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Abstract This review covers two aspects concerning
cooperativity in multiple weak bonds: a summary of liter-
ature results and a theoretical study of a complete series of
model complexes. All the 15 combination of five weak
bonds were explored: hydrogen bonds, hydric bonds,
dihydrogen bonds, halogen bonds and ion—7 interactions.
Since in several cases there were no examples reported, a
systematic exploration has been carried out on simple
models at the MP2/aug-cc-pVTZ level. The results thus
obtained have been analyzed using the atoms in molecules
methodology.

Keywords Hydrogen bonds - Hydric bonds -
Dihydrogen bonds - Halogen bonds - Ion—r interactions

1 Introduction

Ten years ago, we published five papers with the titles:
“An attractive interaction between the 7-cloud of C¢Fg and
electron-donor atoms” [1], “Inverse hydrogen-bonded
complexes” [2], “Unusual hydrogen bonds: H---m inter-
actions” [3], and “Charge-transfer complexes between
dihalogen compounds and electron donors” [4], that we
summarized in a review ‘“Non-conventional hydrogen
bonds” [5]. Today, several of these topics have expanded
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considerably and even books have been published in the
meantime [6-10].

We have also published several works studying the
existence of cooperativity effects in systems where two or
more non-covalent interactions coexist. In particular, we
have analyzed synergetic effects between ion—n and n—n
interactions in a variety of situations, finding an interesting
interplay between cation—n and n—n interactions that are
through-space transmitted. That is, we found synergetic
effects for these interactions in complexes of lithium with
the dimer, trimer, tetramer and even the pentamer of ben-
zene [11, 12]. In addition, synergetic effects in cation—n—mn
and anion—n—7 ternary systems where the aromatic rings
used were benzene, 1,3,5-trifluorobenzene and hexaflu-
orobenzene were studied. Depending on the nature of the
aromatic ring and the ion, favorable or unfavorable coop-
erativity effects are found [13, 14]. Fortunately, experi-
mental findings observed in crystal structures support the
presence of cooperativity in anion—n—n complexes [15, 16].

We have also studied the interplay between cation—m
and hydrogen bonding interactions in pyrrole and indole
systems, which can participate simultaneously in both
interactions [17]. Favorable cooperativity effects in these
systems were found, where the aromatic rings participate in
hydrogen bonding interactions as donors [18]. A similar
study was also carried out for the study of the interplay
between anion-n and hydrogen bonding interactions. In
this case, the aromatic systems chosen to analyze the
cooperativity effects were able to participate in hydrogen
bonding interactions either as donors or acceptors. As a
result, the cooperativity was favorable in hydrogen bond
acceptors and unfavorable in donors [19]. Regarding the
interplay of hydrogen bonding interactions with other non-
covalent interactions involving aromatic rings, we have
carried out a computational study where edge-to-face
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interactions are involved [20]. We found that the T-shape
interaction is reinforced if the aromatic ring establishes
hydrogen bonding interactions as acceptor. Experimental
evidences could be obtained from the Cambridge Crystal-
lographic Database. Additionally, we have studied syner-
getic effects between two weak interactions, that is n—n
stacking and X-H/n (X = C, N, O) interactions. We found
interesting synergetic effects between both interactions. In
addition, we reported several examples retrieved from the
PDB where both interactions are simultaneously present in
the interactions of enzymes with either co-enzymes or
substrates [21].

Finally, we have defined a new concept, namely syn-
ergetic stability, which can be useful in systems where the
interplay of non-covalent interactions is significant. Usu-
ally, the stability of a non-covalent complex is related to
the complexation energy, which is proportional to the
strength of the interactions involved. In ternary complexes
with two different non-covalent interactions three situa-
tions regarding the variation of the strength of the inter-
actions (in comparison to the binary complexes) can be
expected. The coexistence of the interactions causes, first
a strengthening of both interactions, second, a weakening
of both, and, third, a strengthening of one interaction at
expenses of the weakening of the other. The synergetic
stability complexes have been -calculated in ternary
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systems where ion—n and either hydrogen bonding,
dihydrogen bonding, or halogen bonding interactions
coexist [22].

In this field, the emerging area is concerned with those
situations where several of these bonds are simulta-
neously present in the same complex (Fig. 1). Note that
some authors prefer the term “synergy” to positive
cooperativity.

There are some recent publications dealing with only
one of these non-covalent bonds, thus without cooperativ-
ity effects: halogen bonds [23], dihydrogen bonds [24-26],
and ion—r interactions [27-31].

One aspect in common to all the situations of Fig. 1 is it
concerns cooperativity, either positive (synergy) or nega-
tive (antagonism). We will use throughout this paper the
following three abbreviations: HB (hydrogen or protic
bond), hB (inverse or hydric bond), XB (halogen bond).

