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Abstract The intrinsic reactivity of cyanide when interacting
with a silver cation was rationalized using the dual descriptor
(DD) as a complement to the molecular electrostatic potential
(MEP) in order to predict interactions at the local level. It was
found that DD accurately explains covalent interactions that
cannot be explained by MEP, which focuses on essentially
ionic interactions. This allowed the rationalization of the
reaction mechanism that yields silver cyanide in the gas phase.
Other similar reaction mechanisms involving a silver cation
interacting with water, ammonia, and thiosulfate were also
explained by the combination of MEP and DD. This analysis
provides another example of the usefulness of DD as a tool for
gaining a deeper understanding of any reaction mechanism
that is mainly governed by covalent interactions.

Keywords Cyanide anion - Water - Ammonia - Thiosulfate
anion - Silver complexes - Ligand - Complexation agent - Local
reactivity - Dual descriptor - Silverexploitation - Conceptual DFT

Introduction

The molecular electrostatic potential [1, 2] allows us to
quantify ionic interactions between two species. When writ-
ten in terms of atomic units, it takes the form
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where Z, is the atomic number of nucleus A, R4 is the
position of nucleus A, and |[r'—r| is its distance from point r.
On the other hand, within the framework of conceptual
DFT [3-5, 6], when covalent interactions are more relevant
than electrostatic interactions, Morell et al. [7—13] proposed
that a local reactivity descriptor (LRD) called the dual
descriptor (DD) /2 (r)=Af (r) should be used as a measure
of the local reactivity. Although the DD was derived several
years ago, a solid physical interpretation of it was not
available at that time [14]. They originally used the notation
Af(r) for the DD, but this has since been replaced by the
modern notation /2)(r) in order to highlight the fact that this
is a second-order Fukui function. Physically speaking, it
indicates the nucleophilic and electrophilic sites in a molec-
ular system. Mathematically, it is defined in terms of the
derivative of the Fukui function, f(r) [5], with respect to the
number of electrons, N. Using a Maxwell relation, this LRD
can be interpreted as the variation in 7 (the molecular
hardness, which measures the resistance to charge transfer
[15]) with respect to v(r), the external potential. fz)(r) (as
described by Morell et al. [7, 8]) is defined as follows:

po-(280) -] o

As mentioned above, the DD allows us to simultaneously
determine which of the sites in a system at point r are most
likely to suffer nucleophilic attacks [£*(r)>0] or electro-
philic attacks [f* (r)<0]. The DD has been shown to be a
robust tool for predicting sites that are particularly vulnera-
ble to nucleophilic or electrophilic attack; indeed, it is a
much more efficient tool for achieving this aim than the
Fukui function by itself, because the dual descriptor is able
to discriminate sites that show true nucleophilic and elec-
trophilic behavior. Therefore, some works have been pub-
lished that demonstrate the power of /%) (r) and all of the
LRDs that depend on DD [10-12].
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The general working equation that is used to calculate the
DD is essentially the difference between the nucleophilic
and electrophilic Fukui functions [7]. Calculating this to the
first level of approximation implies the use of the finite
difference method, where double the total electronic density
of the original system is subtracted from the sum of the
electronic density of the system with one more electron and
the electronic density of the system with one less electron.
Since calculating to this level of approximation is a compu-
tationally expensive task, a second level of approximation
has been used for some years. This level of approximation
includes the densities of the FMOs (making it much easier to
compute the working equation):

FOr) = p (r) = p,(x),

= 1 = LlI=LUMO =1 =

p¢{> 1 = LI=LUMO g > 1 =
L2 = LUMO + 1
L3 = LUMO +2

Lp =LUMO + (p — 1)

where the densities of the LUMO and HOMO are repre-
sented by pp(r) and py(r), respectively. Molecular symme-
try can influence the local reactivity, but it has also been
demonstrated that the Fukui function must conserve the
symmetry [16]. In addition, as the degeneration that may
arise in frontier molecular orbitals is related to the molecular
symmetry, this phenomenon has been taken into account
within the framework of the second level of approximation
by Martinez [17], who provided the following expression
for closed-shell molecular systems:
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where
H1 = HOMO
H1 = HOMO

H2 = HOMO -1
H3 = HOMO -2

Hg = HOMO — (¢ — 1)

This approximation has been applied, for example, to the
local reactivity of Buckminsterfullerenes [18], in which case
the DD was derived according to the symmetry of these
molecules. A working equation for open—shell systems has
also been suggested, but it was not used in the present work
because all of the systems considered here are closed—shell
systems.

