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V. COOPERATIVITY IN CYANURIC ACID SUPRAMOLECULES: 

FROM DIMERS TO ROSETTE LIKE MOTIFS 
 

“Chemists are still fascinated by hydrogen bonding interactions almost 100 years after 
Latimer and Rodebush first proposed the now classic concept. (…)” 

  

Scott Cockroft.  
Part of this chapter previously appeared as: 

Petelski, Andre N.; Peruchena, Nélida M.; Pamies, Silvana C.; Sosa, Gladis L. 

Sosa. Insights into the self-assembly steps of Cyanuric Acid toward rosette motifs. A DFT 
Study. J. Mol. Mod., 2016, 23, 263 (Topical Collection QUITEL 2016). 

 

V.1. Introduction 

The chemistry of non-covalent interactions, or supramolecular chemistry, is of 
enormous interest in material science research, in crystal engineering as well as in 
nanochemistry. It is accepted that this field constitutes a promising way to 
technological applications, covering areas of supramolecular polymers, smart 
materials and molecular devices.1 Much of the exploration in this field involves the 

use of 1,3,5-triazinane-2,4,6-trione or cyanuric acid (CA). This triazine-derivative 
has been most commonly known for their uses in swimming pools as a stabilizer,2,3 
since it combines with the free available chlorine to form trichloroisocyanuric acid, 
which acts as a sanitizer and is more stable against UV rays than free chlorine. 

Furthermore, due to its high structural similarity with RNA and DNA base pairs, 
such as uracil and thymine respectively, CA has also become an excellent candidate 
to be used in the research of supramolecular assemblies, with potential applications 
in the field of biology4,5 and materials science.6,7 

It is known that CA can occur as two tautomer forms: the imidate-like triazine-

triol and the amide-like tautomer (See Figs. V.1a,b), which is more stable than the 
former.8–10 Its singular features are due to their three hydrogen bond (H-Bond) donor 
and three acceptor sites with the ability to form nine H-Bonds at the same time e. g. 
with Melamine (M),11 and six H-Bond with itself.12,13 In the field of crystalline 
materials and crystal engineering, there has been a marked research of CA co-
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crystals with a great variety of compounds like M,14,15 4,4’-bipyridyl,16 

dimethylsulfoxide, dimethylamine and dimethilformamide,17 and some 
phenantrolines.18 One of the co-founder of the bases of supramolecular chemistry 
and co-workers: Jean-Marie Lehn, et al.19 have synthetized a supramolecular helical 
structure based on a linear oligo-isophtalamide strand using CA as a template that 
directs the assembly process of the helix. Therefore, it is worthwhile to go on in this 

direction, since this topic still triggers a great scientific activity for the development 
of new materials. 

 
Figure V.1 (a) Structure of 1,3,5-triazine-2,4,6-triol, (b) Structure of 1,3,5-triazinane-2,4,6-
trione, (c) H-Bond Pattern of the CA crystal structure.12 

 
The crystal structure of pure CA has been well studied since its resolution.12 In the 

3D structure the molecules are arranged by N−H∙∙∙O H-Bonds having two 
geometrical features, that is, N−H∙∙∙O bond angles of 180° and 172.4°12 (See Fig. 
V.1c). Besides, if water is used as a crystallization solvent the CA hydrate is 
obtained,20 in which water molecules are placed coplanar with CA by interacting 
with three units via N−H∙∙∙O (water as acceptor) and O−H∙∙∙O (water as donor) H-

Bonds. The water molecules disrupt those N−H∙∙∙O H-Bonds of 172.4° between CA 
units, and just those ones of 180° remain. However, unlike the pure crystal, in the 
crystal hydrate the CA molecules are placed in the same position whereas in the 
dehydrated one, the molecules are inverted relative to one another (See Fig. V.1c). 
Furthermore, Flynn et al.13 have successfully obtained CA self-assembled 

monolayers on graphite. In this study, they have shown the coexistence of three new 
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H-Bond patterns beside the well-known arrangement of the 3D crystal structure. 

This behavior is partially explained by two energetic components: the electrostatic 
and the Lennard-Jones energy. They also suggest that the three domains are 
metastable configurations. However, the nucleation process that originates these 
domains and their coexistence is not fully understood. Hence, knowing how to 
master the intermolecular forces involved in self-assembly strategies, it requires 

further examination into the nature of the interactions between CA units. In addition, 
exploring the diversity of possible supramolecular arrangements is of great 
importance for structure prediction and design of new programmed structures.  

