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Abstract. In this article, the self-assembly of cyanuric acid (CA) molecules into nano-structures is examined.
Equilibrium geometry of CA is planar and it belongs to the D3h point group. It is shown that CA clusters form
three dimensional bowls and balls. Cyclic pentamer (5-bowl) is the basic motif responsible for these non-planar
geometries. It is also shown that the cyclic hexamer based clusters can be non-planar if they contain a 5-bowl.
A uniﬁed criterion for the formation of bowls and balls from basic molecular building blocks emerges from this
study. The role of symmetry in supramolecular self-assembly is also clearly evident from the present study.
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1. Introduction
Supramolecular self-assembly is a strategy for organizing various structural motifs into novel molecular
structures on a large scale.1 4 Due to its strength, directionality and biological relevance, hydrogen bonding
(H-bonding) is one of the most important interactions
leading to self-assembly and thus in the formation of
supramolecular structures.5 7 It is evident from the studies on H-bonding interaction in various ﬁelds that it
has an optimal combination of rigidity and ﬂexibility as
well as directionality.5 7 Therefore, it serves a unique
role in the self-assembly of various molecular clusters.
With the help of H-bonding interaction, it is possible
to design bowls, balls and tubes of orthoboric (BA)
and metaboric (MBA) acid clusters akin to the carbon
based fullerenes and nanotubes.8 10 In this context, a
systematic search has been made to identify a molecular building block that could self-assemble to form
bowls and balls similar to BA and MBA. Cyanuric acid
(CA) has a plane of symmetry perpendicular to the C3
principal axis. It also has got self-complementary Hbonding regions. Therefore, it is worth exploring the
formation of bowls and balls from CA clusters. This
particular molecule has received considerable attention
∗ For
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in supramolecular chemistry.11 It is a unique cyclic
amide having three H-bond donor and three acceptor
sites that facilitate the formation of H-bonded structures
with itself and with other polar molecules. It is structurally similar to amino acids and hence serves as a
model system to study non-covalent interactions in the
self-assembly of molecules of biological interest.
Various experimental and theoretical studies have
been made to understand the structure of CA and its
keto-enol tautomerism.12 These studies have clearly
shown that the keto form is more stable than the enol
form. The 1:1 hydrogen-bonded complex of CA and
melamine has been studied in detail with a view to
understand the underlying principles of molecular selfassembly, and its potential applications for development of molecular devices at nanoscale.11,12 Recently,
the self-assembly of CA into ordered nanostructures
on a crystalline substrate has been investigated at low
temperature under ultrahigh vacuum (UHV) conditions
using scanning tunneling microscopy and theoretical
simulation methods.13,14 Different structural motifs of
CA that can self-assemble into different patterns and
superstructures have been reported (see Figure 1). They
are: the hexamer (rosette), the heptamer (wheel), and
the chicken-wire-like structures. The aim of the present
study is to predict whether CA would also form bowls
and balls similar to BA and MBA with a view to develop
new molecular materials at nanoscale.
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Figure 1. Repeating units of polymorphs of cyanuric acid.
Two types of H-bonding interactions in crystal structures
of cyanuric acid are illustrated. The grey lobes represent
lone pairs of electrons. Dotted lines represent H-bonding
interactions.

2. Theoretical and Computational Methods
Geometries of (CA)n=1−24 clusters have been optimized without any constraint at DFT(M062X)/6-31G*,
DFT(M062X)/6-311++G** and HF/6-31G* levels of
theory using the G09 suite of programs.15 Additional
calculations have been carried out at the MP2/6-31G*
level of theory for (CA)1,2 and DFT(B3LYP)/6-31G*
level of theory for (CA)1−6 . All of them are found to
be stable relative to the separated monomers. The stabilization energy (SE) of all the clusters has been calculated using the supermolecule approach and corrected
for basis set superposition error (BSSE) following the
procedure adopted by Boys and Bernardi:16


n

(1)
SE = − Ecluster −
Ei
i=1

where Ecluster is the total energy of the cluster, Ei is
the energy of the monomer and n is the total number of monomers in the cluster. Speciﬁcally, BSSE
was estimated for each monomer in its location by
computing its energy with its own basis set and with

