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Theoretical investigation of cyano-chalcogen dimers and their 
importance in molecular recognition  

Viola Previtali, [a] Goar Sánchez-Sanz[b] and Cristina Trujillo,*[c]  

 
In this manuscript the different noncovalent interactions established 

between (HYCN)2 dimers (Y = S, Se and Te) have been studied at 

the MP2 and CCSD(T) level of theory. Several homodimers have 

been taken into account, highlighting the capacity of these 

compounds to act both as electron donor and acceptor. The main 

properties studied were geometries, binding energy (Eb), and 

molecular electrostatic potential (MEP). Given the wide application of 

chalcogen bonds, and more specifically of cyano-chalcogen moieties 

in molecular recognition, natural bond orbital (NBO), “atoms-in-

molecules” (AIM), and electron density shift (EDS) analysis were 

also used to analyse the different noncovalent interactions upon 

complexation. The presence of hydrogen, chalcogen and dipole-

dipole interactions was confirmed and their implications on molecular 

recognition were analysed. 

Introduction  

Noncovalent interactions are particular type of weak interactions 

that differ completely form the stronger covalent interactions, 

and, as their name suggest, they do not need an overlap of 

orbitals for them to happen, but they can originate different 

range of strength as van der Walls and ion-ion interaction.[1, 2] 

 

Noncovalent interactions play a fundamental role in modern 

chemistry, physics and in bio-system. Besides contributing to the 

stability of large supramolecular and polymers[1], they can also 

play a fundamental role in the folding of complex biological 

systems.[3] 

 

The number of weak interactions is not only limited to the 

classical and well known hydrogen bond (HB)[4-7] but other kind 

of noncovalent interactions are halogen bonds[8-12], hydride 

bonds[13, 14], tetrels[15-19], chalcogen[20-25] and pnicogen (or 

pnictogen) interactions. [2, 26-36] 

 

The nature of the halogen bond is explained by attractive 

electrostatic interactions between the positive σ-hole on the 

halogen atom and negative charge of the donor (Lewis Base).[37-

39] Similarly chalcogen atoms (O, S, Se, Te and Po) can form 

noncovalent complexes with electron donors, known as 

chalcogen bonding (ChB).[40, 41] 

 

Like hydrogen and halogen bonding, chalcogen bonding plays 

an important role in the synthesis, catalysis, and design of 

materials[42, 43], but also in the functionality of biological systems. 

No bonded interactions between a divalent sulphur atom and 

polar functional groups, i.e., S…X (X = O, N, and S) interactions, 

have recently been demonstrated to stabilize protein 

structures.[44] It has lately been demonstrated that chalcogen 

bonds have important roles in protein-ligand complexes and 

innovative approaches try to exploit these molecular recognition 

features in drug design.[45-47]  

 

The increasing number of nitrile-containing pharmaceuticals, 

makes the cyano group a very interesting and worth studying 

moiety with applications in drug design and molecular 

recognition.[48-50] Nitriles are unusual and versatile functionalities, 

and these features are often related to their short and polarized 

triple bond.[51] In some cases the strong dipole can facilitate 

polar interactions in which the nitrile acts as a hydroxyl or 

carboxyl isostere, in other cases nitrile play key roles as 

hydrogen bond acceptor.[48] It has also been demonstrated that, 

when the nitrile group is activated by adjacent withdrawing 

group, it behaves as an electrophile towards nucleophiles as 

cysteine.[52]  

 

Sulphur containing functional group can be found in a wide 

range of pharmaceutical, and besides nitrogen and oxygen, 

sulphur maintains its dominating heteroatom role in FDA 

approved drugs.[53] Thiocyanate (SCN) is an important molecule 

with the potential to establish molecular recognition with the host 

environment and foreign organisms and to act as both host 

defence and antioxidant agent, making it a potential useful 

therapeutic.[54, 55] Thiocyanate-containing natural products have 

been isolated and studied for their biological activity[56] and the 

thiocyanate moiety has been inserted into potential anticancer 

agents[57] and inhibitors of the protozoan Trypanosoma cruzi.[58, 

59] Additionally, the recent applications of organic thiocyanate in 

drug development has also let to recent advances to their 

chemistry and accessibility.[60]  

 

