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ABSTRACT: Ion recognition is still an emerging topic in supramolecular
chemistry and has aroused great attention in the last few years. In this work,
we have examined the assemblies of selected hexameric rosettes of melamine
and ammeline and their capacities to host halide and alkali ions in the gas
phase and in water. Using relativistic dispersion-corrected density functional
theory (DFT-D), we first studied the stability and the effect of introducing
monovalent anions (Cl−, Br−, and I−) and cations (Na+, K+, and Rb+) in the
center of the rosette’s cavity. Finally, we explored the interactions in two
stacked rosettes with an interlayer ion. Our computations reveal that amine-
substituted triazines are promising candidates for anion and cation
recognition either in self-assembled monolayers or pillar array structures. The anion recognition process is governed by
both the electrostatic and charge-transfer (donor−acceptor) interactions, while the cation recognition is governed by
electrostatic and polarization. In addition, melamine and ammeline could constitute a potent mixture for dual-ion recognition
strategies.

1. INTRODUCTION

Noncovalent synthesis is an elegant approach in supra-
molecular chemistry to construct highly complex structures
with well-defined properties.1−3 Their strategies require a
fundamental understanding of molecular interactions as well as
the thermodynamics of the process. Thus, by manipulating and
tuning intermolecular forces, chemists could master the
controlled design of new materials. This is why the
physicochemical information about structural issues and
interaction properties, which can be obtained by theoretical
calculations, constitutes a valuable background for experimen-
talists.4,5

An emerging topic in the field of supramolecular chemistry is
the use of cyclic rosette complexes6−9 to build large structures.
In this context, 1,3,5-triazine-2,4,6-triamine or melamine (M),
which is also very well-known for its uses in the plastic
industry,10 has been considered a very versatile building block
for creating a great diversity of sophisticated functional
materials.11 Their rosettes can stack on top of each other to
form one dimensional wires or columnar arrays12,13 and three
dimensional network structures.14−16 Besides, self-assembled
monolayers of M and some related compounds over
Au(111)17−21 and highly oriented pyrolytic graphite22−24

surfaces have also been obtained and characterized. These
materials could have potential applications in the functional-
ization of surfaces,25 hydrogels,26,27 noncovalent polymers, and
nanoelectronics.28

On the other hand, it is known that the presence of ions
induces a change on the hydrogen-bonding pattern,29,30 and
they can assist the self-assembly process.31−34 For instance,
guanine (G) molecules self-assemble in quartets by the
inclusion of a K+ cation in the center.35,36 They can also
form the well-known G-quadruplexes (GQ), which are
arranged by three stacked layers of G-quartets with cations
in between. Even more, Kotlyar et al.37 have obtained long G-
wires, with and without potassium cations in between,
envisaging promising applications in nanoelectronics. How-
ever, when it comes to anions, there are just a few examples in
the literature about anion recognition by supramolecules. The
first cases in this context are the adenine quartets, which were
shown to coordinate F−, Cl−, and Br−.38,39 Then, Paragi et al.40

have proposed with theoretical predictions that 7-methyl-
guanine cyclic rings are also able to coordinate anions such as
Cl−, Br−, and NO3−.
In a previous work on aminotriazine rosettes, we have shown

that ammeline (AM) has a greater self-assembling capability
than melamine (M).41 This is because of a stronger pair
interaction and the fact that the AM rosette experiences a
considerable synergetic effect. In this work, we investigated if
M or AM can coordinate ions in the same way as GQ and G-
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wires coordinate cations. With this aim, we have explored a
model set of seven rosette-like supramolecules,41 as shown in
Schemes 1 and 2 and their interactions with various
monovalent anions (Cl−, Br−, and I−) as well as cations
(Na+, K+, and Rb+). The computations are based on
dispersion-corrected density functional theory (DFT-D). Our
investigations cover the situation of single rosettes and stacked

complexes. In both cases, we also consider conditions in the
gas phase and aqueous solution.

2. COMPUTATIONAL METHODS
All calculations were performed by using the Amsterdam
Density Functional (ADF) program developed by Baerends et
al.,42,43 based on dispersion-corrected relativistic density
functional theory at the ZORA-BLYP-D3(BJ)/TZ2P level for
geometry optimizations and energies, which has been shown to
reproduce hydrogen bond strengths and structures accu-
rately.38,39 The basis set superposition error was not computed
because this effect was proved to be small (less than 1 kcal
mol−1) for the chosen basis set in similar systems.44 In order to
mimic either a surface environment or a stacking arrangement,
a planar symmetry (C2h) was imposed on the rosettes. This
approach provides also a clear σ−π separation, which is more
informative. The stacked systems were optimized with C2
symmetry enforced.
Solvent effects45−47 have been estimated using the

conductor-like screening model38,48−50 (COSMO) for water,
as implemented in the ADF program. Radii of anions and
cations have been computed according to the procedure
presented in ref 38 to reproduce the solvation energy of the
cation.

2.1. Bonding Energy Analysis. We defined the energy of
formation of the rosette according to eq 1

Δ = − × −E E n E Ef R@A m A (1)

where ER@A is the energy of the rosette with a specific
symmetry (either C2h or C2), n is the number of monomers
(either 6 or 12), Em is the energy of the most stable tautomer
conformation of the isolated monomer (without symmetry
restrictions), and EA is the energy of the isolated ion (A = X−,
Y+); therefore, this equation expresses the relative stability of
the rosettes. It should be mentioned that eq 1 implicitly
considers the tautomerization energy ΔEtaut = Em* − Em,

41 as
shown in Scheme 3. The bonding energy is defined as

Δ = − × * − = − +E E n E E ; with A X /YC
bond R@A m A

sym

(2)

here, Em* is the energy of the isolated tautomer without
symmetry restrictions (see also Scheme 3). The superscript

Scheme 1. Molecular Structures of M Rosettesa

aX− = Cl−, Br−, I−.

