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The Nature of Intermolecular Cu'.--Cu’' Interactions: A Combined Theoretical
and Structural Database Analysis
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Abstract: The nature of intermolecular
interactions between dicoordinate Cu'
ions is analyzed by means of combined
theoretical and structural database
studies. Energetically stable Cu'-Cu'
interactions are only found when the
two monomers involved in the interac-
tion are neutral or carry opposite

dispersion forces are important in de-
termining the Cu'--Cu' bonding inter-
actions, because only a small part of
that energy is attributable to Cu--Cu
interactions, while a large component
results from Cu--ligand interactions.
The electrostatic component is the
dominant one by far in the interaction

between charged monomers, while in
the interaction between neutral com-
plexes, the electrostatic component is
found to be of the same order of mag-
nitude as the dispersion term. Bimolec-
ular aggregates that have like charges
are repulsive by themselves, and their
presence in the solid state results from

charges, thus allowing us to speak of
bonding between the components of
the bimolecular aggregate. A perturba-
tive evaluation of the components of
the intermolecular interaction energies,
by means the IMPT scheme of Stone,
indicates that both the Coulombic and

Introduction

The existence of metal---metal contacts shorter than the sum
of the van der Waals radii between linear, d!° transition-
metal complexes has been detected in recent years in a
large number of crystal structures.?! This is especially true
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anion---cation interactions with ions ex-
ternal to this aggregate. In these cases,
the short-contact Cu--Cu interactions
here should be more properly called
counterion-mediated Cu---Cu bonds.

for Au' compounds, for which many contacts are found be-
tween 2.7 and 3.5 AP (the sum of the van der Waals radii
for Au is 3.40 A), although the existence of these short con-
tacts was recognized® as early as 1950 in Ag,PbO, and
AgsPb,0; (Ag—Ag distances of 3.07' and 2.97 A,") respec-
tively).l!. The overwhelming presence of such contacts in
Au' compounds lead Schmidbaur to coin the term aurophi-
licity.® By extension, it is common now to use metallophilic-
ity to denote such contacts between metals in general, or nu-
mismophilicity to refer to the coinage metals.”

A look at the structures exhibiting d'%--d'® contacts shows
that they exist in a wide variety of structural motifs. They
can be found when the metal is two-coordinate (that is, in
MXY complexes, X and Y being two monodentate ligands),
in a variety of arrangements, for example, 1-12.1*""! Among
them one can cite the supported and bridged intramolecular
ones of types 1 and 2. With respect to intermolecular (un-
bridged) d'*--d" contacts, one can find cases where the li-
gands are connected through hydrogen bonds (3)!'2% or
ionic bonds (4)," mostly in eclipsed conformations, but also
unsupported interactions either in a slipped arrangement (5)
or in a staggered conformation (6). The number of contacts
made by each metal atom goes from a single contact (1-6),
to two contacts forming chains or rings (7 and 8), to larger
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number of contacts (up to 6, extending in two or three di-
mensions).

The d'*-d" contacts are not restricted to dicoordinate
complexes nor to Group 11 metals. For instance, such con-
tacts can be found in tricoordinate d'° compounds (9), which
also show stacking interactions (e.g., Pt’-1 Au'- [
Ag- 18 or Cu'-bridged™ complexes, or Ag' in Rb-
Ag,As,;Se™). Also Hg--Hg contacts in Hg" compounds can
be found at intra- or intermolecular distances as short as
2.84 APU or 310 A, respectively, to be compared with an
atomic radii® sum of 3.54 A. The most remarkable example
of such contacts is probably to be found in the structure of
[{Hg(SiMes),},], a dimer with two linear molecules in a stag-
gered conformation with Hg-Hg contacts of 3.146 A.»*1 A
dimer of [Pt(PPhs),] has also been reported®! and claimed
to exhibit a Pt---Pt contact; however, its structure has not
yet been resolved. Apart from these instances, we are not
aware of contacts shorter than 3.8 A between dicoordinate
complexes of the Group 10 metals.

In addition to the homometallic contacts mentioned
above, heterometallic contacts are also found (e.g., Cu---Hg
= 2.689 Al and Au-Hg = 3.085 AP). A remarkable ex-
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ample of heterometallic con-
tacts is that reported by M.
Laguna and co-workers,”” in
which four linear Au' com-
plexes form contacts to a bare
Ag'ion in a tetrahedral fashion
at 2.72-2.78 A, reminiscent of
the common coordination of
four Lewis bases to such a
5 metal ion (10). The closely re-
lated d'*-d® interactions are
also frequently detected. They
were found as early as 1954 be-
X tween linear and square-planar

complexes (11), and have al-
L ready been reported for a varie-
ty of d*/d' pairs: Pd/Au, Pt/Au,
Au/Au, Pt/Ag, Ir/Au, and Rh/
Au®! Related d'-d® contacts
are also found between trigo-
nal-planar and square-planar
complexes (12).%

Among the variety of charac-
terized d'%-d"® contacts de-
scribed above, we focus in this
work on those between dicoor-
dinate Cu' ions. There are two
main reasons for this choice:
firstly, the amount of available
data and theoretical studies is
much more limited than that
for the heavier elements in the
same periodic group. Secondly,
because of the fundamental in-
terest in learning about the
main  differences  between
d'%--d' interactions in the light-
er metal in which relativistic effects are expected to be
much less important. Compared to silver and gold (both
have a similar atomic size), Cu is significantly smaller and,
at the same time, relativistic effects are expected to be much
less important. Therefore, we report here on a combined
theoretical and structural database study of a variety of bi-
molecular aggregates with Cu--Cu contacts. While doing so,
we will be searching for a general perspective rather than
for quantitative data on specific examples. To that end, we
present our study in three steps: 1) a detailed analysis of the
crystal structures that present only one intermolecular
Cu--Cu distance shorter than 3.7 A, since these will consti-
tute the best candidates for detecting unsupported Cu--Cu
attractive interactions, 2) results of calculations at the MP2
level on bimolecular model compounds of the type schemat-
ically shown in 6, 3) a perturbative analysis of the intermo-
lecular interaction energy (with the IMPT formalism) of
those model compounds, aimed at identifying the relative
weights of the different contributions to the interaction en-
ergies.
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Current status of the studies of d'’---d' interactions: In addi-
tion to the above-mentioned structural data revealing short
d"---d' contacts, a variety of other experimental and theo-
retical data related to this kind of interactions have been re-
ported in the last few years. We present a brief summary in
this section.

Spectroscopic evidence The 5d—6p transitions in the dinu-
clear complexes [Au,(dmpm),] and [Au,(dmpe),] (dmpm =
bis(dimethylphosphino)methane, dmpe = bis(dimethylphos-
phino)ethane) appear at lower energies than in the analo-
gous mononuclear complex [Au(PEt,),]*, a fact that has
been attributed to the existence of Au--Au interactions in
the former,” substantiated by magnetic circular dichroism
spectroscopy. Ag,SO,, in which the Ag' ions are hexacoordi-
nate,* is colorless, whereas in solids with Ag-+Ag contacts
between dicoordinate Ag' ions the absorption edges are
shifted by up to 18000 cm ™' to lower wavenumbers, resulting
in yellow and red compounds.!! Consistently, all compounds
with Ag' aggregation are semiconductors, while Ag,SO,,
with isolated Ag' ions, is essentially an insulator. Moreover,
for Cu' delafossites, the activation energy for electrical con-
ductivity is linearly correlated with the Cu--Cu distance.l")

A band at ¥ = 88 cm™' in the Raman spectrum of
[Au,(decpm),]** has been assigned to Au—Au stretching®
and the band at ~100 cm™! in the spectrum of [Ag(CN),]”
to Ag—Ag stretching.® The resonance Raman spectrum of
[Cu,(dcpm),]** shows a peak at # = 104 cm™' that has been
assigned to Cu—Cu stretching."”! We must also mention here
that the energies of association between two monomers
have been estimated to be in the range 7.5-12.5 kcalmol™!
from NMR[# and visible®™ spectroscopy.