In order to gain a deeper insight about how systems are reorganized by the 

possible combinations of H-Bonds until they reach the most stable structures, we 
discuss different hydrogen bonding arrangements of CA supramolecules by 
analyzing complexes taken from literature and, as far as we know, molecular 
aggregates that have not been considered yet. In this work, we have performed a 
topological study via the quantum theory of atoms in molecules (QTAIM) and a 

Natural Bond Orbital analysis (NBO) on several CA molecular assemblies. 
 

V.2. Computational Methods 
The set of complexes studied here were chosen as follows: three dimers (D1, D2 

and D3), four trimers (T1, T2, T3 and T4), two rosette type structures taken from 

Flynn’s et al. work13 (R1 and R2) and a rosette type structure based on five CA units 
(R3). Finally, a molecular aggregate with the H-Bond pattern of the pure crystal 
(Fig. V.1c) was also studied. This last structure was taken from the crystallographic 
structure data obtained by Coppens and Vos.12 According to the H-Bond types, 

linear or double, the set of complexes can be arranged in an aggregation path which 
is shown in Fig. V.2. 
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Figure V.2 Schematic representation of a hypothetical aggregation path. 

 

Geometries of CAn clusters (with n = 1, 2, 3, 5, 6, 7) were manually assembled 
and fully optimized without any constraint using the GAMESS21 quantum chemistry 
package. The optimizations were done using three levels of theory with the 6-
311++G(d,p) basis set: the B3LYP hybrid functional;22,23 the B3LYP-D3 functional, 

which accounts for Grimme dispersion corrections;24 and the w-B97XD hybrid 

functional from Head-Gordon et al.25 which also includes empirical dispersion and 
correction designed for long-range interactions. The minimum energy nature of the 

optimized structures was verified using the vibrational frequency analysis. The 

binding energies DEBond (BE) were obtained at the same level of theory using the 

approach of Fonseca Guerra et al.,26–28 which is calculated as the sum between the 

interaction energy of the complex DEInt and the preparation energy DEPrep (Equation 

V.1).  
 

DEBond = DEInt + ∑ DEPrep     (V.1) 

 

In this equation, the interaction energy DEInt is the difference between the energy 

of the complex and the sum of energies of the monomers within the structure of the 

complex. The preparation energy DEPrep is the difference between the energy of the 



117 

 

monomer in the complex and the energy of its isolated structure, or in other words, 

is the deformation energy of each monomer upon complexation. The DEBond have 

also been corrected for the basis set superposition error (BSSE) within the approach 
of Boys and Bernardi.29  

The cooperativity (ΔEcoop) was calculated by Equation V.2.30,31 
 

DEcoop = DEInt (CAn>2) - ∑ DEInt (CA2)    (V.2) 

 
where ΔEInt (CAn>2) is the total interaction energy of either trimers or rosettes and 

∑ΔEInt (CA2) is the sum of the interaction energies of the corresponding dimers 
(either D1 or D2). 

The synergy effect was also evaluated by equation 3 within the procedure of 

Fonseca Guerra et al.27,32 
 

DESyn = DEInt -(∑DEPair + ∑DEDiag)    (V.3) 

 

where DEPair is the interaction between two molecules connected by H-Bonds, 

DEDiag is the interaction between two non-H-bonded molecules in the complex, and 

DESyn is the interaction synergy (cooperative effect) that takes place in the complex. 

Thus, if DESyn < 0 a positive cooperative effect is present, whereas if DESyn > 0 the 

cooperativity is negative. 
For the topological analysis, total electron densities were calculated at the 

B3LYP/6−311++G(d,p), level of theory. The local properties at bond critical points 
(BCP) were calculated using the AIMALL33 program. The QTAIM of Bader34 
provides a rigorous definition of the chemical concepts of atom, bond, and structure. 
This theory has been used successfully for the characterization of H-Bond 
interactions through a set of local topological properties calculated at BCP of 

electron charge density. In this work, the electron charge density at the BCP, rb, 

which measures the accumulation of charge between the bonded nuclei and reflects 

the bond strength;35,36 the Laplacian of the electron density Ñ2rb that provides 

information about the local charge concentration (Ñ2rb < 0) or depletion (Ñ2rb > 0); 
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the densities of kinetic energy Gb, the densities of potential energy Vb, and the total 

electronic energy density Hb = Vb + Gb were used to analyze the nature of the 
interactions that occur in the different complexes. Another parameter that describes 
a chemical bond is the delocalization index (DI(A,B)), which measures the average 
number of electrons delocalized between two atomic basins, A and B.  

Finally, the optimized geometries computed at B3LYP/6–311++G(d,p) level of 

theory were used to perform a NBO analysis37 from NBO 3.1 program38 as 
implemented in Gaussian 03.39 This analysis was conducted to quantitatively 
evaluate the interactions of charge transfer (CT) involved in the formation of H-
Bonds and the cooperative effects. 