As with several other phenomena, the cooperativity
depends on the distance between both weak bonds of
Fig. 1. If they are far apart, the effect will be the sum of
each one without any enhancement. For instance, complex
1 was described as presenting cooperativity between n—n
and H-bonding interactions [32]. However, without proofs,
this assumption is basically speculative and most probably
the binding constant is simply due to the sum of both
interaction energies.
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For quaternary and higher order systems, many-body
interaction analyses are usually computed to accurately
describe cooperativity effects. For instance, in a quaternary
complex, the two- and three-body contributions to the total
interaction energy are computed [33, 34]. The two body term
can be calculated as the binding energy of each molecular
pair in the quaternary complex minus the energy sum of the
monomers with all of them frozen in the geometry of the
complex. The three body term is calculated as the sum of the
binding energy of each molecular triad in the quaternary
complex minus the energy sum of the dyads. A more com-
prehensive treatment can be found in the literature [35]. The
total relaxation energy is defined as the energy sum of the
isolated interacting monomers that constitute the complex,
all of them frozen in the geometry of the complex, minus the
energy sum of the optimized monomers. Thus, the total
interaction energy of the quaternary complexes is obtained as
the sum of the relaxation, two-body and three-body energies.
This methodology has been successfully used to study
cooperativity effects in several combinations of non-cova-
lent interactions, including ion—= [36] and hydrogen bonding
interactions [37-39].

We have divided this feature article into two main parts:
First, a “Bibliographic survey of related articles” (Sect. 2),
and second, a “Comprehensive theoretical study of coopera-
tivity in unusual weak bonds” (Sect. 3). In the second part,
several cases will remain empty (VI-IX and XI) because, as
far as our knowledge extends, there are no literature examples.

2 Bibliographic survey of related articles
2.1 I Multiple hydrogen bonds

The presence of several HBs in supramolecules such as 2 is
a classical and very common situation [40]. This could

include bifurcated (three-centered) HBs 3: see the literature
for a more comprehensive treatment [41, 42].
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Cooperativity in multiple H-bonded complexes has been
experimentally studied by Hunter et al. [43]. They built up
four systems (Fig. 2, the last one containing two porphyrin
rings). The free energy of complexation of supramolecular
complexes containing phenol-carbamate H-bonds is an
additive function of the number of H-bonds, with a con-
stant increment of 6 kJ mol™' per interaction in carbon
tetrachloride.

Theoretical study on the cooperativity of hydrogen
bonds in (HNC),---HF complexes has been published [44].
Ab initio calculations at the MP2(FC)/aug-cc-pVDZ level
have been used to study the systems HNC:--HNC---HNC,
HF.--HNC---HNC, HNC---HNC---HF and HF---HNC:--
HNC.---HF. The binding distances, dipole moments, fre-
quency shifts and interaction energies in these systems
have been analyzed to study the cooperativity of hydrogen
bond in the systems. The results indicate that the cooper-
ativity of hydrogen bond is larger when a HF molecule acts
as a proton donor in the system.

The cooperativity between O-H---m and N-H---O
hydrogen bonds in imidazole has been studied theoretically
as a model for interactions in crystal structures of DNA and
RNA [45].

2.2 II Hydrogen (protic, HB) and hydric bonds

We have analyzed the structure of complexes having
simultaneously an HB and a hydric bond (hB) such as 4
with tetrafluoroethylene in the middle [46].
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These complexes are stable and present cooperative
effects. The simultaneous presence of hydrides and protons
makes them possible models for studying transfer
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Fig. 2 Hunter’s structures to
study cooperativity in HBs

processes of both kinds that are of fundamental importance
in biological systems.

2.3 III HB and DHB

It has been reported a mixed experimental (X-ray crystal-
lography) and theoretical study about an unconventional
cooperative effect in a C-H---S—H---H-B (mercaptane-
metallacarborane) hydrogen/dihydrogen bond interaction
[47].

The combined evidence from experimental and theo-
retical studies demonstrates the first example of a new
DHB (SH---H-B) and its combination with a C-H:--S
hydrogen bond in a cooperative effect of the type Cc—
H-.-S-H---(H-B), in a crystalline compound. The energy
for this hydrogen/bifurcated DHB interaction is estimated
at 6 kJ mol~'. This unconventional cooperative effect,
which seems to be responsible for self-assembly of the
mercaptane complex, allowed the authors to predict the
crystal packing of a related mercaptane—cobaltacarborane
compound. In both complexes, the observed 2D supramo-
lecular networks would be difficult to rationalize without
considering the cooperative effect through the boron-
attached SH group. The findings, besides documenting
structurally the first S—H-:--(H-B), dihydrogen bond and
the unconventional cooperative ability of a boron-attached
SH group, prove that substituted carboranes have the

@ Springer

potential to serve as building blocks for assembling com-
plex structures.

