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The synthesis, structural elucidation and TD-DFT analysis of the self-assembly of a cobalt(II) complex  
with cyanuric acid is reported. The asymmetric unit in the crystal comprises a cobalt complex cation, [Co(H2CA)(H2O)5]

+ 
(H3CA = cyanuric acid), a cyanurate mono anion, and two lattice water molecules, which are assembled in the 
supramolecular network via pair-wise coupling of N-H···O type occurring between the ion pairs and additional hydrogen 
bonds involving aqua ligands and lattice water molecules. 
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Developments in the field of supramolecular 
chemistry1 and crystal engineering2 during few  
last decades are noteworthy with a multitude of 
applications in various fields of chemistry such  
as molecular recognition3, sensors4, catalysis5,  
host-guest chemistry6, surface patterning7, electrical 
conductivity8, molecular sieves9, nonlinear optics10, 
etc. However, the full potential of this branch of 
chemistry is yet to be realized. The principle of 
designed synthesis of functional materials to some 
extent has been rationalized, but a multitude of factors 
especially the weak forces often come into play,  
and accurate prediction of the outcome of the 
crystallization process is yet to be realized. In this 
respect, it is very important to explore the role  
of weak interactions in crystal packing when a 
number is operating simultaneously. Among the  
weak forces, H-bonding has attracted much interest 
due to its relative strength and directionality,  
as it is the master key in crystal engineering11,12.  
In recent times, there has been considerable interest  
in the synthesis of supramolecular assemblies based 
on various types of hydrogen bonds, such as  
O–H···O, N–H···O, N–H···N, N–H···S, C–H···O13,14, 
etc., and also of dative bonds formed between metal 
ions and organic ligands15. It has been noted that in 
general, hydrogen bonds present in the structures of 

the reactant molecules reorganize to yield 
supramolecular assemblies of various types  
consisting of voids, channels, exotic molecular 
architectures, etc.16 

Owing to its structural symmetry with multiple  
H-bond donor centres, cyanuric acid, C3H3N3O3 
(H3CA), plays an important role as one of the 
components in the organic and inorganic cocrystal 
structures17. During the course of our investigations 
on supramolecular assemblies with cyanuric acid,  
we have isolated a novel cobalt(II) compound, 
[Co(H2CA)(H2O)5]·(H2CA)·2H2O(1) (H3CA = cyanuric 
acid), possessing hydrogen-bonded supramolecular 
sheets.  
 
Materials and Methods 

High purity cyanuric acid (Aldrich) and cobalt 
nitrate hexahydrate (Merck-India) were purchased  
and used as received. All other chemicals used were 
of analytical grade. Solvents used for spectroscopic 
studies were purified and dried by standard 
procedures before use18. Elemental analyses  
(carbon, hydrogen and nitrogen) were carried out 
using a Perkin-Elmer 240C elemental analyzer.  
IR spectra were recorded as KBr pellets on a  
Bruker Vector 22FT IR spectrophotometer operating  
from 400−4000 cm–1. Electronic absorption spectra 
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were obtained on a Shimadzu UV-1601 UV-vis 
spectrophotometer at room temperature. Quartz 
cuvettes with a 1 cm path length and a 3 cm3 volume 
were used for all measurements. Thermal analysis 
was done on a Shimadzu TGA 60 instrument under 
nitrogen environment. 
 
Synthesis of [Co(H2CA)(H2O)5]·(H2CA)·2H2O (1)  

Hot aqueous solution (10 mL) of cyanuric acid 
(0.33 mmol, 0.043 g) was allowed to react with  
an aqueous solution (10 mL) of cobalt nitrate 
hexahydrate (0.5 mmol, 0.145 g) and stirred for  
20 min. The resulting purple colored mixture was 
refluxed for 3 h, allowed to cool and filtered.  
The filtrate was kept in a CaCl2 desiccator and after a 
few days shiny, pink coloured single crystals suitable 
for X-ray determination were obtained. Yield: 0.165 g 
(75%). Anal. (%): Calcd. for C6H18N6O13Co (441.20): 
C, 16.31; H, 4.07; N, 19.03. Found: C, 16.29; H, 4.01; 
N, 19.01. The infrared spectra exhibited the following 
absorptions: 3380 (br), 2851 (w), 1740 (w), 1628 (s), 
1474 (s), 1425 (w), 1398 (s), 1232 (vw), 837 (w),  
776 (s), 701 (w), 554 (s), 470 (vw), 428 (w) cm-1. 
 
