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A B S T R A C T   

A hydrated complex of 1,10-phenanthroline with Cu2+ cation was intercalated in the interlayer space of 
montmorillonite. This intercalation occurs initially by through a cation exchange mechanism in which the charge 
of the complex cation compensates the excess of the negative charge of the interlayer, then, once the cation 
exchange capacity (CEC) value has been reached, by direct adsorption of the sulfate salt of this complex (i.e. the 
cation together with its sulfate counterion). This material has showed interesting entrapping properties of 
gaseous phases and a peculiar chemical reactivity. However, the complete characterization and explanation of 
the formation of these materials is difficult with only experimental techniques. Hence, we used computational 
methods at atomic level to know how are the molecular structure of these complexes and their adsorption ca
pacity of ammonia inside the interlayer confined space of montmorillonite for a better understanding of the 
experimental behaviour. First Principles calculations were performed based on Density Functional Theory (DFT). 
The intercalation of the phenanthroline-Cu(II) complex inside the nanoconfined interlayer of montmorillonite is 
energetically favourable in the relative proportion observed experimentally, being a cation exchange process. 
The further adsorption of the sulfate salt of the phenanthroline-Cu complex is also energetically possible. The 
adsorption of ammonia molecules in these montmorillonite-phenanthroline-Cu complexes was also favourable 
according with experimental behaviour.   

1. Introduction 

Clay minerals are one of the most abundant mineral groups in the 
Earth Biosphere and also are present in other planets. They are present 
in soils, in the atmosphere and oceans. These natural materials have 
high absorption capacity with a certain catalytic activity, a small par
ticle size and a great specific surface. Besides they provide confined 
nanospaces where the chemistry can be different to that in macroscopic 
spaces. These minerals can act as inorganic membranes with selective 
adsorption and diffusion properties altering the fluid dynamics through 
the solid matter. This property and the confined nanospaces offer an 
excellent scenario for overcoming entropic barriers for the initial pre
biotic reactions and the first step for the origin of the Life [1,2]. 

Within the clay minerals group, the phyllosilicates have a layered 
structure with high cation exchange capacity and swelling properties 

deriving from the weak interactions in the interlayer space. They can 
host different molecules in the interlayer space conferring peculiar 
properties. Organic and inorganic compounds have been immobilized in 
the interlayer space of 2:1-phyllosilicates with specific properties [3]. 

Organic-inorganic hybrid compounds are becoming very interesting 
structures due to their potential applications for photo-, electro- and 
magnetic-materials and in catalysis, and medicine. The combination of 
transition metal cations with rigid organic ligands as building blocks is 
especially attractive [4]. Moreover, the immobilization of these hybrid 
complexes is very interesting for applications in heterogeneous catalysis 
and green chemistry where the catalyst can be recovered and re-used in 
industrial processes. Metal complexes containing 1,10-phenanthroline 
ligands received wide attention due to their long-standing applications 
in analytical chemistry [5]]. Recently a μ-oxo dinuclear Fe 
(III)-phenanthroline complex has been studied [6]. Besides, this Fe 
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complex was intercalated in montmorillonite interlayer increasing the 
interlayer spacing and the stacking order [7,8], with new properties for 
adsorption and reactivity at the solid/gas interfaces [9–11]. 

Very recently Cu(II)-1,10-phenanthroline complexes intercalated in 
montmorillonite have been studied [12], finding interesting adsorption 
properties of ammonia [13]. However, some aspects of molecular 
structure and intermolecular interactions could not be understood 
completely. In this work, molecular modelling calculations are applied 
to know the molecular structure of these hybrid materials, especially of 
the organo-Cu complex into the confined interlayer space of montmo
rillonite and their adsorption property towards ammonia. 

2. Methodology and models 

First-principles calculations based on the Density Functional Theory 
(DFT) method were carried out by means of the CASTEP [14] and Dmol3 
[15] codes applying periodical boundary conditions in 3-D dimension. 
Dmol3 is based on localized atomic orbitals, and double-ζ extended basis 
sets with polarization functions were used. CASTEP is based on plane 
waves. The generalized gradient approximation (GGA) and Per
dew− Burke− Ernzerhof (PBE) parametrization of the exchange correla
tion function were applied in both methods and the 
Tkatchenko-Scheffler [16] dispersion correction was used. Pseudopo
tentials with semicore correction (DSPP) were used in Dmol3. Ultrasoft 
pseudopotentials were used in CASTEP. In both methods the polariza
tion of spin was included due to the presence of the Cu cation. The 
calculations are performed considering the Γ point of the Brillouin zone 
and the convergence threshold criterion for the self-consistent field was 
1 × 10− 6. The optimization of atomic positions and crystal lattice cell 
parameters was performed at 0 K. In all structures, all atoms and the cell 
parameters were relaxed by means of conjugated gradient minimiza
tions [17]. These conditions are consistent with previous studies with 
organics [18], phyllosilicates and other minerals [19,20]. 