Figure 2. Geometrical parameters of cyanuric acid (CA)
monomer obtained from HF, DFT(M062X), DFT(B3LYP)
and MP2 calculations using the 6-31G* and 6-311++G**
basis sets along with the experimental values.26,27 Predicted NICS values in ppm, from the center of the ring
to 1 Å above the ring obtained from MP2/6-31G* calculations are listed. Optimized geometries of stacked and hydrogen bonded CA dimers as obtained from MP2/6-31G*,
DFT(M062X)/6-31G* and DFT(M062X)/6-311++G** calculations are shown in the lower panel. All values are in Å
unless mentioned otherwise.

the basis set for the (n-1)-mer. Vibrational frequencies
calculations were performed for the HF/6-31G* and
DFT(M062X)/6-31G* optimized geometries to analyze
the nature of the complexes (minimum or transition
state) and were used to account for zero point energy
(ZPE) corrections. Vibrational frequencies obtained
from HF/6-31G* were scaled17,18 by a factor of 0.8929
for comparison with the available experimental results.

Nanoclusters of cyanuric acid

Figure 3. Optimized geometries of (CA)n=3−6 clusters obtained from DFT(B3LYP)/6-31G* calculations.
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The theory of atoms-in-molecules (AIM) has been used
to characterize the H-bonding and other non-bonding
interactions between monomers using the topological
properties of electron density at the hydrogen bond critical points (HBCPs) using the AIM2000 package.19,20
In addition, molecular electrostatic potential (MESP)
maps21,22 of the balls have been generated using
GaussView 3.0 software package. Nucleus independent chemical shift (NICS) values were calculated for
the CA monomer at the MP2/6-31G* level using the
procedure described elsewhere.23
3. Results and Discussion
3.1 Structure and Stability
The optimized geometry of CA monomer and dimer
obtained from MP2/6-31G* calculations is shown
in Figure 2 along with the geometrical parameters
obtained from DFT(M062X)/6-31G*, DFT(M062X)/6311++G**, DFT(B3LYP)/6-31G*, HF/6-31G* and
MP2/6-31G* levels of theory. The equilibrium geometry of CA is planar and it belongs to D3h point group.
The computed C-N, N-H, and C=O bond lengths,
1.390, 1.015, 1.218 Å, respectively at the MP2/6-31G*
Table 1.

level of theory are in good agreement with the experimental values of 1.369, 1.026, and 1.218 Å, in that
order.24 It is worth adding that the geometrical parameters obtained from other methods are also comparable
to the experimental values.
The aromatic nature of the CA ring has been examined by computing the NICS values that are included
in Figure 2 for distances upto 1 Å above the ring, as
illustrated. The NICS values are less negative than for
benzene implying that CA is less aromatic than benzene. It should be noted that the NICS calculations were
performed at the MP2/6-31G* level.
It is clear from the crystal structure of CA that the
molecules are held together by H-bonds in parallel sheet
arrangement similar to that of graphite, boric acid and
metaboric acid. An N-H group of one CA molecule
and a C=O group of another are involved in N-H. . .O
type H-bond. Two types of H-bonding interactions
are observed in CA sheet structures as illustrated in
Figure 1. These two H-bonds differ from each other in
the direction of approach of the N-H bond to the C=O
group. The type I H-bond has the N-H bond collinear to
O=C. The type II H-bond has the N-H bond directed at
O=C at an angle of ∼120◦ . Interestingly the (N-H). . .O
distance in both types of interaction is ∼2.81 Å.

Stabilization energy (SE in kcal/mol) values for (CA)n=2−24 clusters.

Cluster

HF
6-31G*
BSSE
corrected

6-31G*
BSSE
corrected

2-type II
3A
3B
4A
4B
4C
4D
5-bowl
5A
5B
5C
6-ﬂat
6A
6B
6C
7-bowl
8-bowl
10-bowl
12-bowl
14-bowl
15-bowl
18-bowl
20-ball
20-sheet
24-ball

10.1
20.8
20.2
30.4
30.3
30.0
30.2
46.9
37.2
37.6
37.4
60.7
50.0
51.8
58.1
69.8
84.1
111.6
138.6
–
182.8
–
269.4
243.7
–