 
V.3. Results and Discussion 
 
V.3.1. Geometric, Energetic, and Electron Charge Density Analysis  

Table S1 reports relevant optimized geometrical parameters of N–H∙∙∙O 

interactions, such as H-Bond lengths dH∙∙∙O, qN−H···O H-Bonds angles, and the dN−H 

proton-donor bond lengths. Due to the geometrical features of trimers and rosette 
complexes, the interactions are classified as inner and outer. Table V.1 shows 

corrected BEs by BSSE obtained with the B3LYP, B3LYP-D3 and w-B97XD 

functionals. Optimization results slightly diverge for the three theoretical methods 

evaluated. In general, it is identified that the B3LYP-D3 and the w-B97XD 

functionals show longer dN−H and shorter dH∙∙∙O distances compared with B3LYP 

calculations. It is also verified in all complexes that N-H distances are elongated as 

a consequence of complex formation, which is consistent to the formation of a 
conventional H-Bond. In addition, as expected, BEs with dispersion correction are 
more negative than B3LYP calculations. 

The following discussion is organized as follows: dimers, trimers and rosette-like 

structures are discussed separately. Finally, cooperative effects are examined among 
all set of complexes. 
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Table 1 Corrected binding energies DEBond by BSSE 

Complexes B3LYP B3LYP-D3 w-B97XD 

D1 -5.67 -7.00a -6.75b 

D2 -11.37 -14.29 -13.73 
D3 -6.12 -9.68 -9.32 
T1 -18.40 -22.63a -21.88b 

T2 -22.87 -28.77 -27.66 
T3 -22.63 -28.47 -27.30 
T4 -21.61 -28.46 -27.34 
R1 -71.87 -88.90a -85.81b 

R2 -69.12 -86.98 -83.56 
R3 -53.52 -68.65 -66.05 

All values in kcal/mol. aB3LYP-D3/6-311++G**//B3LYP/6-

311++G** single point results for comparison. bw-B97XD/6-

311++G**//B3LYP/6-311++G** single point results for 
comparison. 

 
Dimers 

Figure V.3 shows the molecular graphs of the dimers obtained. The values of 

charge density at the H-Bond BCPs, rb, are also included. Three different 

configurations of H-Bonded complexes can be seen in this figure. In D1, the 

N−H∙∙∙O H-Bond with an angle of 180° is verified; in D2, both CA units play a dual 

role as a proton acceptor and as a proton donor, with qN−H∙∙∙O values of 167.2° (close 

to the experimental value: q = 172.4°12). Finally, in D3, the N−H∙∙∙O H-Bond shows 

an angle of 156.6°, which is less collinear than the previous ones. When considering 
optimizations, in the case of the functionals with dispersion correction, they do not 
predict a structure of D1 complex, but it tends to adopt the conformation of D2 

complex. Moreover, the proposed T-shaped and parallel stacked arrangements have 
not been observed. Instead, the optimization of both structures unambiguously gives 
the D3 structure, with either of the functionals. In this structure it can be seen that 
the carbonylic oxygen interacts with the positive region of the ring, as expected, 
which is confirmed by the presence of a C∙∙∙O BCP.  



120 

 

Observation of the energetic analysis reported in Table V.1 shows that BEs 

decrease in the following order: D2 > D3 > D1. It is important to note that DEBond 

(B3LYP) of complex D2 is almost twice the DEBond (B3LYP) of complex D1; thus it 

is difficult to establish what the primitive structure of R1 is, and also to explain the 
energetic stabilities of R1 and R2 structures, since both arrangements were found to 
coexist.13 Then, an interesting question arise what is the mechanism by which H-
Bond arrangement of 180° is formed? The following sections intend to answer this 

question. 
 

 
Figure IV.3 Molecular graphs of optimized dimers. The lines connecting the nuclei are the 
bond paths. Red circles are the BCPs or (3, −1) critical points, and yellow circles represent 

ring critical points or (3, +1) critical points. Values of rb at BCPs, which were obtained at 

B3LYP level, are given in atomic units. 

 
Detailed information of H-Bonds, as well as other interactions, is obtained by the 

QTAIM analysis reported in Table IV.2. In all the complexes studied, values of ρb 

and Ñ2ρb at the H-Bond BCPs fall within the proposed range for closed shell 

interactions.40 In addition, Vb and Gb are of the same order of magnitude, and Hb is 
positive and close to cero. On the basis of the local energy density parameters 

derived from the QTAIM scheme, Hb has been used as a descriptor of covalent 
character when this property is negative.41,42  

Furthermore, taking into account the values of ρb and DI(H,O), which are good 
indicators of the bond strength and bond order respectively, and, being them also 
strongly correlated;41,42 the strongest interactions observed are those in the D2 dimer, 

in line with the shortest dH∙∙∙O distance and a highest binding energy. When 
topological parameters of D1 and D3 complexes are compared, the N−H∙∙∙O H-Bond 
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of the D1 complex is stronger than in the D3 complex. However the later shows a 

second interaction between the carbonylic oxygen and the endocyclic carbon. This 
additional C∙∙∙O interaction may favor the complex D3 over D1. 
 