Hence, when an interaction between two species is well
described by using this LRD, it is said that the reaction is
controlled by frontier molecular orbitals (or frontier-
controlled), under the assumption that remaining molecular
orbitals do not participate in the reaction.

The aim of the work described in this paper was to show
how the dual descriptor, through the working equation (3),
is a useful tool that can be utilized as a complement to the
molecular electrostatic potential, thus providing more accu-
rate insight into the interactions that occur among molecules
during a particular reaction mechanism.

Computational methods
Cyanide anion, water, ammonia, and thiosulfate anion,

along with their respective silver complexes, were geomet-
rically optimized without symmetry restrictions according to
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the Schlegel algorithm [19] at the DFT level of theory. The
functionals used in these calculations were the Becke three-
parameter functional for exchange and the Lee—Yang—Parr
functional for correlation [20-23]. The double-zeta quality
LANL2DZ [24, 25] basis set was used to describe all atoms.
Frequency calculations were performed at the same level of
theory in order to ensure that each optimized structure
corresponded to an energy minimum. 3D maps of the
MEP and DD were generated. All calculations were carried
out using the Gaussian 09 [26] code.

Discussion

A detailed analysis of the reaction mechanism to form silver
cyanide

The global reaction
Agt+2CN” — [Ag(CN),|~

can be decomposed into two elementary steps, thus giving
the following reaction mechanism:

1) Ag"+CN™ — AgCN
2) AgCN+CN™ — [Ag(CN),|”
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The ball-and-stick model depicted in Fig. 1 shows
the connections and disconnections that occur among
the atoms during this chemical reaction. The chemical
bond is preferentially formed between the silver cation
and the carbon atom from cyanide, according to the
hard/soft acid/base principle established by Pearson
[27-31], in such a way that the silver cation is consid-
ered to be a soft acid (electrophile) and the cyanide
anion a soft base (nucleophile), through its carbon atom.
The global interaction is well described by the MEP, as
depicted in Fig. 2. However, it is important to note that,
although MEP explains long-range interactions correctly,
short-range interactions are better explained by DD,
because this LRD is associated with site selectivity. In
this work, we used DD for short-range interactions
when MEP did not allow a specific atom to be selected
in order to achieve the final product and/or a reaction
intermediate.

Since DD has been shown to be a suitable tool for
revealing the zones in molecules where covalent interactions
should predominate over electrostatic interactions, studying
this reaction mechanism represents a good way of demon-
strating this capability of DD.

The reaction was divided into two elementary steps: (1)
and (2) (see Fig. 1). The first elementary step is a typical
electrostatic interaction where the silver cation reacts with
the cyanide anion to form an uncharged silver complex.
Negative and positive zones, color coded according to the
predominance of electrons or nuclei, respectively, are shown
in Fig. 2. Note that this typical electrostatic interaction can
also be explained using the dual descriptor, because the
positive phase of the dual descriptor for the silver cation
will favorably interact with the negative phase for the
cyanide anion, as indicated by Fig. 3. This electrically
neutral silver complex, AgCN, then reacts with a second
cyanide anion, CN to form the well-known silver com-
plex [Ag(CN),] . However, the molecular electrostatic
potential, on its own, is not able to explain why the
cyanide anion reacts preferentially through its carbon
atom, not through the nitrogen atom. This is a clear
signal that the chemical bond involved in the formation