Li et al. [48] have published a paper entitled “Cooper-
ativity between the dihydrogen bond and the N---HC
hydrogen bond in LiH---(HCN), complexes” (n = 2-3).
They carried out ab initio calculations at the MP2/6-
311+4(2d, 2p) level of theory for investigating the equi-
librium structures, energetics, dipole moments, atom
charges, charge transfers, and stabilization energies in
LiH-(HCN),, (n =2 and 3) clusters. The cooperativity
between the dihydrogen bond and the N-:--HC hydrogen
bond in these clusters was analyzed. In LiH---HCN---HCN
cluster, the interaction energy of the dihydrogen bond
increases by 26%, whereas that of N---HC hydrogen bond
increases by 49%. These results show significant cooper-
ativity between both types of hydrogen bonds, as shown in
the changes in the hydrogen bond lengths, CH bond
lengths, and dipole moments. A similar result is also found
for the LiH---HCN.--HCN---HCN cluster.

2.4 1V HB and XB

Ugalde and co-workers [49] have studied theoretically an
F-CI.--(H-C=C-H) dimer, a necessary first step for ana-
lyzing trimers. Lankau et al. [S0] have studied theoretically
the cooperativity between hydrogen and halogen bonds in
X---HCN---Y (X: C,H,, H,0, NH3, HCI, HCN, HF; Y:
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HF, BrF, Bry) at the MP2/6-311++4G(d,p) and DFT/6-
3114+4G(d,p) levels of theory using the B3LYP and
mPWI1PWO91 hybrid functionals. The results from the
quantum chemical calculations are typically clustered in
groups according to the Y-ligand. By choosing the
X---HCN---HF group as reference, it is possible to describe
the interaction between the hydrogen and the halogen bond
with a two-parameter model. The value of the first
parameter of the model describes the contribution of the X
ligand to the inter bond cooperativity in the reference
cluster. The second parameter of our model quantifies the
changes in inter bond cooperativity upon varying the Y-
ligand. This simple model can be used to predict the
cooperativity in X---HCN---Y trimers with reasonable
accuracy and thereby to organize the results systematically.
It was further shown that the conclusions drawn from this
ordering scheme are independent from the computational
method and thereby generally applicable.

The simultaneous presence of hydrogen and halogen
bonds has been used in crystal engineering [51]. Politzer,
Murray and Concha published a very interesting work
where cooperative effects in halogen bonds (case 13) and
competition between hydrogen and halogen bonds are
discussed [52]. Cabot and Hunter [53] published an
experimental paper about non-covalent interactions
between perfluorohexyl iodide and hydrogen bond
acceptors. AM1 calculations suggest that perfluorohexyl
iodide should have molecular recognition properties
comparable to a moderate hydrogen bond donor, like
aniline, and should therefore form complexes with strong
hydrogen-bond acceptors like pyridine. Hunter’s experi-
ments reported here demonstrate that interactions with
iodo-perfluorocarbons have many similarities with
hydrogen-bonding interactions and, to a first approxima-
tion, can be treated using a simple electrostatic model,
where the positive electrostatic potential on the surface of
the iodine interacts with the negative electrostatic
potential on the surface of a hydrogen-bond acceptor. No
evidence was found for anomalous induction or disper-
sion effects associated with the high polarizability of
iodine.

An analysis of crystal structures of biomolecules led
Voth et al. [54] to the notion that halogen bonds are
orthogonal molecular interactions to hydrogen bonds, i.e.
that are geometrically perpendicular. Theoretical calcula-
tions were carried out to sustain the experimental findings.

2.5 V HB and ion—7 interactions

The simultaneous presence of a hydrogen bond and an ion—
7 interaction is possible with anions (5) and cations (6). We
have analyzed complex 6 and related ones [18]. Some
structures are reported in Fig. 3.

— +
F Na
COw—on Sy,
5 6 ""OH,

The results reported stress the importance of non-
covalent interactions involving aromatic systems and the
interplay among them that can lead to synergetic effects.
Due to the presence of a great number of aromatic rings
containing heteroatoms in biological systems, this effect
can be important and might help to understand some
biological processes where the interplay between both
interactions may exist. It also should be taken into
account in supramolecular chemistry and crystal engi-
neering fields.