Trimers 

As it was seen in dimers, the optimized structure of T1 trimer obtained at B3LYP 

level is notably different from those obtained at B3LYP-D3 and w-B97XD levels. 

This is a consequence of dispersion corrections terms. The optimization with 
B3LYP-D3 and ω-B97XD functionals tends to impose conformations that increase 

the number of intermolecular interactions. Fig. V.4a shows the molecular graph of 
the optimized T1 complex using the B3LYP/6-311++G(d,p) level of theory. From 

this figure, one can infer that the complex keeps the qN−H∙∙∙O angle close to 180° (see 

Table S1). In addition, when going from D1 to T1 geometry dH∙∙∙O distances are 

shortened and, the charge density at the BCPs, rb, and DI(H,O) also increase (See 

Table S1 and Table V.2). Since the increase or decrease of rb can be related to the 

cooperativity or negative cooperativity of H-Bonds,31,43 respectively, the observed 
changes indicate an enhancement of the H-Bonds strength, and consequently a 
positive cooperativity. Figures V.4b-c show the molecular graphs of the optimized 

T1 complex using the B3LYP-D3/6-311++G(d,p)  and the w-B97XD/6-

311++G(d,p) levels of theory. Again, by comparison of these figures, they do not 
predict the expected arrangement. It can be seen that both functionals predict almost 

the same complexes and they just differ by the presence of an interaction of the type 
O∙∙∙O (Fig. V.4c).  

Figure V.4. Molecular graphs of T1 complexes (a) B3LYP/6−311++G(d,p) structure. The 
electron density at bond critical points is given in atomic units, all interactions are equivalent. 

(b) B3LYP-D3/6−311++G(d,p) geometry, (c) w-B97XD/6−311++G(d,p) geometry. 



122 

 

What is more, both B3LYP-D3 and w-B97XD functionals predict an H-Bond 

pattern with the same arrangement of the D3 complex. At this point, it is important 
to highlight that although B3LYP is characterized by a lacking of London dispersion 
energy, it has shown an excellent performance in the calculation of geometries,44,45 

even with weak interactions like C-H×××O HBs.46 On the contrary, with regards to 

energy and thermochemistry calculations, it is widely known that dispersion 
corrected functionals give better results than non-corrected ones.44,47 In addition, it is 

known that corrected functionals tend to overestimate the binding.48 For instance, in 
a study of the dimethylamine−trimethylphosphine complex, Kjaergaard et al.49 have 

found that the B3LYP functional favors a structure with an N-H×××P HB, while both 

B3LYP-D3 and w-B97XD functionals favor almost the same structure with both an 

N-H×××P HB and C-H×××N secondary interactions. In this work, the B3LYP 

functional is the best choice since it gives a reasonable reproduction of the 
experimental structure; and it is evident that the dispersion correction does not imply 
a better description of the systems because the long-range interactions seem to be 
less important. Finally, it is worth stressing that the R1 rosette motif was obtained as 

a monolayer on both graphite13 and Au(111)50 surfaces, which also may affect the 
formation of the rosette. 

 
 
 

Table V.2 Local Topological Properties at N−H∙∙∙O BCPs. 

Complex Interaction rb Ñ2rb -Vb Gb Hb DI(H,O) 

D1 N−H∙∙∙O 0.0229 0.1017 0.0179 0.0217 0.0037 0.0678 
D2 N−H∙∙∙O 0.0286 0.1047 0.0225 0.0243 0.0019 0.0849 

N−H∙∙∙O 0.0287 0.1048 0.0225 0.0244 0.0018 0.0850 
D3 N−H∙∙∙O 0.0217 0.0854 0.0156 0.0185 0.0029 0.0656 

O∙∙∙C 0.0078 0.0299 0.0052 0.0063 0.0011 0.0187 
T1 N−H∙∙∙O 0.0266 0.1141 0.0220 0.0253 0.0032 0.0765 

T2 N−H∙∙∙Oouter 0.0285 0.1043 0.0223 0.0242 0.0019 0.0847 
 N−H∙∙∙Oinner 0.0291 0.1062 0.0230 0.0248 0.0018 0.0859 