13.5
26.9
27.0
40.7
40.6
40.6
40.3
65.3
53.2
53.3
54.2
81.3
67.9
68.0
77.8
91.4
115.5
153.6
191.7
230.0
254.9
318.2
380.4
326.1
456.6

DFT(M062X)
6-31G*
ZPE
6-311++G**
corrected
BSSE corrected
14.1
28.2
28.1
42.8
42.3
42.5
42.1
67.5
56.5
56.0
56.4
86.0
70.8
71.2
81.5
96.0
121.6
161.7
202.1
242.4
269.2
336.1
403.2
342.7
483.4

13.4
26.6
26.7
40.3
40.2
40.2
39.9
63.5
53.7
53.2
53.6
80.5
67.2
67.3
76.9
90.4
114.0
151.6
–
226.9
251.4
–
374.9
321.7
–

DFT(B3LYP)
6-31G*
BSSE corrected
12.3
24.3
24.5
36.7
37.0
36.4
36.6
57.7
47.9
48.1
47.9
73.9
60.6
61.3
70.5
–
–
–
–
–
–
–
–
–
–
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The stacking interaction between two CA molecules
has also been examined at MP2/6-31G*, DFT(M062X)/
6-31G* and DFT(M062X)/6-311++G** levels of theory.
The stabilization energy for the (CA)2 stacked dimer
is 4.2 kcal/mol. SE for the (CA)2 H-bonded dimers with
type I and type II interactions (see Figure 2) are 5.5 and
11.8 kcal/mol, respectively. The SE of stacked dimer
is comparable to that of type I dimer. But the SE of
type II dimer is more than double that of the stacked
dimer. SE values obtained from DFT(M062X)/6-31G*
and DFT(M062X)/6-311++G** calculations are also
in line with the MP2 results. Therefore, CA molecules
can be expected to prefer self-assembly via hydrogen
bonding interactions of type II.
Optimized geometries of (CA)n=3−6 clusters obtained
from DFT(B3LYP)/6-31G* calculations are illustrated
in Figure 3. It is evident from the ﬁgure that two different trimer geometries are possible for (CA)3 . They
are designated as 3A and 3B. Type II hydrogen bonding interactions are seen in 3A and 3B clusters. The stabilization energy values for (CA)n clusters are listed in
Table 1. It can be seen that 3A and 3B are equally stable. A cyclic trimer cluster as shown in Figure 1, which
is a part of the heptamer based sheet was not stable. All
attempts to locate the minimized geometry resulted in a
structure forming type II hydrogen bonds.
Different structures (4A, 4B, 4C and 4D) formed by
(CA)4 are also shown in Figure 3. Type II H-bonding is
responsible for the formation of 4B, 4C, 4D and 4E. It
is interesting to note from the structure of 4B that the
central CA molecule is H-bonded to three other CAs
in a triangular fashion. All the H-bonding donor and
acceptor sites of the central CA are used, resulting in
maximum stability. It can be observed from Table 1 that
SEs of all (CA)4 clusters are nearly the same.
Various structural arrangements are possible for
(CA)5 . As observed in the case of (BA)5 and (MBA)5
in previous studies,8,9 the most stable geometry of
the pentamer of CA is a bowl. The structural features of 5-bowl obtained from DFT(B3LYP)/6-31G*
and DFT(M062X)/6-31G* levels of calculation are presented in Figure 4. The calculated radius of the central
cavity is 3.183 Å and the bowl depth is 1.709 Å. The
corresponding values from M062X/6-31G* method are
3.254 Å and 2.3 Å.
Different cyclic and linear structures of CA clusters
are seen in the crystal structures. But the planar cyclic
pentamer is not observed in any of the sheet structures.
As observed in our previous studies on (BA)5 , (MBA)5
clusters,8,9 the present study also showed that the planar
cyclic pentamer is a transition state of the bowl structure
as depicted in Figure 4. The calculated inversion barrier
is 2.8 kcal/mol at the DFT(B3LYP)/6-31G* level and
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Figure 4. Bowl and ﬂat shapes of (CA)5 and geometrical features as obtained from DFT(B3LYP)/6-31G* and
DFT(M062X)/6-31G* calculations.
Table 2. Geometrical parameters of (CA)n (n = 1–6
and 20) clusters, obtained from DFT(B3LYP)/6-31G*
calculations.
Cluster