In an extension of the work devoted to the interaction
of hydride and hydrogen bonds with n-systems, 4, the
hydride molecule has been substituted by an anion [55].
The energetic results indicate that C,F, is a weaker
anion receptor than CgFg, but in combination with the
anions, it became a stronger hydrogen bond acceptor

than C,H,. Cooperativity effects are observed in
YH:--CyF4---X™ clusters. In C,F4---X™ complexes the
dominant attractive terms are the electrostatic and

polarization ones, while in YH---C,F4-X™ complexes the
charge transfer increases significantly, becoming the
most important term for most of the FH and CIH com-
plexes studied here.

Wu and McMahon [56] have published a paper entitled
“Investigation of cation—n interactions in biological sys-
tems” where structures 7 and 8 with simultaneous HBs and
cation—r interactions are reported. Actually, these systems
should be classified in class 1 because there are two HBs
but since one of them is from an ammonium cation we have
put them here.

Fig. 3 Distribution of bond (red), ring (yellow) and cage (light green)
critical points obtained for cation—n—o¢ ternary complexes

@ Springer



Theor Chem Acc (2010) 126:1-14

Related to class V, it has been reported that besides
multiple HBs, nicotine binding to brain receptors requires a
strong cation—= interaction [57].

2.6 VI Multiple hydric bonds
No examples.

2.7 VII Hydric and DHB

No examples.

2.8 VIII Hydric and XB

No examples.

2.9 IX hB and ion—r interactions
No examples.

2.10 X Multiple DHB

We carried out a theoretical study on the clusters formed by
the association of ethynylhydroberyllium (H-Be-C=C-
H),, monomers (n = 2-6) [58]. The analysis of the results
shows that the most stable conformation corresponds to
that where the interaction occurs between the proton
hydrogen of one molecule and the n-cloud of another.
Cooperative effects are observed in those configurations
where DHBs are the main force holding together the
clusters (Fig. 4). Thus, a shortening of the DHB distance

Fig. 4 Geometry of the optimized (HBeCCH)j; cluster
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and an increment in the interaction energy and dipole
moment per monomer are observed.

2.11 XI DHB and XB
No examples.
2.12 XII DHB and ion—7 interactions

We have recently studied cooperativity effects in a variety
of systems where aromatic rings where involved. Among
them a ternary system 9 where hexafluorobenzene simul-
taneously interacts with BF;H™ anion and HF via anion—=n
interaction and dihydrogen bond, respectively, was studied
[22]. For this system, unfavorable cooperativity between
the non-covalent interactions was found.

Fe

F
s.F [
F—HIIIIIIIH——B_“”"'
\
F

9

2.13 XIII Multiple XB

Although we will usually limit this review to ternary
structures, bifurcated bonds allow for the existence of two
interactions in dimers (Fig. 5):

This will include the bifurcated XB, such as 10, present
in the structure of adenine-5-bromouracil (AT") complexes
[59].
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Theoretical calculations on a model compound 11 have
been reported [60]. A crystallographic attempt to built up
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Fig. 5 Linear and cyclic models of two interactions
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systems presenting NO,/X interactions had moderate suc-
cess [61]. These interactions can be classified according to
the approaching of the X atom to NO, group into three
different motifs; (a) symmetric bifurcated motif, (b)
asymmetric bifurcated motif and (¢) the motif in which
halogen (X) forms mono-coordinate interactions with one
nitro O atom. In the first two categories, the X atom
approaches both nitro O atoms in a bifurcated manner (X/O
trans to C-N); the tendency to form such bifurcated motifs
increases in the order Cl1 < Br <1 whereas in the last
category X/O is in a cis relationship to the nitro C sub-
stituent around the N-O bond. Several examples of class ¢
were found. Several X-ray structures presenting multiple
XB have been reported [51, 62, 63].

,C)”u, /o"l, /O“”"X /O
HiC—N WX—H =N (X —N —N
o™ (o} o o,
1 “X
(a) (b) (c)

Grabowski and Bilewicz [64] published a paper enti-
tled “Cooperativity halogen bonding effect—ab initio
calculations on H,CO---(CIF), complexes” (n up to 6).
According to these authors, for the systems analyzed, the
strength of Cl---O interaction increases if the number of
CIF molecules increases. For this interaction, oxygen acts
as the Lewis base while Cl atom as the Lewis acid,
which may be explained as an effect of the anisotropy of
the electron charge distribution for chlorine atom. The
calculations performed for model systems indicate that
the additional CIF molecules within the complex enhance
the strength of halogen bond. This halogen bonding
cooperative effect is very similar to the cooperativity
exhibited by H-bonded systems; it seems that both effects
are often responsible for the arrangement of molecules in
crystals.