The crystal structure of montmorillonite was taken from previous 
optimizations [21] with the unit-cell formula: Ca0.33(Al3.5Mg0.5) 
(Si7.75Al0.17)O20(OH)4. The chemical composition of this model is close 
to the montmorillonite STx-1b experimentally used [22] 
(Ca0.34Na0.04K0.06) (Al3.28Fe3+

0.14Mg0.56Ti0.02) (Si7.75Al0.25)O20(OH)4. 
The initial model of the Cu(II)-1,10-phenanthroline (phenCu) complex 
was taken from experimental crystallographic data [4]. We extracted 
one phenCu cation from the crystal lattice structure along with the 
counter-ion sulfate. This ion-pair was placed in the centre of an empty 
box with periodical boundary conditions of 20 × 20 × 15 Å for avoiding 
inter-cell interactions. Considering the dimensions of this Cu-complex, a 
supercell 3 × 2 × 1 of montmorillonite was used in order to avoid 
intermolecular interactions with vicinal cells in the periodical model. 
Hence, the chemical composition of this supercell was Ca2(Al21Mg3) 
(Si47Al1)O120(OH)24. The cation substitutions for the generation of this 
supercell model were placed considering the high dispersion tendency of 
Mg cations in this kind of structures according to previous studies [23, 
24]. 

3. Results and discussion 

In the crystal structure of the Cu-1,10-phenanthroline complex, the 
Cu2+ cation is coordinated symmetrically with the phenanthroline N 
atoms and two water molecules, where Cu2+, N atoms and the water O 
atoms remain in the same plane. The sulfate anions are bridging between 
two complexes and the Cu2+ cation is coordinated with two sulfates 
sharing them with the vicinal complexes. We extracted this complex 
from the crystal and placed it in a empty cubic box of 20 × 20 × 15 Å. 
This complex has the phenanthroline N atoms, Cu2+ cation and the 
water O atoms in the same plane as in the crystal and the sulfate O atoms 
coordinated with the water H atoms. This complex model was optimized 
initially with Dmol3 and later was reoptimized with CASTEP. This 
optimized structure maintained the pristine form with d(SO⋯HO) =

1.374 Å (phenCu_sulf2w) (Fig. 1a). However, the Cu2+ cations can have 
also an octahedral six-coordination. Hence, we generated another 
complex with the water molecules forming a perpendicular axis with 
respect to the phenanthroline-Cu plane with the water O atoms oriented 
towards the Cu2+ cation and the sulfate O atoms completing the coor
dination in the same phenanthroline-Cu plane (phenCu2w_sulf) 
(Fig. 1b). This last complex optimized has a d(Cu⋯OH2) = 2.037–2.040 
Å, d(Cu⋯N) = 2.042 Å, and d(Cu…OS) = 2.337–2.383 Å. This complex 
is 7.79 kcal/mol more stable than the above one after the optimization of 
both isolated complexes. Hence, this last model of the complex (phen
Cu2w_sulf) was selected and used for the rest of this work. 

This sulfate complex in aqueous media will be solvated and the 
minimal solvation sphere will be the phenanthroline-Cu2+ cation 
completing the octahedral coordination with 4 water molecules 
(phenCu4w) (Fig. 1c). 

The size of the phenCu2w_sulf complex is 10 × 9 × 5 Å3, and that of 
the phenCu4w cation is 9 × 8.5 × 6 Å3. Hence, the 3 × 2 × 1 (16 × 18 ×
15 Å3) supercell of montmorillonite is suitable for the intercalation of 
these complexes. This supercell has two Ca2+ interlayer cations that 
were hydrated with 6 water molecules each one forming an octahedral 
coordination for both cations. Hence, this supercell has 12 water mol
ecules. This model was fully optimized regarding atomic positions and 
cell parameters with variable volume (mnt2Ca12w) with CASTEP 
yielding a d(001) spacing of 14.0 Å being lower than in experiments 
(15.1 Å) due to the lower amount of water in this model. After the 
optimization, the distribution of water molecules was disordered, they 
did not form a perfect octahedral coordination with Ca2+ cations in the 
interlayer space (Fig. 2a). Some water O atoms form the coordination 
sphere of Ca2+ at a distance around 2.3–3.1 Å and the water H atoms 
form H bonding with the mineral surface O atoms with d(OH⋯OSi) =
2.3–2.7 Å and with other water O atoms with d(OH⋯HO) = 1.66 Å. This 
model was compared with a periodical box of 12 water molecules and 
the dry structure of montmorillonite (mnt2Ca). The hydration of this 
montmorillonite in the confined interlayer space was energetically 
favourable with an energy of − 102.7 kcal/mol, − 8.56 kcal/mol per 
water molecule. 