T3 N−H∙∙∙O 0.0283 0.1038 0.0221 0.0240 0.0019 0.0841 
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T4 N−H∙∙∙Oouter 0.0282 0.1014 0.0217 0.0235 0.0018 0.0848 

 N−H∙∙∙Oinner 0.0283 0.1029 0.0222 0.0239 0.0018 0.0841 
 O∙∙∙O 0.0010 0.0046 0.0004 0.0008 0.0004 0.0076 

R1 N−H∙∙∙Oouter 0.0247 0.1061 0.0197 0.0231 0.0034 0.0721 
 N−H∙∙∙Oinner 0.0283 0.1183 0.0239 0.0268 0.0028 0.0805 

R2 N−H∙∙∙Oouter 0.0287 0.1051 0.0226 0.0244 0.0018 0.0849 
 N−H∙∙∙Oinner 0.0286 0.1044 0.0224 0.0243 0.0018 0.0849 

R3 N−H∙∙∙Oouter 0.0218 0.0811 0.0153 0.0178 0.0025 0.0685 
 N−H∙∙∙Oinner 0.0334 0.1195 0.0281 0.0290 0.0009 0.0940 

R4 N−H∙∙∙Oouter 0.0247 0.1061 0.0197 0.0231 0.0034 0.0721 
 N−H∙∙∙Oinner 0.0283 0.1183 0.0239 0.0268 0.0028 0.0805 

All values are in atomic units. 

 

Figure V.5 shows the molecular graph of the optimized T2 and T3 complexes 
using the B3LYP/6-311++G(d,p) level of theory. By following the scheme of 
aggregation of Fig. 2, if more CA units are added to T2 complex, a rosette-like 
structure (either R2 or R3) is obtained. Besides, if more CA units are added to T3 
complex it will give an infinite linear arrangement. When going from D2 to T2 

complex, dH∙∙∙O distances of inner interactions are shortened and, likewise rb and 

DI(H,O) increase (See Table S1 and 2), which indicates a strengthening of these 

interactions. On the contrary, in the transition D2®T3 all the interactions are 

weakened. 

 
Figure V.5. Molecular graphs of complexes T2 and T3. Values of rb at BCPs, which were 

obtained at B3LYP level, are given in atomic units. 

 
Finally, Fig. V.6 shows the molecular graph of the optimized T4 complex using 

the B3LYP/6-311++G(d,p) level of theory. In this case, either of the functionals 
employed predict the same geometry, with slight differences. This structure was not 
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previously reported, and we consider that it constitutes an important part of the 

combinatorial library of CA complexes. In Fig. V.6 the presence of a bifurcated H-
Bond can also be verified, in which an oxygen atom acts as a double proton 
acceptor. Topological values of these H-Bonds do fall within the proposed range of 
Popelier.51 In this arrangement can also be seen an interaction of the type O∙∙∙O 
which can be classified as a van der Waals interaction.41 

 

 
Figure V.6. Molecular graph of the T4 complex. (a) Top view. (b) Side view. Values of rb at 

BCPs, which were obtained at the B3LYP level, are given in atomic units. 

 Trends in BEs slightly differ between the functionals. For B3LYP and B3LYP-D3, 

BEs decrease in the following order: T2 > T3 > T4 > T1, while for w-B97XD the 

trend is: T2 > T4 > T3 > T1. The most stable structure is T2, however, the energy 
differences separating the group of complexes range from -0.2 kcal/mol to -4.5 

kcal/mol. The largest difference is of ~ -4.5 kcal/mol between T1 and T2. 

 
Rosettes 

Figure V.7 shows the molecular graph of the optimized R1, R2 and R3 rosettes. 
Observation of this geometries shows that the most coplanar structure is R2, while 

R1 complex shows some coplanarity but it seems to be unstable. Regarding R3 
complex, it shows a bowl-like structure alike the pentamer of metaboric acid.52 
Since R2 and R3 rosettes exhibit holes in their center with different sizes (4,3 Å and 
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3 Å respectively, for an isosurface density of r(r) = 0.001 au), they are good 

candidates to host ions with different sizes, just like quintets of uracil and thymine 
found by Qiu et al.53  

When considering the D1®T1®R1 evolution, the primitive N−H∙∙∙O H-Bond is 

enhanced in every step. That is, when going from D1 to R1, dH∙∙∙O distances are 

shortened and rb and DI(H,O) values increase in magnitude. In addition, the inner 

interactions are more strengthened than the outer ones. 