X-ray studies 

The X-ray data collection of the title compound 
was carried out at 293(2) K with Mo-Kα radiation  
(λ = 0.71073 Å) on a Bruker Smart Apex diffractometer 
equipped with CCD. Cell refinement, indexing and 
scaling of the data set were done using Bruker Smart 
Apex programs and Bruker Saint packages19. The data 
were corrected for absorption with Sadabs program20. 
The structure was solved by direct methods and 
subsequent Fourier analyses21 and refined by the  
full-matrix least-squares method based on F2 with all 
observed reflections21. Hydrogen atoms were detected 
in the difference Fourier map and, due to the good 
crystal quality, freely refined. Graphical programs 
included in the WinGX System22, ver 1.80.05 and 
Diamond23 were used. Crystal data and details of 
refinements are given in Table 1. 
 
Computational studies 

All computations were performed using the 
Gaussian 09 (G09) software package24, by using the 
Becke’s three-parameter hybrid exchange functional 
and the Lee-Yang-Parr non-local correlation functional 
(B3LYP)25. In the calculations, the 6-31G (d-p) basis 
set was assigned to all elements with the exception of 
cobalt, for which the Los Alamos ECP plus MBS 
(LanL2MB)26 basis set was employed. The geometric 
structures of complex (1) and its complex cation 

([Co(H2CA)(H2O)5]
+) in the ground state (quartet) 

were fully optimized at the B3LYP level. The 
vibration frequency calculations were performed to 
ensure that the optimized geometries represent local 
minima associated with positive eigen values only. 

Vertical electronic excitations based on B3LYP 
were obtained with the time-dependent density 
functional theory (TD-DFT) formalism27 in water 
using the conductor-like polarizable continuum model 
(CPCM)28. GaussSum29 was used to calculate the 
fractional contributions of various groups to each 
molecular orbital. Calculated coordination geometries 
of complex (1) and its complex cation are shown  
in Table 2.  
 

Results and Discussion 
 

IR spectral studies  

The most important absorption bands in IR 
spectroscopy of complex under study are summarized 
in the experimental section and tabulated in Table S1 
(Supplementary Data). The spectra of complex (1) 
exhibits bands at 3380 and 1740 cm-1, corresponding 
to stretching vibration of sp3 N-H and amide C=O 
bonds, respectively (Fig. S1, Supplementary Data). 
The band corresponding to δ (N-H) appears at 1628 cm-1. 

Table 1 − Crystallographic data and details of structure 
refinements for compound (1) 

Compound (1) 

Formula  C6H18N6O13Co  
Mol. wt. 441.20 
Crystal system Monoclinic 
Space group P21/n 
a (Å) 14.0277 
b (Å) 6.6149(3) 
c (Å) 17.072(3) 
β (°) 97.766(10) 
V (Å3) 1569.6(3) 
Z 4 
Dc (g cm-3) 1.867 
µ Mo-Kα (mm-1) 1.180 
F(000) 908 
θrange (°) 3.4 - 25.5 
Reflections coll. 6701 
Unique reflections 2916 
Rint 0.025 
Observed reflections I > 2σ(I) 2622 
Parameters 307 
Goodness of fit (F2) 1.080 
R1 / I > 2σ(I)a 0.0271 
wR2 a 0.0673 
∆ρ / e (Å3) 0.272, -0.244 
aR1 = Σ Fo–Fc / ΣFo; 
wR2 = [Σ w (Fo 2 – Fc 2) 2 / Σw (Fo 2) 2 ]½. 
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Table 2 − Experimental and calculateda coordination bond distances (Å) and angles (°)  

Calcd  Expt. 