Scheme 2. Molecular Structures of AM Rosettesa

aY+ = Na+, K+, Rb+ and X− = Cl−, Br−, I−.
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Csym is either C2h or C2 symmetry. Then, the overall bonding
energy is made up of two major components

Δ = Δ + ΔE E EC
bond prep int

sym
(3)

The preparation energy ΔEprep is the amount of energy
required to deform the separate tautomers from their
equilibrium structure to the geometry that they acquire in
the rosette. The interaction energy ΔEint corresponds to the
actual energy change when the prepared units are combined to
form the rosettes.
All interaction energy terms were examined in the

framework of the Kohn−Sham molecular orbital model using
quantitative energy decomposition analysis51−54 (EDA) into
electrostatic interaction, Pauli-repulsive orbital interactions,
and attractive orbital interactions

Δ = Δ + Δ + Δ + ΔE V E E Eint elstat Pauli oi disp (4)

The term ΔVelstat corresponds to the classical electrostatic
interaction between the unperturbed charge distributions of
the prepared (i.e., deformed) units and is usually attractive.

The Pauli repulsion ΔEPauli comprises the destabilizing
interactions between occupied orbitals and is responsible for
any steric repulsion. The orbital interaction ΔEoi accounts for
charge transfer (i.e., donor−acceptor interactions between
occupied orbitals on one moiety with unoccupied orbitals of
the other, including the HOMO−LUMO interactions) and
polarization (empty/occupied orbital mixing on one fragment
due to the presence of another fragment). The term ΔEdisp
accounts for the dispersion corrections. The orbital interaction
energy can be further decomposed into the contributions from
each irreducible representation Γ of the interacting system (eq
5). In the case of structures with planar symmetry, the orbital
interaction is decomposed in σ and π contributions, which
allows for separation of charge transfer (CT) in the σ
electronic system and polarization in the π electronic
system.31,55

Δ = Δ + Δσ πE E Eoi (5)

3. RESULTS AND DISCUSSION
3.1. Rosettes with Central Ion. In this section, we

address the situation in a surface environment, under the
constraint of C2h symmetry, and the capacity of the systems to
coordinate anions or cations.

3.2. Structure and Relative Stabilities. We have already
established that, among all tautomers, M6 and a-AM6′ are the
most stable rosettes both in the gas phase and in water.41 As
shown in Table 1, the formation energies suggest, again, that

Scheme 3. Partition of the Formation Energy of Rosettes
with C2h Symmetry (Monomers are Indicated by Hexagons)

Table 1. Analysis of the Interaction Energies (in kcal mol−1) of Rosettes with C2h Symmetrya

rosette ion ΔEf
b ΔE C

bond
h2 c ΔEcoor

d ΔEHBe ΔEint
f ΔEf

wg ΔEbondw h

M6 no ion −79.3 −79.3 0.0 −79.3 −86.8 −44.3 −44.3
Cl− −143.6 −143.6 −69.1 −74.5 −153.5 −53.1 −53.1
Br− −140.9 −140.9 −65.6 −75.3 −150.5 −53.4 −53.4
I− −136.4 −136.4 −60.0 −76.4 −145.6 −57.2 −57.2

M6′ no ion −36.3 −180.1 0.0 −180.1 −204.7 1.6 −77.3
Cl− −81.2 −224.9 −50.2 −174.8 −257.2 −2.9 −81.8
Br− −78.5 −222.2 −47.0 −175.2 −252.9 −2.6 −81.5
I− −73.9 −217.6 −42.1 −175.5 −245.7 −5.4 −84.3

M6″ no ion −13.3 −178.9 0.0 −178.9 −212.4 16.6 −74.7
Cl− −86.3 −251.8 −78.7 −173.1 −289.7 5.1 −86.2
Br− −82.4 −248.0 −73.6 −174.4 −284.9 5.2 −86.2
I− −75.8 −241.3 −65.7 −175.6 −276.8 2.1 −89.2

a-AM6 no ion −101.5 −101.5 0.0 −101.5 −120.7 −23.3 −67.9
Na+ −163.3 −163.3 −66.5 −96.8 −185.5 −28.9 −73.5
K+ −157.9 −157.9 −60.8 −97.1 −179.7 −31.4 −76.0
Rb+ −158.1 −158.1 −60.5 −97.6 −179.6 −34.6 −79.2

a-AM6′ no ion −128.1 −141.8 0.0 −141.8 −161.1 −63.8 −63.8
Na+ −198.0 −211.8 −79.4 −132.4 −238.5 −67.5 −67.5
K+ −192.7 −206.5 −72.3 −134.2 −232.3 −70.4 −70.4
Rb+ −192.7 −206.5 −71.4 −135.1 −232.0 −73.3 −73.3

b-AM6 no ion −81.8 −85.5 0.0 −85.5 −101.1 −15.3 −60.0
Cl− −165.9 −165.9 −88.9 −77.1 −187.0 −29.0 −73.7
Br− −161.5 −161.5 −83.5 −78.0 −181.8 −28.3 −73.0
I− −153.8 −153.8 −75.2 −78.6 −173.1 −29.9 −74.6