On the contrary, when considering the D2®T2®R2 evolution, in general the 

inner N−H∙∙∙O H-Bonds are enhanced and the outer ones are weakened. For 

example, when going from D2 to T2, the inner interactions are enhanced (from rD2 

= 0.0286 to rT4 = 0.0289 ~ 0.0293). However, when going from T2 to R2, this trend 

is not so clear in terms of the charge density analysis. When looking at the T2®R3 

transition, there is a clear enhancement of the inner interactions and the outer ones 

are weakened. 
Despite that R1 and R2 complexes are geometrically different, they share the 

same number of interactions, which is twelve H-Bonds. By comparing R1 with R2 
complexes of Fig. 7, the H-Bonds of R2 complex are far stronger than interactions 

of R1 complex (according rb values). The sum of densities at H-Bond BCPs is: 

0.3175 au for R1 complex and 0.3438 au for R2 complex. This trend is in line with 

the interaction energies DEInt. However, when looking DEBond values, R1 is almost 

2,75 kcal/mol stronger than R2 (for B3LYP, and ~2 kcal/mol for B3LYP-D3 and w-

B97XD). Consequently, the positive cooperativity gains an enormous importance in 

these systems. 
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Figure V.7. Top and side view of Molecular graphs of R1, R2, R3 and R4 complexes. Values 

of rb at BCPs, which were at the B3LYP level, are given in atomic units. 

 
It is also interesting to examine the H-Bond arrangement of the CA crystal 

structure (Fig. V.7, R4). This H-Bond pattern shows components of both rosettes R1 

and R2. That is, the H-Bond pattern shows the presence of H-Bonds with qN−H∙∙∙O 

close to 180° and 172°. It is interesting to note that neither of the functionals predict 
the coplanar structure of the crystal, not even the B3LYP functional which is widely 
known to predict good geometries.43 With regards to intermolecular interactions 

within the crystal, a BCP is evidenced between O atoms, as well as in previous 

complexes (T1/w-B97XD and T4). However, topological values (ρb, Ñ2ρb, Hb) 
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indicate that this interaction is a van der Waals bonding. It should also be noted, that 

the closed-shell O∙∙∙O interaction has been observed in several environments, going 
from ligand-receptor systems,54  silicates,55 the Mn2(CO)10 complex,56 and in several 

derivatives of cis-b-diketone.57 Therefore, within the QTAIM methodology, this 

interaction is receiving increasing attention either in biological systems or in 
materials chemistry. 

 
Cooperative effects 
 In order to evaluate the cooperativity from an energetic point of view, we 

compared the H-Bond interactions in the trimers and rosettes with their similar 
counterparts in dimer complexes. Table V.3 shows the energetic contribution due to 
cooperativity ΔEcoop, as well as the synergy effect ΔESyn.  

 The greatest gain of energy is observed in the series D1®T1 and T1®R1. It is 

worst stressing that the three functionals predict almost the same trends of ΔEcoop 

and ΔESyn. On the contrary, the series of complexes D2®T2 and T2®R2 exhibit a 

lesser cooperative effect, which can be neglected. By comparing T1 and T2 
structures, T1 has three N−H∙∙∙O H-Bonds while T2 has four ones. Also, T2 is 4 
kcal/mol greater than T1 but, the later shows a greater cooperative effect. Therefore, 
these structures can compete with each other during the self-assembly process. 

Finally, the cooperative effect of R3 rosette is fundamentally zero, which may 
explain the fact that it was not observed as a self-assembled monolayer. However, 
this structure could exist as a stable aggregate in solution since similar quintets have 
been observed between uracil molecules.53 
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Table V.3 Energetic Contributions due to the Cooperativity 

Complex 
ΔECoop DESyn 

B3LYP B3LYP-D3 w-B97XD B3LYP B3LYP-D3 w-B97XD 

T1 -1.88 -2.09 -2.02 -1.52 -1.52 -1.43 
T2 -0.09 -0.17 -0.11 0.02 0.01 0.03 
T3 0.12 0.08 0.11 0.13 0.15 0.14 

T4 0.97 -0.18 -0.06 -0.32 -0.30 -0.29 
R1 -4.59 -5.76 -5.45 -4.73 -4.73 -4.43 
R2 -0.38 -0.92 -0.75 0.20 0.15 0.19 

R3 3.65 3.09 3.27 -0.08 -0.06 0.00 

All values in kcal/mol 

 

3.2 Critical points of –Ñ2r(r) 

The Laplacian of the electron density distribution, Ñ2r(r), is a powerful tool in the 

interpretation of molecular interactions. The topology of Ñ2r(r), can also show in a 

molecular graph the localization of basic and acidic regions.34,58 According to the 