(1) Complex cationb 
Bond distances (Å) 
Co-O1 2.0665(15) 1.858 1.972 
Co-O2 2.1283(13) 2.155 2.221 
Co-O3 2.1368(15) 1.906 1.992 
Co-O4 2.0887(14) 1.877 1.977 
Co-O5 2.0466(14) 3.234 2.260 
Co-N1 2.1854(15) 2.037 1.997 

Bond angles (°) 
O1-Co-O2 87.82(6) 87.49 88.65 
O1-Co-O3 86.45(7) 93.17 88.34 
O1-Co-O4 170.64(6) 179.19 178.32 
O1-Co-O5 94.09(7) 104.42 92.56 
O1-Co-N1 95.01(6) 90.58 90.34 
O2-Co-O3 90.19(6) 96.81 98.48 
O2-Co-O4 87.00(6) 92.45 92.54 
O2-Co-O5 175.03(6) 141.26 175.33 
O2-Co-N1 90.33(6) 99.28 90.47 
O3-Co-O4 85.78(6) 87.63 90.32 
O3-Co-O5 85.35(7) 46.67 77.06 
O3-Co-N1 178.47(6) 163.62 170.91 
O4-Co-O5 90.48(6) 76.11 86.15 
O4-Co-N1 92.81(6) 88.63 90.82 
O5-Co-N1 94.07(6) 116.97 94.02 
a Using conductor-like polarizable continuum model (CPCM) in water; basis set, LanL2MB. bComplex cation = [Co(H2CA)(H2O)5]

+. 

 
A strong broad band in the region 3200−3550 cm-1  
is due to the ν(Ο−Η) stretching vibration of water 
molecules30. The bands corresponding to ρr(H2O)  
[at 776 cm-1] and to ρw(H2O) [at 554 cm-1] indicate 
the presence of coordinated water molecules. 
Theoretically possible IR spectral bands (Fig. S2, 
Supplementary Data) of optimized structures  
[using LanL2MB as basis set and in water using  
the conductor-like polarizable continuum model 
(CPCM)], listed in Table S1, are in good agreement 
with the experimental IR spectral results. 
 
Crystal structure  

The crystallographic asymmetric unit of the 
compound is shown in Fig. 1. The cobalt(II) exhibits 
an octahedral coordination sphere through five aqua 
ligands and a nitrogen donor from the deprotonated 
cyanuric acid. The coordinated species and the 
cyanurate counterion are in the tri-keto tautomer 
form. The coordination Co-O distances range from 
2.0466(14) to 2.1368(15) Å while the Co-N bond 
length is slightly longer, of 2.1854(15) Å. The larger 
deviation from the ideal octahedral geometry is 
demonstrated by the O1-Co-O4 angle of 170.64 (6)°. 
The packing viewed down the b-axis  reveals  that  the 

 
 
Fig. 1 − ORTEP drawing of the independent unit of compound (1). 
[Ellipsoids at 50% probability level]. 
 
cobalt complexes alternate with cyanurate molecules 
to form linear ribbon H bonds connected by pair-wise 
coupling of N-H···O interactions, leading to a cyclic 
hydrogen bonding synthon, R2

2(8) in Etter’s graph 
notation.31 The N(donor)-O(acceptor) distances are 
within 2.787(2)−2.868(2) Å. This sequence is similar 
to the homomeric arrangement observed in the crystal 
structure of pure H3CA17d, with the difference that 
here each alternating cyanurate moiety is coordinated 
to   a   Co(H2O)5  metal  fragment. These  ribbons   are 
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Fig. 2 − Layered pattern of compound (1) in the ac plane. 
 
further connected by coordinated and lattice water 
molecules to realize a layer parallel to the ac plane 
where a H-bonded macrocyclic supported by lattice 
water molecules of R6

7(24) notation31 can be 
underlined (Fig. 2). Finally the layered patters are 
pillared at a distance of 3.3 Å (i.e. half the b axis) 
connected by additional H-bonds (Fig. 3). Thus, the 
aqua ligands and the lattice water molecules  
disclose a favourable geometry to give rise to a  
final 3D network arrangement through H-bonds 
(Supplementary Data, Table S2). Both the lattice 
water oxygen atoms, O12 and O13, behave as double 
acceptor and donor playing a key role in the 
construction of the 3D architecture. It is noteworthy 
that the deprotonated nitrogen N4 acts as double 
acceptor with respect to water molecules O4 and  
O5. Figure 4 depicts a packing diagram viewed down 
the axis b. 
 
