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III. HYDROGEN AND HALOGEN BONDS IN THE SELF-

ASSEMBLY OF MELAMINE 
 

“Curiosa. Quiero seguir siendo curiosa, no perder eso de querer ver qué pasa” 
(Curious. I want to remain curious, not lose that of wanting to see what happens) 

 

Narda Lepes 

 
Part of this chapter previously appeared as: 

Petelski, A. N.; Duerte, D. J. R.; Pamies, S. C.; Peruchena, N. M.; Sosa, G. L. 
Intermolecular perturbation in the self-assembly of melamine. Theor. Chem. Acc. 

2016, 135, 65. (Topical Collection QUITEL 2015.) 

 
III.1. Introduction 
 In the field of supramolecular self-assembling, 1,3,5-triazine-2,4,6-triamine, also 
known as melamine (M), and their derivatives have gained special attention in the 
last 20 years. Following the elucidation of the crystal structure of M,1 considerable 
research has been conducted on this compound. Dewar et al.2 performed the first 

electronic structure study of M tautomeric forms. Later on, Meier and Coussens 
studied M molecular structure by ab initio, semiempirical, and molecular mechanics 
methods.3 Wang et al.4 studied the isolated M and two M derivatives through ab 
initio calculations, predicting that the three M amino groups have a pyramidal 

structure, two up and one down. Recently, Li et al.5 studied the structural and 
spectral aspects of various M clusters by DFT calculations. Furthermore, 
experimental and theoretical studies of M structures on the Au(111) surface6 have 
shown that M can form two different networks arranged by hydrogen bonds (HB) on 
the surface, and the networks coexist despite the fact that one of them is less favored 

energetically.  
 On the other hand, several studies have been made regarding M interacting with 
other compounds due to their potential utility as self-assembly structures in 
nanotechnology and molecular electronics. Chis¸ et al.7 have analyzed the 
vibrational and electronic aspects of M complexes with a perylene derivative and 
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also the M dimer. Atalay et al.8 have shown theoretical studies of the molecular 

structure and vibrational spectra of M diborate. Moreover, numerous studies have 
been reported in the solid state. Thomas et al.9 have researched the structure of the 
1:1 cocrystallized complex of M and uracil; Makowski et al.10 reported two novel 
co-crystals between M and N–heterocycles; Xu et al.11 reported a 3D structure 
through multiple HBs and stacking interactions of pure M with halogen acids; and 

recently, Prior et al.12 obtained an accurate measurement of the structure of the 

M-Cyanuric acid (CA) co-crystal after the first elucidation of its structure in 1990.13  

 Research to date has tended to focus on structure itself rather than on the 

interactions and the mutual effects among molecules, which govern the processes of 
molecular recognition and self-assembly.14 Hence, an atomic level comprehension of 
the chemical nature, strength, and directionality of non-covalent interactions would 
lead to obtain major advantages to master the controlled design of new materials. In 

this chapter the examination of intermolecular interactions between selected 
complexes bonded via HBs and XBs, which were assembled with M and a set of CA 
derivatives, is emphasized. In order to characterize these interactions and their 
mutual effects, an analysis of the electronic charge density distribution in the 
framework of the atoms in molecules (AIM) theory15 and the natural bond orbital 

(NBO) analysis16 was performed. A set of 12 complexes was selected, comprising 
M, cianuric acid (CA), and three derivatives of CA that can potentially be assembled 
with M, that is, trithiocyanuric acid (TCA) and two mono-halogenated derivatives of 
CA, a chlorinated (CACl) and a brominated (CABr; see Figure III.1), that is: 
M/(CA)n, M/ (TCA)n, M/(CACl)n, M/(CABr)n, with n = 1, 2 and 3. 

 Finally, in order to obtain more information about the intermolecular 
perturbation on M, its aromaticity in each complex through various well-known 
aromaticity indices was evaluated: one index based on structural criteria, the 
harmonic oscillator model of aromaticity17,18  (HOMA), and two indices based on 

the QTAIM, the para-delocalization index19 (PDI) and the fluctuation aromatic 
index20 (FLU). They have been tested for a great variety of compounds and have 
shown good correlation with other indices. In addition, two charge density 
descriptors were used: the curvature of electron density perpendicular to ring plane 
(λ3) at the ring critical point (RCP) and the electron density (ρ) at the RCP. In their 
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study of benzenoid hydrocarbons, Howard and Krygowski21 reported that these 

properties correlate well with the HOMA index aromaticity. 
 

 
Figure III.1. Molecular structures of (a) melamine, (b) cyanuric acid, (c) trithiocyanuric acid, 

(d) 1-cloro-1,3,5-triazine-2,4,6-trione (e) 1-bromo-1,3,5-triazine-2,4,6-trione. 
 

III.2. Methods 
 The complexes were assembled placing M with each molecule of the selected set 

in order to form a dimer, and then the HB sites of M were saturated with each 
compound to form a trimmer and finally a tetramer. Calculations were performed 
using the Gaussian 03 suite of programs.22 The geometries of all monomers and 
complexes were fully optimized without any constraint, using the ω-B97XD hybrid 
functional from Head-Gordon et al.23 with the 6-311++G(d,p) basis set. Since this 

functional includes empirical dispersion and correction on long-range interactions, it 
is potentially suitable for the description of hydrogen bonds.5 Furthermore, it has 
been shown that the ω-B97XD functional is also suitable for the description of 
halogen bonds.24 The minimum energy nature of the optimized structures was 

verified using the vibrational frequency analysis. 