Theoretical studies: Let us try to describe the main aspects
of the theoretical studies that deal with the nature of the
d'---d" interactions between Cu, Ag, and Au.”) Early semi-
empirical studies, based on extended Hiickel calculations for
dimers*”! and chains!*"! of Cu' and Au' complexes, proposed
a qualitative orbital model (13). In the absence of p-d hy-
bridization, the d,. orbitals form ¢ and 0* combinations that
are both occupied for the d'° complexes, and the empty p,
atomic orbitals give also ¢ and o* combinations. This very
simple model does not account for bonding between the two
metal atoms, but is consistent with the red shift of the visible
spectra and with the decreased energy gap for conductivity
in dimers as compared to monomers. The assignment of the
low-energy bands in the bridged dinuclear complexes
[Auy(dmpm),]** and [Au,(dmpe),]** to a do*—po transition
was confirmed by magnetic circular dichroism studies.”
Mixing (hybridization) of the above two o-type orbitals (14)
results in stabilization of the occupied orbital as a conse-
quence of its increased metal-metal bonding character. Sim-
ilarly, mixing of the two o* orbitals results in a stabilization
of the occupied orbital as a consequence of its decreased an-
tibonding character. The net result is that the repulsion be-
tween the d, electrons becomes a weakly bonding interac-
tion. A similar hybridization can be invoked for one of the
metal-metal wt-type orbitals.
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Ab initio calculations reported by Pyykko and co-workers
attributed the Au--Au interactions to correlation effects, be-
cause no attraction is found at the Hartree—Fock level; how-
ever, a weakly bonding interaction results when electron
correlation is taken into account.* They also found that
relativistic effects favor such interactions.” For a variety of
perpendicular dimers (6) of [AuX(PRj)] complexes (X = F,
Cl, Br, I, H, Me, CCH; R = H, Me)™* they found interac-
tion energies between —3.3 and —7.7 kcalmol™'. The bond-
ing energies in these series were seen to increase with the
softness of the X ligand and, within the halides, also the
Au--Au distance decreases with the softness of X. These re-
sults are the basis for the authors’ claim that “the aurophilic
attraction is a correlation effect”. Further calculations™!
showed a dependence of the interaction energy on r°
(where r is the metal---metal distance), consistent with a dis-
persive character of that interaction. A later analysis of the
correlation at the local MP2 level®! indicated that the larg-
est portion of the correlation energy results from dispersion
(that is, correlation associated to instantaneous polarization
of the monomers), but also that a similar amount results
from “ionic” contributions (i.e., those involving excited con-
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figurations with ionic character, although the partitioning
scheme used disregards ionic contributions corresponding to
excitations of two electrons centered at the same metal
atom). The fact that the correlation energy is not purely dis-
persion indicates that the Au--Au interaction is not purely
van der Waals in nature. On the other hand, these calcula-
tions indicate that only about 40 % of the correlation can be
attributed to excitations within the d orbitals of the Au
atoms, namely, there is an important Au--ligand contribu-
tion to the correlation energy. A recent study on (H-M—
PH;), and (CI-M—PHj;), (M = Cu, Ag) dimers showed that
similar conclusions can be reached for Cu--Cu and Ag+Ag
interactions.”” The influence of the ligands on the metal--
metal contact was previously analyzed at the extended
Hiickel level by Veiros and Calhorda."*!

Ab initio studies of the d'%--d" interaction in Cu' com-
plexes have been reported for the A-frame complex®*
[Se(CuPHj;),] (2) and for the Cu,X, diamonds (X = H, F,
CI)PY (15). Little theoretical work, however, has been pub-

X/M\X
N,
|

15

lished for independent monomers besides the work of
Magnko et al. mentioned in the previous paragraph. Within
a study of a large number of gold compounds, Pyykko et al.
reported an interaction energy of —3.1 kcalmol™' between
two [Cu(PH;)CI] molecules.*! In a recent study of dimers of
dicoordinate Cu' complexes, we showed that the Cu--Cu at-
tractive interaction is of the same order of magnitude com-
pared to that of Au--Au interactions, and also, in many in-
stances, these coexist with hydrogen bonding or compete
with the formation of additional metal-ligand bonds.”

In a recent paper,™ we theoretically analyzed the ener-
getics and the influence of the geometry and ligands on the
Cu-Cu interactions focusing on dimers of the
[{CuX(NH;)},] type in a staggered conformation (X = Cl,
Br, I, or CN). That study was carried out at the ab initio
MP2 and B3LYP levels. The dissociation energies were
found to be a2 kcalmol™!, and the B3LYP calculations re-
produced the MP2 results well, both at the qualitative and
semiquantitative levels. However, in the presence of poten-
tially bridging X ligands, the formation of rhombic struc-
tures (15) was found to be energetically favored, with calcu-
lated dissociation energies of 9-19 kcalmol™ for [{CuXL},]
dimers (L = NH;, PH;, or CNMe), even if the required
bending of the linear monomers destabilizes the system by
more than 20 kcalmol~". When the ligands allowed the for-
mation of hydrogen bonds between the monomers, short in-
termolecular Cu--Cu interactions were possible, although
these dimers were less stable than the rhombic structures 15.

Chem. Eur. J. 2004, 10, 2117 -2132 www.chemeurj.org

The dissociation energies in the family of weakly associated
dimers were found to increase with decreasing electronega-
tivity of the halide ligand. It has also been shown that the
interaction between two almost linear monomers becomes
more stabilizing as the monomers are bent away from each
other, although the net dissociation energy does not signifi-
cantly vary on account of the destabilization resulting from
bending the monomers away from their most stable linear
geometry.P%%!

Independently, Schwerdtfeger et al. reported MP2 calcula-
tions®™ on a variety of dimers of general formula
[{CuL(CH,)},] (with L = OH,, NH;, SH,, PH;, N,, CO, CS,
CNH, and CNLi). These authors found interaction energies
between monomers of up to 4 kcalmol ™ and concluded that
such intermolecular interactions are attractive, if approxi-
mately three times weaker than the analogous interactions
between Au' complexes. The effect of bending on the inter-
molecular interaction was also analyzed by those authors.!

It is also worth mentioning here that theoretical studies
on similar weak interactions in extended solids, such as
those found between linearly coordinated Cu' ions of the
two interpenetrated cristobalite-type lattices present in the
cuprite structures of Cu,O and Ag,0.! Periodic ab initio
calculations have been reported for Cu,O, and the two inde-
pendent cristobalite-like sublattices have been shown to be
held through Cu--Cu contacts with a net attractive interac-
tion of ~—6kcalmol™" per formula unit (—1 kcalmol™" per
Cu--Cu contact). In the hexagonal CuMO, delafossites (M
= Al, Ga, Y), the calculated and experimental electron-den-
sity maps indicate an accumulation of charge density in the
center of triangles formed by three copper ions. Further-
more, the calculated map indicates the accumulation of den-
sity between each pair of copper atoms and a topological
analysis of the electron density identifies these as ring and
bond critical points consistent with the presence of bonding
Cu-Cu interactions.”® Comparison of these results with
those discussed above on dimers clearly indicate that the
same type of d'*-d' bonding interaction exists in molecular
and extended systems.

HF calculations on both the extended solids and in bimo-
lecular models [{M(OH)(H,0)},], with a posteriori correc-
tion of the correlation energy by means of the LYP func-
tional, and MP2 calculations on the latter, consistently pre-
dict bonding energies of ~1-5 kcalmol ™' per M--M contact.
A Bader analysis of the electron density of a bridged Ag'
complex identified the existence of bond-critical points con-
necting the two Ag ions,*” thus indicating the existence of a
bonding interaction between these two atoms in that com-
pound, consistent with the presence of d'*--d'® interactions.