Similarly, selenium plays an important role in normal biological 

function[61] through its incorporation into processes that protect 

against oxidative stress, and its bioactivity mechanism has been 

studied using DFT calculations.[62] Selenocyanate-containing 

derivatives have been found to possess anticancer and 

chemopreventive[63-65], antifungal[66], and antileishmanial[67, 68] 

activity. Therefore, their synthesis, characterization, and uses in 

chemistry and molecular recognition have recently gained a lot 

of interest.[69-72] 
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The application of chalcogen bonding in molecular recognition 

has also been employed in the selective separation of isomeric 

mixtures, where the receptors consist of bifurcated chalcogen 

bond donor centres (sulphur or selenium) towards the cyano 

group nitrogens of neighbouring molecules.[42, 73] In addition, due 

to their application in crystal engineering, the structures and 

properties of chalcogens dicyanide in crystalline complexes[74] or 

in ChB with hydrogen cyanide (HCN) were recently studied.[75-77] 

Finally, chalcogen bond donors are reported to interact with 

halides, and a single example involving NC-Se-Se-CN has also 

been reported paving the way as possible anion receptors in 

molecular recognition[78]. 

 

Compared to sulphur and selenium the incorporation of tellurium 

in bioactive molecules is still at its infancy. However, the recently 

progresses made have been responsible for the increased 

attention towards tellurium and its applications in chemistry, 

material science but also drug discovery.[41, 79-81] 

 

Following this research line and given the wide applications that 

the incorporations of chalcogen as sulphur, selenium, tellurium, 

and, in particular, their cyanates derivatives, have on chemical 

and biochemical sceneries, we herein describe a computational 

study of cyano-chalcogen homodimer derivatives (Figure 1). We 

have therefore the aim of improving the knowledge of the 

theoretical behaviour of the corresponding monomers by 

characterization of bonds types established and cooperativity 

between interactions, with the hope of improving their 

understanding for future application and design in molecular 

recognition. 

 

 

 

Figure 1. Schematic representation of the cyano-chalcogen monomers under 

study. 

Results and Discussion 

Monomers  

We began by calculating the molecular electrostatic potential 

(MEP) surfaces for the three monomers to analyse the areas 

susceptible of nucleophilic and electrophilic attacks. Maxima and 

minima values of the MEP on the 0.001 a.u. electron density 

isosurface which resembles to the van der Waals surface (vdW) 

were plotted in Figure 2 and summarised in Table 1. 

 

Two MEP minima values (black dots) were found for the 

chalcogen atom, one corresponding to the lone pair associated 

to the N atom (Vmin,N) and another one corresponding to the 

chalcogen lone pairs (Vmin,Y). While the former is negative the 

latter has been found to be slightly positive. In term of maxima 

values, three critical points on the surface were located. One, 

Vmax,H, corresponding to the hydrogen, second one, Vmax,YH,  a S 

-hole on the Y-H bond axis and finally the -hole on the Y-CN 

axis, Vmax,YCN, which exhibits the deepest -hole of the 

monomers. 

 

As observed, Vmin,N value decreases with the size of the 

chalcogen, while the depth of Vmax,YCN increases. The largest one 

of the three (0.7436 au) is found in TeCN, in agreement with the 

polarizability of the atom. So, in principle, one should expect that 

the interaction head-to-tail, N···Y, will increase with the size of 

the chalcogen.  

Table 1. Maxima (Vmax,X) and minima (Vmin,X) values of the molecular 

electrostatic potential (in a.u.) over the 0.001 e- electron density isosurface for 

all the monomers calculated at MP2/aug-cc-pVTZ level. 

 

 
Vmin,N Vmin,Y Vmax, YCN Vmax,YH Vmax,H 

HSCN -0.0536 0.0008 0.0617 0.0403 0.0690 

HSeCN -0.0542 0.0005 0.0656 0.0448 0.0587 

HTeCN -0.0559 0.0004 0.0744 0.0523 0.0432 
 
      

 

Figure 2. Molecular electrostatic potential on the 0.001 e- electron density 

isosurface for HSCN monomer. Maxima and minima values of MEP are 

represented by cyan and black dots, respectively. 

 

The structure of the three different HYCN isolated monomers 

has been optimised and their structural parameters reported in 

Table 2. Data calculated for the C-Y bonds are in good 

agreement with those reported in the literature, with the largest 

deviation found for C-Se. C-N bonds are in very good agreement 

with the experimental data found. 