 Binding energies (DEbond) were obtained at the same level of theory using the 

supermolecular approach, which is calculated as the difference between the total 

energy of the complex and the sum of total energies of the isolated monomers 
(Equation III.1). Binding energies have also been corrected for the basis set 

superposition error (BSSE) within the approach of Boys and Bernardi (DEbond
BSSE).25 

 

 DEbond =EM/Cn 	-	(EM	+	n×EC)     (III.1) 

 

 where n is the number of monomers around melamine, the sub-index M refers 
to melamine and C refers to either the subunit CA or its derivatives (TCA, CACl or 
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CABr). With these values, the DEbond per monomer added (DEPM) was also 

calculated by Equation III.2. 
 

 DEPM =EM/Cn - EM/Cn-1 - EC     (III.2) 

  
 The topology analysis was carried out within the QTAIM with the AIMAll 
program,26 using the wave functions generated from the ω-B97XD/6-311++G(d,p) 

calculations. The optimized geometries were also used to perform a NBO analysis 
with NBO 3.1 program27 as implemented in Gaussian 03.22  
 The aromaticity of the M ring was evaluated using geometric criteria by means 
of HOMA17,18  taking RC–N = 1.334 Å as reference value; topological criteria by 

means of PDI19 and FLU20 (taking a delocalization index δref(C,N) = 1.566 as 
reference value); and two charge density descriptors: λ3 and ρ at the RCP. All 
aromaticity descriptors were calculated with Multiwfn program.28  
 
III.3. Results and discussion 

Energetic and geometrical parameters 
 Figure III.2 shows the optimized geometries for the complexes studied in this 
work; for simplicity, an example of the M/(CA)n set of complexes is shown. Binding 
energies with BSSE correction are given in Table III.1 and the selected optimized 
geometrical parameters of D–X···A interactions (where D = donor, X = H, Cl o Br, 

and A = acceptor) are given in Table III.2. These parameters refer to the X···A 
intermolecular distance, the D–X bond length, and the α equilibrium angles, D–
X···A. ∆dVdW(X···A) represents the difference between the sum of A and X Van der 
Waals radii29 and the X···A intermolecular distances, and ∆d(D–X) represents the 
variations in the bond donor distance upon complexation, that is, the difference 

between the distance d(D–X) in the complexes and in the isolated monomers. 
 As can be seen in Table III.1, through the binding energy analysis, all these 
complexes are stabilized by HBs and XBs interactions. In the bimolecular 
complexes, the strength of these interactions decreases in the following order: M/CA 

> M/TCA > M/CABr > M/CACl. This order is kept as the number of monomers 
around M increases. The most stabilized system is M/CA, probably due to the 
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special set of highly directional HBs. It is worth noting that upon addition of 

monomers to the bimolecular complex, the average interaction energy decreases (see 

DEPM values), which means that the total interaction energies of tri and 

tetramolecular complexes are smaller than the sum of the individual binding 

energies of the respective adducts. These results suggest that an anti-cooperative 
effect is operating. 

 
Figure III.2. Optimized geometries of (a) M/CA, (b) M/(CA)2, and (c) M/(CA)3 complexes 

at ω-B97XD/6-311++G** level of theory. 
 
 Observation of geometrical parameters reported in Table III.2 shows that in all 
cases a penetration of electronic densities of atoms A and X is evidenced, by 
interpreting ∆dVdW(X···A) values. The highest values of ∆dVdW (X···A) are reached 

in the M/CABr systems followed by M/CA systems. It can be seen from Table 
III.2a–d that in all complexes, as the number of CA monomers increases, the X···A 
distance of the D–X···A interactions increases linearly. This does not correspond 
with the cooperative effect of HBs and XBs interactions expected in self-assembly 

systems, i.e., X···A distances decrease as the cluster size increases.30–33 Thus, both 
energetic and geometrical criteria suggest a negative cooperativity of the interactions 
in these systems. 
 On the other hand, an elongation of distances D–X (positive values of ∆d(D–
X)) is observed in all complexes. The stretchiness of D–X lengths correlates fairly 

well with the binding energies, taking into account the N–X···N interaction. The 
values of ∆d(D–X) are higher in the halogenated compounds. In addition, it can be 
seen that when the cluster size increases, distance length DX decreases, contrarily, 
again, to the cooperativity of HBs. 
 

Table III.1 Binding energies (in kcal/mol) calculated at ω-B97XD/6-311++G** level and 
corrected by counterpoise. 
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Complejo DEbond ∆Ebond
BSSE DEPM 

M/AC -20.21 -19.33 -20.21 
M/(AC)2 -39.75 -37.98 -19.54 
M/(AC)3 -58.57 -55.87 -18.82 

M/ATC -15.38 -14.33 -15.38 
M/(ATC)2 -29.97 -27.76 -14.58 
M/(ATC)3 -40.94 -37.81 -10.98 
M/ACCl -8.91 -8.05 -8.91 

M/(ACCl)2 -17.44 -15.79 -8.53 
M/(ACCl)3 -25.70 -23.12 -8.26 
M/ACBr -13.78 -13.06 -13.78 

M/(ACBr)2 -25.77 -24.38 -11.99 
M/(ACBr)3 -36.68 -34.67 -10.91 

 

 
Table III.2 Selected Geometrica Parameters of (a) M/(AC)n, (b) M/(ATC)n, (c) M/(ACCl)n y 

(d) M/(ACBr)n complexes calculated at w-B97XD/6-311++G(d,p) level of theory. 

