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Non-covalent Intermolecular Carbon-Carbon Interactions in 
Polyynes  
Karunakaran Remya and Cherumuttathu H. Suresh* 

Polyynes, the smaller analogues of one dimensional infinite chain carbon allotrope carbyne, have been studied for the type 
and strength of the intermolecular interactions in their dimer and tetramer complexes using density functional theory. The 
nature of end group functionalities and chain length of the polyynes are varied to assess their role in modulating the non-
covalent interaction energy. As seen in molecular electrostatic potential analysis, all the polyyne complexes showed a 
multitude of non-covalent C…C interactions, resulting from complimentary electrostatic interaction between relatively 
electron rich formal triple bond region of one monomer and the electron deficient formal single bond region of the other 
monomer. This type of paired (C≡C)…(C-C) bonding interactions, also characterized using quantum theory of atoms-in-
molecules, increases with increase in the monomer chain length leading to substantial increase in interaction energy (Eint); 
-1.07 kcal/mol for acetylene dimer to -45.83 kcal/mol for 50yne dimer. The magnitude of Eint increases with substitutions 
at end positions of the polyyne and this effect persists even up to 50 triple bonds, the largest chain length analyzed in this 
paper. The role of C…C interactions in stabilizing the polyyne dimers is also shown by sliding one monomer in a dimer over 
the other, which resulted in multiple minima with reduced number of C…C interactions and lower values of Eint. Further, 
strong cooperativity in C…C bond strength in tetramers is observed as the interaction energy per monomer (Em) of the 
polyyne is 2.5 – 2.8 times higher compared to that of dimer in a test set of four tetramers. The huge gain in energy 
observed in large polyyene dimers and tetramers predicts the formation of polyyne bundles which may find use in the 
design of new functional molecular materials.  

Introduction 
Carbyne ((−C≡C−)∞) is the sp hybridized allotrope of carbon 

consisting of single atom thin infinite chain of carbon atoms1 
while polyynes with the formula R(−C≡C)n−R, the oligomeric 
analogues of carbyne are treated by chemists as starting step 
towards the synthesis of carbynes. Polyynes are found to exist 
in meteorites2-3, biological sources4, carbon nanostructures5 
and mixed sp-sp2 carbon structures6-7. Several polyynes 
containing metals and non-metals at their end positions have 
been characterized crystallographically8. Polyynes with several 
end groups have been synthesized and characterized9-13. 
Longer polyynes are found to be stable only with bulky 
substituents as their end groups.14-15 Recently, polyynes 
containing up to 22 triple bonds that are stable at normal 
laboratory conditions have been synthesized and characterized 
by Chalifoux et al16. The end groups of the molecules 
synthesized by them include bulky groups containing Pt and Si 
which stabilized the polyyne backbone. The physical properties 
of carbyne are expected to be predicted by extrapolating the 

properties of polyynes10, 16. The conjugated π electron circuit in 
polyyne can be tuned to obtain low HOMO-LUMO gap suitable 
for the development of molecular conductors. Further, the 
conjugation features of the π electrons in polyynes is not 
limited by rotation around single bonds17-18, which is the 
limitation of many other conducting organic compounds.  
Hence, polyynes are expected to form an important class of 
molecules forming one dimensional nanowires19-27 in atomic 
scale circuits. They can also form spintronic devices28 owing to 
their high mobility of electrons, hydrogen storage material29 
and as a structural component at atomic scale devices due to 
its favorable mechanical properties21, 25, 30-32.  

However, to our knowledge, a detailed study on the nature 
of intermolecular interactions in polyynes is lacking in the 
literature. Similar to many other physical properties of 
polyynes that are affected by the nature of end groups21, 33, 
the strength of intermolecular interactions in polyynes can 
also be susceptible to change with change in substitutions as 
well as length of the molecule. Tuning the strengths of such 
interactions can help in the production of materials with 
desirable mechanical properties. Stronger intermolecular 
forces can lead to harder polyyne based materials. Studying 
the nature and strength of intermolecular interactions in 
polyynes with different substitutions can help predicting their 
performance as structural and functional components. 
Intermolecular interactions involving carbon group elements 
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have attained increased attention in the area of non-covalent 
interactions34-45. A σ hole interaction46-47 between an electron 
deficient carbon group element and an electron rich centre 
has been studied in detail35 and is said to be comparable to 
other σ hole interactions such as halogen, chalcogen and 
pnicogen bonds48. The terms ‘carbon bond’34 and ‘tetrel 
bonding’36 have been introduced to denote such interactions 
of a σ hole on carbon and other carbon group elements 
respectively with electron rich donor cites. 