 

 
Table 2: Structural data for the HYCN monomers at the MP2/aug-cc-pVTZ 

computational level.  

 

  HSCN HSeCN HTeCN 

 Exp. 1.47 –1.69a; 1.701b 2.01 - 2.08c 2.090 - 2.091d 
d(C-Y) [Ȧ]     

 Theor. 1.697 1.828 2.032 
     

 Exp. 1.17–1.33a; 1.156b 1.07 - 1.27c 1.131 - 1.149d 
d(C-N) [Ȧ]     

 Theor. 1.175 1.175 1.176 
     

 Exp. 1.55a - - 
d(Y-H) [Ȧ]     

 Theor. 1.340 1.454 1.644 
 

 

a. Beard, C. I. and B. P. Dailey. "The Structure and Dipole Moment of Isothiocyanic 
Acid." Journal of Chemical Physics 18, no. 11 (1950): 1437-1441. 

b. Refers to S(CN)2: Pierce, L., R. Nelson and C. Thomas. "Microwave and Infrared 
Spectra of Sulfur Dicyanide - Molecular Structure Dipole Moment Quadrupole 
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Coupling Constants Centrifugal Distortion Constants and Vibrational 
Assignment." Journal of Chemical Physics 43, no. 10P1 (1965): 3423 

c. Refers to Se(CN)2: Linke, K. H. and F. Lemmer. "Rontgenographische 
Kristallstrukturanalyse Von Selendicyanid." Zeitschrift Fur Anorganische Und 
Allgemeine Chemie 345, no. 3-4 (1966): 211 

d. Refers to Te(CN)2:Klapotke, T. M., B. Krumm, J. C. Galvez-Ruiz, H. Noth and I. 
Schwab. "Experimental and Theoretical Studies of Homoleptic Tellurium 
Cyanides Te(Cn)(X): Crystal Structure of Te(Cn)(2)." European Journal of 
Inorganic Chemistry, no. 24 (2004): 4764-4769. 

Dimers 

Energy and structure 

 

We have found 20 minima in total, 7 for both Se and Te 

complexes and 6 for S complexes instead. Geometries obtained 

for (HSeCN)2 dimers are depicted in Figure 3 for illustration 

purposes while the rest (S and Te dimers) have been included in 

the ESI (Table S1). 

Figure 3. Optimised dimers for selenium derivatives (HSeCN)2at the MP2/aug-

cc-pVTZ computational level. 

 

Three types of dimers were found and categorised in terms of 

their geometrical disposition: 1) both monomers are aligned and 

head to tail interaction is found, YL; 2) both monomers present 

their Y-CN bond axis in parallel, YnP; and 3) monomers present 

their Y-CN bond axis perpendicular one to each other, YnN. YL 

dimers show a single chalcogen interaction through the Y -

hole. YnP complexes present more diverse type of interactions: 

Y1P exhibit two simultaneous HB interactions and  donation, Y2P 

one HB and  donation as well and Y3P present two synchronous 

 donations. The latter was already described for (HXPCN)2 

complexes, where X is F and Cl.[82] In case of YnN dimers: Y1N 

and Y2N have one HB and presumably one ChB simultaneously 

while in Y3N only one ChB seems to be found.  

 

The binding energies, Eb, for all the complexes are summed up 

in Table 3. In general, when comparison of the binding energies 

across the chalcogen atoms is made, it is observed that 

tellurium derivatives present the strongest binding energy values 

with just one exception (Se1P). 

 

Table 3. Binding energies, Eb (in kJ/mol) for all the dimers at the 

CCSD(T)/CBS computational level. 

(HSCN)2 Eb (HSeCN)2 Eb (HTeCN)2 Eb 

SL -19.2 SeL -24.9 TeL -36.8 

S1P -42.1 Se1P -44.3 Te1P -43.0 

S2P -30.5 Se2P -36.0 Te2P -43.7 

S3P -19.7 Se3P -27.9 Te3P -42.4 

S1N -16.2 Se1N -21.3 Te1N -29.1 

S2N - Se2N -15.9 Te2N -21.7 

S3N -5.8 Se3N -11.1 Te3N -20.0 

 

For the HSCN complexes, the overall strongest Eb (-42.1 kJ/mol) 

belongs to S1P, where two hydrogen bonds are responsible for 

the stability of the complex, while S3N is the weakest dimer (-5.8 

kJ/mol). Chalcogen intermolecular interactions found in SL and 

SnN dimers are not competitive with the dipole-dipole (-) 

interactions and HB found for SnP complexes. But does it also 

happen when the chalcogen atom is more polarizable? Can 

those ChBs for Se and Te derivatives be competitive and 

eventually stronger than the HB or the -interactions? 