Complex D-X×××A d(X×××A) DdVdW(X×××A) d(D-X) Dd(D-X) a D-X···A 

(a)       
M/CA N-H∙∙∙N 1.768 0.982 1.058 0.048 179.99 

N-H∙∙∙O 1.938 0.782 1.013 0.009 175.29 

N-H∙∙∙O 1.938 0.782 1.013 0.009 175.29 

M/(CA)2 b N-H∙∙∙N 1.786 0.964 1.054 0.045 179.99 

N-H∙∙∙O 1.930 0.790 1.013 0.010 176.00 

N-H∙∙∙O 1.948 0.772 1.013 0.010 177.73 

M/(CA)3 c N-H∙∙∙N 1.801 0.949 1.052 0.043 179.97 

N-H∙∙∙O 1.939 0.781 1.013 0.010 178.66 

N-H∙∙∙O 1.939 0.781 1.013 0.010 178.66 

Complex D-X×××A d(X×××A) DdVdW(X×××A) d(D-X) Dd(D-X) a D-X···A 

(b)       
M/TCA N-H∙∙∙N 1.779 0.971 1.057 1.057 179.98 

N-H∙∙∙S 2.510 0.490 1.011 1.011 157.47 

N-H∙∙∙S 2.511 0.489 1.011 1.011 157.36 
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M/(TCA)2b N-H∙∙∙N 1.816 0.934 1.051 1.051 179.30 

N-H∙∙∙S 2.489 0.511 1.012 1.012 159.61 

N-H∙∙∙S 2.522 0.478 1.012 1.012 154.61 

M/(TCA)3 N-H∙∙∙N 1.812 0.938 1.051 0.041 178.00 

N-H∙∙∙S 2.487 0.513 1.011 0.008 162.34 

N-H∙∙∙S 2.614 0.386 1.011 0.007 144.99 

N-H∙∙∙N 1.819 0.931 1.051 0.041 179.76 

N-H∙∙∙S 2.508 0.492 1.011 0.007 156.39 

N-H∙∙∙S 2.522 0.478 1.012 0.009 154.67 

N-H∙∙∙N 2.358 0.392 1.027 0.017 177.33 

N-H∙∙∙S 2.363 0.637 1.012 0.008 170.00 

N-H∙∙∙S 2.364 0.636 1.012 0.008 169.50 

(c)       

M/CACl N-Cl∙∙∙N 2.526 0.774 1.728 0.034 179.81 

M/(CACl)2b N-Cl∙∙∙N 2.554 0.746 1.723 0.029 176.99 

M/(CACl)3c N-Cl∙∙∙N 2.568 0.732 1.721 0.026 179.97 

(d)       
M/CABr N-Br∙∙∙N 2.399 1.001 1.927 0.078 179.97 

N-H∙∙∙Br 2.737 0.313 1.006 0.003 120.46 

N-H∙∙∙Br 2.739 0.311 1.006 0.003 120.44 

M/(CABr)2 b N-Br∙∙∙N 2.447 0.953 1.910 0.061 179.62 

N-H∙∙∙Br 2.746 0.304 1.007 0.003 121.64 

N-H∙∙∙Br 2.754 0.296 1.007 0.003 122.29 

M/(CABr)3 c N-Br∙∙∙N 2.500 0.900 1.898 1.898 179.92 

N-H∙∙∙Br 2.765 0.285 1.007 1.007 123.53 

N-H∙∙∙Br 2.764 0.286 1.007 1.007 123.52 
aDistances in Å and angles in (°). b,cAll other interactions are essentially equal. 

 
 One final point concerning geometry is that all systems show coplanarity except 
the set of M/(TCA)n complexes. This finding results are interesting, since 
Ranganathan et al.34 have found that the crystal of the adduct M/TCA has the same 
spatial arrangement of molecules as the M/CA crystal, that is, all rings are coplanar. 

Our calculations, however, have shown that the M/TCA coplanar adduct is a 
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transition state, since an imaginary frequency is observed, whereas the anticoplanar 

adduct is a minimum (see Figure III.3a). This behavior could be explained by a 
close packing process of molecules in the crystal state. The first and the second 
molecule of TCA are bound to M almost perpendicularly (see Figures III.3a–c) 
with regard to the M ring, and the angle between the two ring planes is 130°. This 
allows a greater approach between molecules leading to a N···N intermolecular 

distance (2.929 Å) shorter than in the coplanar dimer (3.430 Å), as indicated by our 
calculations, while the experimental distance value is 2.88 Å.34 It is worth 
emphasizing that despite the fact that coplanar dimer is a transition state, the third 
molecule of TCA interacts with M coplanarly (see Figures III.3e, f). In this last 

case, amino groups adopt a pyramidal form that probably contributes to this 
geometry. 

 
Figure III.3. M/(TCA)n complexes. (a) Top view and (b) side view of M/TCA complex. (c) 

Top view and (d) side view of M/(TCA)2 complex. (e) Top view and (f) side view of 
M/(TCA)3 complex 
 

Local topological properties 

 As was aforementioned in Chapter II, the Quantum Theory of Atoms in 
Molecules (QTAIM) of Bader15 provides a good definition of the chemical 
concepts of atoms, bonds, and structure. This theory has been used successfully for 
the characterization of HBs and XBs interactions through a set of local topological 
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properties calculated at bond critical points (BCP) of electron charge density and a 

set of integrated atomic properties on atomic basins.35,36 In this work, the electron 
charge density ρ(rc), which measures the accumulation of charge between the 
bonded nuclei and reflects the bond strength; the Laplacian of the electron 

density Ñ2ρ(rc) that provides information about the local charge concentration 

(Ñ2ρ(rc) < 0) or depletion (Ñ2ρ(rc) > 0); the densities of kinetic energy, G(rc); the 

densities of potential energy, V(rc); and the total electronic energy density H(rc) = 