DFT calculations  

DFT and TD-DFT computations of optimized 
structure of [Co(H2CA)(H2O)5]·(H2CA)·2H2O (1) 
were performed in order to establish its electronic 
structure and spectral transitions. The geometric 
structures of the isolated complex (1) and of its 
complex cation were fully optimized at the Becke’s 
three-parameter hybrid exchange functional and  
the Lee-Yang-Parr non-local correlation functional 
(B3LYP) level in the ground state (quartet).  
The optimized structures along with their Mulliken 
charge distribution are depicted in Fig. 5, and 
calculated bond lengths and angles along with the 
experimentally measured values are listed in Table 2. 
The comparison of bond lengths and angles between 
calculated and X-ray structure (Table 2) shows 
sufficient agreement. The main difference observed  
is   the   displacement   of  one  aqua  ligand  from  the 

coordination environment (now located at 3.234 Å 
from the metal), which indicates a five coordinated 
cobalt with three lattice water molecules. It is 
interesting to note that the calculated structure  
of the complex cation ([Co(H2CA)(H2O)5]

+) is six 

 
 

Fig. 3 − Pillared layers connected by of H-bonds. 
 

 
Fig. 4 − Packing diagram viewed down axis b. Big spheres indicate 
the lattice water oxygen atoms. 

 

 

Fig. 5 − Optimized structures with Mullikan charge distribution of 
complex (1) and of its complex cation. [Basis set LanL2MB, using 
conductor-like polarizable continuum model (CPCM) in water]. 
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coordinated (Fig. 5, Table 2), and bond lengths and 
angles are closer to the experimental values than  
those of calculated structure for (1). The observed 
different coordination geometries (six versus five 
coordination number) of cobalt(II) centre in the 
optimized structures of (1) and of its complex cation 
are probably due to different types of interactions  
of these species with the solvent molecules during 
calculation. The loss of the hexa-coordination 
environment for the Co(II) centre in the optimized 
structure of (1) led to a rearrangement of the  
species and, as expected, to larger deviations of  
the bond parameters with respect to the experimental 
ones. 

The orbital diagram along with their energies and 
contributions from the ligands and metal of (1) are 
given in Fig. S3 and Table S3 (Supplementary Data), 
and a correlation of MOs is given in Fig. 6.  
For α-molecular orbital (α-MO), the energies of  
highest occupied molecular orbital (HOMO) and 
lowest unoccupied molecular orbital (LUMO)  
are −2.59 and 0.80 eV, respectively (HOMO-LUMO 
energy difference, ∆E = 3.39 eV), while for the  
β-molecular orbital (β-MO), the energies of highest 
occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) are −2.59  
and 0.54 eV, respectively (HOMO-LUMO energy 
difference, ∆E = 3.13 eV). As a matter of fact, the 
HOMO-LUMO energy difference for α-MO is  
larger (∆E = 3.39 eV) as compared to the value  
of β-MO (∆E = 3.13 eV). The HOMO and LUMO  
of α-MO have 1% cobalt; 99% water molecules,  
and, 12% cyanurate, 59% cobalt; 29% water 
molecules contribution, respectively, while HOMO 

and LUMO for β-MO have 10% cobalt;  
90% water molecules, and, 2% cyanurate,  
86% cobalt; 12% water molecules contribution, 
respectively. In summary, HOMO of both α-MO  
and β-MO are largely characterized by the water 
molecule orbitals (≥ 90%), while for LUMO of  
both α-MO and β-MO, the major contribution comes 
from the metal orbitals. 