L(r) = -¼Ñ2r(r) function, a (3, -3) critical point (CP) corresponds to a local 

maximum, and indicates a local electronic charge concentration. It has been shown 
that the maxima in L(r) are associated to electron pair domains of Lewis model.58 
Besides, a (3, +3) CP corresponds to a local minimum and indicates a local depletion 

of the electronic charge. 
Figure V.8 displays the (3, -3) and (3, +3) CPs in L(r), superimposed on the 

molecular graph of D1 and D2 complexes. It can be immediately seen that in D1 
complex the molecules are oriented so that the minima in L(r) (pink circles), that 
corresponds to regions of charge depletion, are aligned, which explains why this 

arrangement is unstable. With regards to D2 complex, Fig. 8 shows that this 
arrangement is stabilized by the well-known hole−lump interaction: a maxima of 
charge concentration is aligned with a minima of charge depletion. The latter case is 
the most energetically favored. 
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Figure V.8. Critical points of the L(r) function superimposed on molecular graph of D1 and 
D2 complexes. Lines connecting the nuclei are the bond paths.  Red circles are BCPs or (3, 

−1) critical points in r(r) function, yellow circles are ring critical points or (3, +1) critical 

points in r(r) function, green circles are (3, −3) critical points in L(r) function, and pink 

circles are (3, +3) critical points in L(r) function. 

 

3.3 Natural Bond Orbital Analysis 
The cooperativity of H-Bonds can also be analyzed from the viewpoint of 

hyperconjugative energies of charge transfer (CT) between NBOs. The results of 
NBO analysis conducted on CA complexes are given in Table 4. The values 
reported in this table are the second-order perturbation energies (E(2)) 

(donor®acceptor) that involve the oxygen lone pairs (LP) 1 and 2 and the N-H s* 

antibonds (nO®s*N-H). By analyzing these results the cooperativity can be clearly 

seen. In the D1®T1®R1 transition, an augmentation of E(2) values is evidenced. 

The inner interactions undergo a strong enhancement. Since the N−H∙∙∙O is strongly 

directional, it is observed that the LP2 does not participate in the CT interaction. 

On the other hand, when looking at both D2®T3 and D2®T4 transitions, no 

increase is observed in E(2) energies, but, T2 structure exhibits an enhancement of 

inner interactions, as well as the R2 rosette. Finally, when looking at the 

D2®T2®R3 transition, the R3 rosette displays a strong increment of E(2) energies 

on inner interactions, while the outer ones display the opposite effect. Thus, these 

cooperative and anti-cooperative effects compensate each other and the total binding 
energy results being lesser than the sum of the parts, that is, a negative cooperativity. 
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Table 4 Average Second-Order Perturbation Energies E(2) (Donor®Acceptor) involving 

contributions of lone pairs (LP) 1 and 2 to s* antibonds: LP1O®σ*(N−H) and LP2O®σ*(N−H) 

interactions 

Complex Interaction 
E(2) 

LP1 LP2 

D1 N−H∙∙∙O 9.13 0.00 

T1 N−H∙∙∙O 11.78 0.00 
R1 N−H∙∙∙Oinner 12.90 < 0.1 
 

N−H∙∙∙Oouter 9.87 < 0.1 

D2 N−H∙∙∙O 6.93 7.52 
 

N−H∙∙∙O 6.91 7.50 
T2 N−H∙∙∙Oinner 6.79 5.31 
 

N−H∙∙∙Oouter 6.27 7.76 

T3 N−H∙∙∙Oinner 7.21 7.68 
 

N−H∙∙∙Oouter 6.87 7.46 
T4 N−H∙∙∙O 6.81 7.33 

R2 N−H∙∙∙Oinner 7.17 7.44 
 

N−H∙∙∙Oouter 6.97 7.45 
R3 N−H∙∙∙Oinner 8.97 8.32 
 

N−H∙∙∙Oouter 4.33 4.59 

All values in kcal/mol 

 
The origin of the cooperativity 

In our previous study on M/CA complexes,59 we showed that the nN ® σ*(C=O) 

intramolecular CTs experience an increase of E(2) energies upon complex formation. 
The charge flows through both inter and intramolecular interactions like in a 

“circuit”. This effect is also present in CA supramolecules, as it can be visualized in 
Fig. V.9. This figure outlines the intra and intermolecular CTs between NBOs: 

nN→σC=O
*  and nO→σN-H

* . It can be seen that in T1 complex, the H-Bonds point in 

one direction and there is a direct path that connects the three molecules involving 

nN→σC=O
*  and nO→σN-H

*  CTs. Contrarily, when looking T2, T3 and T4 complexes 

there is no such direct path that connects the molecular units. Besides, the H-Bonds 

point in opposite directions. 
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Figure V.9. Schematic representation of n®s* inter (nO®s*N−H) and intramolecular (nN® 

s*C=O) charge transfers involving interactions in CA trimers and rosettes. Circular arrows 

indicate the net charge flow as a consequence of nO®s*N−H and nN®s*C=O charge transfers. 