Luminescence: Further experimental evidence for the bond-
ing nature of d'-d' interactions came from luminescence
studies.”®* The first report of luminescence of M'-phos-
phane complexes (M = Cu, Ag, Au) was published in
1970.! Although it has been shown that luminescence itself
is not necessarily associated with the existence of Au--Au
interactions,® it has been noted that mononuclear Au' com-
plexes generally show luminescence only in the solid
state,® thus suggesting that the formation of intermolecular

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 2121
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contacts is needed to produce luminescence. A recent study
by Fackler has shown a strong dependence of the emission
spectrum on the gold—gold interaction for S—Au—S dinuclear
complexes.”™ The concentration dependence of the red shift
of the absorption edge of [Au(CN),]™ in solution!® is consis-
tent with the orbital perturbation brought about by the
Au--Au contacts. A similar interpretation can be given to
the different luminescencel®®! of the Cs* and K* salts of
[Au(CN),]": while the former presents two contacts per Au
atom at 3.11 A and luminescences at A = 458 nm, the latter
has four contacts per metal at a much longer distance
(3.64 A) and the luminescence appears at A = 390 nm. For
more reports on the decreased energy of the luminescence
of dicyanoaurate in the solid state, see the references cited
by Rawashdeh-Omary et al.[*¥

Large Stokes shifts (of the order of 6000 cm ) in the
luminescence spectra of compounds with Au--Au contacts
are consistent with the o* and o nature of the HOMO and
LUMO in the dimers (13). Luminescence in thiolato Au'
complexes, [LAu(SR)], is thought to originate from ligand-
to-metal charge-transfer (LMCT) excited states;/®” however,
even in those cases, the po empty orbital is thought to be re-
sponsible for the luminescence (16). A recent experiment by

Po -
MMW ‘LMCT 16
4
$ -
8AU—L

do #(SR)

Yam et al.l¥l demonstrated this on a benzocrown-functional-
ized thiolato—Au' dinuclear complex 17: a Au--+Au contact is
formed upon addition of K* with a concomitant shift of the
luminescence band from 4 = 502 to 720 nm, consistent with
the stabilization of the po orbital in 13 as a result of the in-
termetallic interaction.

17

2122

Q
o <P—Au—5\©D s lecular

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Stokes shifts of 9000 cm ™! are typical of Cu' complexes, al-
though the excitation giving rise to luminescence is some-
times assigned to a ligand-to-metal charge transfer or to a
3d'®—3d%s transition.[”) A relationship between the pres-
ence of Cu---Cu contacts and a luminescent behavior, similar
to that found for Au compounds, has also been proposed.™

Structural evidence of Cu--Cu interactions in the solid state
On account of the scant attention devoted so far to the
structural aspects of Cu--Cu interactions and prior to discus-
sing the possibility of the existence of Cu--Cu bonding inter-
actions, we analyze the available structural data that should
be included in our theoretical study and which serves as a
guide for the selection of model systems to compute. To this
end, we carried out a search in the Cambridge Structural
Database (CSD)""! of compounds that exhibit only one in-
termolecular Cu--Cu contact between 2.0 and 5.0 A, thus
disregarding those exhibiting more than one Cu--Cu con-
tact, as well as those with bridging ligands between the two
Cu atoms, because, in the presence of bridging ligands, a
short Cu--Cu distance may be geometrically imposed and
not the result of an attractive interaction (e.g., 1, 2, 7, and
8). For comparison, we carried out a separate search for in-
tramolecular contacts. The distribution of the Cu--Cu dis-
tances in both types of contacts is presented in Figure 1. An

50
] O Intramolecular
w40+ M Intermolecular
B
S
S
S 30
S
b
8 204
£
3
z
10 9
0

24 26 28 3 32 34 36 38 4 42 44 46 48 5
Cu---Cu distance /A

Figure 1. Distribution of Cu--Cu distances among dicoordinate complexes
as found in the Cambridge Structural Database (version 5.23). Intermo-
lecular (black bars) and intramolecular (white bars) contacts are repre-
sented separately.

additional search was also car-
ried out for Cu' complexes de-
fined in the CSD as being tri-
coordinate with a Cu—Cu bond.

The distribution of intramo-
contacts  (Figure 1)
shows that the bridged dinu-
clear compounds exhibit distan-
ces as short as 2.38 A with a
maximum at =~2.8 1&, to be
compared with a van der Waals
radii sum of 2.80 A."”? These
bridged compounds correspond

www.chemeurj.org  Chem. Eur. J. 2004, 10, 21172132
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to a variety of topologies from dinuclear to polynuclear
compounds, including some common motifs, such as the
cyclic structures obtained with small polyatomic bridging li-
gands (1), A frames (2), triangles (8), or squares (7) ob-
tained with monoatomic bridges, or more complex struc-
tures with higher nuclearity, up to a Cus, aggregate.™ A
similar assortment of intramolecular contacts can be found
in purely inorganic solids. Thus, we can find the A frames
(1) in the isolated [Cu,S;]*~ anions of Na,Cu,S; and in the
zigzag chains of BaCu,0,, or in molecular oxo-bridged
squares in LiCuO.

Intermolecular contacts show a distribution similar to that
found for the intramolecular ones, but now the shortest dis-
tance is 2.71 A (compared to 2.38 A for intramolecular con-
tacts), which is slightly below the sum of the van der Waals
radii. This suggests that intermolecular Cu---Cu contacts can
be attributed to the presence of attractive interactions be-
tween the Cu atoms. The distribution of intermolecular con-
tacts presents a maximum at ~3.6 A and drops to a mini-
mum at 4.2 A. Thus, in what follows, we will focus our atten-
tion on the shortest distances (Table 1) with a cutoff of
3.7 A.

Table 1. Experimental structural data (distances[A], angles[°]) for compounds with one intermolecular

Cu--Cu contact shorter than 3.7 A.

features of the Cu--Cu contacts should be the same in neu-
tral and charged compounds. Therefore, we have classified
the intermolecular Cu--Cu contacts shorter than 3.7 A in
Table 1 according to the net charge of the interacting mono-
mers. From here on, we will refer to anionic ligands as X
and to neutral ligands as L, whereupon the net charge of the
monomers is unambiguously identified from their general
formulae, namely, neutral [CuXL], anionic [CuX,]~, or cat-
ionic [CuL,]*. However, in some cases, the assignment of a
net charge to a monomer is not straightforward, particularly
in compounds in which a Li* ion is attached to an anionic
ligand."*™! Therefore, we can choose to consider the combi-
nation of ligand and cation as a neutral ligand or, instead,
consider only the anionic ligand as forming part of the com-
plex—the option adopted here. The present classification
shows that “short” contacts (<3.0 A) present in the cat-
ion--anion and neutral---neutral families, are not found
among the cation--cation dimers (the shortest contacts in
these families are placed at 2.810, 2.944, and 3.002 A, re-
spectively), whereas the shortest contact corresponds, rather
surprisingly, to an anion--anion dimer (2.713 A) found in
one of the Lit salts.

To gain a wider perspective
on the existence of short
d'%..-d!® contacts, we have also

searched for contacts in the

Compound!! Cu--Cu X L T Cu-X B Ref. ) )
[CuL] [CX] (cat om) crystal structures of dicoordi-
ul, uX,]” (cation--anion .
rukhua 2.810 a pyfe 855 3.579 176.9 [96] n;‘lot? Complixes f)’f thf fonf’wmlg
sawxap 3611 a Me;py 89.0 180.0 [o77 d"ions: Ni", Pd’, P, Ag’, Au,
[{CuXL},] (neutral---neutral) Zn", Cd", and Hg". The search
vijmuw ;g‘;i Me,pz 211 ;ggg i;gg 98]  was restricted to metal-metal
cadziq10 3.014 a N'-tp 1765 2,618 1592 [gg) intermolecular contacts at less
vusvua 3.070 Mespz Mespz 60.3 3.495 173.8 [t00] than 4.0 A, and only one con-
kalkaj 3.362 Br tmpip 180.0 3.762 173.7 [101] tact per metal atom. No such

3.635 1741 3.754 174.2 contacts were found for Ni’
ﬁe(;wll?}}l]u (cat 3.554 : CR; CR; 54 3.685 167.2 [74] Pdo, Pto, anl’ and Cd™. For Agl,

uL,},]** (cation--cation 1 I

3002 bpp 75 3.680 1674 [102] Au’, and Hg", the shortest con-
taghak 3.199 nmlm 40 3.685 173.6 [103] tacts were found at 2.96, 2.94,
pewyof 3292 RIm 457 3.688 1733 (104] and 3.10 A, respectively.