 

Looking at the selenium cyanide dimers, the interaction energy 

calculated for the dimer SeL is 5.7 kJ/mol stronger than its 

sulphur-homologous SL, evidencing the increasing of the 

polarizability of the chalcogen atom from S to Se, and also in 

alignment with the increasing found in the corresponding -hole 

(from 0.0617 to 0.0656 a.u. for HSCN and HSeCN respectively, 

Table 1). This behaviour is also observed in SenN complexes, 

where an increasing of the strength of the interaction (more 

negative Eb) is found. However, Se1P dimer, in which two 

intermolecular HBs are located, is still the most stable complex 

in terms of Eb (-44.3 kJ/mol). But, while the Eb difference 

between the chalcogen bonded SL and SeL is 5.7kJ/mol, the Eb 

between S1P and Se1P is only 2.2 kJ/mol. This can be explained 

in terms of the variation of the HB and ChB donor/acceptor 

capacity. It is most noteworthy the difference in the interaction 

energy value for the two different dimers, S3P and Se3P, where -

 is the dominant interaction probably due to the dipole moment 

of each molecule () from HSCN (3.732D) to HSeCN (3.904D). 

This variation of  is also evident in the rest of the SenP family. 

As occurred within thiocyanide complexes, intramolecular HB 

and - interactions dominate the complex bindings.  

 

With the different intramolecular interactions for the S and Se 

dimers fully characterised, the study of the Te dimers was 

similarly performed by obtaining the different intramolecular 

noncovalent interactions. For this particular case and in terms of 

energy binding, Te1P is not the most stable dimer of the family as 

for (HSCN)2 and (HSeCN)2 complexes, being complex Te2P the 

most stable one. Furthermore, the three different complexes 

corresponding to the TenP disposition are very close in energy 

for this particular case. Even though these energy differences 

are very small, their implications on the interaction are huge and 

correlate with the  of the HTeCN molecule (4.311D).  

 

As observed in Table 3, the binding energies evolve with the 

size of the chalcogen, the larger the chalcogen, the stronger the 

interaction. In cases in which the chalcogen bond is present (YL, 

YnN) that evolution is due to the increase of the depth of the -

hole. In case of YnP, those complexes are dominated by HBs 

and the Eb is mostly constant across the chalcogen atom type. 

What is more interesting is that those dimers involving - 

interactions (Y2P and Y3P) become more stable with the  of the 

monomers involved. This has huge implications in molecular 

recognition since the design of structural patterns of moiety 

(such as -CN) which can perform - interactions can eventually 

10.1002/cphc.201900899

A
cc

ep
te

d 
M

an
us

cr
ip

t

ChemPhysChem

This article is protected by copyright. All rights reserved.



ARTICLE    

 

 

 

 

 

overcome, in theory, stronger interactions such as HB or 

chalcogen bonds. 

 

Figure 4. Correlation between MEP values and Eb for YL dimers (l.h.s.). 

Correlation between dipole moment values and Eb for YnP dimers (r.h.s.) 

 

Binding energies Eb in dimers with YL disposition correlated with 

the Y σ-hole value (Vmax,Y=0.047- 0.0007·Eb, R2=0.999) and with 

the MEP minima value for the nitrogen lone pair (y= -

0.0510+0.0001·Eb, R2=0.995) which supports the chalcogen 

bond interaction. Besides, linear relationships have been found 

between the Eb and the value of the dipole moment for Y2P 

(=2.3499-0.0444·Eb, R2=0.982) and Y3P (=3.2083-0.0258·Eb, 

R2=0.995), while none has been found for Y1P. This again 

supports the evolution of the strength of the interactions with the 

dipole moment of the monomers (Figure 4). 