In this optimized structure, one intercalated Ca2+ hydrated was 
substituted by one hydrated phenanthroline-Cu2+ cation, where the 
phenanthroline ring is parallel to the interlayer mineral surface 
(mntCa6wphenCu4w). The full optimization of this structure yielded a 
d(001) spacing of 14.0 Å. The phenanthroline ring remained parallel to 
the mineral surface but in an inclined plane (Fig. 2b). From this last 
model the other hydrated Ca2+ cation was substituted by one additional 
phenanthroline-Cu2+ cation, where the phenanthroline ring was placed 
also parallel to the mineral 001 surface (mnt2phenCu8w). The opti
mization of this structure yielded a d(001) spacing of 14.7 Å, main
taining both phenanthroline rings in a parallel orientation with respect 
to the mineral surface with the hydrophilic groups (Cu2+ and water 
molecules) close each other and the hydrophobic (phenanthroline) 
moieties together in opposite side (Fig. 2c). In both complexes, each 
Cu2+ cation is penta-coordinated with the 2 phenanthroline N atoms, d 
(N⋯Cu) = 1.95–2.01 Å, and 3 water molecules, d(HO⋯Cu) = 2.0–2.19 
Å. The other water molecules went towards the mineral surface forming 
strong H bonds d(HOH⋯OSi) = 1.60–1.91 Å. Additional H bonds exist 
between the water molecules d(HO⋯HO) = 1.60–2.1 Å. This structure 
can describe the atomic arrangement of the hybrid composite obtained 
experimentally and described as semisaturated complex in previous 
work [13]. 

The formation of both former complexes (mntCa6wphenCu4w and 
mnt2phenCu8w) is produced by means of a cation exchange mecha
nism. To evaluate the energetic of this reaction we have to include a 
model that represents the Ca2+ cation outside the mineral interlayer. For 
that we generated a periodical box model of the Ca2+ cation with the 
sulfate anion, and this ion-pair was solvated with 6 water molecules for 
the Ca2+ cation, like in the mineral interlayer, and 4 water molecules for 
the sulfate (Casulf10w). In the same way, we prepared a model of a 
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periodical box with the phenanthroline-Cu sulfate ion-pair phen
Cu2w_sulf solvated with 8 water molecules (4 for Cu2+ cation and 4 for 
the sulfate anion) for completing the stoichiometry (phenCu_sulf8w). 
Then, we can describe the exchange cation reaction:  

mnt2Ca12w + phenCu_sulf8w —→ mntCa6wphenCu4w + Casulf10w          

Then, the reaction energy can be calculated as:  

E = EmntCa6wphenCu4w + ECasulf10w – Emnt2Ca12w – EphenCu_sulf8w                    

being the exchange cation energy of − 97.7 kcal/mol. This value 
indicates that the phenanthroline-Cu cation is likely to be intercalated in 
montmorillonite with a favourable energy. 

In the same way the reaction of the intercalation of a further phenCu 

Fig. 1. Cu-1,10-phenanthroline complexes, sulfate in planar conformation (a), sulfate in octahedral coordination (b), and the free cation form coordinated with 4 
water molecules (c). The H, C, N, Cu, O, and S atoms are in clear-gray, gray, blue, pink, red, and yellow colours, respectively. This colour criterium is extended to the 
rest of this work. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Optimized structures of the montmorillonite intercalated with only Ca2+ (a, mnt2Ca12w), with one phenCu2+ (b, mntCa6wphenCu4w) and two phenCu2+

(c, mnt2phenCu8w) cations per supercell. The Si, Al, and Mg atoms are in yellow, pink, and green colours, respectively. This colour format is extended to the rest of 
this work. The main non-bonding interactions are shown in dashed lines. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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will be the exchange cation reaction:  

mnt2Ca12w + 2(phenCu_sulf8w) —→ mnt2phenCu8w + 2(Casulf10w)        