The clusters, up to four monomers, of the interhalogen
derivatives (FCI, FBr, and CIBr) have been studied by
means of ab initio (up to MP2/aug-cc-pVTZ level of the-
ory) and DFT computational methods [65]. Two disposi-
tions, linear and cyclic, of the clusters have been
considered. In the trimers, the linear configuration is the
most stable one for FCI and FBr molecules, while for the
CIBr trimers and all the tetramers the cyclic configuration
is more stable. Cooperative effects in the geometry, energy,
and electron density have been observed in the linear and
cyclic dispositions of these clusters. The Natural Energy
Decomposition Analysis shows that the main source of the
interaction corresponds to the polarization term.

An ab initio study was published concerning halogen/n
interaction and cooperativity effects between dihalogen
molecules and unsaturated hydrocarbons [66]. It reports

calculations at the MP2 level using cc-pVDZ and aug-cc-
pVDZ basis sets on the complexes formed between
unsaturated hydrocarbon(R) and dihalogen molecules
XY), R---(XY), (m = 1-2). Geometrical structures,
interaction energies and topological parameters derived
from the theory of atoms in molecules (AIM) developed
by Bader have been studied systematically to characterize
the halogen---m interactions. The present theoretical
investigation indicates that such interactions in all tri-
molecular complexes R---(XY), are significantly stronger
than those in the corresponding bimolecular series
R---(XY), demonstrating the existence of cooperativity
effect.

2.14 XIV XB and ion—r interactions

Analogously to the study cited in point XII [22], we also
analyzed a ternary system 12 where hexafluorobenzene
interacts simultaneously with BF,~ anion and CIF via a
anion—n interaction and a halogen bond, respectively. For
this system, the simultaneous presence of both interactions
leads to unfavorable cooperativity energy.

2.15 XV Multiple ion—rn interactions

Since 2005, a series of publications have dealt with systems
where several ion—= interactions are present. These works
can be divided into two main types. First, studies where
two ions of opposite sign interact with the same aromatic
ring 13 (M*------X ") and second, systems where only one
ion is interacting with several aromatic rings 14
(m---X"---m). For the fist type of complexes 13, several
aromatic rings have been studied, including benzene and
hexafluorobenze [67-69]. For these systems, very favor-
able binding energies were found and several crystallo-
graphic structures were retrieved from the CSD giving an
experimental support to the theoretical studies. For the
second type of systems 14, a theoretical work studied the
additivity of the anion—r interaction in triazine and triflu-
orotriazine rings [11]. The interaction is approximately
additive on going from a single anion—m complex to a
ternary anion—m, complex and even to a quaternary system
anion—n; complex 15. A similar work regarding the addi-
tivity of the cation—= interaction has been published by Liu
et al. [70].
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In addition to the previously described works, further
studies regarding another type of systems than contain
multiple ion-n interactions (M*---7---7---X7) 16 have
been published [14, 18]. In these complexes, a third type of
interaction is involved, namely a stacking n—r interaction.
Several systems have been studied, varying the aromatic
ring and using either two equal or two different rings
between the ions. Interesting cooperativity effects have
been found between the three non-covalent interactions,
depending principally on the nature of the aromatic ring. In
complexes formed by one electron rich and one electron
poor ring, the cooperativity effects are very important when
the anion interacts with the electron rich ring and the cation
with the electron poor ring.

Lastly, we have also reported a similar system where a
transition metal is forming a sandwich complex that
interacts with anions and cations 17 (M™'-..7---Cr---
n---X 7). Favorable cooperativity effects are also found
when the anion and the cation interact simultaneously
through opposite faces of the transition metal complex
(m---Cr---m) [71].

Grabowski et al. [72] have shown the possibility to use a
proton to complexate two simple n-systems. Vaden and
Lisy [73] have studied the competition between cation—n
interactions and intermolecular hydrogen bonds in alkali

M* M

> Cr
> :—7\H6F6F3 7 |_\>\Fe
X 16 X 17

metal ion-phenol clusters. Finally, Zaccheddu et al. [74]
have explored the anion-n and m—m cooperative interac-
tions for the complexes formed by nitrate and triazine.

2.16 XVI Other simultaneous interactions

There are many other cooperative (synergetic) effects in
supramolecular structures. The most important is the effect
on a weak bond produced by the coordination of a lone pair
to a metal. Coordination modifies the electronic nature of
heteroaromatic rings and consequently their interactions
with other molecules. Figure 6 depicts some examples: 18
[45], 19 [75], 20 [76], 21 [77], 22 [78, 79] and 23 [80]. See
references [81] and [82] for a more comprehensive
treatment.