V(rc) + G(rc), were used to analyze the nature of the interactions that occur in the 
different complexes. 
 The molecular graphs of all complexes are displayed in Figure III.4, and the 
local properties calculated at BCP are given in Tables III.3a–d. In all the 
complexes studied here, the criteria proposed by Popelier36 that describe HB 

formation are fulfilled; that is, BCP properties present ρ(rc) values relatively low 

which range from 0.01 to 0.06 au; positive values of  Ñ2ρ(rc) that range from 0.02 

to 0.1 au. Thus, BCP values are typical of closed shell interactions and correlate 

fairly well with values reported for similar interactions.37–39  
  As can be seen in Fig. III.4a, in complex mediated hydrogen bonds, three HB 
interactions occur for every added monomer. The sum of densities at these BCP, 
decreases: 0.0960 au; 0.0940 au; 0.0925 au in the bimolecular, trimolecular, and 

tetramolecular complexes, respectively. The same is observed in complexes with 
sulfur. Considering that it has been established that the density at the BCP is a good 
indicator of the strength of the bond,35,40,41 these results are contrary to what is 
expected of the cooperative effect of HBs. However, a reinforcement of the outer 
N–H···O interactions is observed, when going from M/CA to M/(CA)2, which is 

marked by the increase in ρ(rc) values (from 0.0247 to 0.0252 au, see Table 
III.3a). In Fig. III.4c it can also be seen that in the complex with chlorine, 
M/CACl, a single interaction of the type N–Cl···N is observed. 
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Figure III.4. Molecular graphs (network of bond paths linking pairs of neighboring nuclei) 
of Melamine complexes. Small red dots indicate bond critical points and yellow dots indicate 
ring critical points. (a) M/(CA)n, (b) M/(TCA)n, (c) M/(CACl)n, and (d) M/(CABr)n 

 

 When the trimolecular complex is formed, two interactions of HB type, N–
H···Cl, appear and disappear again in the tetramolecular complex. Contrarily, in the 
system M/CABr, in addition to XB, two HBs interactions occur, and these persist to 
pass to tri- and tetramolecular complexes. Also, in these halogenated systems, an 

anti-cooperative effect is observed. 
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Table III.3 Local Properties at D-X···A Bond Critical Points in (a) M/(AC)n, (b) M/(ATC)n, 

(c) M/(ACCl)n y (d) M/(ACBr)na 

 
 

Complexes Interaction r(rc) Ñ2r(rc) V(rc) H(rc) 
(a)      
M/AC N-H∙∙∙N 0.0466 0.0951 -0.0391 -0.0077 

N-H∙∙∙O 0.0247 0.0927 -0.0183 0.0024 
N-H∙∙∙O 0.0247 0.0927 -0.0183 0.0024 

M/(AC)2 N-H∙∙∙N 0.0446 0.0948 -0.0368 -0.0065 
N-H∙∙∙O 0.0252 0.0942 -0.0188 0.0024 
N-H∙∙∙O 0.0242 0.0905 -0.0178 0.0024 

M/(AC)3 N-H∙∙∙N 0.0446 0.0948 -0.0368 -0.0065 

N-H∙∙∙O 0.0252 0.0942 -0.0188 0.0024 

N-H∙∙∙O 0.0242 0.0905 -0.0178 0.0024 
(b)      
M/ATC N-H∙∙∙N 0.0453 0.0942 -0.0374 -0.0069 

N-H∙∙∙S 0.0152 0.0401 -0.0076 0.0012 

N-H∙∙∙S 0.0151 0.0400 -0.0076 0.0012 
M/(ATC)2 N-H∙∙∙N 0.0413 0.0929 -0.0329 -0.0048 

N-H∙∙∙S 0.0149 0.0396 -0.0075 0.0012 
N-H∙∙∙S 0.0158 0.0412 -0.0080 0.0012 

M/(ATC)3 N-H∙∙∙N 0.0411 0.0925 -0.0326 -0.0047 
N-H∙∙∙S 0.0150 0.0396 -0.0075 0.0012 
N-H∙∙∙S 0.0152 0.0403 -0.0077 0.0012 
N-H∙∙∙N 0.0417 0.0933 -0.0334 -0.0050 
N-H∙∙∙S 0.0127 0.0349 -0.0063 0.0012 
N-H∙∙∙S 0.0157 0.0411 -0.0079 0.0012 
N-H∙∙∙N 0.0126 0.0353 -0.0058 0.0015 
N-H∙∙∙S 0.0202 0.0514 -0.0113 0.0008 
N-H∙∙∙S 0.0202 0.0514 -0.0113 0.0008 

(c)      

M/ACCl N-Cl∙∙∙N 0.0327 0.1061 -0.0237 0.0014 
M/(ACCl)2 N-Cl∙∙∙N 0.0306 0.1012 -0.0222 0.0016 

N-H∙∙∙Cl 0.0077 0.0306 -0.0045 0.0016 
M/(ACCl)3 N-H∙∙∙Cl 0.0297 0.0990 -0.0215 0.0016 
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Complexes Interaction r(rc) Ñ2r(rc) V(rc) H(rc) 
(d)      
M/ACBr N-Br∙∙∙N 0.0493 0.1233 -0.0391 -0.0041 

N-H∙∙∙Br 0.0097 0.0357 -0.0055 0.0145 

N-H∙∙∙Br 0.0097 0.0356 -0.0055 0.0144 
M/(ACBr)2 N-Br∙∙∙N 0.0442 0.1181 -0.0343 -0.0024 

N-H∙∙∙Br 0.0094 0.0345 -0.0053 0.0017 

N-H∙∙∙Br 0.0092 0.0338 -0.0052 0.0016 
M/(ACBr)3 N-Br∙∙∙N 0.0397 0.1112 -0.0301 -0.0011 

N-H∙∙∙Br 0.0090 0.0327 -0.0050 0.0016 

N-H∙∙∙Br 0.0089 0.0325 -0.0050 0.0016 
a All quantities are in atomic units (au) 

 