Then, the reaction energy can be calculated as:  

E = Emnt2(phenCu)8w +2ECasulf10w – Emnt2Ca12w – 2EphenCu_sulf8w                     

being the cation exchange energy of − 63.1 kcal/mol. This indicates 
that the formation of the semisaturated hybrid material is likely to be 
produced according with our experiments. Nevertheless, this energy is 
lower than that of intercalation of only one complex, possibly due to 
some steric interactions in the confined interlayer space. This nicely 
agrees with the experimental fact that the adsorption isotherm is a 
Frumkin type characterized by a repulsive interaction factor [13], 
indicative of repulsive interactions among the adsorbed phenCu com
plex which increase at increasing of the amount of the complex inside 
the interlayer, meaning that mntCa6wphenCu4w is more stable than 
mnt2phenCu8w. 

After completing the cation exchange capacity (CEC), our previous 
experiments indicated that more phenCu complex could be adsorbed in 
the clay mineral [13]. In this step the adsorption cannot be as a cation 
exchange but a neutral adsorption of the ion-pair phenCu-sulfate. Then, 
two phenCu sulfate salts, phenCu2w_sulf, were intercalated in mont
morillonite, which has already two phenCu2+ cations, mnt2phenCu8w, 
described above. Different geometrical dispositions were tested for these 
complexes in the interlayer and the most stable one was with all phe
nanthroline rings being parallel to the 001 mineral surface with a d(001) 
spacing of 17 Å, mnt2(phenCu)2(phenCu_sulf)12w (Fig. 3) according 

with our experiments (d = 17.1 Å). The more hydrophobic moieties are 
oriented together forming as a surfactant structure with hydrophobic 
(phenanthroline rings) and hydrophilic (Cu2+ coordination with water 
molecules and sulfate anions) zones. The phenanthroline rings are in 
two levels of the interlayer of smectite, but they are not stacking each 
other, they are displaced (Fig. 3b). One sulfate anion is coordinated with 
one Cu cation and the other sulfate takes one H atom dissociating from a 
water molecule, where the resultant OH anion is coordinating one Cu 
cation (Fig. 3c). One Cu cation interacts electrostatically with one O 
atom of the mineral surface more negatively charged being close to the 
tetrahedral Al cation. The water molecules form H bonds with the 
mineral surface O atoms, with the sulfate O atoms, and with the water O 
atoms. This complex corresponds to the ‘saturated’ intercalated com
pound obtained in our previous experimental work [13]. The Cu2+

cation maintains the square-planar coordination being distorted and 
also is different to that of the phenCu sulfate crystal according with our 
previous observations with X-ray absorption analysis [13]. 

This last stage can be represented by the reaction:  

mnt2phenCu8w + 2(phenCu2w_sulf) → mnt2(phenCu)2(phenCu_sulf)  12w 

Then, the reaction energy can be calculated as:  

E = Emnt2(phenCu)2(phenCu_sulf)12w – Emnt2phenCu8w– 2EphenCu2w_sulf                   

being the exchange cation energy of − 78 kcal/mol. Hence, this 
second intercalation is also energetically favourable. Taking into ac
count the whole of intercalation of all phenanthroline complexes as 
cation and as sulfate salt forming the saturated hybrid material, the 

Fig. 3. Optimized models of montmorillonite with 2 phenCu2+ cations and 2 salts of phenCu sulfate mnt2(phenCu)2(phenCu_sulf)12w. View from 010 (a) and 001 
(b) planes, and zoom details highlighting the dissociation of one water molecule by one sulfate anion (c). The main non-bonding interactions are shown in 
dashed lines. 
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reaction energy is − 171.52 kcal/mol. Hence the whole process is also 
energetically favourable. 

3.1. Adsorption of ammonia 

The adsorption of one molecule of ammonia was calculated in both 
hybrid materials, the semisaturated and saturated ones (Fig. 4), placing 
the ammonia molecule randomly in the interlayer space. These opti
mized structures with ammonia were compared with the initial structure 
without the adsorption and the ammonia molecule optimized within a 
periodical box in the same calculation conditions. Then, the adsorption 
energy was − 14.75 and − 29.14 kcal/mol in semisaturated and saturated 
material, respectively, being energetically favourable in both cases. This 
is consistent with our previous experimental results [13]. In both sys
tems, semisaturated (Fig. 4a), and saturated (Fig. 4c) the ammonia 
molecule was adsorbed close to the mineral surface forming H bonds 
between the ammonia H atoms and the surface O atoms. Nevertheless, 
we prepared an additional model approaching the ammonia molecule 
close to one Cu cation in the semisaturated system (Fig. 4b). The opti
mized structure yielded the ammonia molecule coordinating the Cu2+

cation, d(HN⋯Cu) = 2.02 Å, forming at the same time H bonds with the 
mineral surface, d(NH⋯OSi) = 2.09–2.30 Å. This complex was 8.5 

kcal/mol more stable than the former one. Hence, the adsorption energy 
of one ammonia molecule for this semisaturated complex can be 
considered as − 23.27 kcal/mol. 

