and
4.9 kJ/mol by 5 and 6, respectively. The described
magnitudes are comparable to that reported by
Schwertfeger and colleagues [27] in model dimers
of the type [CH3CuX]2 (X � OH2, NH3, SH2, PH3,
N2, CO, CS, CNH, CNLi) and by Alvarez and col-
leagues [28] in [Cu(NH3)Cl]2 [28] at the MP2 level.

The hydrogen binding contribution amounts to
35.5 and 4.2 kJ/mol per HB, respectively (see Table
III). Thus, the magnitude of the HB is equal to, or
greater than, the cuprophilic interaction, directing
the type of final structure that adopts the crystal.
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