 It is known that the DEbond is a magnitude that cannot be partitioned when more 

than one interaction is involved in the same complex, for this reason, several studies 

have been accomplished with the purpose of measuring the strength of individual 
interactions in a binary complex involving more than one interaction42. Matta and 
co-workers43 have based their studies on the methodology of Espinosa et al.40. This 

method has stated that for the hydrogen bond X-H∙∙∙O (where X = C, N, O), there is 

a relationship between bond energy of the HB (named EHB) and the potential energy 
density V(rc) at the corresponding BCP, which can be approximately described as 
EHB = V(rc)/2. Moreover, Reiher and co-workers correlated the strength of the HB 

with the two-center shared-electron number44. Later on Szatyłowicz et al. employed 

the NBO energy in order to explore the strengths of interactions in DNA base pairs 
complexes42. In this work, the concept of Espinosa and co-workers40 was used in 

order to evaluate the relationship between V(rc) and the DEbond, by considering the 

sum of the EHB in each individual interaction of complexes, that is: SV(rc)/2. Then, 

these values were plotted versus the bonding energies of Table III.1 (See Fig. 
III.5). Despite there are different systems, results show a good linear correlation, as 

it is evidenced in the value of the correlation coefficients (R2 = 0.973), even though 
this evaluation was limited just to H∙∙∙O bonds. Therefore, this methodology could 
be considered suitable to quantify the contribution of individual interactions to the 

total DEbond.  
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 Finally, according to Cremer and Kraka45, when H(rc) is negative at a BCP, the 

interaction is indicative of being shared and its magnitude could be used as a 
measure of the covalent character. However, Angelina and co-workers46,47 have 
indicated that the decrease of H(rc) is mainly due to the increase in the electrostatic 
character of the interaction and in lesser extent to the increase in its covalent 
character. Therefore, negative values of H could be considered as an indicator of 

strengthening or stabilization of the interaction46. As can be seen in Table 3a in the 

set of three interactions, the central interaction N-H∙∙∙N has a negative value while 

the side ones are positive, which is also observed in the M/TCA system (See Table 

III.3b). Regarding the set of complexes with XBs, H(rc) is positive for N-Cl∙∙∙N 

interactions (See Table III.3c) which would explain why it is the least energetically 
favored system. In the M/CABr set of complexes, Table 3d, the H(rc) at N–Br∙∙∙N 

BCP reaches the least negative value among all complexes studied (-0.0041 au). 
Furthermore, by comparing M/(CA)n with M/(CABr)n systems, the H(rc) property at 
the central interaction is reduced by around 26%  and 73%  respectively, when going 
from the simple adduct up to the tetramolecular complex, showing that the strength 

or stability is less affected in the M/CA set of complexes. However, r(rc) in the 

M/(CABr)n system is greater than in the M/(CA)n system, indicating stronger 
interactions in the former. Hence, the greatest binding energy in the M/CA system is 

explained by r(rc) and H(rc) values.  

 

 
Figure III.5. Linear correlation between ∆Ebond

BSSE and SV(rc)/2. All values are in kcal/mol. 

 

Integrated Atomic Properties 
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 In Table III.4 changes in the integrated atomic properties for the three atoms 

involved in the interactions of adducts M/CA, M/TCA, M/CACl and M/CABr are 
shown. Such properties are the electronic population, N, the total energy of the 
atom, E, the dipolar polarization, M, and the atomic volume, v. The changes were 
calculated by subtracting the property value of the atom in the isolated compound 
to the value of the corresponding property in the complex. The criteria for the 

hydrogen bond formation,29,48 based on the integrated properties of the hydrogen 

atom, involve loss of electron population, (DN < 0), energetic destabilization, (DE > 

0), decrease of dipolar polarization (DM < 0), and decrease of  hydrogen atoms 

volume (DV < 0).  
 
 
Table III.4 Changes in Atomic Propertiesa for three atoms involved in intermolecular 
interactions of bimolecular complexes. 

 

Complex Interaction Atom DN(W) DE(W) Dv(W) DM(W) 

M/CA N-H∙∙∙N N 0.0551 -0.0385 0.2766 -0.0256 
 H -0.0806 0.0610 -11.7608 -0.0444 
 N 0.0267 -0.0022 -14.6366 -0.0590 

N-H∙∙∙O N 0.0332 -0.0310 -0.0585 0.0064 
 H -0.0565 0.0295 -9.2387 -0.0376 
 O 0.0197 -0.0007 -7.2081 -0.0258 

N-H∙∙∙O N 0.0330 -0.0310 -0.1222 0.0055 
 H -0.0565 0.0295 -9.2323 -0.0376 
 O 0.0196 -0.0007 -7.1885 -0.0258 

M/TCA N-H∙∙∙N N 0.0423 -0.0135 0.5217 -0.0309 
  H -0.0753 0.0570 -12.6372 -0.0475 
  N 0.0259 -0.0155 -15.6212 -0.0740 

 N-H∙∙∙S N -0.0230 0.0121 -1.1994 0.0044 
  H -0.0025 0.0083 -3.7356 -0.0060 
  S 0.0446 -0.0299 -7.4819 -0.0097 

 N-H∙∙∙S N -0.0230 0.0122 -1.2098 0.0045 
  H -0.0025 0.0082 -3.7445 -0.0059 
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Complex Interaction Atom DN(W) DE(W) Dv(W) DM(W) 

  S 0.0445 -0.0298 -7.4561 -0.0095 

M/CACl N-Cl∙∙∙N N 0.0427 -0.0346 1.1134 -0.0323 
 Cl -0.0080 0.0076 -12.9247 -0.1434 
 N -0.0018 -0.0247 -19.3408 -0.1384 

M/CABr N-Br∙∙∙N N 0.0554 -0.0450 2.8414 -0.0396 
 Br -0.0043 0.0153 -19.8834 -0.3044 
 N 0.0034 -0.0245 -24.5173 -0.1649 

N-H∙∙∙Br N 0.0050 -0.0110 -1.3707 0.0060 

 H -0.0208 0.0134 -2.0542 -0.0097 
 Br -0.0043 0.0153 -19.8834 -0.3044 

N-H∙∙∙Br N 0.0049 -0.0111 -1.4052 0.0060 
 H -0.0209 0.0135 -2.1383 -0.0098 
 Br -0.0043 0.0153 -19.8834 -0.3044 

aAll quantities are in au. 