3.425 42.3 3.739 169.3
lefpan 3.466 Me,Im 0.0 3.658 179.1 [105] . .
capgef 3.483 pzMe 180.0 3.603 178.1 [i05] The mature ‘l’f the interactions
[{CuX,),]*~ (anion-anion) between Cu monomers The
nutbej 2.713 Bu, CN 85.6 3.203 169.0 [75] systematic analysis of the crys-

2.922 Cl 82.5 3.249 165, 171 [107]  tal structures that exhibit short
rixmeq 3223 RCOO™ 35 2.756 171.6 [108]  Cy-Cu contacts presented in
newqah 3.584 CR, 5.4 3.685 1672 [74]

[a] CCDC code. [b] bpp = 1,3-bis(4-pyridyl)propane; RIm = substituted imidazole; nmIm = N-methylimida-
zole; pyfc = 1,1'-bis(2-pyridyl)octamethylferrocene; pzH = pyrazole; pz~ = pyrazolato; tmpip = 2,2,6,6-tet-

ramethylpiperidine; tp = tris(pyrazolyl)borate.

In the above description of our database analysis of the
d"---d!® contacts, we paid no attention to the net charge of
the molecules hosting the copper atoms. As we will show
below, the net charge of the fragment is the decisive factor
in defining the energetics of the intermolecular interaction
associated with the shortening of Cu--Cu contacts. Conse-
quently, there is no reason to expect that the geometrical
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dimers, and [CuL,]*[CuX,]”

the previous section has al-
lowed us to identify the exis-
tence of four types of bimolecu-
lar aggregates with intermolec-
ular Cu--Cu contacts: neutral
[{CuXL},] dimers, charged
[{CuLL,I** and  [{CuX,h]
ion pairs. In this section, we

will study the strength and nature of the intermolecular in-
teractions in these four families by choosing representative
examples from each group and computationally evaluating
the dependence of the interaction energy on the metal-
metal distance. We will do so at the ab initio Hartree—Fock
(HF) and second-order Mgller-Plesset (MP2) levels of
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theory, as well as at the B3LYP density functional level, in
order to test the ability of this methodology to handle this
type of interactions (see the Computational Methods). At
the same time, we will investigate the nature of the interac-
tion by studying the weight of the different components of
the interaction energy by means of an intermolecular pertur-
bation analysis using the IMPT method of Hayes and
Stone."’ In such a method, the interaction energy is de-
composed into five components: exchange-repulsion (E.,),
electrostatic (E,), polarization (E,), charge transfer (E,),
and dispersion (Eyy,). The method is perturbative and ap-
plies only if the distances between the interacting fragments
are long enough. In all cases, we will verify that the sum of
the energy components given by the IMPT method matches
the total MP2 interaction energy to make sure that we are
in the region in which the method is applicable.

The compounds selected for our study were the following:
the [{Cu(N,),},]** dimer as a representative of the cation--
cation class, [{Cu(N,)Cl},] and [{Cu(NH;)Cl},] representing
the neutral--neutral family, [Cu(NHj;),]*[CuCl,]~ for the cat-
ion--anion (ion pair) group, and [{Cu(CH;)CN},]*" for the
anion--anion family. We first optimized the geometry of the
monomers, which turns out to be linear in all cases, while
other optimized geometrical parameters are presented in
Table 2. We then computed the interaction energy curves of
the dimers at the HF, MP2, and B3LYP levels, placing the

Table 2. Optimized geometry of dicoordinate Cu' monomers (in all cases
the bond angle around Cu is 180° within chemical accuracy) calculated at
the MP2 and B3LYP levels. The experimental data gives the range of
values found in crystal structures of related compounds.

Compound Parameter B3LYP MP2 Exptl
[Cu(N,),]* Cu-N 1.924 1.938
N-N 1.091 1.113
[Cu(NyCI] Cu—Cl 1.860 1.826
Cu-N 1.985 2.084
N-N 1.095 1.117
[Cu(NH,)CI] Cu—Cl 2.098 2.096 2.08-2.16
Cu-N 1.959 1.933 1.80-1.94
N-H 1.019 1.021
Cu—N-H 112.1 112.6
H-N-H 106.7 106.1
[Cu(NH,),]* Cu-N 1.929 1.942 1.80-2.11
N-H 1.023 1.021
Cu—N-H 1133 112.8
H-N-H 105.4 106.6
[CuCl,]~ Cu-Cl 2.148 2.157 2.00-2.14
[CuCH,CN]~ Cu—C(CH,) 1.965 1.951
Cu—C(CN) 1.918 1.876
C-N 1.163 1.182
C-H 1.101 1.102
Cu—C-H 112.5 112.8

monomers in a staggered (perpendicular) orientation, and
freezing the monomers at their optimized noninteracting ge-
ometries. Two alternative basis sets were used for those
curves with the aim of evaluating the possible effect of
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basis-set truncation: a smaller basis set (identified as
LANL2/TZDP+, see the Computational Methods), and a
much larger set (identified as SDD/cc, see Computational
Methods), which is the (11s9p7d4f)/[9s7p5d3f] basis set of
Schwerdtfeger!**¥ that includes three sets of f functions. We
finally carried out an IMPT analysis of these interaction
energy curves with an all-electron basis set that was previ-
ously seen to reproduce the shape of the curves computed
with the LANL2/TZDP+ basis set (see the Computational
Methods for a description of the all-electron basis sets).

Cation--cation dimers: The interaction energy curves for the
dimer of a cationic complex, [{Cu(N,),},]**, computed at the

HF, MP2, and B3LYP levels, are shown in Figure 2. Similar-
ly to what was previously reported for the dimer of the neu-
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Figure 2. Top: Variation with the Cu--Cu distance of the total interaction
energy of the [{Cu(N,),},]** dimer computed at the HF, MP2, and
B3LYP levels with the LANL2/TZDP + basis, and at the MP2 level with
the SDD/cc basis (labeled MP2(cc)). Bottom: IMPT decomposition of
the interaction energy (er = exchange-repulsion, el = electrostatic, p =
polarization, ct = charge transfer, tot = sum of the IMPT contributions,
MP2 = interaction energy computed with the MP2 method).

tral complex [Cu(NH,)CI],**>* the Hartree-Fock curve is
repulsive in this case. However, the MP2 energy curve for
the cationic dimer is also repulsive by ~80 kcalmol™" at 3 A
(although some 5kcalmol™' more stable than the HF
curve), whereas it was found to be attractive for the neutral
dimer. The B3LYP energy curve is nearly identical to the
MP2 one. The quality of the basis set employed has little
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effect on the results (Figure 2):
the BSSE-corrected curves
computed with two basis sets

Table 3. Values of the exchange-repulsion (E,,), electrostatic (E,), polarization (£,), charge-transfer (E,) and
dispersion (E,) components computed from an IMPT analysis for the indicated dimers. Distances in A, ener-
gies in kcalmol ™. E,, is the sum of all components, and E,;, is the MP2 interaction energy computed with
the same all-electron basis set and geometry. Eyp,(cc) is the MP2 energy computed with the SDD/cc basis set.