b-AM6′ no ion −84.6 −163.1 0.0 −163.1 −188.8 −40.5 −62.6
Cl− −170.4 −248.8 −92.2 −156.7 −280.6 −54.2 −76.2
Br− −166.0 −244.5 −86.3 −158.2 −275.3 −53.9 −76.0
I− −158.5 −237.0 −77.4 −159.7 −266.4 −56.6 −78.6

aZORA-BLYP-D3(BJ)/TZ2P level of theory. bEnergy of formation in the gas phase. cBonding energy. dCoordination energy. eHydrogen bond
energy (eq 6). fInteraction energy (eq 3). gEnergy of formation in water. hBonding energy with C2h symmetry in water.
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the most stable systems with C2h symmetry are M6@X− and a-
AM6′@Y+, either in the gas phase or in water (see Schemes 1
and 2). The energies of formation amount between −136 and
−144 kcal mol−1 for M6@X− and between −192 and −198
kcal mol−1 for a-AM6′@Y+ (see Table 1). With regards to the
other tautomers, the ions add an extra stabilization factor, but
it is not enough to stabilize the rosettes, neither in gas phase
nor water. Rosettes with Cl− and Na+ show the greatest ΔEf in
the gas phase. However, because of solvation effects,33,56 the
affinity for ions changes in water, which results in larger
bonding and formation energies for systems with I− and Rb+.
Even though AM was shown to be a superior building block to
M, with or without solvation,41 we show herein two new
positive sides of these self-assembling molecules. While M
coordinates only anions, the selectivity of AM toward anions or
cations could be tuned by selecting an appropriate salt.
Table 2 collects the parameters that define the structural

effects of the ions, that is, the hydrogen bond distances and the
size of the cavity. The most remarkable consequence of
introducing them in the center is the shrinkage of the central
cavity in the planar rosette. This means that upon addition of
Cl− or Na+, the size of the cavity and hydrogen bond distances
are reduced. With the subsequent addition of the bigger ions
(X− = Br−, I−; Y+ = K+, Rb+), those distances gradually increase
until they reach almost the size of the empty scaffold. This
phenomenon has also been previously observed for guanine
quadruplexes (GQs).33,34

Both formation and bonding energies reveal that the ions
add an extra stabilization factor to the system, so they are
interacting with the functional groups of the cavity. Therefore,
we have partitioned the overall bonding energy of the
complexes (eq 2) into two main components: the coordination
energy ΔEcoor, which is straight forwardly related to the
recognition process, and the hydrogen bond energy ΔEHB (eq
6).

Δ = − − + − × *

= Δ + Δ

E E E E E E

E E

( ) ( 6 )C
bond R@A R

R@A
A R

R@A
m

coor HB

h2

(6)

In this equation, ER@A is the energy of the rosette@ion
coordination complex and ER

R@A is the energy of the empty
rosette in the structure of the rosette@ion coordination
complex, so the superscript indicates the considered geometry.
All bonding energy terms are also shown in Table 1.
Our partitioning scheme reveals that introducing either

anions or cations in the cavity weakens the hydrogen bonds
within the rosettes (see ΔEHB values in Table 1). Note that the
weakening of these hydrogen bonds goes with the shortenings
of the D(H)···A distances (see Table 2). The biggest ions (I−

and Rb+) are less distortive but the coordination energy is
lower. In addition, this approach let us discriminate which
system will perform better for a specific ion. For instance, the
formation energies suggest that AM will recognize only cations,
but it is worth pointing out the differences in anion recognition
between M and AM. From Table 1, one can see that b-AM6

Table 2. Geometrical Parameters (in Å) of Single Rosettes with C2h symmetrya

gas phase water

rosette ion di (D···A)
b do (D···A)

c dcavity
d di (D···A) do (D···A) dcavity

M6 empty 2.95 2.97 7.71 2.97 2.98 7.66
Cl− 2.91 2.92 7.43 2.94 2.95 7.50
Br− 2.92 2.93 7.50 2.95 2.96 7.55
I− 2.94 2.96 7.62 2.97 2.98 7.65

M6′ empty 2.81 2.84 7.44 2.84 2.86 7.45
Cl− 2.74 2.80 7.39 2.82 2.85 7.43
Br− 2.75 2.81 7.47 2.82 2.85 7.50
I− 2.77 2.83 7.59 2.83 2.87 7.61

M6″ empty 2.80 2.80 7.46 2.83 2.83 7.46
Cl− 2.79 2.79 7.17 2.81 2.82 7.32
Br− 2.80 2.80 7.26 2.82 2.83 7.38
I− 2.81 2.82 7.41 2.83 2.84 7.50

a-AM6 empty 2.82 2.82 6.98 2.80 2.82 7.08
Na+ 2.73 2.77 6.82 2.77 2.79 6.90
K+ 2.74 2.78 6.83 2.76 2.79 6.89
Rb+ 2.74 2.78 6.87 2.76 2.79 6.91

a-AM6′ empty 2.84 2.81 7.61 2.89 2.83 7.38
Na+ 2.81 2.78 6.97 2.85 2.80 7.11
K+ 2.82 2.79 7.05 2.86 2.81 7.19
Rb+ 2.82 2.79 7.09 2.86 2.80 7.14

b-AM6 empty 2.83 2.85 7.53 2.83 2.83 7.22
Cl− 2.81 2.81 7.07 2.81 2.81 7.12
Br− 2.83 2.83 7.16 2.82 2.83 7.19
I− 2.85 2.86 7.31 2.85 2.86 7.32