1l I+ 0 — J 20

2 9 + & 90 — 99 I 00

QI+ IV +920 — 09 I 90

Fig. 1 Ball-and-stick model of the reaction mechanism leading to the
formation of the [Ag(CN),]  silver complex. Atoms are color coded as
follows: blue nitrogen, gray carbon, light blue silver
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Fig. 2 The reaction mechanism leading to the formation of the silver
complex, shown in terms of 3D maps of the molecular electrostatic
potential (MEP), V(r). MEP values vary from negative (red) to positive
(blue); red-colored zones indicate sites where the effects of electrons
are dominant (electrically negative), green-colored zones indicate sites
where the effects of nuclei and electrons are balanced, while blue-
colored zones show sites where the effects of nuclei are dominant
(electrically positive). The interval { (1)} min< V(1)< {V(r)} max is there-
fore shown. Isosurfaces of 0.001 a.u. are depicted

of these silver complexes possesses a markedly covalent
nature. In other words, there is a subtle distinction
between C and N in CN  that prompts us to use DD,
because in this case we expect that covalent interactions
drive the reaction, which would explain why the carbon
atom of cyanide prefers to form a bond with the silver
atom of AgCN.

This reaction mechanism can then be rationalized in
terms of the dual descriptor (adapted to the molecule’s
symmetry). The silver cation and cyanide anion are classi-
fied as closed-shell systems. The silver cation has a singly
degenerate HOMO and fivefold-degenerate LUMO, thus
implying ¢g=1 and p=5; the cyanide anion has a doubly
degenerate HOMO and a singly degenerate LUMO, so g=2
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Fig. 3 The reaction mechanism leading to the formation of the silver
complex, shown in terms of 3D maps of the dual descriptor (DD), f ®(r).
A dark-colored lobe implies that /2(r)>0, thus indicating that nucleo-
philic attacks will preferentially occur there; a light-colored lobe implies
that /2(r)<0, thus indicating that electrophilic attacks will preferentially
occur there. Isosurfaces of 0.001 a.u. are depicted
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and p=1. The dual descriptors obtained for each species after
applying Eq. 3 are depicted in Fig. 3.

The DD of the cyanide anion exhibits nucleophilic lobes
that are localized on carbon and nitrogen (light-colored
lobes, Fig. 3), while its electrophilic region occurs around
the chemical bond established between these two atoms
(dark-colored lobe, Fig. 3). In the case of the silver cation,
the dual descriptor shows that there is an electrophilic lobe
in an outer shell, whereas the nucleophilic lobe is localized
inside the electrophilic lobe. This apparent anomaly may be
due to the cationic nature of the silver cation; it indicates
that the silver cation generally does not want to donate
electrons. Hence, in the case of the silver cation, we do
not need to use the dual descriptor to reach such a conclu-
sion; the molecular electrostatic potential will reveal this
behavior. This is based on the fact that the silver cation is
a soft Lewis acid—it can only receive electrons, not donate
them.

More interesting is the case of the cyanide anion. In
specific interactions with cyanide, the DD occurs around
the silver cation as shown in Fig. 3. Since cyanide is a
diatomic heterogeneous species, the nucleophilic and elec-
trophilic lobes are bigger on carbon than on nitrogen, so the
most favorable interaction with a electrophile is going to
occur through the carbon atom, not through the nitrogen
atom.

The first elementary step leads to the formation of an
electrically neutral silver complex, AgCN. Figure 2 reveals
the negative and positive zones of this silver complex based
on the molecular electrostatic potential. Using this figure, it
is easy to predict that a favorable interaction with this
complex will occur through its electrically positive region
(which surrounds the Ag) when an electrically negative
molecule or atom approaches AgCN. However, if this elec-
trically negative species is a second CN , there will again be
two possible sites at which a chemical bond could form:
through the carbon atom or through the nitrogen atom of
cyanide.

MEP cannot provide this level of information, but DD
can. If we consider the DD for the second step (see Fig. 3),
we can see how well the second cyanide interacts with
AgCN. On an electrostatic basis, MEP reveals that the
second cyanide approaches the silver atom of AgCN.
From a covalent perspective, DD indicates that a favorable
chemical bond forms between the silver atom from AgCN
and the carbon atom, not the nitrogen atom, of this second
cyanide.