are nearly parallel, the largest

set having only Slightly lower Dimer Feucu E, Ey Ep E, Ediap Ea Eyp, Eyp(cc)
. . (Cu(N,), )" 3.1 1.7 872  —41  —03 -3.1 81.4 80.3 79.9
energies. Therefore, for a dimer {{Ni(Nz)z}z]] 3.0 30 199 18 16 149 72 79 93
of ~a cationic compleX, [cuCI(NH,))] 32 6.0 -34 12 05 —4.4 -35 22 -3.1
[{Cu(N,),L,I’*, we can safely [Cu(NH.),|[CuCl] 2.8 136 —-803 —22 —1.0 -78 777 742 -89
conclude that the dispersion [{CuBr(NH,)},] 3.4 5.7 =37 -10 -04 =37 -32 -2.0 -
energy is not large enough to [CuCI(PHy))] 34 39 -18 11  —04 -5.0 —43 -28 -
. [{CuBr(PH,)},] 34 6.2 -35 -12 05 -5.7 —47 29 -
compensate for other repulsive o cpyon,E 34 58 60 -26 —08  -52 502 655 63.6
components of the interaction [{au(N,),},]*+ 38 1.9 740  -30 —02 31 69.7 714 _
energy and no net stabilizing in-  [{AuCI(NH,)},] 3.8 53 -36 -09 -03 -33 -33 -17 -

teraction is found between the
monomers. This is in contrast to
the findings previously reported for dimers of the neutral
complexes, [Cu(NH;)CI] and [Au(PH;)Cl], by Schwerdtfeg-
er® and Pyykko.[* Therefore, the existence of cation--cat-
ion dimers with short Cu—Cu distances in the solid state is a
consequence of the presence of counterions and of the cor-
responding attractive cation--anion interactions, the strength
of which overcomes the combined effect of the repulsive
cation--cation and anion--anion interactions (this effect has
been demonstrated in many ionic crystals by means of ab
initio calculations*->),

An IMPT analysis of the components of the interaction
energy in [{Cu(N,),},]** allows us to define which compo-
nents are important in determining the shape of the curve of
Figure 2. The weight of each component is represented in
Figure 2 as a function of the metal-metal distance, together
with the MP2 interaction energy and the total energy (E,)
obtained by adding all the components of the IMPT calcula-
tion (notice the similarity between these two curves). A
look at Figure 2 indicates that the electrostatic component is
by far the dominant one at all distances. For instance, when
the distance between the Cu atoms is 3.1 A, the electrostatic
component (Table 3) is 87.2 kcalmol !, while the remaining
components are all stabilizing and smaller than 5 kcalmol ™,
except for a destabilizing exchange-repulsion component.
The dispersion term, close to the energy difference between
the MP2 and HF interaction energies, is almost 30 times
smaller than the electrostatic term. In qualitative terms,
what these numbers are telling us is that when two
[Cu(N,),]* monomers interact they mostly see each other as
positive charges. They also tell us that the Coulombic repul-
sion between the two cations outweighs the small stabilizing
contributions (mostly polarization and dispersion). This con-
clusion explains why the B3LYP method gives results so
close to the MP2 ones, as it is well known that when the in-
teraction energy is dominated by the dispersion term the
B3LYP and all other gradient-corrected DFT functionals
fail to reproduce the proper shape of the interaction energy
curve.® We must bear in mind, though, that the repulsions
between ions of like charge expected for a dimer in the gas
phase are attenuated in the solid state by the Madelung
potential provided by the counterions. This has been com-
putationally shown for the case of Au by surrounding a
dimer of [AuL,]* ions with two [AuCL]™ ions and vice
versa.[”
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To further check if the repulsive behavior is associated
only with the overall positive charge of the [Cu(N,),]*
monomers, we computed the same curve for the neutral iso-
electronic [Ni(N,),] monomers. As shown in Figure 3, the
HF interaction curve is still repulsive, but the MP2 curve
now becomes attractive by almost 10 kcalmol™!, the mini-
mum appearing at ~2.7 A, whereby the correlation energy
is 16.7 kcalmol . Practically the same results are found with
the LANL2/TZDP+ and SDD/cc basis sets. The B3LYP
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Figure 3. Top: Variation with the Ni--Ni distance of the total interaction
energy of the [{Ni(N,),},] dimer computed at the HF, MP2, and B3LYP
levels with the LANL2/TZDP+ basis, and at the MP2 level with the
SDD/cc basis (labeled MP2(cc)). Bottom: IMPT decomposition of the in-
teraction energy (er = exchange-repulsion, el = electrostatic, p = po-
larization, ct = charge transfer, tot = sum of the IMPT contributions,
MP2 = interaction energy computed with the MP2 method).
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curve is rather less stable, showing a shallow minimum at
~2.9 A with a relative energy of —2.0 kcalmol™'. The IMPT
decomposition of the interaction energy in the [{Ni(N,),},]
dimer (Figure 3) clarifies the reasons for the different
shapes of the [[Ni(N,),},] and [{Cu(N,),},]** interaction
curves. A look at Figure 3 or Table 3 shows that the main
difference is in the electrostatic component, which is stabi-
lizing (—19.9 kcalmol ™) in the [{Ni(N,),},] dimer, but repul-
sive (87.2 kcalmol™) in the [{Cu(N,),},]** dimer. The small-
er relative weight of the electrostatic component in the in-
teraction energy is the reason for the inferior behavior of
the B3LYP curve relative to the MP2 one. The exchange-re-
pulsion term is also larger in the [{Ni(N,),},] dimer
(31.0 kcalmol ™), but has the same sign as in [{Cu(N,),},]*.
This term is always repulsive, as it is mostly associated with
the repulsive wall caused by the Pauli exclusion principle,
which forbids the presence of two electrons in the same
region of space. It is partially compensated by a larger dis-
persion component (—14.9 kcalmol ™!, very close to the cor-
relation energy, obtained by subtracting the MP2 and HF
total energies). As the remaining terms are much smaller
and do not change too much, the overall stability of this
dimer comes from the attractive electrostatic and dispersion
terms, which together overcome the exchange-repulsion
term (note that E, > Ey,). Consequently, we can safely con-
clude that: 1) the strong repulsive character of the electro-
static component found in the [{Cu(N,),},]** dimer is associ-
ated with the cationic character of each monomer, which
dominates over the dispersion term, and 2) when the mono-
mers are neutral, as in the [{Ni(N,),},] dimer, the stability of
the dimer is associated with the sum of the electrostatic and
dispersion terms, and not to the dispersion term alone.
Therefore, even in neutral dimers, it is important to take
into account the electrostatic term when analyzing the
nature of their interaction energy.

Neutral---neutral dimers: The nature of the interaction be-
tween neutral [{CuXL},] dimers was investigated with two
model dimers, [{Cu(N,)Cl},] and [{Cu(NH,)Cl},]. In the first
case, the neutral ligand has no dipole moment, while in the
second it has a net moment and emulates better the amines
frequently found as ligands. In both models, the anionic
chloro ligand compensates the positive charge of the Cu'
ion, resulting in neutral monomers. The interaction energies
for these two dimers computed at the HF, MP2, and B3LYP
levels are shown in Figure 4 for the two basis sets used. The
curves for the two compounds show the same qualitative
trends, irrespective of the basis set employed: 1) there is a
minimum at ~3.2 A for both the MP2 and B3LYP levels, al-
though the B3LYP curve is less stable than the MP2 one,
and 2) the HF curves show no minimum in the [{Cu(N,)Cl},]
case, but a shallow one (—0.4 kcalmol ') at very long distan-
ces for [{Cu(NH;)Cl},]. Comparison of the results for the
two compounds suggests that it is caused by either a larger
dipole moment or by the existence of intermolecular
Cl---NH; interactions.

The IMPT analysis of the interaction energy was carried
out only for the [{Cu(NH;)Cl},] dimer at a Cu---Cu distance
of 3.2 A (Table 3), where the sum of the components nearly
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Figure 4. Variation with the Cu--Cu distance of the total interaction
energy of the [{Cu(N,)Cl},] (top) and [{Cu(NH;)Cl},] (bottom) dimers,
computed with the LANL2/TZDP+ basis set with the HF, MP2, and
B3LYP methods, and at the MP2 level with the SDD/cc basis set (labeled
as MP2(cc) in the figure).

matches the MP2 value. As in the neutral [{Ni(N,),},] dimer
studied previously, it is the combination of the electrostatic
and dispersion components that makes the dimer stable by
overcoming the exchange-repulsion term. The IMPT disper-
sion component (—4.4 kcalmol ) is, once more, of the order
of the MP2-HF total energy difference (correlation energy).