To gain detailed insight into the electronic 
transitions, a TD-DFT calculation in water  
using conductor-like polarizable continuum  
model (CPCM) was performed. The theoretically 
possible spin-allowed quartet-quartet electronic 
transitions with their assignment are listed in  
Table 3. For (1), the TD-DFT results  
show that [HOMO-4(α)→LUMO+2 (α)] and 
[HOMO-3(β)→LUMO (β); HOMO-2(β)→LUMO(β)] 
are the possible highest and lowest energy  
electronic transition, respectively. The highest 
energy electronic transition for (1) is IZCT  
(intra ligand charge transfer in lattice cyanurate)  
in nature, and the lowest energy electronic 
transitions have YMCT (coordinated cyanurate  
to metal charge transfer) and MMCT (intra  
metal-metal charge transfer) character. In (1),  
the experimental electronic transition at 1104 nm 
may be assign to a combination of YMCT  
and MMCT transitions and electronic spectral 
transition and that at 480 nm may be attributed  
to a MMCT transition (Fig. 7, Table 4). 

 

 
 

Fig. 7 − Absorption spectra of complex (1) obtained from 
experimental observation (in water) and TD-DFT calculation. 
[Basis set LanL2MB, using conductor-like polarizable continuum 
model (CPCM) in water. Inset: Magnified absorption spectra at 
wavelength 400-1150 nm]. 

 
 
Fig. 6 − Calculated molecular orbital energy level diagram of (1). 
[basis set LanL2MB, using conductor-like polarizable continuum 
model (CPCM) in water]. 
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Table 3 − Selected list of excitation energies for complex (1) 

Excited  
state 

Wavelength  
λ (nm) 

Oscillatory 
strength (f) 

Major contribution Assignmenta 

1 1104.62 0.0002 SOMO-3(β) → LUMO(β) (20%),  
SOMO-2(β) → LUMO(β) (28%) 

YMCT, 
MMCT  

2 1058.78 0.0001 SOMO-3(β) → LUMO(β) (28%) YMCT 

7 480.14 0.0006 SOMO-7(α) → LUMO(α) (54%) MMCT 

9 426.51 0.0007 SOMO-5(α) → LUMO(α) (12%),  
SOMO-5(β) → LUMO+3(β) (13%) 

YMCT 
YMCT 

11 400.07 0.0005 SOMO-2(β) → LUMO+3(β) (22%) MMCT 

13 385.36 0.0003 SOMO(α) → LUMO+1(α) (36%),  
SOMO(β) → LUMO+1(β) (26%),  
SOMO(β) → LUMO+2(β) (34%) 

XYCT, 
XYCT, 
XZCT  

15 374.92 0.0045 SOMO-4(α) → LUMO(α) (11%),  
SOMO-3(β) → LUMO+3(β) (27%) 

ZMCT, 
YMCT  

21 312.63 0.0002 SOMO-1(β) → LUMO(β) (83%) XMCT  

26 299.65 0.0003 SOMO-4(β) → LUMO(β) (74%) ZMCT  

27 297.95 0.0018 SOMO-5(β) → LUMO(β) (31%) YMCT  

30 293.10 0.0020 SOMO-3(α) → LUMO+1(α) (15%), 
SOMO-4(β) → LUMO+1(β) (11%),  
SOMO-4(β) → LUMO+2(β) (17%) 

IZCT, 
ZYCT, 
IZCT 

43 277.41 0.0007 SOMO-4(α) → LUMO+1(α) (22%),  
SOMO-6(β) → LUMO+2(β) (12%) 

IZCT, 
IYCT 

48 270.21 0.0029 SOMO-2(α) → LUMO+2(α) (26%) MYCT  

49 269.68 0.0013 SOMO-16(β) → LUMO(β) (19%),  
SOMO-8(β) → LUMO(β) (11%) 