  
 As can be seen in Table 4, these criteria are satisfied for the hydrogen bonded 

adducts (M/CA and M/TCA). In addition, on the other two atoms involved in the 
HBs, A and D atoms, the atomic volume decreased on the A atom and increased on 
the D atom for the M/CA dimer. Whereas this behavior is observed just in the 
central interaction in the M/TCA dimer, in the side ones a decrease in the atomic 

volumes is evidenced in the three atoms involved D-H∙∙∙A. 

 In halogen complexes, M/CACl and M/CABr, the general trend in the XB 
donor is a loss of electron population, a decrease of the dipolar polarization, a 
decrease of the atomic volume, and an energetic destabilization, in contrast with 

values reported for halogen bonds37. However, this trend agrees with values 
reported for I∙∙∙N interactions.38 The energetic destabilization is greater in the 
chlorinated complex, which is in line with the lowest value of BE. On the other 

hand, the XB acceptor (nitrogen atom), shows a loss of N(W) in M/CACl complex, 

while in the M/CABr complex the XB acceptor shows a gain of electron population 

(DN > 0). 
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Natural Bond Orbital (NBO) Analysis 

 The results of NBO analysis conducted on clusters are given in Table III.5a-d. 
The values reported in this table are the changes in NBO occupation numbers for 

the s*D–X antibonds and nA lone pairs (LP) of D-X∙∙∙A interactions upon 

complexation, that is, the difference between the values in the complex and in the 
isolated molecules. Additionally, the second-order perturbation energies E(2) (donor 

® acceptor) are reported. 

 An analysis of the results in Table III.5 shows that the hyperconjugative energy 
of charge transfer follows the same order as the binding energies. Moreover, they 
correlate fairly well with the electron density values at BCP of the corresponding 
interactions. Besides, there is an acceptable correlation between the binding 
energies and the sum of the E(2) energies at each complex (R2 = 0.938, see Fig. 

III.6). Therefore, these results also support the idea proposed by Szatyłowicz and 

Sadlej-Sosnowska42 based on NBO energies. 
 

Table III.5 Changes in NBO populations of lone pairs (nA) and antibonds (s*D-X) from, and 

Second-Order Perturbation Energies E(2) (nA®s*D-X).* See full table in Supplementary 

Material. 
Complex D-X∙∙∙A Dn E(2) Dσ* 

M/CA N-H∙∙∙N -0,0550 41,1 0,0808 

N-H∙∙∙O 0,0079 7,8 0,0199 

N-H∙∙∙O 0,0079 7,8 0,0199 

M/TCA N-H∙∙∙N -0,0559 41,2 0,0804 

N-H∙∙∙S -0,0004 4,5 0,0200 

N-H∙∙∙S -0,0004 4,4 0,0200 

M/CACl N-Cl∙∙∙N -0,0630 19,1 0,0745 

M/CABr N-Br∙∙∙N -0,1284 47,4 0,1508 

N-H∙∙∙Br -0,0056 1,3 0,0020 

N-H∙∙∙Br 1,3 0,0020 

*Populations in e and energies in kcal/mol 

  
 It is important to note that upon complex formation, all antibonds increase their 

occupation number, as indicated by positive values of Ds*, which range from 0.007 
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to 0.2 e in halogen complexes, and from 0.01 to 0.09 e in hydrogen complexes. 

Moreover, as reflected in the Dn values, all LP lost occupation number as it is 

expected, except LPs of oxygen atoms in the M/CA system (see Table III.5a), 
which gain occupation number even though there is a charge outflow, as it is 

evidenced from the charge transfer values. This unusual behavior is explained by 
analyzing the intra molecular charge transfers. 

  

 
Figure III.6. Linear correlation between BEcorr versus SE(2). All values are in kcal/mol. 

 

 It is also worth mentioning correlations of Dn versus Ds* values. By correlating 

these values from M/(CA)n M/(TCA)n, M/(CACl)n and M/(CABr)n systems, good 
linear relationships are observed (plots not shown), with R2 = 0.9986, 0.9804, 
0.9988 and 0.9999 respectively (see Fig. III.7). These results show that all of the 

charge that the donor orbital lost was consequently gained by the acceptor orbital. 
However, as was aforementioned, LPs of oxygen atoms in the M/CA system gain 
occupation number.  
 Despite the fact that oxygen atoms of CA act as donors, they also act as 

acceptors in the intramolecular charge transfer DnN®Ds*C=O (see Figs. III.8a,b), 

that is, six DnN®Ds*C=O CTs which increase in energy upon complex formation 

(See Table III.6). Therefore, it may be suspected that the gain of occupation 
number of oxygen LP comes from this transfer, which is the most relevant one 
within the CA molecule. Consequently, intermolecular charge transfers improve the 
intramolecular ones and the net charge flow (Fig. III.8c) resulting in a “closed 
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circuit”, which is the result of the sum of the intra and intermolecular charge 

transfers. Despite the fact that values of BEs show an anticooperative effect, this 
charge delocalization mechanism is cooperative, since there is reinforcement over 
intramolecular charge transfers upon complexation (see Table 6). Furthermore, in 

the complexes that do not present the side N-H∙∙∙O interactions, that is the systems: 

M/(CACl)n and M/(CABr)n, oxygen atoms still exhibit an increase in the 

occupation numbers of nO LP (DnO = 0.0081 e in M/(CACl)n, and DnO = 0.013 e in 

M/(CABr)n). 