It is worth commenting here on the large difference in the
minimum-energy Cu--Cu distances obtained for the
[{Cu(NH;)Cl},] dimer with the BSSE-corrected interaction
energy curve (~3.1 A, Figure 4 bottom) and with a standard
energy optimization (x~2.7 A%, One might be tempted
to ascribe the much shorter distance to the use of a larger
basis set that includes f functions; however, closer inspection
of our results indicates that the main difference arises from
the basis set superposition error (BSSE). Figure 5 shows the
MP2 BSSE-corrected and noncorrected curves, computed
with both the LANL2/TZDP+ and SDD/cc basis sets. The
standard energy optimizations are carried out without cor-
recting for the BSSE, eventually applying such a correction
for the minimum energy geometry to evaluate the interac-
tion energy. Thus, standard optimization gives an optimum
Cu-Cu distance close to 2.7 A with the LANL2/TZDP +
basis set, and close to 2.9 A with the larger SDD/cc basis
set. When the BSSE is corrected at each Cu--Cu distance,
the optimum is ~3.1 A with both basis sets (this would be
the value obtained if the geometry optimization had been
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Figure 5. Variation with the Cu--Cu distance of the BSSE-uncorrected
and BSSE-corrected MP2 interaction energy of the [{Cu(NH;)Cl},]
dimer, computed with the LANL2/TZDP+ basis set (labeled as MP2/
BSSE-u and MP2/BSSE-c) and the SDD/cc basis set (labeled as
MP2(cc)/BSSE-u and MP2(cc)/BSSE-c in the figure).

performed on the BSSE-corrected potential-energy surface).
Therefore, we can conclude that the larger distances found
here, relative to the optimized values reported previously by
ourselves®™ and by Schwerdtfeger,® are not strictly the
consequence of using f functions in the basis set, but to the
intrinsic properties of the standard optimization procedure
that works with BSSE-uncorrected values. From Figure 5, it
is clear that inclusion of f functions in the basis set diminish-
es the BSSE. However, the BSSE-corrected curve computed
with the f-containing basis set is similar to that obtained
with the smaller basis set (compare the two upper curves in
Figure 5). Optimizing the N-Cu-Cl angle of monomers in
the dimer is not expected to modify this conclusion, since
the optimum value of this angle is very close to 180°.5% At
this point, we must also stress that the BSSE-corrected
curves are quite shallow and less than 1kcalmol™! is in-
volved in changes of the Cu-Cu distance as large as 0.4 A.
This is in full agreement with the variability of such parame-
ters found in the experimental structures (Table 1).

Cation---anion pairs: The nature of the interactions in these
ion pairs can be studied with the [Cu(NH;),]*[CuCl,]™ case.
At the optimum geometry of the isolated ions (Table 2), the
dependence of the interaction energy on the Cu--Cu dis-
tance for the staggered conformation of the dimer is that de-
picted in Figure 6. The HF, MP2, and B3LYP curves all
show minima, the last two curves being very close to each
other with minima at ~2.7 A, just 0.1 A shorter than the
shortest experimental one (Table 1). The MP2 curves com-
puted with the LANL2/TZDP+ and SDD/cc basis sets are
parallel, thus giving the same qualitative information
(Figure 6). It must be mentioned, however, that only two ex-
perimental structures have been found and comparison with
our calculated data is not straightforward, given the differ-
ent neutral ligands present in the experimental compounds.
The IMPT analysis of the interaction energy (carried out at
2.8 A, where the sum of the IMPT components is still close
to the MP2 interaction energy, see Table 3) shows that the
dominant component is the electrostatic one, strongly attrac-
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Figure 6. Variation with the Cu--Cu distance of the total energy of inter-
action between the [Cu(NH;),]* and [CuCl,]™ ionic complexes, computed
with the LANL2/TZDP + basis set with the HF, MP2, and B3LYP meth-
ods, and at the MP2 level with the SDD/cc basis set (labeled as MP2(cc)
in the figure).

tive in this case and approximately seven times larger than
the exchange-repulsion component. The dispersion term is
third in magnitude (—7.8 kcalmol™'), well above the polari-
zation and charge-transfer terms, and of the order of the
MP2-HF energy difference. Thus, in qualitative terms, the
present IMPT analysis suggests that the [Cu(NH;),]"
«-[CuCl,]” interaction can be essentially described as an
electrostatic attraction between a positive and a negative
charge. This conclusion, which emphasizes the importance
of the electrostatic component in dimers with a short Cu—Cu
distance, has been already pointed out for another Cu' ion
pair by Poblet and Bénard.[™"!

Anion--anion dimers: We have studied the nature of the
anion--anion interactions on the basis of the
[{Cu(CH3)CN},]*~ dimer as a model, with the monomers at
their optimized geometry (Table?2). The HF, MP2, and
B3LYP interaction energy curves all exhibit the same fea-
tures (Figure 7), clearly showing the repulsive nature of the
intermolecular interaction, irrespective of the computational

80+
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Cu-Cu/A

Figure 7. Interaction energy between two anionic [Cu(CH;)CN]~ com-
plexes as a function of the Cu--Cu distance, calculated with the LANL2/
TZDP + basis set and the HF, MP2, and B3LYP methods, and at the
MP2 level with the SDD/cc basis set (labeled as MP2(cc) in the figure).
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method used. The IMPT analysis of the components of the
interaction energy (Table 3) shows that the dominant term
is by far the electrostatic one, which is repulsive and repre-
sents 95% of the interaction energy. Thus, the interaction
between the two anionic monomers can be essentially de-
scribed as the repulsion between two negative charges.

Such a result is in sharp contrast with the fact that the
[{Cu(rBu)CN},]*~ dimer has the shortest Cu-+Cu contact
(Table 1). Calculations on a dimer with an experimental
structure in which the rBu groups have been replaced by
methyl groups consistently indicate that interaction be-
tween the two anionic monomers is destabilizing (by
66.2 kcalmol™' at the MP2 level with BSSE correction).
However, if the Lit ions closest to the cyano groups are in-
cluded in the calculations (Figure 8, right), the Li,*"
[{Cu(CH;)CN},]*" aggregate is stable towards its dissociation

\*;é@ T

Figure 8. Left: part of the crystal structure of Li[Cu(sBu)CN] showing the
Cu-+Cu contacts in dimers and the connection of neighboring dimers
through Li* ions. Right: neutral dimer incorporating one Li* ion per
copper atom discussed in the text.

into two cationic and two anionic fragments by
230 kcalmol ™!, an order of magnitude similar to that found
in many other ionic crystals for similar aggregates. (see, for
example, refs. [81,82]).

Other dimers: We have extended our IMPT analysis to other
Cu-Cu and to two Au--Au dimers to test the validity of the
above conclusions (Table 3). In all cases, the results are con-
sistent with those discussed above: the electrostatic term
being the dominant energy contribution when the interact-
ing species are charged, while both the electrostatic and dis-
persion components are of nearly equal importance for
dimers of neutral species.

General picture of the Cu--Cu interactions The results for
the various dimers studied up to now can be summarized as
follows:

1) The sum of the components of the IMPT analysis dif-
fers from the MP2 interaction energies by less than
2 kcalmol ! in practically all cases.

2) There is a parallelism between the net interaction
energy and the electrostatic term, as a consequence, in-
teractions between cationic monomers are strongly re-
pulsive, whereas those between ions of opposite charge
are strongly attractive.

3) Even for dimers of neutral complexes, the Coulombic in-
teraction is as important or even larger than the disper-
sion component.

4) The dispersion term is always attractive; however, in
most cases, it is not large enough to compensate for the
exchange repulsion.
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5) The net character of the interaction is always properly
reproduced by the combination of the electrostatic and
dispersion terms. This point is well illustrated in
Figure 9, in which the calculated MP2 interaction energy

100 7
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Eel + Edisp

Figure 9. Relationship between the sum of the Coulomb and dispersion
terms of the IMPT analysis for several bimolecular aggregates (Table 3)
and the MP2 interaction energy. All energies are in kcalmol .

for all compounds in Table 3 presents an excellent corre-
lation with the sum of the electrostatic and dispersion
components.

6) The polarization and charge-transfer components are
always attractive, but smaller than the dispersion term.