N-H (Å)

(N)H. . .O (Å) ∠N-H. . .O(◦ )

2
1.029
1.851
3
1.024–1.029 1.831–1.855
4
1.022–1.030 1.850–1.865
5-bowl Inner
1.031
1.791
Outer
1.027
1.950
6-ﬂat
Inner
1.031
1.844
Outer
1.029
1.845
20-ball
1.033
2.005

170.0
170.0–179.5
170.0–177.0
168.5
163.1
169.0
169.8
158.0

4.3 kcal/mol at the DFT(M062X)/6-31G* level. The
H-bond length and angles of CA clusters are listed in
Table 2. It should be noted that there are two sets of
H-bonds in 5-bowl: inner and outer H-bonds. The inner
H-bonds are shorter than the outer H-bonds.
The optimized structure of cyclic hexamer (6-ﬂat)
at the DFT(B3LYP)/6-31G* level shows that it is the
most stable when compared to other possible conformations. There is a central cavity with a radius of
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3.90 Å. There are two sets of H-bonds in 6-ﬂat hexamer
also, inner and outer H-bonds. Unlike the 5-bowl, the
inner and outer H-bonds of 6-ﬂat have nearly identical
geometrical parameters.
Addition of CA molecules to the cyclic pentamer
5-bowl can result in larger bowls and eventually a ball as
illustrated in Figure 5. In (CA)20 ball structure, all the
sixty N-H. . .O hydrogen bonds have identical geometrical parameters (rN-H. . .O = 2.005 Å and ∠N-H. . .O
= 158.0◦ ). The radius of the ball is calculated to be
16.8 Å at HF/6-31G* level of theory, compared to 7.1 Å
for fullerene, 11.0 Å for boric acid ball and 13.2 Å for

metaboric acid ball. Addition of any CA molecule to the
ﬂat hexamer retains the planarity. Figure 6 presents the
6-ﬂat based sheet structure containing 20 CA molecules.
Although the cyclic hexamer based clusters are planar,
the inclusion of a 5-bowl leads to the formation of nonplanar structures. As a result, (CA)24 is an ellipsoid as
shown in Figure 6.
The variation in the stabilization energy per
monomer (SE/n), with an increase in the size of the CA
bowls and balls is plotted in Figure 7. SE/n increases
linearly with increase in n, thus indicating the higher
stability of larger bowls and balls. It is important to

Figure 5. Optimized geometries of bowls and a ball of
5-bowl based clusters obtained from DFT(M062X)/6-31G*
level of calculations.

Figure 6. (a) Optimized geometry of cyanuric acid 20sheet as obtained from DFT(M062X)/6-31G* calculations;
(b) Optimized geometry of 6-ﬂat based ball obtained from
DFT(M062X)/6-31G*calculations.
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Table 4. Electron density and Laplacian of electron density at the hydrogen bonding critical points for (CA)n=2−6,20
clusters obtained from HF/6-31G* calculations.
H-bonding
type

Cluster
2
3
4
5-bowl
6-ﬂat

Inner OH. . .O
Outer OH. . .O
Inner OH. . .O
Outer OH. . .O

20-ball

Electron
density (e/a3o )

Laplacian of
electron density
(e/a5o )

0.021
0.022
0.023
0.025
0.024
0.022
0.022
0.023

0.020
0.023
0.021
0.016
0.015
0.020
0.020
0.021

3.2 Vibrational Frequency Analysis

Figure 7. (a) Plot of variation in the BSSE-corrected
(SE/n) value with an increase in the size of the CA cluster as obtained from HF/6-31G*, DFT(M062X)/6-31G*
and DFT(M062X)/6-311++G** calculations; (b) Molecular
electrostatic potential map of 20-ball obtained from HF/631G* calculations. The red color represents the −0.01 au
isosurface, while the blue represents the +0.01 au isosurface.

point out that the 20-ball and 24-ball have similar
stability per monomer. This shows that the balls are
much more stable than the bowl structures. However,
there is no signiﬁcant improvement in the stability per
monomer between different ball structures.