A brief analysis of reaction mechanisms leading
to the formation of other similar silver complexes

A similar analysis can be performed to explain some typical
reaction mechanisms involving a silver cation that result in
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the formation of a silver complex. For each reaction we
consider below, the corresponding mechanism is included
below the chemical reaction:

Global reaction involving water molecules (Fig. 4a):

Ag +2H,0 — [Ag (H,0),]"

Reaction mechanism:

1) Agh+H,0 — [Ag(H,0)]"
2) H,0 + [Ag(H0)]" — [Ag(H,0),]"

Global reaction involving ammonia molecules (Fig. 5a):

Ag" +2NH; — [Ag (NH3),]"

Reaction mechanism:

1) Ag't+NH; — [Ag(NH;)|"
2) NH; + [Ag(NH3)]" — [Ag(NH3),]"

Let us first focus on the elementary steps of the interac-
tion between a silver cation and an uncharged ligand (water
or ammonia), as depicted in Figs. 4a and Sa.

Although these ligands are electrically neutral, the MEP
reveals the presence of partially positive and negative zones,
so that an interaction can occur between the positively
charged silver cation and the negative zone (according to
MEP) on each ligand.

Elementary step (1) is explained sufficiently well by
MEP: it suggests that any of the lone pairs on the water
molecule can react with the silver cation (Fig. 4b) to form an
intermediate silver complex, [Ag(H,0)]"; similarly, the lone
pair on ammonia will tend to react with the silver cation
(Fig. 5b) to form the respective intermediate silver complex
[Ag(NH;)]"

However, MEP does not provide a good explanation
for the selectivity of the interaction between the inter-
mediate silver complex and the second ligand, because
each silver complex bears a net positive charge of +1,
and it is difficult to distinguish the atom that is more
likely to be attacked by this second ligand in the second
elementary step on the basis of the MEP color code.
This leads to a rather vague understanding of elementa-
ry step (2) (Figs. 4b and 5b) when MEP alone is used
to explain why the final silver complex is formed.
However, we can use the dual descriptor to clarify this
situation.

Water and ammonia molecules show no degeneracy
in their frontier molecular orbitals, meaning that p=¢=1.
After applying Eq. 3 to these ligands along with the
silver cation, as explained before, 3D maps of the DD
were generated and are depicted in Figs. 4c and 5c. DD
shows that there are two typical regions on these
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Fig. 4 The reaction mechanism leading to the formation of the silver
complex [Ag(H,0),]". a Ball-and-stick model of the reaction mecha-
nism. Atoms are color coded as follows: red oxygen, white hydrogen,
light blue silver. b The reaction mechanism shown in terms of 3D maps
of the molecular electrostatic potential (MEP), ¥(r). MEP values vary
from negative (red) to positive (blue); red-colored zones indicate sites
where the effects of electrons are dominant (electrically negative),
green-colored zones indicate sites where the effects of nuclei and
electrons are balanced, while blue-colored zones show sites where
the effects of nuclei are dominant (electrically positive). The interval
{(0)} min< V()< {V(r) } max 18 therefore depicted. ¢ The reaction mech-
anism shown in terms of 3D maps of the dual descriptor (DD), £2(r).
A dark-colored lobe implies that /2)(r)>0, thus indicating that nucle-
ophilic attacks will preferentially occur there; a light-colored lobe
implies that /2(r)<0, thus indicating that electrophilic attacks will
preferentially occur there. Isosurfaces of 0.001 a.u. are depicted