b-AM6′ empty 2.77 2.81 7.42 2.81 2.88 7.37
Cl− 2.76 2.80 7.08 2.79 2.86 7.21
Br− 2.77 2.81 7.18 2.80 2.87 7.29
I− 2.79 2.83 7.34 2.82 2.89 7.43

aZORA-BLYP-D3(BJ)/TZ2P level of theory. bAverage inner hydrogen bond distance D(H)···A. cAverage outer hydrogen bond distance D(H)···A.
dAverage diameter taken between the nitrogen/oxygen atoms which define the cavity.
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and b-AM6′ coordinate anions more strongly than M6. In the
case of iodide, for example, the formation energy of b-AM6@I−

is −17.4 kcal mol−1 stronger than M6@I−, and b-AM6′@I− is
also −22.1 kcal mol−1 stronger than M6@I− (see also ΔEcoor
values in Table 1). In addition, the formation energies in water
are larger for b-AM6 and b-AM6′. Therefore, we show again the
superior capacity of AM for designing new supramolecular
systems, but with the ability to recognize anions and cations. In
this framework, a conceivable alternative to this structure could
be the isocytosine rosette57 because they share the same
molecular skeleton and might also show cooperativity.
3.2.1. Energy Decomposition Analysis. The nature of the

interactions was evaluated by an energy decomposition of each
interaction energy term. Values for ΔEcoor are collected in
Table 3, and values for ΔEHB are collected in Table S1. This
analysis reveals that, in all cases, the coordination is mostly
electrostatic in nature, providing around 60% of all attractive
interactions. Nevertheless, the orbital component ΔEoi, which
constitutes of mixing of the occupied and unoccupied orbitals
on one fragment due to the presence of the other and CT
interactions between the two fragments, contributes around
30% and together with the dispersion correction (around
10%), the three components explain the attractive nature of
the ion recognition.
The existence of a charge transfer component in the orbital

interactions can be observed with gross Mulliken population of
the lowest unoccupied molecular orbitals (LUMOs), and they
are also shown in Table 3. These populations confirm that
halide ions transfer electronic density to the antibonding
unoccupied orbitals of the N−H moieties. However, for the
interaction between the metal cation and the donating orbitals
of the rosettes, we observe that the electron population of the
metal cations is rather poor. Figure 1 shows the orbitals
involved in these interactions for M and AM rosettes. As can
be seen in Figure 1, the LUMO of M6 that receives electronic

density from X− is entirely localized at the center of the rosette.
This picture supports the fact that M and its tautomers have a
strong capacity to recognize anions when the rosette is formed.
The same can be seen for the a-AM6 and a-AM6′ systems, in
which all of the oxygen lone pairs (σHOMO−6 and σHOMO−3,
respectively) could donate electronic density to the metal.
Nevertheless, these orbitals do not play a key role in the
coordination. The highest unoccupied orbitals of a-AM6 and a-
AM6′ rosettes lose just 0.01 electrons, and there are no
significant orbital overlaps between the metal cation and the
σHOMO−6 and σHOMO−3 orbitals. Therefore, in order to dissect
the nature of the coordination, we studied two reduced
systems: a-AM@Na+ and a-AM′@Na+ dimers with the
geometry they acquire in the rosettes. Interestingly, we found
out that the orbital interactions of the systems with metal
cations are caused predominantly by polarization as the CT
interaction between the two fragments σ σ→ * +( )LP Na is

Table 3. EDA of ΔEcoor (in kcal mol−1) and Charge Transfer of Rosettes with C2h symmetry in the Gas Phasea

ΔEoi

rosette ion ΔEcoor
b ΔVelstat ΔEPauli ΔEσ ΔEπ ΔEdisp Pvirtuals

c

M6 Cl− −69.1 −51.9 14.7 −18.2 −8.0 −5.9 0.24
Br− −65.6 −53.7 22.3 −18.8 −7.7 −7.7 0.22
I− −60.0 −56.1 34.7 −20.5 −7.5 −10.5 0.28

M6′ Cl− −50.2 −33.0 15.9 −18.6 −8.4 −6.1 0.19
Br− −47.0 −35.6 23.7 −19.0 −8.1 −8.0 0.20
I− −42.1 −39.5 36.5 −20.4 −7.8 −10.9 0.22

M6″ Cl− −78.7 −63.9 21.7 −21.6 −8.2 −6.6 0.26
Br− −73.6 −65.8 31.5 −22.9 −7.9 −8.6 0.24
I− −65.7 −67.8 46.7 −25.4 −7.6 −11.6 0.33

a-AM6 Na+ −66.5 −38.3 0.7 −10.1 −6.9 −11.9 0.06
K+ −60.8 −38.6 2.9 −9.9 −6.9 −8.2 0.05
Rb+ −60.5 −39.0 4.9 −10.0 −6.9 −9.5 0.07

a-AM6′ Na+ −79.4 −52.0 0.6 −9.2 −7.3 −11.4 0.06
K+ −72.3 −51.2 2.2 −8.8 −7.2 −7.4 0.03
Rb+ −71.4 −47.3 3.6 −8.8 −7.1 −8.2 0.04

b-AM6 Cl− −88.9 −75.5 24.4 −22.0 −9.0 −6.9 0.26
Br− −83.5 −77.7 35.2 −23.4 −8.7 −8.8 0.26
I− −75.2 −80.3 51.5 −26.1 −8.4 −11.9 0.35

b-AM6′ Cl− −92.2 −79.0 25.0 −22.8 −8.4 −6.9 0.26
Br− −86.3 −80.4 35.3 −24.2 −8.1 −8.9 0.26
I− −77.4 −81.6 50.6 −26.7 −7.7 −11.9 0.37

aZORA-BLYP-D3(BJ)/TZ2P level of theory. bCoordination energy (eq 6). cPvirtuals is the sum of the gross Mulliken population of the LUMO till
LUMO + 10. For systems with X−, LUMOs correspond to N−H antibonding orbitals. For systems with Y+, LUMOs correspond to the metal.