In order to explore different adsorption sites of ammonia in the 
interlayer of smectite, a Monte Carlo simulated annealing method was 
applied. For that, we explored randomly different positions of the 
ammonia molecule with different orientations. Using the COMPASS 
force fields, 106 configurations were explored in each temperature cycle 
and 10 cycles were performed selecting the 10 most stable final con
figurations [17]. In all cases the NH3 molecule did not approach to the 
Cu cation. Probably, repulsive interactions between ammonia and water 
molecules avoid this approaching. However we found above that the 
formation of the Cu–NH3 coordination is energetically favourable. 
Probably the diffusion of the ammonia molecule approaching to the Cu 
cation is unlikely to observe at the quantum mechanical calculations 
conditions. Nevertheless, this Cu–NH3 coordination could be formed at 
room temperature, stabilizing the structure at experimental reaction 
times, as observed in our previous with nuclear magnetic resonance 
(NMR) spectroscopy, and X-ray absorption experiments [13]. 

Following the same method, we generated models adding 2, 3, 4, 5 
and 6 ammonia molecules to the semisaturated (mnt2phenCu8w) and 
saturated (mnt2(phenCu)2(phenCu_sulf)12w) hybrid materials 

Fig. 4. Structured interlayers after adsorption of one ammonia molecule in a montmorillonite 3 × 2 × 1 supercell. (a) Semisaturated material (mnt2phenCu8w) 
with NH3 forming H bonds between H atoms and the surface O atoms. (b) Semisaturated material (mnt2phenCu8w) with NH3 coordinated to Cu2+. (c) Saturated 
material (mnt2(phenCu)2(phenCu_sulf)12w) with NH3 forming H bonds between H atoms and the surface O atoms. The main non-bonding interactions are shown 
in dashed lines. 
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models. In all cases the adsorption energies were negative being ener
getically favourable (Table 1). This is consistent with our previous 
experimental results, where the maximum amount of ammonia adsor
bed was 1.5 mol NH3 per mol of CuPhen cation in the saturated structure 
(6 NH3 molecules per 3 × 2 × 1 supercell) and 3 mol NH3 per mol of 
CuPhen cation in the semi-saturated one (also 6 NH3 molecules per 3 ×
2 × 1 supercell). 

In the addition of the second ammonia molecule, several options 
were explored and one of the most stable structure obtained after the 
optimization is with the ammonia molecules coordinating the 
Cu2+cations in the semi-saturated hybrid material (Fig. 5a). The co- 
planar square coordination of Cu2+ (with the phenanthroline N atoms 
and two water molecules) is maintained in both complexes as in the 
above structures and close to the centre of the interlayer space, with d 
(CN⋯Cu) = 1.99–2.03 Å and d(H2O⋯Cu) = 2.23–2.73 Å. However, the 
entrance of the ammonia molecules produced a distorted coordination 
sphere in both Cu2+ cations, which can be considered as a hepta- 
coordinated Cu2+ cation, with the ammonia adsorbates d(HN⋯Cu) =
2.23–2.29 Å and the other water molecules d(H2O⋯Cu) = 2.17–2.37 Å. 
Besides at the same time, these ammonia molecules form H bonds with 
the mineral surface O atoms d(NH⋯OSi) = 1.42, 1.76–2.20 Å. Some 
water molecules form also H bonds with the surface O atoms and d 
(HOH⋯OSi) = 1.80–2.38 Å. This structure with the ammonia coordi
nating the Cu cations can justify its high adsorption energy (Table 1). 
However, there are many possible adsorption sites of ammonia within 
the interlayer of clay and many of them are likely to exist thermody
namically at room temperature. 