3 Comprehensive study of cooperativity in unusual
weak bonds

We carried out theoretical calculations over a family of
complexes representative of the fifteen situations (Fig. 7).
To the best of our knowledge VI, VII, VIII and IX cases
have not been published in the literature. For computa-
tional economy, we selected complexes sharing some

Fig. 6 Some examples of OH R N H
. . . : N )
simultaneous interactions D\/OH )\ _ H H2H20""H ~N
HN" g 07NN N, o )=
© G | . H N
: N :
N: < > I _Cd &
H2N—<”N ; N, | .~ H ,L
~ - 2
HT Do MO |
H | _
18 19
0o
HsC CH ?
oo NS0
XN~N,, H'N 7\ /CU‘N‘:E\ g
N — HSN\ S N H’O‘CU—NJ\QI\'}‘/C\U'H
N—-Pt—N ated
N NN Cu /
o N7 \NHS\/ ChHy H Ci CI H, .
21 22 H O
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Fig. 7 Schematic | i .
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common molecules. The results can be extrapolated to
some other complexes, which can be easily figure out.
Some of the complexes selected have been described for us
recently [55, 58, 65].

In order to analyze the characteristics of the coopera-
tivity in unusual weak bonds, a series of systems, one for
each one of the possibilities shown in Fig. 7, have been
calculated at the same computational level. The possible
effect of the cooperativity has been analyzed using ener-
getic, geometric, and electronic properties of the trimers,
together with the corresponding dimers and monomers.

The systems chosen for this study are gathered in Fig. 7.
The systems have been selected based on the small size of
the molecules and, if possible, using the same dimer for
several trimers. The optimized geometries are reported in
Fig. 9.

The calculated interaction energies of the trimers and
the three constituent dimers (Eq. 1) are gathered in
Table 1. An energetic cooperativity parameter has been
calculated using Eq. 1.

Coop-Energy = E;(ABC) — E;(AB) — E;(BC)

— Ei(AC) (1)

where E;(ABC) is the interaction energy of the trimer,
Ei(AB) and E;(BC) are the interaction energy of the iso-
lated dimer within their corresponding minima configura-
tion and E;(AC) is the interaction energy of the molecules
A and C in the geometry they have in the trimer.

In all cases studied, a favorable cooperativity is
observed. Note that the AC dimer is not a true complex but
two molecules or ions separated by a spacer, molecule B.
For the AC dimer, the interaction is very large for an anion/

Table 1 Interaction energies (kJ mol™") of the systems shown in
Fig. 5 and the constituent dimers

System ABC AB BC AC Coop-energy
I —49.18  —2226  —22.26 -1.79 =287
II —34.75  —=30.69 —2.95 004 —1.16
I —82.65 —3327 —-37.80 —-3.03 855
v —50.93 2226 2432 —-035 —4.01
v —66.13 = —-35.17 —1875 —1221
VI —23992 —-106.03 —106.03 —14.28 —13.59
VII —39.92 —-6.69  -31.77 -035 —1.11
VIII —26.03 —-295 2227 0.14 —-0.94
IX —145.66 = —94.44  —49.19 -2.03
X —13.91 —6.88 —6.88 -0.07  -0.07
XI —7133 3780 —24.32 -1.09 -8.13
XII —-195.72 —-1135 —167.12 —-1129 —=5.95
XIII —17.82 —8.43 —8.43 -022 -0.74
X1V —63.01 —35.17 —554 1789 —4.40
XV —-353.11  -=35.71 —1937 =275.07 —-22.97

The cooperativity parameter has been calculated using Eq. 1

# No stable complexes are formed in those cases

cation case (XV, CI7/Na™, 275.1 kJ mol™"), large for an
ion/neutral case (V, CI- 352KkJ molfl, IX, Na®
492 kI mol™!, XII, Li" 113 kImol™'; XIV, CI~
17.9 kI molfl) and weak for the neutral/neutral cases
(<3KkJ molfl) with the exception of VI, 14.3 kJ mol ™!
where the monomers present very large dipole moments.
The geometrical characteristics of the trimers and con-
stituent dimers are gathered in Table 2. In all cases, the
distances observed within the dimers in the trimers are
shorter than those of the corresponding dimers as

@ Springer
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Table 2 Intermolecular distances (A)

System Trimer Isolated dimer

A-B B-C A-B B-C
I 2.146 2.135 2.188 2.188
Il 1.843 2738 1.849 2.788
I 1.771 1.681 1.835 1.773
v 2.133 2.488 2.188 2.542
A% 2.104* 2.997 _°
VI 1.744 1.731 1.761 1.761
Vil 2111 1.887 2.164 1.895
VIII 2748 2.568 2.788 2.578
IX 2.722° 2.416 b 2.483
X 2.144 2.149 2.154 2.154
XI 1.693 2431 1.773 2.542
XII 1.691 1.915 1.922 1.933
XIII 2726 2711 2.746 2746
XIV 3.033 3.054 3.209 3.140
XV 2.791° 2.402° 3.152° 2.745°

 Distance between the interacting atom and the geometrical center of
the m-system

® No stable complexes are formed in those cases

indication of positive cooperativity. The larger effects are
those associated to the presence of ionic species. Thus for
instance, the intermolecular distances in the constituent
dimers of XV are shortened by 0.35 A in the trimer.