Figure 1. Highest occupied and lowest unoccupied orbitals of M and
AM rosettes contribute to the orbital interactions with either the
halide anion or metal cation.
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negligible. Removal of the virtual orbitals of the metal cation
showed that the orbital interaction did not decrease much (see
Table S2). This means that the metal cation does not receive

charge donation and just polarizes the triazine moiety.
Contrarily to this behavior, the anion coordination is governed
by the σLP → σN−H* CT interaction. Figure S2 shows the σN−H*

Table 4. Analysis of the Bonding Energies (in kcal mol−1) of Stacked Rosettes with C2 Symmetrya

complex ion ΔEf
b ΔE C

bond
2 c ΔEcoord ΔEstack

e ΔEHBf ΔEint
g ΔEf

wh ΔEbond
w i

M12 no ion −209.6 −209.6 0.0 −52.8 −156.8 −228.3 −131.3 −131.3
Cl− −291.3 −291.3 −91.5 −47.7 −152.1 −308.9 −140.7 −140.7
Br− −290.1 −290.1 −89.9 −47.7 −152.5 −307.5 −144.7 −144.7
I− −288.5 −288.5 −87.4 −47.7 −153.4 −305.8 −152.1 −152.1

M12′ no ion −128.3 −415.8 0.0 −56.8 −359.0 −467.1 −40.6 −198.4
Cl− −185.9 −473.4 −64.4 −55.7 −353.3 −533.2 −44.0 −201.8
Br− −184.6 −472.1 −62.9 −55.7 −353.5 −531.2 −47.4 −205.2
I− −182.8 −470.3 −60.6 −55.8 −354.0 −528.0 −53.8 −211.6

M12″ no ion −85.7 −416.8 0.0 −59.6 −357.1 −489.9 −12.0 −194.7
Cl− −175.5 −506.5 −103.2 −51.9 −351.5 −581.3 −22.7 −205.3
Br− −173.8 −504.9 −100.7 −52.0 −352.2 −578.8 −26.7 −209.3
I− −171.0 −502.1 −96.4 −52.6 −353.1 −574.6 −34.4 −217.0

a-AM12 no ion −250.8 −250.8 0.0 −48.8 −202.0 −291.3 −87.8 −177.0
Na+ −338.0 −338.0 −95.3 −44.1 −198.6 −391.6 −97.3 −186.5
K+ −330.5 −330.5 −88.0 −44.1 −198.3 −384.1 −103.2 −192.3
Rb+ −328.8 −328.8 −83.3 −45.9 −199.6 −372.6 −108.5 −197.6

a-AM12′ no ion −307.2 −327.2 0.0 −44.7 −282.6 −367.4 −162.5 −162.5
Na+ −398.6 −418.7 −100.0 −43.2 −275.4 −466.8 −164.9 −164.9
K+ −396.9 −417.0 −92.5 −43.8 −280.7 −462.0 −172.3 −172.3
Rb+ −394.2 −414.3 −94.4 −43.4 −276.5 −461.7 −173.8 −173.8

b-AM12 no ion −216.4 −216.4 0.0 −51.3 −165.0 −264.1 −71.4 −160.6
Cl− −321.2 −321.2 −118.7 −43.8 −158.7 −363.4 −88.4 −177.6
Br− −319.0 −319.0 −115.6 −44.2 −159.2 −360.1 −91.1 −180.2
I− −315.1 −315.1 −110.4 −44.8 −160.0 −355.5 −97.5 −186.7

b-AM12′ no ion −236.6 −386.1 0.0 −56.5 −329.6 −440.7 −117.8 −161.9
Cl− −340.7 −490.2 −119.7 −50.0 −320.5 −550.1 −131.7 −175.7
Br− −339.0 −488.5 −117.0 −50.6 −321.0 −547.9 −134.8 −178.8
I− −336.1 −485.6 −112.2 −51.8 −321.6 −543.9 −142.1 −186.2

aZORA-BLYP-D3(BJ)/TZ2P level of theory. bFormation energy (eq 1). cBonding energy with C2 symmetry (eq 2). dCoordination. eStacking
bond energy. fHydrogen bond energy (eq 7). gOverall interaction energy. hFormation energy in water (COSMO). iBonding energy in water
(COSMO).

Figure 2. Structures of M stacked rosettes in the gas phase optimized at ZORA-BLYP-D3(BJ)/TZ2P with C2 symmetry.