The scaled symmetric (ss) and asymmetric (as) N-H
stretching frequency values for CA and its clusters up to
n = 6 at HF/6-31G* level are reported in Table 3. The
calculated values for CA are 3454 (ss) and 3451 cm−1
(as) when compared to the experimental values of 3060
and 3210, respectively. N-H stretching frequencies for
the dimer 2A are 3314 (ss) and 3330 cm−1 (as) and the
experimental values are 3257 and 3356 cm−1 , respectively. The computed red-shifts in the ss and as frequencies in going from the monomer to the dimer
are 140 and 121 cm−1 , thus indicating the presence of
H-bonds. The calculated red shifts for the trimer and the
tetramer range from 103 to 147 cm−1 . Due to a marginal
variation in the geometrical parameters for inner and
outer H-bonds in 5-bowl and 6-ﬂat, the corresponding computed red shifts are also marginally different.
H-bonding in the inner periphery results in larger red
shifts than the H-bonding in the outer periphery for both
5-bowl and 6-ﬂat clusters. The calculated frequencies
are all positive conﬁrming that the reported clusters are
all minima on the potential energy surface.

Table 3. Calculated vibrational frequencies of various (CA)n clusters at the HF/631G* level of theory, along with the computed red shifts in the N-H stretching mode,a
after scaling by a factor of 0.8929. Values in parentheses are from experiment.25
a

Scaled frequencies (cm−1 )

Red shift (cm−1 )

Cluster

ss

as

ss

As

CA
2
3
4
5-bowl

3454 (3060)
3314 (3257)
3336
3306–3310
3299
3343
3306
3318

3451 (3210)
3330 (3356)
3348
3319–3335
3306–3309
3347–3352
3307–3308
3324–3336

Nil
140
118
144–147
154
111
148
136

Nil
121
103
116–132
142–146
99–104
143–144
115–127

6-ﬂat

Type I
Inner
Outer
Inner
Outer
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3.3 AIM Analysis
The AIM theory has been used to characterize the Hbonding and other non-bonding interactions in (CA)n ,
n = 2–6 and 20 and the resulting electron density
parameters are listed in Table 4. Figure 8 illustrates the
AIM topology of (CA)n clusters, where n = 2, 5 and
6. The values of electron density at the HBCPs fall
in the range 0.021–0.025 e/a3o . The calculated values

(0.015–0.023 e/a5o ) of the Laplacian for all the H-bonds
are positive, indicating the characteristics of H-bonding
interactions.
3.4 MESP Analysis
The molecular electrostatic potential (MESP) topography is a valuable tool to understand the reactivity of
molecules. The ±0.01 au isosurfaces for (CA)20 are
shown in Figure 7. It is to be noted that the negative valued MESP features are seen at the centre of the cavity
of cyclic pentamer units, while the positive MESP values are observed above each CA molecule. Therefore,
it is possible to encapsulate molecules inside the (CA)20
cage. However, there is a signiﬁcant difference between
the (CA)20 ball, and the (BA)20 and (MBA)20 . The latter two are fullerene-like. The cavity in the surface of
(BA)20 and (MBA)20 is much smaller in size. Therefore
it can be anticipated that much larger molecules can be
trapped inside (CA)20 .
4. Conclusions
The present study reveals that CA forms a variety of
H-bonded clusters. Among these clusters, 5-bowl and
6-ﬂat are perhaps the most important structural motifs
for the formation of ball and sheet structures similar to
those found in BA and MBA clusters. It is shown that
the hexamer can be non-planar, if it contains a 5-bowl.
Clearly fullerene-like ball structures can be formed
readily by CA. These balls can serve as hosts for atoms
and molecules. A uniﬁed criterion for the formation of
bowls and balls from basic molecular building blocks
thus emerges from this study. It is proposed that any
molecule having (i) a plane of symmetry σ , (ii) a principal rotational axis C3 ⊥σ , and (iii) self-complementary
hydrogen bonding regions has the ability to assemble
into bowls and balls in addition to sheet structures.
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Figure 8. Atoms-in-molecules derived molecular topology
of (CA)2,5,6 clusters. The small red dots are bond critical
points, small yellow dots are ring critical points. Large red
spheres are oxygen atoms, large blue spheres are nitrogen
atoms, large black spheres are carbon atoms and large grey
spheres are hydrogen atoms.
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