Linear correlations can be found between the intermo-
lecular distances in the dimers and trimers (Fig. 8). Three
cases, which correspond to those cases with the largest
variations (>0.23 A) seems to follow a different behavior.
In any case, the fitted linear relationships show a slope
smaller than 1.0 as indication that the distances in the tri-
mers are shorter than those of the dimers.

Among the electronic properties considered, we have
study the effect of the complex formation on the dipole
moment value of those systems where no ionic species are
involved (Table 3). As in the case of the energy, a coop-
erativity parameter has been defined for the dipole moment
enhancement due to the complex formation, Eq. 2:

Coop-dipole = ADipole(ABC) — ADipole(AB)
— ADipole(BC) (2)

where the corresponding ADipole is calculated as the dif-
ference between the dipole moment in the cluster and the
sum of the isolated monomers in their geometry of mini-
mum energy configuration. In all the cases studied, a dipole
moment enhancement is observed in the formation of the
dimers as well as a positive Coop-dipole, which indicates
that the dipole moment enhancement in the trimers is larger
than that observed as the sum of the two dimers.

@ Springer

3.5
3.0
4
[0]
£
'—
© 251
[S]
c
]
R
a
2.0
XIl (A-B)
1.5 : T T T T T T 1
1.5 2.0 2.5 3.0 3.5

Distance Dimers

Fig. 8 Intermolecular distances (A) in the dimers versus those
corresponding ones in the trimers (Trimers = 0.029 4 0.965 x
Dimers; R = 0.994). The cases with the largest variations are shown
in empty circles (Trimers = —0.025 + 0.890 x Dimers; R* = 0.999)

Table 3 Dipole moment enhancement (Debye) upon complex for-
mation and cooperativity parameter as defined by Eq. 2 in the systems
where no ionic molecules are involved

System AABC AAB ABC Coop-dipole
I 1.86 0.81 0.81 0.25
II 1.24 1.02 0.15 0.07
I 2.64 1.01 1.20 0.43
v 243 0.81 1.24 0.39
v Anion

VI 351 1.63 1.63 0.25
VII 2.01 0.38 1.52 0.12
VIII 1.37 0.15 1.14 0.08
IX Cation

X 0.95 0.45 0.45 0.05
XI 3.24 1.20 1.24 0.80
XII 0.60 Cation

XTIT* 1.01 0.39 0.39 0.23
X1V 0.13 Anion

XV Anion Cation

* The direction of elongation of the change has been considered

-0.0661
ﬂe -0.1071 Q}O
- (D) G
I Vi

Fig. 9 Molecular electrostatic potential at +0.05 (I) and #0.1 au
(VI) surfaces of the monomer, dimer and trimers of I and VI. The
value of the MEP minima (au) is indicated
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Table 4 Charge transfer (e) in the dimers and trimers obtained using
the NBO method

Dimers Trimers

AB BC

A B B C A B C
I —-0.015 0.015 —0.015 0.015 —-0.018 —0.001 0.019
I —0.023 0.023 0.001 —0.001 —0.024 0.024 —0.001
I -0.025 0.025 —0.038 0.038 —0.036 —0.017 0.053
IVv. -0.015 0.015 0.030 —0.030 0.019 0.022 —0.041
v —0.014 —0.986 —0.048 0.015 —0.968
VI 0.101 —-0.101 0.101 —-0.101 —0.112 0.006  0.106
vII 0.003 —0.003 0.029 —0.029 0.003 0.026 —0.030
VII -0.001 0.001 0.024 —0.024 —0.001 0.026 —0.025
IX 0.039 0961 0.004 0.045 0.951
X —0.002 0.002 —0.002 0.002 —0.002 0.000 0.002
XI 0.038 —0.038 0.030 —0.030 0.051 0.003 —0.055
XII 0.006 —0.006 0.118 0.882 0.022 0.100 0.877
XIII 0.008 —0.008 0.008 —0.008 —0.008 —0.001 0.009
XIV —-0.008 0.008 —0.014 —0.986 —0.026 —0.002 —0.973
XV -0984 —-0.016 0.021 0979 —-0.929 —0.011 0.940

Concerning cooperativity and the effect on the molec-
ular electrostatic potential (MEP) we have represented in
Fig. 9 the effect in the cases of I and VI. The negative
regions at one end and the positive ones at the opposite
became bigger with larger absolute values as the size of the
clusters increases. Thus, new approaching molecules will

Table 5 Electron density and Laplacian (au) at the intermolecular bcp

interact strongly with their nucleophilic or electrophilic
ends.