Figure 3. Structures of AM stacked rosettes in the gas phase optimized at ZORA-BLYP-D3(BJ)/TZ2P with C2 symmetry.
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antibonding orbitals along with their Gross populations. Here,
the removal of the virtual orbitals from the aminotriazines
(Table S3) showed a large decrease in orbital interactions as
the donor−acceptor interaction was excluded. (For more
details, see Supporting Information Discussion 1 and ref 25).
3.3. Stacked Rosettes. 3.3.1. Structure and Relative

Stabilities. Our next step in the investigation of the ion
recognition was to introduce the stacking arrangement of the
rosettes. In this arrangement, the trend in the stability does not
change. As shown in Table 4, the formation energies indicate
that M12@X− and a-AM12′ @Y+ will predominate both in the
gas phase and in water. The systems with the greatest
formation and bonding energies in water are those, again, for
I− and Rb+.
Figures 2 and 3 show the molecular structures in the gas

phase of M and AM stacked rosettes, respectively. A glance at
these figures immediately reveals that the empty systems adopt
an almost planar stacking. Besides, both anions and cations
induce structural changes on the rosettes, which can be
associated with a templation effect. This means that after
introducing the ion in the empty scaffold, some structures
experience a structural rearrangement. In most cases, the
systems become more planar; specially M12, M12″, b-AM12, and
b-AM12′ . When introducing anions in the cavity, all of the
amine groups pyramidalize in such a way that all hydrogen
atoms point toward the anion. Contrarily, when introducing
cations within a-AM12, the system adopts a saddle or V shape.
The energy required to turn this last structure into a planar one
again (planarization energy) was estimated to be around 4 kcal
mol−1. This value suggests that the transition from bend to
planar is very shallow; thus, within a more realistic system with
more layers, such as a nanowire, the rosettes may adopt a
planar structure. It is also important to keep in mind that the
global minima of a-AM6 and a-AM6′ rosettes are not fully
planar, and they adopt saddle-like shapes41 (see also
Supporting Information Discussion 2).

To look further into the structures, we measured the average
inner and outer hydrogen-bonding distances, and the size of
the cavities (see Table S4). The general trend is the same as
that in the planar rosettes: the average diameter of the cavities
decreases upon addition of Cl−/Na+, and then, it gradually
increases with the successive larger ions.
Next, we analyzed the systems in an aqueous environment,

as shown in Figures 4 and 5. In general, the complexes retain
their original gas-phase structures, except the a-AM12′ system.
This aggregate adopts almost the same structure as that of its
imidate-like counterpart, for Na+ and Rb+, but not for K+.
Therefore, we tackled the query where does this behavior
come from. If we look at the size of the cavity, when adding
Na+ to the empty scaffold, the rosette is contracted and then
with K+, it is expanded again, and finally, it is slightly
contracted with Rb+ (see dcavity values in Table S4). To shed
light on these structures, we analyzed the preparation energy
by our approach in a previous work,33 which consists in
partitioning the preparation energy into the preparation of the
hydrogen bond energy ΔEprep,HB, and the preparation of the
stacking ΔEprep,stack (see Table S5). Both components are the
smallest for a-AM12′ @K+ with values of, respectively, 2.7 and
1.5 kcal mol−1, which means that K+ is less distorting for this
system; thus, it fits geometrically best.
Finally, as it was suggested in the previous section and

providing the fact that M6 and a-AM6′ are the most stable
rosettes, we propose that both compounds could form a potent
mixture for dual-ion pair receptors (see Figure S4 in the
Supporting Information). Alike the ditopic ion pair receptor
based on guanine and adenine quartets, which was reported by
Lippert et al.,38 we propose herein a stacked complex formed
by one layer of M6@Cl− and another one of a-AM6′@Na+ to
form a dual-ion pair receptor: a-AM6′[NaCl]M6.

3.3.2. Partitioning of the Bond Energy. The partitioning of
the bond energy allows us to explore the consequences of
introducing ions within the cavity. With that in mind, the
bonding energy in the stacking environment (eq 2) can also be

Figure 4. Structures of M stacked rosettes in water optimized at ZORA-BLYP-D3(BJ)/TZ2P with C2 symmetry.

Figure 5. Structures of AM stacked rosettes in water optimized at ZORA-BLYP-D3(BJ)/TZ2P with C2 symmetry.
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decomposed into three main components: coordination energy
ΔEcoor, stacking energy ΔEstack, and hydrogen-bond energy
ΔEHB, according to eq 7 (see also Scheme 4).

Δ = − −
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In these formulas, ER[A]R is the energy of the stacked rosette
with an interlayer ion, ER[ ]R is the energy of the empty
scaffold, and the superscripts indicate the considered geometry.
All these values, which are listed in Table 4, show that the
stacking and the hydrogen bond energies are slightly
weakened, and the coordination energy is almost an additional
factor that is added to an empty system. When comparing the
single rosettes with the stacked ones, the addition of a second
rosette to the former system improves the coordination energy
by around 25 to 45%. For instance, the coordination energy for
M goes from −69.1 kcal mol−1 in M6@Cl− to −91.5 kcal mol−1

in the stack system (an increase of 32.4%). In these stacked

structures, AM still performs better than M to coordinate
anions. Regarding the hydrogen bond energy ΔEHB, this term
is less weakened in the stacks than in the planar state; for
example, two rosettes of M (2× M6@Cl−) gives ΔEHB = −149
kcal mol−1, while in the stacks (M12@Cl−), this value
corresponds to −152 kcal mol−1. In the case of a-AM12′ , the
hydrogen bond energy of the stack is 10 kcal mol−1 more stable
than in the planar arrangement.