ligands, which are depicted by light-colored lobes and
dark-colored lobes in the figure.
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Fig. 5 The reaction mechanism leading to the formation of the silver
complex [Ag(NH3),]". a Ball-and-stick model of the reaction mecha-
nism. Atoms are color coded as follows: blue nitrogen, white hydrogen,
light blue silver. b The reaction mechanism shown in terms of 3D maps
of the molecular electrostatic potential (MEP), ¥(r). MEP values vary
from negative (red) to positive (blue); red-colored zones indicate sites
where the effects of electrons are dominant (electrically negative),
green-colored zones indicate sites where the effects of nuclei and
electrons are balanced, while blue-colored zones show sites where
the effects of nuclei are dominant (electrically positive). The interval
{V0)} min< V()< {(r) } max 18 therefore depicted. ¢ The reaction mech-
anism shown in terms of 3D maps of the dual descriptor (DD), £2(r).
A dark-colored lobe implies that 2 (r)>0, thus indicating that nucle-
ophilic attacks will preferentially occur there; a light-colored lobe
implies that /2(r)<0, thus indicating that electrophilic attacks will
preferentially occur there. Isosurfaces of 0.001 a.u. are depicted

Elementary step (1) is then understood as the conse-
quence of the favorable covalent interaction (Figs. 4c
and 5c) caused by the overlap of the light-colored lobe
of the first ligand with the dark-colored lobe of the
silver cation, yielding the first intermediate silver
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Fig. 6 The reaction mechanism leading to the formation of the silver p

complex [Ag(S,0,),]> . a Ball-and-stick model of the reaction mecha-
nism. Atoms are color coded as follows: red oxygen, yellow sulfur, light
blue silver. b The reaction mechanism shown in terms of 3D maps of the
molecular electrostatic potential (MEP), ¥(r). MEP values vary from
negative (red) to positive (blue); red-colored zones indicate sites where
the effects of electrons are dominant (electrically negative), green-colored
zones indicate sites where the effects of nuclei and electrons are balanced,
while blue-colored zones show sites where the effects of nuclei are
dominant (electrically positive). The interval {V(r)},in<V(r)<{V
(1)} max 1s therefore depicted. ¢ The reaction mechanism shown in terms
of 3D maps of the dual descriptor (DD), f @(r). A dark-colored lobe
implies that f ®(r)>0, thus indicating that nucleophilic attacks will
preferentially occur there; a light-colored lobe implies that f®(r)<0, thus
indicating that electrophilic attacks will preferentially occur there. Iso-
surfaces of 0.001 a.u. are depicted

complex (the DD of which also presents these typical
regions). In turn, elementary step (2) can be explained
again as favorable overlap of the dark-colored lobe of
the intermediate complex with the light-colored lobe
of the second ligand [water or ammonia in step (2) in
Figs. 4c and 5c, respectively], which produces the
final silver complex. Note that the maximum overlap
between the lobes of DD was used as a qualitative
criterion to explain the selectivity observed in these
reactions.

Thus, the DD indicates that the silver atom of the
first intermediate complex, which acts as a electro-
phile, will be attacked by the nucleophilic atom of
the ligand: oxygen in the water molecule or nitrogen
in the ammonia molecule. This information cannot be
deduced through the sole use of the MEP; neverthe-
less, it is important to state that the MEP is able to
predict the final silver complex when it is applied to
the global reaction, not to each elementary step (see
the global reactions in Figs. 4b and 5b). This is
because, in the global reaction, the negative MEP
zones of the ligand are able to interact favorably with
the silver cation.

To sum up, the long-range interactions between the
silver cation and the ligands are mainly electrostatic in
nature, but covalent interactions become more important
at short interaction distances because the selectivity is
correctly described using the dual descriptor. Thus,
MEP and DD complement each other as tools for un-
derstanding these reaction mechanisms: MEP explains
the long-range interactions while DD describes the
short-range interactions (when they cannot be explained
using solely MEP). The first elementary step in this
type of mechanism is mainly controlled by electric
charges (i.e., it is charge-controlled), although favorable
covalent interactions are also present (as supported by
DD). Meanwhile, the second elementary step is totally
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frontier-controlled, as these orbitals determine the selec-
tivity, so this step cannot be interpreted using MEP.