7) The main conclusion of the combined MP2 and IMPT
analysis presented here is that not all short Cu--Cu inter-
actions are similar in nature. The magnitude and relative
importance of the components of the interaction energy
change strongly with the charge of the fragments, thus
making necessary to classify these interactions into sub-
groups according to the charge of the fragments. Since
interactions between charged molecules of the same sign
are repulsive, their dimers can only exist in condensed
phases owing to the stabilizing Madelung potential of
counterions, not to the attractive nature of the Cu---Cu
interactions. Alternatively, an aggregate of particles of
the same sign is possible in solution, because of the at-
tractive effect of the solvent, which may be strong
enough to create a stable aggregate.*

8) The B3LYP DFT functional reproduces the MP2 curve
of the Cu--Cu compounds studied here when the elec-
trostatic component is the dominant one in the interac-
tion energy, but fails in systems where the dispersion
component is important.

The previous energetic results are consistent with those
reported by Poblet et al. for a specific ion pair,® as well as
with those from a previous LMP2 analysis for neutral
dimers***7 (with regard to the LMP2 work, we should note
that, although some terms have the same name as in the
present IMPT study, the two methods use different ap-
proaches and such terms do not always represent the same
physical effect). The combination of different contributions
and their dependence on the intermolecular distance (see,
for example, Figure 2) may explain why no correlation has
been found between the experimental distance and the elec-
tronegativity of the X ligand in the [{AuX(PMe,Ph)},] and
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[{AuX(CNrBu)},] series, as reported by Schmidbaur et al.”!
When varying the ligands in [{CuX(EHj;)},] (X = Cl, Br; E

= N, P), we observe that the dispersion term becomes more
stabilizing as the electronegativity of the donor atoms is de-
creased (Table 3). The exchange-repulsion and the Coulomb
terms are also sensitive to the nature of the ligands, whereas
the charge-transfer and polarization terms are practically
unchanged. It must be noted
also that in previous theoretical
studies the interacting mono-
mers were forced to remain
perpendicular to each other to
disregard the dipolar electro-
static interaction, whereas the

the interaction between the copper atoms themselves? A
previous study of two Cu complexes has shown that only
18% of the dispersion component can be associated with
the Cu--Cu interaction.”? The present study has shown that
the energy of interaction between monomers is dominated
by a combination of the electrostatic and dispersion terms.
A simple electrostatic point-charge model (Table 4) shows

Table 4. Qualitative analysis of the electrostatic energy in terms of the interactions between the Cu atoms
(Cu--Cu), the Cu atoms and the ligands L (Cu--L, where L includes both ligands, irrespective of their type),
and the interactions between the ligands (L---L). The three components have been computed on the basis of a
simple charge—charge model, whereby the charges on each atom have been taken from a Mulliken population
analysis of the isolated monomers (HF method, LAND2DZ +2P/TZ+P basis set). The numbers are only indi-
cative of trends, though their sum is close to the electrostatic component computed in the IMPT analysis,
E,(IMPT), and they are included in the last column for comparison. All values are in kcalmol .

present results suggest that CoCu ol oL Sum E.(IMPT)
these interactions are still re- — " - = 59 L81 .
sponsible for a large part of the {SE(CI\II(ZI)G%L)F 6.9 _142 73 70:0 99
intermolecular interaction  [cy(NH,),]*[CuClL]" 239 ~70.1 22 —68.4 ~69.6
energy. [Cu(CH,)(CN)]- 13.1 -83.1 135.8 65.8 62.0
We checked that the previous  [Ni(N),] 0.3 04 0.2 0.1 —9.3

conclusions are not dependent

on the method or basis set em-

ployed. The independence from the method was evaluated
by checking the convergence of the MP2 results against
MP3 and MP4 values, and also by computing the CCSD(T)
value on the [{Cu(N,),L,J**, [{Cu(NH;)Cl},], and
[Cu(NH,;),]*[CuCl,]™ dimers, taken as prototype of dication-
ic, neutral, and cationic-anionic dimers, respectively. All
these methods give similar interaction energies. The MPn
series presents small oscillations, and the CCSD(T) interac-
tion energy is slightly more stabilizing than the MP2 one (by
0.7, 0.5, and 0.8 kcalmol™', on each of the above dimers).
The absolute value of the MP2 interaction energy differs
from the CCSD(T) energy by 0.5 kcalmol™ in average).
Furthermore, the MP2 method presents the smallest differ-
ence with the CCSD(T) among those computed here. We
also tested the impact of the use of more extended basis sets
by recomputing the MP2 interaction energy of the dimer of
[Cu(NH;)Cl] with the correlation-consistent basis set of
Hermann et al.,* designed to minimize the basis set super-
position error (BSSE). The BSSE-corrected values ob-
tained at the LANL2DZ/TZP+ level differ by less than
1 kcalmol ™' from those obtained with the correlation-consis-
tent basis set of Hermann, and both have the minimum of
their curves at similar distances. The similarity of these re-
sults suggests that the LANL2DZ/TZP + basis set is flexible
enough to evaluate with accuracy the interaction energy in
these complexes,® ™ provided the results are corrected for
the BSSE. Studies on ionic systems indicate that the BSSE
of the MP2 calculations is close to that obtained within the
Hartree-Fock method, that is, much smaller than that found
in neutral dimers."”!

The previous computations have evaluated the interaction
energy between Cu' dicoordinate complexes oriented in an
orthogonal conformation (¢ 90°, see 6) to minimize the
interaction between the ligands,*>¥ although other types of
dimers can be considered.’] However, one question arises
here, even for a perpendicular orientation: how much of the
interaction energy of the dimer can be attributed solely to
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© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

that the overall electrostatic energy is the result of a compli-
cated interplay between the Cu--Cu, Cu--ligand, and li-
gand--ligand interactions, which do not always have the
same sign, the Cu---Cu interaction being not even the domi-
nant one. Therefore, although a Bader analysis of the elec-
tron density (see Figure 10) at the crystal structure geometry

-0.27850
-0.3z100
- 0.36550
-0.41000

Figure 10. Electron-density map of [{Cu(CH;)CN}]>~ (0.05 a.u. isosur-
face) on which the electrostatic energy map is projected (see left bar for
gray scale code). The (3,—1) bond-critical point is placed in the region
where the densities of the two fragments overlap, and links the two Cu
atoms.

shows the presence of a (3,—1) bond-critical point linking
the Cu atoms, which suggests the existence of Cu--Cu bond-
ing between the fragments, one can wonder if it is appropri-
ate to talk about Cu--Cu bonds in this situation, because the
use of this concept could imply that we are associating the
energy of the dimer to the Cu--Cu bonding interaction, as
has been done up to now. Can we still talk about Cu--Cu
bonds in these complexes?

A proper answer to the previous question requires a revi-
sion of the concept of a bond. According to Pauling, “there
is a chemical bond between two atoms or groups of atoms
in case that the forces acting between them are such as to
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lead to the formation of an aggregate with sufficient stability
to make it convenient for the chemist to consider it as an in-
dependent molecular species”.®™ Clearly, the results report-
ed here indicate that the bimolecular aggregates formed by
two d'° dicoordinate complexes may correspond to one of
two cases, based on energetic criteria: 1) stable CuX'Y'-
CuX?Y? fragments, formed by the neutral--neutral and ionic
pair cases and 2) unstable CuX'Y!CuX?Y? aggregates of
the anion--anion and cation--cation types. The first case is
consistent with Pauling’s definition of a chemical bond.
Thus, although the stability of the bimolecular aggregate is
mostly caused by Cu--ligand interactions, we propose that
these can be still termed Cu--Cu bonds, even if most of the
bonding does not actually come from interaction between
the Cu atoms. Such a naming convention is usually adopted
for other intermolecular bonding situations for which the in-
teraction between the atoms involved in the bond is not
always the dominant one. For example, in a hydrogen bond
between water molecules, the electrostatic interaction be-
tween the OH--O atoms is not equal to the total electrostat-
ic energy between the fragments, as computed in a fourth-
order distributed multipole analysis.