In the saturated hybrid solid model, the ammonia molecules cannot 
enter to the coordination sphere of Cu2+. This can justify its low 
adsorption energy (− 19.10 vs − 38.02 kcal/mol) (Table 1). This effect is 
due to the presence of the sulfate anions that participate in the coordi
nation sphere of the Cu2+ cations provoking a certain distortion. One 
sulfate anion is coordinating to Cu2+ with two O atoms forming a hepta- 
coordinated Cu2+ cation along with the two phenanthroline N atoms and 
3 water molecules. The other sulfate anion acts as a bridge coordinating 
with 3 Cu2+ cations (see detailed view in Fig. 5b). One ammonia 
molecule is forming a strong H bond with one water molecule d 
(H3N⋯HOH) = 1.56 Å, that is solvating the sulfate anion. At the same 
time this ammonia molecule is forming H bonds with the mineral sur
face, d(HNH⋯OSi) = 2.13–2.35 Å. As above, some water molecules 
form H bonds with the surface O atoms, d(HOH⋯OSi) = 1.56, 
1.71–1.80, 1.96 Å. The other ammonia molecule does not approach to 
the Cu2+ cation, forming H bonds with the mineral surface. 

In the adsorption of 3 ammonia molecules per 3 × 2 × 1 supercell in 
the semi-saturated mnt2phenCu8w, one ammonia is coordinating a 
Cu2+ cation, d(HN⋯Cu) = 2.17 Å, and forms H bonds with the mineral 
surface, d(HNH⋯OSi) = 1.98–2.35 Å. This interaction provokes a 
distortion in the coordination sphere of Cu2+ breaking the coplanar- 
square form. The other ammonia molecule forms a H bond with a co
ordination water d(HN⋯HOH) = 1.61 Å and another H bond with the 
clay surface O atom close to the tetrahedral aluminium, d(HNH⋯OSi) =
2.11 Å. The third ammonia molecule remains out of the Cu coordination 

zones forming H bonds with the clay surface O atoms d(HNH⋯OSi) =
2.30–2.77 Å. Some water molecules form also H bonds with the surface 
O atoms and d(HOH⋯OSi) = 1.66–1.89 Å (Fig. 6a). 

In the saturated solid mnt2(phenCu)2(phenCu_sulf)12w, one 
ammonia molecule interacts with one sulfate anion d(HNH⋯OSO) =
1.62 Å with a so much strength that withdraws a H atom of a vicinal 
water molecule forming an ammonium (NH4

+) cation maintaining close 

Table 1 
Adsorption energy of the ammonia molecules in the interlayer space of the semi- 
saturated and saturated hybrid materials.  

Nº 
NH3 

Adsorption energy (kcal/mol) 

mnt2phenCu8w mnt2(phenCu)2(phenCu_sulf) 
12w 

1 − 14.75 (H2N–H..O–Si)/-23.27 
(H3N⋯Cu) 

− 29.14 

2 − 38.02 − 19.10 
3 − 29.09 − 45.99 
4 − 18.0 − 19.97 
5 − 28.09 − 29.58 
6 − 29.7 − 17.36  

Fig. 5. Structured interlayers after adsorption of two ammonia molecules in the 
montmorillonite 3 × 2 × 1 supercell. (a) Semisaturated (mnt2phenCu8w); (b) 
Saturated (mnt2(phenCu)2(phenCu_sulf)12w) (with two zoom for details of 
the coordination of sulfate anions) hybrid materials models. The main non- 
bonding interactions are shown in dashed lines. Distance values are in Å. 
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to the hydroxy anion, like a ammonium hydroxyl ion-pair, d 
(HNH⋯OH) = 1.52 Å (see zoom view in Fig. 6b). This effect can justify 
the strong adsorption energy in this system (Table 1). Besides, this 
ammonium cation is stabilized with an additional H bond with the clay 
surface O atoms d(HNH⋯OSi) = 2.16 Å. The sulfate anion associated 
with the ammonium cation is coordinated with one Cu2+ cation d 
(OSO⋯Cu) = 2.14 Å and interacts with two water molecules by 
hydrogen bonds d(HOH⋯OSO) = 1.77–1.83 Å. The other sulfate anion 
is coordinating two Cu2+ cations d(OSO⋯Cu) = 1.97–2.05 Å and 4 
water molecules d(HOH⋯OSO) = 1.64–1.77 Å. The other ammonia 
molecules is interacting with one coordination water molecule d 
(HN⋯HOH) = 1.60 Å and the clay surface O atoms d(HNH⋯OSi) = 2.03 
Å. The third ammonia molecule is out of the Cu coordination spheres 
interacting with the mineral surface d(HNH⋯OSi) = 2.40 Å. 