3.3.3. Energy Decomposition Analysis. The nature of the
coordination does not change in the stacks, and the trends are
preserved. The average contributions to the attractive
interactions are the same as those in the planar systems, that
is, 60% electrostatic, 30% orbital, and 10% dispersive (see
Table 5). Furthermore, as expected, the stacking energy is
mostly dispersive in nature (see Table S6 in the Supporting
Information).
Although the coordination energy ΔEcoor increases when the

rosettes stack on top of each other, the charge transfer
component (Pvirtuals) does not increase in this environment.
The most representative orbitals are displayed in Figure 6. The
presented orbitals provide a clear indication that the LUMO in
M12, which receives charge donation from halides, is mostly
localized at the center of the rosette and displaying a cylinder-
like form. This is very interesting because in a pillar array, this
orbital might be longitudinally localized such as in a coaxial
wire. Hence, this suggests that the supramolecular wire could
form an ionic channel to capture anions along its longitude.
In the systems with cations, the metal receives less charge

donation than in the planar systems. At this point, we can
invoke a very familiar system: the GQ. If we compare the Pvirtaul
values of a-AM12′ @Y+ (0.03, 0.01, and 0.01) with those
obtained for GQ@Y+ (0.25, 0.13, and 0.15) for the same
metals33 (Na+, K+ and Rb+, respectively), it can be noticed that
the charge transfer component is superior for GQ. When
analyzing the size of their cavities, as shown in Figure 7, the

Scheme 4. Partitioning of the Bond Energy of the Stacked
Rosettes

Table 5. EDA of ΔEcoor (in kcal mol−1) and Charge Transfer of Stacked Rosettes with C2 Symmetry in the Gas Phasea

rosette ion ΔEcoor
b ΔVelstat ΔEPauli ΔEoi ΔEdisp Pvirtuals

c

M12 Cl− −91.5 −66.1 11.9 −28.8 −8.5 0.25
Br− −89.9 −69.3 19.5 −28.5 −11.6 0.23
I− −87.4 −74.6 34.0 −30.1 −16.7 0.23

M12′ Cl− −64.4 −38.5 13.6 −30.4 −9.1 0.26
Br− −62.9 −42.4 22.1 −30.2 −12.4 0.20
I− −60.6 −49.1 38.1 −31.9 −17.8 0.27

M12″ Cl− −103.2 −78.5 16.4 −31.5 −9.7 0.28
Br− −100.7 −82.2 26.3 −31.7 −13.1 0.26
I− −96.4 −88.2 44.2 −33.9 −18.5 0.31

a-AM12 Na+ −95.3 −53.3 0.8 −22.4 −20.4 0.07
K+ −88.0 −54.0 3.2 −22.6 −14.7 0.03
Rb+ −83.3 −51.2 3.9 −20.4 −15.6 0.03

a-AM12′ Na+ −100.0 −65.7 0.4 −18.4 −16.4 0.03
K+ −92.5 −60.3 1.2 −16.7 −16.7 0.01
Rb+ −94.4 −65.4 2.5 −18.1 −13.4 0.01

b-AM12 Cl− −118.7 −95.2 19.3 −32.4 −10.3 0.28
Br− −115.6 −99.6 30.7 −33.0 −13.8 0.26
I− −110.4 −106.3 51.0 −35.6 −19.4 0.31

b-AM12′ Cl− −119.7 −95.7 17.0 −31.3 −9.8 0.25
Br− −117.0 −99.3 27.0 −31.4 −13.2 0.23
I− −112.2 −104.6 44.6 −33.5 −18.6 0.27

aZORA-BLYP-D3(BJ)/TZ2P level of theory. bCoordination energy (eq 7). cPvirtuals is the sum of the gross Mulliken population of the LUMO till
LUMO + 15. For systems with X−, LUMOs correspond to the rosette scaffold. For systems with Y+, LUMOs correspond to the metal.
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size of the pore is much larger in a-AM12′ . This difference in
sizes leads to different orbital overlaps (S2) between the
electron-donating and electron-accepting orbitals. For instance,
the most important donor−acceptor interaction goes with a
value of 0.019 for S2 in GQ@Na+, while for a-AM12′ @Na+, S2

amounts to 0.007 for the most important donor−acceptor
interaction.
For a deeper understanding of the metal coordination, we

have estimated the relevance of the donor−acceptor
interactions between the cation and the stacked rosettes as
well as the polarization within the stack of rosettes. To this
aim, we performed computations that exclude polarization in
the rosettes by removing all virtual orbitals of the stacked
rosettes (a-AM12 and a-AM12′ ) in the complexes a-AM12@Y+

and a-AM12′ @Y+, that is, computations CO[ϕ,−]···
Y+[ϕ,ϕ*]. In addition, we blocked the σLP → σ*+Y donor−
acceptor interaction by removing the virtuals of the metal, and
the resulting orbital interactions (CO[ϕ,ϕ*]···Y+[ϕ,−]) are
displayed in Table 6. The orbital interaction in a-AM12@Na+

amounts to −22.4 kcal mol−1 (see Table 6) and drops to −4.2
kcal mol−1 when the virtuals are removed from the rosette
scaffold. The same happens for a-AM12′ @Na+ which goes from
−18.4 to −2.3 kcal mol−1. Furthermore, when the charge
transfer between the cation and the stack of rosettes is blocked,
the orbital contribution to the coordination energy is almost
unaffected. As the only allowed orbital interaction (in the
computations with the virtuals removed from the stacked
rosettes) being the donor−acceptor interaction between the
occupied orbitals of the stacked rosettes and the lowest-
unoccupied orbitals of the cation, we can conclude that
polarization within the stacked rosettes because of the presence
of the cation plays a dominant contribution to the orbital
interaction energy. These results are in line with the values for
the gross populations in Table 5.
We also studied the anion coordination within the most

stable systems with anions, that is, M12@X− and b-AM12′ @X−.
When allowing only charge transfer interaction between the
anion and the rosette scaffold, that is, N−H[ϕ,ϕ*]···X−[ϕ,−],
our results (Table 7) showed that the anions do transfer
electron density to the rosette scaffold through the set of σN−H*
antibonding orbitals that form the cavity. Then, if we block the
last process by switching of the virtual orbitals of the rosette
scaffolds, the orbital interaction energy drops to a value that
ranges from −1 to −3 kcal mol−1. Thus, the charge transfer
process overruled the anion coordination.