  

Since it has been proved that the molecules under study play an 

important role in different biological functions, the solvent effect 

on the binding energies has been also explored by means of 

SMD model with water solvent. All the results have been 

gathered in Table 4. As a general trend, all complexes show a 

weakening on their Eb in solvent, however Y2N and Y3N 

complexes which exhibit more negative binding energies values 

in solvent than in gas phase. This may be due to the large dipole 

moment of the complexes which makes the molecule more 

sensitive to the solvent environment than YnP complexes. As 

observed, YL complexes have an increase of 33-49% on the Eb. 

Y1P complexes seems to have a constant increase of 48.5-

48.9% across the chalcogen type of atom. However, Y2P and Y3P 

exhibit the same trend observed in gas phase, the larger dipole 

moment, the larger variations of Eb: S2P (+37.3%) < Se2P 

(+44.9%) < Te2P (+45.3%); S3P (+18.4%) < Se3P (+39.0%) < Te3P 

(+47.2%). 

 

Table 4. Binding energies, Eb
SMD(in kJ/mol) for all the dimers at the 

CCSD(T)/CBS computational level in SMD (water) solvent. Gas phase binding 

energies, Eb, in parenthesis for comparative purposes. 

(HSCN)2 Eb
SMD (Eb) (HSeCN)2 Eb

SMD (Eb) (HTeCN)2 Eb
SMD (Eb) 

SL -11.6 (-19.2) SeL -12.6 (-24.9) TeL -24.7 (-36.8) 

S1P -21.7 (-42.1) Se1P -22.6 (-44.3) Te1P* - 

S2P -19.1 (-30.5) Se2P -19.9 (-36.0) Te2P -23.9 (-43.7) 

S3P -16.0 (-19.7) Se3P -17.0 (-27.9) Te3P -22.4 (-42.4) 

S1N -11.0 (-16.2) Se1N* - Te1N* - 

S2N - Se2N -15.8 (-15.9) Te2N -24.7 (-21.7) 

S3N -25.9 (-5.8) Se3N -12.9 (-11.1) Te3N -22.4 (-20.0) 

*Geometry optimisations in solvent of Se1N, Te1P and Te1N lead to a different 

dimer. Any attempt to obtain the same complex that in gas phase failed. For 

the sake of consistency, those complexes have been removed from the 

solvent table. 

 

Electronic properties (QTAIM) 

 

The topological analysis of the electron density of the different 

dimers under study using Atoms in Molecules (QTAIM) indicates 

the existence of intermolecular bond critical point (BCP) 

between N···Y, N···H, Y···Y and Y···H atoms. Molecular graphs 

for all the complexes and electron density properties at the BCP 

have been summarised in Tables S1 and S2. Values of the 

Laplacian () in Table S2 indicates that all the interaction 

considered are within the closed shell range. In YL complexes, 

BCPs were found between N and the chalcogen atom Y. Values 

of the electron density at the BCP () indicate that those 

interactions correspond to weak interactions (chalcogen bonds), 

increasing with the size of the chalcogen. In complexes YnP, 

hydrogen bonds were also characterised with the corresponding 

BCP between the N and H atoms. The electron density of HBs 

BCP is larger than for the ChBs with the exception of HTeCN 

derivatives, which again indicates a preference for the ChB over 

HB. Another HB has also been found for Y1N complexes, but as 

expected, lower values of agreed with the strength of the 

interaction in comparison with YnP complexes. Finally, 

chalcogen···chalcogen interactions were found in Y2N and Y3N 

complexes, with values evolving with the size of the chalcogen 

atom considered. Correlations between the intermolecular 

distance and both  and  were explored. Due to the lack of 

points, no fair correlations were found for most of the 

interactions but for N···Y. In fact, in Figure 5 (l.h.s) is observed 

that no correlations between  and N···Y distance was found. 

However, if only YL complexes are considered, it is observed an 

exponential relationship (y = 1127.1· e -3.8257x , R2= 0.958) which 

indicates that the other interactions are far more complicated 

that a simple chalcogen or hydrogen bond. However, Laplacian 

values (Figure 5, r.h.s) present an exponential correlation with 

the N···Y distance (y = 13.258 ·e -1.8685 x, R2=0.909). This 

correlation is far better when only YL and Y1N dimers are 

considered (y = 9.0268 ·e-1.7305x, R2=0.988). Similar exponential 

relationships were found between intermolecular distances vs  

and intermolecular distances vs 2 for similar non-covalent 

interactions.[36, 83-93] 
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Figure 5. Correlation between the electron density at the BCP () and N···Y 

distance (l.h.s.). Correlation between the Laplacian at the BCP () and N···Y 

distance (r.h.s.). 