 
Figure III.7 Linear correlation between Dn and Ds*D–X. (a) M/(AC)n, (b) M/(ATC)n, (c) 

M/(ACCl)n y (d) M/(ACBr)n. 
 

 
Figure III.8. (a) Schematic representation of n ® s* intermolecular charge transfers 

involving interactions in M/CA adduct. (b) Schematic representation n ® s* of 

intramolecular charge transfers within M (nN ® s*C-N) and CA (nN ® s*C=O). (c) Charge 

delocalization mechanism that defines the interaction between M and CA. 
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Aromaticity indices 

 Aromaticity is a fundamental concept of organic chemistry and can give 
valuable information about the electronic structure of organic compounds49. In this 
way, aromatic indices are suitable for the study of changes in aromaticity due to the 
intermolecular perturbations like hydrogen bonds49,50. This approach was employed 
in this work as a measure of the intermolecular perturbation over the ring of M in 

the different complexes.  
 
Table III.6. NBO Analysis of M, CA, and M/CA complex: Second-Order Perturbation 

Energies E(2) (Donor®Acceptor)a 

n ® s* M CA M/CA 

Intramolecular 
   

nN ® s*C=O 
 

70.11 81.94 

nN ®  s*C=O 
 

nN ®  s*C=O 
 

72.61 

nN ®  s*C=O 
 

nN ®  s*C=O 
 

70.28 

nN ®  s*C=O 
 

nN ®  s*C-N 75.78 
 

91.35 

nN ®  s*C-N 
 

87.55 

nN ®  s*C-N 
 

78.71 

Intermolecular 
   

nN ®  s*N-H 
  

41.13 

nO ®  s*N-H 
  

7.76 

nO ®  s*N-H 
  

7.76 
a Energies in kcal/mol. 

  
 Three aromatic indices were taken into account herein. The HOMA index, that 
senses the energy needed to distort the structure from an idealized set of bond 
lengths. In this case, it is a six-membered triazine ring. The PDI index weights the 
number of electron pairs shared between para-related positions in a ring, that is to 

say, the contributions of: d(1,4), d(2,5) and d(3,6) delocalization indices. 

Furthermore, the FLU index follows the same philosophy of HOMA, but it takes 
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into account the delocalization indices. FLU measures the relative electronic 

deviation of a given ring in a molecule with reference to another molecule. 
 With regards to the density descriptors, the curvature of electron density 

perpendicular to ring plane (λ3) can be taken as the p contribution to the electron 

density (rp); while the electron density at the RCP can be ascribed to the s 

contribution (rs). 

 Figure III.9 shows a display of the Aromaticity indices as a function of the 
monomers added over M. The aromaticity descriptors are shown in Fig. III.10. In 
all cases it can be seen that the aromatic character decreases upon complexes 
formation. Since there is not a certain method for quantifying the aromatic 

character of molecules, it cannot be clearly said in which of all systems the 
aromatic character is more affected. In other words, results show the 
multidimensional character of aromatic indices. However, correlations of all 
indices are quite good (cf. Table S2 in the supplementary material), although some 
correlations of indices of CABr systems do not show a good linear relationship, 

considering significant Pearson coefficient values of < 0.05. 
 By following the rate of change of indices, according to HOMA, the aromaticity 
of M in the system M/(CA)n is the most affected (see Fig. III.9a); the greater the 
slope the greater the change of the aromatic character. According to PDI index (Fig. 

III.9b), M is more affected in the M/(CABr)n system and below it is the M/(CA)n 

system. By analyzing FLU indices (see Fig. III.9c), it is shown again that the M 
aromatic character is more affected in the M/(CABr)n system. Also, charge density 

descriptors l3 and r(RCP) of Figs. III.10a,b show that M aromatic character decreases 

to a greater extent in the M/(CA)n and M/(CABr)n systems. Thus, we can conclude 
that M aromatic character is more perturbed in the M/(CA)n and M/(CABr)n 
systems, and less affected in the M/(CACl)n and M/(TCA)n systems, but it is not 
possible to determine a unique trend. This classification is consistent with the 

strength of the interactions. 
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Figure III.9. Aromatic indices of M ring as a function of the monomers around it. 

 

 
Figure III.10. Aromaticity descriptors of M ring as a function of the monomers around it. 

 
III.4. Conclusions 

 In this chapter, structural and electronic analyses at w-B97XD/6-

311++G**level of theory were carried out on a series of supramolecular complexes 
formed by hydrogen and halogen bonds. The AIM theory in conjunction with NBO 
analysis and a set of aromaticity descriptors were also applied to understand the 

molecular factors that govern the self-assembly of the compounds studied. 
Quantitative insights into the electronic structure of M and molecular interactions 
involved in the self-assembly of this compound were gained. The most important 
fact is that an anti-cooperative effect is observed in all complexes, against the 
expected behavior and the general assumption in supramolecular assemblies via 

hydrogen bonds. 
 From the QTAIM analysis, as well as the NBO analysis, it is observed that the 
strongest interactions are those in the M/(CA)n for hydrogen bonded complexes and 
in the M/(CABr)n systems for halogen bonded complexes. These results may be 
helpful for the future experimental design of new materials, since the design of 

materials based on halogen bonds is still at an early-stage research. 