3.3.4. Gibbs Free Energy of Formation. At this stage, we
have analyzed the bonding mechanism between ions and the
stacked rosettes. For the self-assembly, we have computed the

Figure 6. σLUMO and σHOMO−6 orbitals of M12 and a-AM12′ ,
respectively, that contribute to the orbital interactions with either
the halides or metals.

Figure 7. Longitudinal (A) and cross-sections (B) of electron density
surfaces ρ(r) (isosurface ρ(r) = 0.001 a.u.). Top: M12, middle: a-
AM12′ , and bottom: GQ. Computed at ZORA-BLYP-D3(BJ)/TZ2P in
the gas phase.

Table 6. Orbital Interaction Energies (ΔEoi) (kcal mol−1) for a-AM12@Y+ and a-AM12@Y+ with and without CT and
Polarization (Pol)a

CO[ϕ,ϕ*]···Y+[ϕ,ϕ*]b CO[ϕ,−]···Y+[ϕ,ϕ*]c CO[ϕ,ϕ*]···Y+[ϕ,−]d

rosette Y+ CT and Pol only CT only Pol
a-AM12 Na+ −22.4 −4.2 −21.4

K+ −22.6 −4.0 −21.3
Rb+ −20.4 −3.8 −19.2

a-AM12′ Na+ −18.4 −2.3 −17.7
K+ −16.7 −2.0 −16.0
Rb+ −18.1 −2.5 −17.3

aZORA-BLYP-D3(BJ)/TZ2P level of theory. bOrbital interaction energies with all virtual orbitals present. cOrbital interaction energies after
removal of virtual orbitals of the rosette scaffold. dOrbital interaction energies after removal of virtual orbitals of the cation.
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changes in Gibbs free energy of formation in water for the
most stable complexes with and without Cl− and Na+, as
shown in Table 8. Gibbs free energy values show that the

formation in water is viable. A related case recently reported by
Zaccaria and Fonseca Guerra34 has shown a ΔGf of −45.3 kcal
mol−1 for a GQ with an interlayer K+ at the same level of
theory. This result, which is comparable to that of a-AM12′ @
Na+, suggest that the assembly could be experimentally feasible
in water. Unlike the case of GQ@K+ which needs the cation to
self-assemble,34 our rosettes show negative values for ΔGf even
without the presence of the ions. Nevertheless, the monomers
should be equipped with side chains to direct and improve the
assembly, which is a current proceeding. Until now, stacked
rosettes of melamine have never been obtained experimentally
without any covalent modification.12,13,47

4. CONCLUSIONS
Our DFT-D calculations predict that M and AM rosettes can
accommodate ions within their central cavities without further
distortion. This is also possible in two different environments:
in a layer, as it would be in a self-assembled monolayer, and in
between two stacked rosettes, alike the naturally occurring
GQs and nanowires. While M can only recognize anions, AM
rosettes could recognize both anions and cations. Therefore,
one could control the ion recognition capability of ammeline
with the appropriate selection of the salt. In addition, based on
the formation energies, M and AM could constitute a potent
binary mixture for dual-receptor strategies.
The energy of formation of the complexes consists of the

tautomerization energy, the coordination energy, the hydrogen
bond energy, and stacking energy. Our bonding analyses show
that the coordination energy is essentially an additive factor to
the empty systems. When going from single to stacked rosettes,
the coordination energy can be enhanced from 25 up to 45%.
Furthermore, the nature of the anion recognition process was
found to be dominated by electrostatic and donor−acceptor
interactions between the occupied orbitals of the anion and the

lowest unoccupied orbitals of the rosette that corresponds to
antibonding orbitals on the N−H groups. On the contrary, the
coordination of the metals is dominated by electrostatic
interaction and polarization within the rosettes. The metal
cation receives almost no electronic charge from the rosettes
because of the poor contribution of the occupied orbitals of
carbonyl and hydroxy groups to the coordination.
Our computational results indicate that the most stable

structures, in the gas phase and in water solution, are those of
melamine in its amino-like form and ammeline in its amide-like
form (a-AM′). The Gibbs free energy of formation in water
shows that the association into stacking arrangements is
favorable, but the ions are not completely necessary for the
assembly.
Finally, all of the ions have shown to organize the assemblies

in a particular arrangement, with respect to the empty systems,
both in the gas phase and in water. For instance, anions can
induce planarity in melamine and ammeline, while cations
induce V shape structures on empty scaffolds. Hence, not only
could they be used as an external factor accompanying the
assembly process but also they can be part of the final
ensemble. These results are of importance for the rational
design of self-assembling ionophore materials with tunable
properties by the presence of different ions.
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(40) Paragi, G.; Kupihaŕ, Z.; Guerra, C.; Bickelhaupt, F.; Kovaćs, L.
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