 

NBO 

 

The NBO analysis has been used to identify and characterised 

intermolecular charge transfer between occupied molecular 

orbitals and empty ones upon complexation. In Table 5 the 

second order perturbation energies E(2) present in the 

complexes found are reported. 

 

Among all the molecular interactions observed some of the 

largest contributions are coming from the HBs established 

between the lone pair of the N atom and S or Se empty  bond 

(*H-Y) and found in complexes Y1P and Y2P (19.4 – 22.4 

kJ/mol). An exception for this trend is the Te atom that 

contributes to the highest orbital interaction in the all series (35.7 

kJ/mol) in complex YL. This corresponds to the only chalcogen 

bond interaction among all the different dimers where the lone 

pair of the N atom interacts with the hole (*Y-C) of the 

chalcogen atom. In all the chalcogen bonds established in the 

series the orbital interaction decrease going from Te to S (Te > 

Se > S). This is independent from the fact that the chalcogen 

bond is exclusive (YL and Y3N) or not (Y1N and Y2N) in forming the 

different dimers, and that the donation into the hole is coming 

from a lone pair (N in YL or chalcogen atom in Y2N and Y3N) or 

from CN (Y1N). This is in agreement with the polarization of the 

different chalcogen atoms involved, S, Se and Te, and the depth 

of the hole shown by MEP analysis. Orbital interactions that 

come either from the lone pair of N or from CN into *Y-H found 

in complexes Y2P, Y3P are usually minimal (1.4 – 5.4 kJ/mol), 

except when Te is involved, where E(2) reaches 10.8 kJ/mol in 

complex Y2P. The smallest contributions of the series come from 

the - interaction (CN *CN) found in complexes Y2P and Y3P 

(2.0 – 2.9 kJ/mol). Also in this case, even if not as remarkable as 

for when a hole is involved, a trend as Te > Se > S can be 

found. 

 

Table 5. Second order orbital interaction energies, E(2), in kJ/mol for the all 

the dimers at the B3LYP/aug-cc-pVTZ computational level. 

  E(2) 

 
Orbital interaction S Se Te 

YL Nlp  *Y-C 7.4 18.7 35.7 

Y1P Nlp  *H-Y 20.6 22.4 18.5 

Y2P Nlp  *H-Y 19.4 20.7 17.1 

 
Nlp  *Y-H 2.6 5.4 10.8 

 
CN *CN 2.0 2.6 2.8 

Y3P CN *CN 2.0 2.6 2.9 

 
Nlp  *Y-H 2.4 4.5 8.6 

 
CN  *Y-H 1.4 2.2 3.0 

Y1N Ylp  *H-Y 4.0 7.7 4.9 

 
Ylp  *CN - 4.0 4.1 

 
CN  *Y-C 2.3 5.1 8.9 

Y2N CN *H-Y - 4.5 3.1 

 
Ylp  *Y-C - 6.1 22.0 

Y3N Ylp  *Y-C 4.0 9.2 21.4 

 

Electron Density Shift Maps 

 

In order to provide a visualisation of the changes on the electron 

density upon complexation, electron density shift (EDS) maps 

for (HSCN)2 dimers have been plotted Figure 6. Yellow areas 

indicate regions of an increase of the electron density upon 

complexation, while purple ones are associated to areas with 

decreasing of the electron density. SL dimer shows an increase 

in the region between S and N charactetistic of chalcogen bonds. 

Complex S1N also presents a typical pattern for the ChB and HB 

with yellow areas closer to the electron donor and with purple 

areas (negatives) surrounded the acceptor. SnP dimers show 

similar EDS plots than those found for previously reported 

cyanophosphines.[82] Also, it is observed that there is a slight 

reduction of the areas (both positive and negative) from S1P to 

S3P. This is in agreement with the weakening of the binding 

energy and the decrease of the importance of the electrostatic 

attractive term. This was observed for S3N complex as well. 