76 

 It could also be seen that TCA molecule is not suitable to form planar 

structures, despite the fact that the crystalline structure of M/TCA is geometrically 
the same as M/CA co-crystal. 
 On the other hand, the complexation of M leads to a great decrease in its 
aromatic character due to the intermolecular interactions. It can be concluded that 
the decrease in the aromaticity is higher in complexes in which interactions are 

stronger, that is in the M/(CA)n and M/(CABr)n systems. 
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Supplementary Material 

 

Table S1. Changes in NBO populations of lone pairs (nA) and antibonds (s*D-X) from (a) 

M/(AC)n, (b) M/(ATC)n, (c) M/(ACCl)n y (d) M/(ACBr)n, and Second-Order Perturbation 

Energies E(2) (nA®s*D-X).a  

 
Complex D-X∙∙∙A Dn E(2) Dσ* 

(a)     

M/CA N-H∙∙∙N -0,0550 41,1 0,0808 

N-H∙∙∙O 0,0079 7,8 0,0199 

N-H∙∙∙O 0,0079 7,8 0,0199 

M/(CA)2 N-H∙∙∙N -0,0526 38,7 0,0766 

N-H∙∙∙O 0,0076 8,1 0,0207 

N-H∙∙∙O 0,0066 7,6 0,0198 

M/(CA)3 N-H∙∙∙N -0,0510 36,7 0,0734 

N-H∙∙∙O 0,0064 8,0 0,0207 

N-H∙∙∙O 0,0064 8,0 0,0207 

(b)     

M/TCA N-H∙∙∙N -0,0559 41,2 0,0804 

N-H∙∙∙S -0,0004 4,5 0,0200 

N-H∙∙∙S -0,0004 4,4 0,0200 

M/(TCA)2 N-H∙∙∙N -0,0503 36,3 0,0721 

N-H∙∙∙S -0,0017 5,0 0,0222 

N-H∙∙∙S -0,0020 4,3 0,0193 

M/(TCA)3 N-H∙∙∙N -0,0512 36,2 0,0721 

N-H∙∙∙S -0,0019 4,6 0,0212 

N-H∙∙∙S -0,0018 4,1 0,0192 
 

N-H∙∙∙N -0,0518 36,6 0,0729 

N-H∙∙∙S -0,0025 5,1 0,0232 

N-H∙∙∙S 0,0004 2,6 0,0132 

N-H∙∙∙N -0,0111 7,0 0,0190 

N-H∙∙∙S -0,0139 12,6 0,0336 

N-H∙∙∙S -0,0139 12,6 0,0336 

(c)      

M/CACl N-Cl∙∙∙N -0,0630 19,1 0,0745 

M/(CACl)2 N-Cl∙∙∙N -0,0565 17,0 0,0663 

M/(CACl)3 N-Cl∙∙∙N -0,0535 16,0 0,0621 
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Complex D-X∙∙∙A Dn E(2) Dσ* 

(d)     

M/CABr N-Br∙∙∙N -0,1284 47,4 0,1508 

N-H∙∙∙Br -0,0056 1,3 0,0020 

N-H∙∙∙Br 1,3 0,0020 

M/(CABr)2 N-Br∙∙∙N -0,1081 39.0 0,1265 

N-H∙∙∙Br -0,0063 1,3 0,0021 

N-H∙∙∙Br 1,3 0,0017 

M/(CABr)3 N-Br∙∙∙N -0,0925 32,5 0,1075 

N-H∙∙∙Br -0,0067 1,3 0,0018 

N-H∙∙∙Br 1,3 0,0018 
a Números de ocupación en e y energías kcal/mol. 

 
Table S2. Pearson coefficients (r2 ) and p-values for correlation between aromaticity indices 
for the set of complexes at the w-B97XD/6-311++G(d,p) level of theory. P values of < 0.05 
were considered as significant. 
(a) M/(AC)n 
Index 1 Index 2 n Pearson p-value 
HOMA l3 4 -1,00 0,0039 
HOMA rRCP 4 0,99 0,0059 
HOMA PDI 4 1,00 0,0026 
HOMA FLU 4 -1,00 0,0029 
l3 rRCP 4 -1,00 0,0003 
l3 PDI 4 -1,00 0,0002 
l3 FLU 4 1,00 0,0003 
rRCP PDI 4 1,00 0,0007 
rRCP FLU 4 -1,00 0,0006 
PDI FLU 4 -1,00 < 0,0001 
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(b) M/(ATC)n 
Index 1 Index 2 n Pearson p-value 
HOMA l3 4 -0,98 0,0176 
HOMA rRCP 4 0,99 0,0123 
HOMA PDI 4 0,99 0,0135 
HOMA FLU 4 -1,00 0,0036 
l3 rRCP 4 -1,00 0,0006 
l3 PDI 4 -1,00 0,0006 
l3 FLU 4 0,99 0,0057 
rRCP PDI 4 1,00 0,0006 
rRCP FLU 4 -1,00 0,0028 
PDI FLU 4 -1,00 0,0040 

 
(c) M/(ACCl)n 
Index 1 Index 2 n Pearson p-value 
HOMA l3 4 -0,97 0,0266 
HOMA rRCP 4 0,96 0,0381 
HOMA PDI 4 0,98 0,0156 
HOMA FLU 4 -0,98 0,0195 
l3 rRCP 4 -1,00 0,0011 
l3 PDI 4 -1,00 0,0018 
l3 FLU 4 1,00 0,0009 
rRCP PDI 4 0,99 0,0056 
rRCP FLU 4 -1,00 0,0037 
PDI FLU 4 -1,00 0,0002 

 
(d) M/(ACBr)n 
Index 1 Index 2 n Pearson p-value 
HOMA l3 4 -0,92 0,0811 
HOMA rRCP 4 0,90 0,0965 
HOMA PDI 4 0,92 0,0769 
HOMA FLU 4 -0,92 0,0807 
l3 rRCP 4 -1,00 0,0007 
l3 PDI 4 -1,00 0,0001 
l3 FLU 4 1,00 <0,0001 
rRCP PDI 4 1,00 0,0012 
rRCP FLU 4 -1,00 0,0007 
PDI FLU 4 -1,00 <0,0001 
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