When the fragments are not energetically stable, following
Pauling’s definition, one should not talk about Cu--Cu
bonds. These Cu--Cu dimers are found in larger aggregates,
owing to forces external to the dimer, for example, the pres-
ence of counterions. This is indeed what happens within
ionic crystals in which CuXY"*"~ fragments are present.
Thus, as previously discussed, the [{Cu(CH;)CN},]*~ dimer is
energetically unstable when isolated, but becomes stable
when two Li* ions are added at the geometry found in the
crystal structure of the related experimental tBu complex.
Consequently, in the [{Cu(CH;)CN},]*--Li** aggregate it is
the Li*--[Cu(CH;)CN]™ interactions that force the two
anions to approach each other, even at shorter distances
than those found in the neutral CuXY fragments, despite
the strongly repulsive nature of the anion--anion interaction.
When the cation--anion interaction brings the two anions
close to each other, their orbitals are forced to interact and
the same orbital diagrams (e.g., 13 and 14, respectively) and
electronic properties (e.g., luminescence) of the neutral--
neutral case apply. A related situation is found for a
“dimer” of TCNE, which behaves as if an intermolecular
C—C bond exists, even though calculations show the mono-
mer--monomer interaction to be repulsive in the gas
phase.® ! Therefore, although they exhibit many of the
properties expected for a bond, we cannot appropriately
refer to the interaction present between CuXY"*"~ frag-
ments as Cu--Cu bonds. One could call them counterion-
mediated Cu--Cu bonds, thus stressing the supramolecular
origin of the bond. These counterion-mediated Cu--Cu
bonds have similar electronic properties to the Cu--Cu
bonds and, consequently, can go unnoticed unless an analy-
sis of the energetic components between all the fragments is
performed. Thus, for instance, in addition to the previously
mentioned similarity in the orbital interaction diagram, a
(3,—1) bond-critical point between the Cu atoms is found in
the [{Cu(CH,)CN},]*"Li,>* aggregate (Figure S1 in the
Supporting Information), and a critical point is also present
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in a [{Cu(CH;)CN},]*" dimer placed at the same geometry
found in the previous aggregate for the anions (Figure 10).

Conclusion

By performing HF and MP2 computations on model systems
representative of the situations found in crystal structures,
the nature of the interactions between dicoordinate mono-
mers of Cu' is found to be strongly dependent on their net
charges. An IMPT analysis of the interaction energy reveals
that the electrostatic component of the interaction energy is
the leading term in the interaction when the dimers are
charged, while in all cases it is a combination of the electro-
static component and the dispersion component that repro-
duces the distance dependence of the total interaction
energy. These results are consistent with previous indications
that the Coulombic contribution was important for the inter-
action between ionic complexes (see, for example, the work
of Poblet and Bénard®). B3LYP computations roughly re-
produce the shape and stability of the MP2 curves when the
electrostatic component in the interaction energy is impor-
tant.

Consistent with that electrostatic dispersion nature, the
Cu'--Cu' interactions between monomers of the same
charge are found to be energetically unstable. As energetic
stability is an essential condition for the presence of a bond
between two fragments, we cannot speak of the existence of
any bond between the fragments in such a case. Our analysis
shows that the presence of anion:-anion or cation--cation bi-
molecular aggregates is caused by the presence of the coun-
terions: the cation--anion interaction largely outweighs the
cation--cation plus anion--anion interactions, thus forcing
the anions to approach each other. The fact that the two
anions stay in close proximity allows for the overlap of the
orbitals of the two fragments, thus triggering in these charg-
ed bimolecular aggregates the same orbital interaction and
energetic splitting normally found when two fragments inter-
act to produce bonds.

Energetically stable dimers exhibiting Cu'--Cu' interac-
tions have been found when the two monomers involved in
the interaction are neutral or hold opposite charges, thus al-
lowing us to speak of a bond between the fragments of the
bimolecular aggregate. A proper analysis of the interaction
energy in this case indicates that only a small part of that
energy results from Cu--Cu interactions, while a large com-
ponent results from Cu--ligand interactions. Despite this
fact, we propose to keep talking about the presence of
Cu--Cu bonds in these aggregates, but keeping in mind the
actual energetic structure of this bond.

Computational Methods

The structural data were obtained through systematic searches of the
Cambridge Structural Database!'” (version 5.23). The search was con-
ducted for transition-metal compounds of general formula MXY in which
M was imposed to have a total coordination number of two, and X and
Y were allowed to be any atom of Groups 14-17. Only structures with no
disorder and agreement factors R<10% were accepted as hits. Such
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searches were restricted to those compounds in which only one intermo-
lecular MM contact per metal atom within the distance specified in the
text for each metal.

All ab initio calculations were performed with the Gaussian98 suite of
programs. The electron correlation was introduced through the Mgller—
Plesset perturbation approach to second order (MP2).*Y Two types of
computations were performed to obtain the interaction energy curves:
one described Cu with LANL2 pseudopotentials and a basis set of triple-
¢ quality to which polarization and diffuse functions were added (denot-
ed LANL2/TZDP+), and another in which Cu was described with the
SDD pseudopotentials combined with a (11s9p7d4f)/[9s7p5d3{] basis set
(denoted SDD/cc). The LANL2/TZDP+ basis sets for Cu and Ni atoms
were obtained by decontracting the three components of the LANL2DZ
basis set, and then adding two sets of p-polarization functions (exponents
0.053 and 0.164 on Cu, 0.049 and 0.153 on Ni) and one set of s, p, and d
diffuse functions (exponents 0.0396, 0.024, and 0.03102 on each set for
the two metals). The LANL2/TZDP+ basis set for the remaining atoms
was obtained by taking the LANL2DZ basis set and adding two d func-
tions on all atoms except the hydrogens (exponents: 0.412 and 1.986 on
N, 0.153 and 0.537 on P, 0.288 and 1.335 on C, 0.227 and 0.797 on Cl,
0.162 and 0.548 on Br). The SDD/cc basis set on Cu was that with the
(11 s9p7d4£)/[9 s7p5d3f] valence basis set computed by Schwerdtfeger,>!
in which the inner electrons were described by the SDD pseudopoten-
tials, while the H atoms were described by cc-pVDZ,” the C, N, O, Cl
atoms were described by the cc-pVTZ,”” and the Ni atom by the SDD
pseudopotentials and the valence basis set of Dolg et al.*”

All-electron basis sets were used for the IMPT analysis, because the
IMPT implementation available to us does not work with pseudopoten-
tial cores. The all-electron basis set for each dimer was selected in such a
way that it reproduces the shape of the interaction energy curve of the
dimer computed with the LANL2/TZDP+ basis set and with pseudopo-
tentials; it differs from dimer to dimer. For the all Cu-containing dimers,
the all-electron basis set was built by taking for Cu the pVDZ basis set
of Ahlrichs® supplemented by a diffuse d function (exponent 0.03102)
and a p-polarization function (exponent 0.052), and the 3-21G basis set
for the remaining atoms (this gives similar curves to the LANL2/
TZDP+ basis set at any level, though the all-electron curves are
~5 kcalmol ™' more stable). In the neutral [Ni(N,),] monomers, we used
the pVDZ of Ahlrichs” adding a p polarization function (expo-
nent 0.049) and a diffuse d function (exponent 0.03102), while we used a
3-21G basis set at the N atoms. The attractive character of the interaction
between [Ni(N,),] monomers at the MP2 level, which becomes repulsive
at the HF level, was also found in the all-electron basis set of TZDP
character.

In the dimer calculations, the two monomers were always oriented in a
staggered conformation (z = 90°, 6) to minimize the ligand--ligand inter-
actions because we were interested in the defining the nature of the
Cu--Cu interactions in these dimers. The geometries of the monomers
were kept frozen when computing the interaction energy curve at the
MP2 and B3LYP levels and during the IMPT analysis of these curves. In
all cases, the interaction energy was corrected for the possible basis set
superposition error (BSSE) by means of the full counterpoise method,"”
except when explicitly stated for comparative purposes.
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