The reaction between a silver cation and a thiosulfate
anion can also be analyzed in terms of the MEP and the
DD. The global reaction involving thiosulfate molecules
(Fig. 6a) is as follows:

_ 3—
Ag' 428,05 — [Ag(8:03),]
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The reaction mechanism can be split into two elementary
steps:

1) Ag' 8,07 — [Ag(S:03)] ,
2) $:03 +[Ag(8:03)] — [Ag(S:03),]

In this case, the global electrostatic interaction between
the silver cation and the first thiosulfate anion can be accu-
rately interpreted by using MEP to analyze the reaction
mechanism (Fig. 6b), but the interactions that occur between
specific atoms in both elementary steps cannot be under-
stood by applying this local reactivity descriptor.

Moreover, the partially negative MEP zone in thiosulfate
is where the oxygen atoms are concentrated, but the terminal
sulfur is the atom that preferentially reacts with the silver
cation in elementary step (1), as depicted in Fig. 6b.
Although the silver cation is attracted to the thiosulfate
anion due to a long-range electrostatic interaction between
them, the short-range interaction between these two species
is ruled only by the frontier molecular orbitals (see the first
elementary step in Fig. 6¢), thus leading to the first inter-
mediate silver complex, which reacts with the second thio-
sulfate anion to produce the final silver complex, as
expected, during elementary step (2). Note that, for all of
the thiosulfate anions in Fig. 6¢c, the DD exhibits dark-
colored and light-colored lobes that are localized around
the terminal sulfur atom, and the light-colored one is the
lobe that predominantly interacts with the silver cation. The
oxygen atoms of thiosulfate cannot interact favorably with
the silver cation, so chemical bonds are formed between the
terminal sulfur atoms and the silver cation.

Conclusions

This work has shown that the dual descriptor is a useful tool
that complements the molecular electrostatic potential,
which accurately predicts long-range ionic interactions be-
tween two species; for instance, the interaction of a silver
cation (Ag") with a charged or uncharged ligand molecule
L = {CN";8,03 ;H,O;NH; }. In almost all of the reac-
tions presented here, the first elementary step was well
explained by the MEP—even when L was a uncharged mol-
ecule, because the interaction involved was charge-controlled
(at least at long interaction distances). However, an exception
was observed when L = {$,05" }, as detailed below.

MEP indicated that the first elementary step is totally
charge-controlled (at long and short interaction distances)
when L={H,0; NH3} (i.e., ligands with a net charge of
zero), because Ag" interacts with the partial negative charge
of L, thus yielding the first cationic silver complex, AgL".
On the other hand, when L = {CN";S,05" } (which have

net charges of —1 and —2, respectively), the first elementary
step is only partially charge-controlled (i.e., only at long
interaction distances)—although the MEP indicates that a
favorable long-range electrostatic interaction occurs be-
tween the silver cation and the respective anion, MEP can-
not indicate which of the atoms in the ligand will tend to
participate in a short-range interaction with the silver cation.
Thus, it is necessary to apply a local reactivity descriptor
that can highlight which atom in the ligand will tend to form
a bond with the silver cation. This descriptor is known as the
dual descriptor.

The second elementary step can be understood as a charge-
controlled, long-range reaction between the first silver com-
plex AgL and a second ligand L, leading to the formation of the
final complex AgL,. At short interaction distances, the reaction
is frontier-controlled. An exception occurs when L =
{S,037}, because in this case the first intermediate silver
complex, [Ag(S,05)], is negatively charged, and thus repels
the second Szog’ligand. Therefore, when 8203* (or indeed
any other negatively charged ligand with a greater absolute
charge than the charge on the cation) is involved, the respective
elementary step is totally frontier-controlled (at both long and
short interaction distances). As a consequence, an LRD such as
the DD must be applied to accurately interpret the favorable
interaction between two negative species, because the DD can
identify the covalent interactions that are involved in the
reaction.

The analysis performed in the present work demonstrated
that the dual descriptor is very simple to use, but at the same
time it is a powerful tool for understanding reaction mecha-
nisms that cannot be explained by the MEP alone. Therefore,
based on this work, the DD can be considered a useful com-
plementary tool to the MEP that must be taken into account
when covalent interactions dominate over ionic interactions.
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