 

Figure 6. Electron Density Shifts at 0.0005 au for all the (HSCN)2 dimers 

at MP2/aug-cc-pVTZ computational level. Yellow and purple areas 

represent positive (increase) and negative (decrease) electron density 

regions respectively. 

 

DFT-SAPT 

 

Finally, the DFT-SAPT different energy terms have been 

summarised in Table S3. In Figure 7, the percentage of each 

attractive force has been plotted for each family of dimers, i.e. 

electrostatic term (Eel
(1) blue), induction term (Ei

(2) red) and 

dispersion term (ED
(2), green). As a general trend, the 

electrostatic term is the governing one, reaching up to 61% of 

the total attractive forces. The dispersion term, ED
(2), is the 

second most dominant attractive term, accounting for the 23%-

69% of the total attractive term. In fact, Y3N complexes shows 

ED
(2) values larger than Eel

(1) ones. Same occurs for Se2N and 

Te2N complexes. As observed Ei
(2) is the least important term 

with a contribution of 8-32%. It is most noteworthy that in the 

induction term seems to evolve with the chalcogen atom being 

for tellurium derivative complexes competitive with the 

dispersion one, particularly in TeL and Te3N complexes. 
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Figure 7. Graphical representation of the percentage of each attractive energy 

terms, Eel
(1), Ei

(2) and ED
(2) for all the dimers using the DFT-SAPT method. 

Conclusions 

In this manuscript the different non-covalent interactions 

established between (HYCN)2 dimers (Y = S, Se and Te) have 

been studied at the MP2and CCSD(T)level of theory. 

Firstly, the structure of the HYCN isolated monomers has been 

optimized and their structural parameters were found to be in 

good agreement with the experimental data present in the 

literature. Additionally, the molecular electrostatic potential 

(MEP) surface for each of the three monomers was calculated, 

in order to find maxima (Vmax,X) and minima (Vmin,X) values and 

assess the areas susceptible of nucleophilic and electrophilic 

attacks. 

A total of 20 homodimers have ben been found upon 

complexation, 7 for both Se and Te dimers and only 6 for S atom. 

These complexes were categorized in terms of their geometrical 

disposition: complexes YL present monomers aligned head to 

tail; complexes YnP show both monomers with their Y-CN bond 

axis in parallel, and finally, complexes YnN show monomers Y-

CN bond axis perpendicular one to each other. 

Binding energies (Eb) in gas phase were found in the range of 

noncovalent interactions, from -5.8 to -44.3 kJ/mol. In case of 

those dimers dominated by HBs (YnP) the Eb are among the 

strongest of the all complexes and are more or less constant 

across the chalcogen atom type. What is more interesting is that 

those complexes involving µ-µ interactions (Y2P and Y3P) 

become more stable with the µ of the monomers involved. This 

trend is even more evident in solvent phase. For dimers in which 

ChBs are present (YL, YnN), when a comparison of the different 

binding energies across the chalcogen atoms is made, it is 

found that the larger the chalcogen, the stronger the interaction; 

according with the size of the chalcogen and due to the increase 

of the depth of the -hole. This can reach the point (especially 

for the Te series) in which the ChB found become competitive 

with µ-µ and HB interactions. 

The characteristics of each interaction in the different types of 

dimers analysed by means of AIM have revealed the existence 

of intermolecular BCP between N···Y, N···H, Y···Y and Y···H 

atom. As a general trend, the electron density of HB BCPs is 

larger than the ChBs ones with the exception of HTeCN 

derivatives, which again indicates a preference for the ChB over 

HB. Once again, values of the electron density at the BCP () 

indicate that those interactions corresponding to weak 

interactions (chalcogen bonds), increase with the size of the 

chalcogen atom. Besides, Laplacian values () present an 

exponential correlation with the N···Y distance (R2=0.909), 

which confirms the nature of the interactions found as 

noncovalent ones. 

NBO and EDS analysis have been used to identify and provide a 

visualization on the changes of electron density upon 

complexation. According to NBO analysis HBs present among 

the largest E(2) orbital interaction energies, ranging from 17.1 to 

22.4 kJ/mol. Once more, the exception is the Te atom that 

contributes to the highest orbital interaction in the all series (35.7 

kJ/mol) with a ChB in complex YL.  