The analysis of the charge transfer in the dimers and
trimers (Table 4) shows, in general, that the charges in the
extreme molecules, A and C, is larger in the trimers than
those obtained in the corresponding dimers. These results
are in line with those obtained for the evolution of the MEP
previously mentioned.

The calculated properties of the intermolecular bond
critical points (bcp’s) of the dimers and trimers have been
gathered in Table 5. Larger values are obtained in the tri-
mers than in the corresponding dimers as expected for the
shorter distances observed in the former cases. These
results are in agreement with other reports that have shown
exponential relationship between the distance and the
electron density and Laplacian in weak interactions [83].

4 Computational details

The geometry of the systems has been fully optimized at
the MP2/6-3114++G(d,p) computational level [84, 85]
within the Gaussian-03 program [86]. Frequency calcula-
tions at the same computational level have been carried out
to confirm that the structures obtained correspond to
energetic minima. A further geometry optimization has
been carried out, in all cases, at the MP2/aug-cc-pVTZ
level [87, 88]. All analyses have been carried out with the
data provided at the last computational level (Fig. 10).

Dimers Trimers

AB BC AB BC

Rho Lap Rho Lap Rho Lap Rho Lap
I 0.0159 0.0574 0.0159 0.0574 0.0177 0.0617 0.0180 0.0627
II 0.0313 0.0807 0.0037 0.0156 0.0318 0.0811 0.0041 0.0174
I 0.0332 0.0811 0.0204 0.0393 0.0394 0.0840 0.0249 0.0421
v 0.0159 0.0574 0.0275 0.1097 0.0180 0.0629 0.0315 0.1192
\Y% 0.0138 0.0414 0.0260 0.0409 0.0197 0.0525
VI 0.0224 0.1027 0.0224 0.1027 0.0242 0.1085 0.0246 0.1123
VII 0.0074 0.0217 0.0127 0.0686 0.0083 0.0240 0.0130 0.0701
VIII 0.0037 0.0156 0.0247 0.1022 0.0040 0.0170 0.0253 0.1039
IX 0.0091 0.0524 0.0064 0.0186 0.0103 0.0586
X 0.0075 0.0220 0.0075 0.0220 0.0078 0.0224 0.0076 0.0223
XI 0.0204 0.0393 0.0275 0.1097 0.0243 0.0418 0.0363 0.1295
XII 0.0121 0.0329 0.0204 0.1269 0.0210 0.0446 0.0207 0.1294
XII 0.0126 0.0639 0.0126 0.0639 0.0133 0.0671 0.0137 0.0693
X1V 0.0088 0.0326 0.0138 0.0414 0.0142 0.0443 0.0175 0.0484
XV 0.0080 0.0261 0.0048 0.0282 0.0151 0.0461 0.0104 0.0607
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Fig. 10 Geometry of the 15 systems optimized at the MP2/aug-cc-pVTZ computational level

The interaction energies have been calculated as the dif-
ference between that of the clusters minus sum of the isolated
monomers. The basis sets used in this work are of sufficient
quality, thus basis set superposition errors (BSSEs) should be
rather small [89]. Moreover, it has been shown that uncor-
rected MP2/aug-cc-pVTZ binding energies lie between
corrected and uncorrected MP2/aug-cc-pVQZ energies [90].
BSSE corrections may not always improve binding energies
of weakly bonded complexes, since in the counterpoise
method [91] a monomer may utilize the valence and core

@ Springer

functions of its partner, which are not available to the
monomer in the complex. Thus, several studies [92, 93] have
shown that the full counterpoise method overestimated the
BSSE corrections providing BSSE-corrected interaction
energies with larger error than the uncorrected ones at the
computational method considered here.

The electron density of the systems, calculated at the
MP2/aug-cc-pVTZ level, has been analyzed within the
AIM methodology [94] with the AIMPAC [95] and
AIM2000 programs [96].



Theor Chem Acc (2010) 126:1-14

13

5 Conclusions

In this article, the cooperativity in multiple unusual weak
bonds has been reviewed. All the possible combinations of
hydrogen bond, hydric bond, dihydrogen bond, halogen
bond and ion-n interactions have been considered. For
several combinations, no literature precedent has been
described. In order to understand the mechanism in the
cooperativity processes, one example has been studied for
each of the 15 possible situations, including those not
previously described in the literature. Similar tendencies
are observed in the evolution of the intermolecular dis-
tances, energetic and electronic (electrostatic potential,
dipole moment, charge transfer, electron density at the
intermolecular bond critical point) when going from the
dimers to the trimers.
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