YMCT, 
YMCT 

51 266.31 0.0099 SOMO-2(β) → LUMO+2(β) (13%) MZCT 

52 265.83 0.0034 SOMO-9(β) → LUMO(β) (27%) YMCT 

58 258.08 0.0014 SOMO-10(β) → LUMO(β) (26%) YMCT 

59 257.80 0.0213 SOMO-4(α) → LUMO+2(α) (10%) IZCT  

aM = metal, X = coordinated water, Y = coordinated cyanurate, Z = lattice cyanurate. YMCT = coordinated cyanurate to metal 
charge transfer; MMCT = intra metal-metal charge transfer; XYCT = coordinated water to coordinated cyanurate charge 
transfer; XZCT = coordinated water to lattice cyanurate charge transfer; ZMCT = lattice cyanurate to metal charge transfer; 
XMCT = coordinated water to metal charge transfer; IZCT = intra ligand charge transfer in lattice cyanurate; ZYCT = lattice cyanurate 
to coordinated cyanurate charge transfer; IYCT = intra ligand charge transfer in coordinated cyanurate; MYCT = metal to coordinated 
cyanurate charge transfer; MZCT = metal to lattice cyanurate charge transfer. 

Table 4 − Selected UV-vis energy transition at the TD-DFT/B3LYP level for (1) in water 

Excited state λcal (nm)/  
εcal (M

-1 cm-1)/ (eV) 

Oscillator  
strength (f) 

λexp (nm)/  
εexp (M

-1cm-1)/ eV 
Key transition Character 

Q1 1104.62 / 21.40 / 1.12 0.0001 1104 / 0.1 / 1.12 SOMO-3(β) → LUMO(β) (20%),  
SOMO-2(β) → LUMO(β) (28%) 

YMCT 
MMCT 

Q7 480.14 / 49.80 / 2.58 0.0006 480 / 1.5 / 2.58 SOMO-7(α) → LUMO(α) (54%) MMCT 
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Thermal analysis 

The X-ray powder diffraction (XRPD) pattern  
for complex (1) is shown in Fig. S4 (Supplementary 
Data). The fine correspondence between the  
simulated and as-synthesized XRPD patterns suggests 
the high purity of the bulk sample. To evaluate the 
thermal stability of complex (1), thermogravimetric 
analysis (TGA) was carried out at a heating rate  
of 5 °C min–1 under N2 atmosphere in the temperature 
range 30−800 °C. TG profile of (1) shows a  
loss of lattice as well as of coordinated water 
molecules in two steps (Supplementary Data,  
Fig. S5). The first step (45−109 °C) corresponds  
to the loss of two molecules of lattice water and  
0.5 molecule of coordinated water (mass loss: expt.: 
10.95%; calc.: 10.20%), and the second step 
(109−260 °C) to the loss of 4.5 coordinated water 
molecules. Upon further heating, the deaquation 
process overlaps with the decomposition. 
 

Conclusions  

Herein, we have presented the synthesis, single 
crystal structure, TD-DFT calculations and thermal 
study of a novel cobalt(II)-cyanurate complex.  
The structural determination reveals that it comprises 
a discrete complex cation of distorted octahedral 
geometry counterbalanced by a cyanurate monoanion. 
The complex cations are connected by an extensive 
hydrogen bonding pattern giving rise to a 3D 
supramolecular network. DFT calculations of the 
isolated complex show a slight deviation from  
the structural results obtained by X-ray diffraction. 
TD-DFT calculation was performed and theoretically 
possible spin allowed quartet-quartet electronic 
transitions along with their assignments have been 
discussed. 
 

Supplementary Data 

Crystallographic data reported herein have been 
deposited with the Cambridge Crystallographic Data 
Center as supplementary publication under CCDC 
954342. Copy of the data can be obtained free  
of charge on application to CCDC, 12 Union Road, 
Cambridge CB2 1EZ, UK (Fax: + 44-1223/336-033; 
Email: deposit@ccdc.cam.ac.uk). Other supplementary 
data associated with this article, viz., Tables S1-S3 
showing theoretical and experimental IR spectral 
bands with their assignments, hydrogen bond 
parameters, MOs along with their energies and 
compositions and Figs S1-S5 showing IR spectra, 

surface plot of frontier molecular orbital, XPRD  
and of complex (1) are available in the electronic 
form at http://www.niscair.res.in/jinfo/ijca/IJCA 
53A(02) 135-142_SupplData.pdf. 
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