 
When going from T1 to R1, the inner interactions are reinforced because each 

C=O bond from the central unit receives charge from two nitrogen LPs. Moreover, 
the interactions of the outer periphery are weaker than the inner ones because there 

is not a direct path that connects them, in fact the H-Bonds are in opposite 
directions. 

With regard to the T2 ® R2 transition, a direct path that connects nN→σC=O
*  and 

nO→σN-H
*  CTs is manifested with the completion of the rosette, which explains why 

the inner interactions are stronger than the outer ones (either in R2 or R3 
complexes). 

 These results are in good accordance with an earlier work of Fonseca Guerra et 
al.,27 in which they showed that supramolecules of Guanine display a cooperativity 

effect that is absent in xanthine ones. This effect originates in the s-electron system. 

The charge goes from one unit to the other in one direction. They have also argued 
that their model is expected to apply to other hydrogen-bonded supramolecules. 
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V.4. Conclusions 

In this chapter, a structural and an electronic analyses at B3LYP, B3LYP-D3 and 
ω-B97XD/6-311++G(d,p) levels of theory were carried out on a series of 
supramolecular complexes formed by hydrogen bonds. It has been shown a variety 
of possibilities in which CA can be arranged through H-Bonds, that is, a 
combinatorial library of complexes. It is evident, that the formation of complex 

structures of CA involves an intricate path of supramolecular arrangements since the 
beginning of the self-assembly process. The B3LYP functional has shown the best 
performance to describe the interactions. 

CA is a very versatile building block because it can form at least four rosette-like 

structures with different degrees of cooperativity. Since different organizations of 
the same building block show special energetic and topological features, it is a fact 
that they would lead to different functionalities and thus different macroscopic 
properties. For instance, R2 and R3 supramolecules could hold different cations 
with different ionic radii. 

The energetic, topological and NBO results demonstrate that the structures with 

qN−H∙∙∙O = 180° (T1 and R1) display the highest cooperative effect. However, some 

structures with double H-Bonds show greater binding energies but very low or zero 

cooperative effects. Therefore, they may compete with each other during the self-
assembly steps, which may explain why all of these structures coexist in the same 
monolayer. The next ultimate challenge will be to obtain pure arrangements as self-
assembled monolayers. It is also interesting to highlight that a greater cooperative 
effect is not always associated with a greater binding energy. The intramolecular 

charge transfers play a key role in the cooperative effect. 
Finally, it is suggested that the nucleation process of R1 rosette motif (with all 

qN−H∙∙∙O close to 180°) cannot be originated from D1 dimer (qN−H∙∙∙O = 180°), since it 

is a very unstable structure and its cyclic analogue (D2), which has two H-Bonds, is 
twice more stable. Therefore, the T1 structure could be originated as a concerted 
assembly process, and, the R1 rosette is originated form the T1 structure. 
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Supplementary Material 

 

Table S1. Selected geometric parametersa of CA, dimers, trimers and rosettes 
calculated at B3LYP/6-311++G(d,p) 

System Interaction dN−H dH∙∙∙O qN−H∙∙∙O 
CA  1.0111 - - 
D1 N−H∙∙∙O 1.0196 2.9171 180.0 
D2 N−H∙∙∙O 1.0273 1.8655 167.2 
 N−H∙∙∙O 1.0273 1.8647 167.2 
D3 N−H∙∙∙O 1.0213 1.9654 156.6 
T1b N−H∙∙∙O 1.0239 1.8405 178.9 
T2b N−H∙∙∙Oouter 1.0279 1.8553 167.3 
 N−H∙∙∙Oinner 1.0272 1.8693 167.0 
T3b N−H∙∙∙O 1.0271 1.8693 167.1 
 N−H∙∙∙O 1.0271 1.8701 166.8 
T4b N−H∙∙∙Oouter 1.0279 1.8761 168.0 
 N−H∙∙∙Oinner 1.0252 1.8764 167.6 
R1c N−H∙∙∙Oouter 1.0262 1.8192 177.18 
 N−H∙∙∙Oinner  1.0217 1.8735 178.51 
R2c N−H∙∙∙Oouter 1.0282 1.8648 166.51 
 N−H∙∙∙Oinner 1.0270 1.8641 167.40 
R3c N−H∙∙∙Oouter 1.0294 1.7999 166.15 
 N−H∙∙∙Oinner 1.0238 1.9832 160.85 
a Distances in Å and angles in degrees. b All other interactions 
are essentially equal due to symmetry reasons. c Mean values 

 