In the case of adsorption of 4 ammonia molecules per 3 × 2 × 1 
supercell of the semisaturated hybrid material model, one ammonia per 
phenCu complex, two ammonia molecules are coordinated to Cu2+

cations d(HN⋯Cu) = 2.03–2.23 Å interacting also with the mineral 
surface d(HNH⋯OSi) = 2.13–2.43 Å. The other ammonia molecules are 

interacting with the mineral surface O atoms, one of them is forming a 
strong H bond with one water molecule, d(H3N⋯HOH) = 1.612 Å 
(Fig. 7a). In the optimized structure of the saturated hybrid material 
model, one ammonium cation is formed like in above sample (Fig. 6b) 
and no other ammonia molecule is coordinated with any Cu2+ cation, 
and in addition several Cu2+ cations are rather close d(Cu⋯Cu) = 4.36 Å 
(Fig. 7b). However, these unfavourable facts are compensated with the 
energetically favourable formation of ammonium cation. This justifies 
the favourable adsorption energy although is lower than above ad
sorptions (Table 1). 

When the proportion of ammonia adsorption is 5 ammonia mole
cules per 3x2x1supercell of the semi-saturated hybrid material 
(mnt2phenCu8w), one ammonia molecule becomes an ammonium 
NH4

+ cation taking a H atom from a water molecule, d(H3NH⋯OHCu) 
= 1.47 Å, which coordinates the Cu2+ cation (Fig. 8). Two ammonia 
molecules coordinate two Cu2+ cations, d(H3N⋯Cu) = 2.02–2.13 Å. In 
the saturated hybrid material (mnt2(phenCu)2(phenCu_sulf)12w), 
the ammonium NH4

+ cation is also formed taking one H atom from the 
water molecule that coordinates the Cu2+ cation d(H3NH⋯OHCu) =

Fig. 6. Structured interlayers after adsorption of three ammonia molecules in montmorillonite 3 × 2 × 1 supercell. (a) Semisaturated (mnt2phenCu8w); (b) 
Saturated (mnt2(phenCu)2(phenCu_sulf)12w) (with a zoom view for details of the formation of ammonium cation) hybrid materials models. The main non- 
bonding interactions are shown in dashed lines. 
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1.50 Å (Fig. 8). This ammonium cation forms a strong H bond with one 
sulfate O atom, d(H3NH…OS) = 1.66 Å. Other ammonia molecule acts 
as a bridging molecule between the Cu complex, water molecules, sul
fate anion, and clay surface. Besides, two ammonia molecules are 

interacting with water molecules with H3N⋯H–OH and H2NH⋯OH2 
hydrogen bonds. 

In the case of an ammonia sorption close to the proportion of 3 times 
the intercalated phenCu complexes, 6 ammonia molecules per 3 × 2 × 1 

Fig. 7. Structured interlayers after adsorption of four ammonia molecules permontmorillonite 3 × 2 × 1 supercell. (a) Semisaturated (mnt2phenCu8w); (b) 
Saturated (mnt2(phenCu)2(phenCu_sulf)12w) hybrid materials models. The main non-bonding interactions are shown in dashed lines. 
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Fig. 8. Structured interlayers of the montmorillonite 3 × 2 × 1 supercell after adsorption of five ammonia molecules. (a) Semisaturated (mnt2phenCu8w); (b) 
Saturated (mnt2(phenCu)2(phenCu_sulf)12w) hybrid materials models. The main non-bonding interactions are shown in dashed lines. 
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supercell, three ammonia are coordinating the Cu2+ cations in the 
semisaturated hybrid (mnt2phenCu8w) with d(H3N⋯Cu) = 1.99–2.00 
Å (Fig. 9a). One Cu2+ cation is coordinated by two ammonia molecules 
forming the opposite vertices of the octahedral coordination sphere. One 
ammonia is bridging by H bonds between the coordination water d 
(H3N⋯HOH) = 1.55 Å and the mineral surface d(HNH⋯OSi) =
2.26–2.82 Å. The other ammonia molecules are out of the Cu coordi
nation spheres. As in the above structures, all water molecules are 

connected by H bonds and some of them are connected with the mineral 
surface. In the saturated structure, (mnt2(phenCu)2(phenCu_sulf) 
12w), the NH3/phenCu ratio of 1.5 is satisfied (6 ammonia molecules 
per 4 phenCu complexes in a 3 × 2 × 1 supercell). One ammonium 
(NH4

+) cation is formed d(H3N–H) = 1.11 Å and d(H3NH⋯OH) = 1.51 
Å, taking a proton from one water molecule that is coordinating a Cu2+

cation d(Cu⋯OH) = 1.94 Å (Fig. 9b). This ammonium cation is also 
interacting with one sulfate anion, d(H3NH⋯OSO) = 1.66 Å and with 