Finally, SAPT-DFT has been used to evaluate the different 

terms of the interaction energy finding the highest contribution 

coming from the electrostatic term, Eel
(1). The dispersion term, 

ED
(2), is the second most dominant attractive term, while the 

induction term, Ei
(2), is the least important term. Interesting is the 

fact that for Y3N complexes, ED
(2) is by far the governing one in 

case of S and Se, while for Te the induction term become very 

competitive, once again at support of the different behaviour of 

the cyano-tellurium series. 

Computational details  

The structures of the systems were optimized and characterized 

by means of MP2[94]/aug-cc-pVTZ[95, 96] calculations. Frequency 

calculations were carried out to confirm that the resulting 

structures correspond to energetic minima with no imaginary 

frequencies. All the optimizations have been performed in gas 

phase and in solvent (SMD, water). For Te atom aug-cc-pVTZ-

PP pseudo potentials were used. 

 

Furthermore, the binding energies were also estimated at the 

CCSD(T)/CBS (complete basis set) limit using the method of 

Helgaker et al.[97, 98] from the calculated interaction energies with 

the aug-cc-pVTZ and aug-cc-pVQZ basis sets: 

 

𝐸𝑋
𝐻𝐹=ECBS

HF
+A 𝑒−∝X       (1) 

𝐸𝑋
𝑀𝑃2=ECBS

MP2
+B 𝑋−3       (2) 

𝐸CBS
CCSD(T)

=ECBS
HF

+E
CBS

MP2
+(𝐸CCSD(T) − 𝐸MP2)

𝐴𝑉𝑇𝑍
   (3) 

 

where EX and ECBS are the energies for the basis set with the 

largest angular momentum X and for the complete basis set, 

respectively. The CCSD(T)/CBS level can be attained via a 

separate extrapolation of the MP2 and higher-order correlation 

energies towards the basis-set limit (equation 3). Here, each of 

the components is differently sensitive to the AO basis set: the 

MP2 correlation energy is the more slowly converging, and the 

larger the basis set used in the extrapolation, the better. In our 

case we have used a two-point extrapolation scheme by using 

the aug-cc-pVTZ and the aug-cc-pVQZ basis sets. The third 

term, called the CCSD(T) correction term (ECCSD(T)-EMP2), is 
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determined as the difference between the CCSD(T) and MP2 

energies and converges much faster than the MP2 correlation 

energy, the second term. The use of such a term is possible, 

because the MP2 and CCSD(T) energies converge with basis-

set size in a very similar way; consequently, its difference is 

much less basis-set dependent and much smaller basis sets can 

be applied. In our case we have used the aug-cc-pVTZ basis set 

to compute the CCSD(T) correction. All the calculations were 

carried out with the Gaussian09 program.[99] 

 

The molecular electrostatic potential (MEP) of the isolated 

monomers were calculated on the electron density isosurface of 

0.001 au. This isosurface has been shown to resemble the van 

der Waals surface.[100] These calculations were carried out with 

the facilities of the Gaussian-09 program and the numerical 

results analysed using the Multiwfn[101] and plotted using 

Jmol.[102] Regions with negative MEP values are susceptible to 

interact with electron deficient moieties, such as HB donors, 

while positive regions can interact with electron rich areas. 

 

The Atoms in Molecules (AIM) methodology[103, 104] was used to 

analyse the electron density of the systems with the AIMAll 

program.[105] The Natural Bond Orbital (NBO) method[106] was 

employed to evaluate atomic charges using the NBO-3 program, 

and to analyse charge-transfer interactions between occupied 

and unoccupied orbitals.  

 

The intermolecular electron density shift (EDS) upon 

complexation was calculated using the fragmentation scheme 

proposed in ref. [107]and the  Eq. 1.  

 

EDS = AB– A
 – B  (1) 

 

The different terms of the interaction energy were calculated 

with the DFT-SAPT methodology.[108, 109] The DFT-SAPT 

calculations were carried out using PBE0[107]/aug-cc-pVTZ/aug-

cc-pVTZ-PP computational level. 

 

When using the PBE0 functional, the asymptotic correction was 

included using the ionization potentials obtained at MP2/aug-cc-

pVTZ computational level. All these calculations have been 

performed using the MOLPRO program. [110] 
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