Fig. 9. Structured interlayer space after adsorption of six ammonia molecules per montmorillonite 3 × 2 × 1 supercell. (a) Semisaturated (mnt2phenCu8w); (b) 
Saturated (Mnt2(phenCu)2(phenCu_sulf)12w) hybrid materials models. The main non-bonding interactions are shown in dashed lines. 
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the mineral surface, d(H3NH⋯OSi) = 2.04 Å. In these optimized 
adsorption models the ammonium cations are formed by exchanging H 
atoms between ammonia and water molecules according with our pre
vious experimental observations; in particular the broad signal observed 
in the 1H NMR spectrum of the saturated material at − 4.7 ppm and 
attributed to exchanging hydrogens of Cu-coordinated water and 
ammonia molecules could arise from the strict relationship between 
ammonia and water in the interlayer as proposed by the calculated 
model [13]. Three ammonia molecules are interacting with water mol
ecules, d(H3N⋯HOH) = 1.63–2.08 Å, and mineral surface, d 
(H2NH⋯OSi) = 2.12–2.30 Å and the rest two ammonia are out of the Cu 
coordination spheres interacting with the mineral surface d 
(H2NH⋯OSi) = 2.61–3.15 Å. As in the above saturated structure, one 
sulfate anion is coordinating two Cu2+ cations, d(Cu⋯OSO) =

1.94–2.07 Å, and one Cu2+ cation is coordinated with minerals surface O 
atoms, d(Cu⋯OSi) = 2.28 Å. All water molecules are forming a network 
of H bonds between other water and ammonia molecules and sulfate 
anions. 

4. Conclusions 

The intercalation of 1,10-phenanthroline-Cu(II) cation in the inter
layer space of montmorillonite by cation exchange mechanism is ener
getically favourable. After reaching the cation exchange capacity of the 
clay, a further adsorption of phenanthroline-Cu complexes as sulfate 
salts is also energetically favourable. This is consistent with our previous 
experimental results. In all cases the phenanthroline rings are more or 
less parallel to the mineral surface. 

The adsorption of ammonia molecules by these hybrid materials is 
also energetically favourable confirming the experimental results. This 
ammonia adsorption does not change the spatial disposition of the hy
drated phenanthroline-Cu complexes in the interlayer nanospace of 
smectite, confirming their high stability in montmorillonite. A proton 
exchange between ammonia and water molecules is possible forming 
ammonium cations in the nanoconfined interlayer space of montmoril
lonite, according with our experimental observations. The presence of 
Cu2+ cations facilitates the ammonia adsorption because the coordina
tion of ammonia molecules with the Cu cations is energetically favour
able. However, the ammonia molecules interact also with the interlayer 
surface of the phyllosilicate along with water molecules. Then, these 
interactions will control the kinetics of the adsorption process. Finally at 
room temperature, the ammonia molecules can reach the Cu cations by 
diffusion in the nano-confined space of the hybrid material. This 
ammonia-Cu coordination increases the stability of the ammonia as 
ammonium hydroxide species in the hybrid material. 

These theoretical results confirm our previous experimental obser
vations validating the theoretical methodology used in this work. These 
DFT calculations are good tools for helping the interpretation of 
experimental results and can be extended to other materials and com
plex systems. 

CRediT authorship contribution statement 

C. Ignacio Sainz-Díaz: coordination of writing manuscript and DFT 
calculations. Elena Castellini: conceived the original project idea. 
Elizabeth Escamilla-Roa: DFT calculations were performed, All co- 
authors have approved the final version of the manuscript and have 
contributed to the edition of the manuscript. Fabrizio Bernini: 
contributed to the experimental work. Daniele Malferrari: contributed 
to the experimental work. Maria Franca Brigatti: conceived the orig
inal project idea. Marco Borsari: conceived the original project idea. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 

the work reported in this paper. 

Acknowledgment 

Authors would like to acknowledge the contribution of the European 
COST Action CA17120 supported by the EU Framework Programme 
Horizon 2020, and are thankful to the University of Modena and Reggio 
Emilia for the Visiting Professor programme, to the Computational 
Centre CIRC of University of Granada, The Computational Center of 
CSIC in Madrid, and CINECA of Bologna for the high performance 
computing service, and Spanish projects FIS2016-77692-C2-2-P and 
PCIN-2017-098 for financial support. 

References 
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