In a previous study, we have shown that intermolecular 
interactions between similar carbon (C…C), nitrogen (N…N) 
and oxygen (O…O) atoms exists in several organic molecules49. 
The peculiarity of these interactions was that unlike usual 
intermolecular interactions between an electron rich donor 
and an electron deficient acceptor atom, the X…X (where X = 
C, N and O) interactions are formed between X atoms in 
similar chemical environments. These interactions were 
explained as resulting from the complimentary electrostatic 
interaction between electron rich and electron deficient 
regions on the interacting monomers. The Coulombic 
interactions in non-covalently interacting systems are 
described well by Politzer et al50. Natural bond order (NBO) 
analysis showed both the X atoms to be acting both as donor 
and as acceptor. Such interactions were shown to exist in the 
crystal structures of several organic molecules. In polyynes, 
alternating regions of electron density due to the presence of 
alternating triple bonds and formal single bonds can give rise 
to complementary Columbic interaction in polyyne dimers and 
higher order clusters. 

In the present work, we analyze the type of intermolecular 
interactions in various polyyne molecules. The intermolecular 
C…C interactions studied in this paper do not fall under the 
classification of σ-hole interactions, which, by definition, are 
along the extension of a σ-bond. Instead, as shall be seen, the 
interactions are perpendicular to the polyyne molecules, 
between the chains. The effect of different end groups and 
chain length on the intermolecular C…C interactions in polyyne 
dimers is also studied. Dimers of polyyne molecules with H at 
one end and H, CN, NO2, F, CF3, and NMe2 at the other end 
position are studied. Polyyne molecules with aforementioned 
substitutions and with 1, 2, 3, 4, 5, 10, 15, 20, 30, 40 and 50 
triple bonds are selected for the study. A set of dimers with a 
donor group (NMe2) at one end and an acceptor group (CN) at 
the other is also studied. Cooperativity of the C…C interactions 
is analyzed by studying a few tetramers. 

Polyynes mentioned in this paper are named by their 
number of triple bonds and end groups other than hydrogen. 
For example, a polyynes molecule with five triple bonds and 
with CN group at one end and H at the other is names as 
pentayne_CN. A polyyne molecule with four triple bonds and 
CN and NMe2 as end groups is named as tetrayne_CN/NMe2. 
Higher members are named by combining the number of triple 
bonds, the functional keyword –yne and the end group. For 
instance the name 50yne_CN indicates the polyyene with 50 
triple bonds and CN group at one end. 

 
Computational methods  

Polyynes containing one to five triple bonds are optimized 
using M06L/6-311++g(d,p) level of theory.51 For larger 
systems, a smaller basis set viz. 6-31g(d,p) is used with the 
same DFT method for optimization while single point energy 
calculation is done at M06L/6-311++g(d,p) level. The 
geometries of polyynes containing up to 40 triple bonds have 
been confirmed to be minima by calculating the frequency. 
Frequency calculations of 50ynes have not been conducted 
due to high computational coast. However, since the trends in 
their geometries are similar to the lower analogues, we 
assume that the dimers of 50ynes are also minima. The 
calculations are done using Gaussian0952 suit of programs. The 
excellent performance of M06L functional with 6-311++g(d,p) 
basis set compared to numerous other DFT methods available 
in Gaussian09 in calculating the geometry and interaction 
energy of weak non-covalent complexes has been previously 
shown by us in an extensive benchmark study53.  

For further validation of the results, the dimers of 
monoynes and pentaynes with different end groups are 
studied using B97D54 and the popular B3LYP55-57 density 
functional along with the D2 version of Grimme’s dispersion54. 
The interaction energies obtained using these methods are 
compared with the M06L values. 

Considering that the molecular cluster is formed from the 
interaction of ‘n’ monomer molecules, the total interaction 
energy (Eint) of the system can be calculated by using eq. (1).  

Eint = Ecluster – (n)Emonomer + Ebsse          (1) 
In eq. 1, Ecluster is the energy of the cluster, Emonomer is the 

energy of an isolated monomer and Ebsse is the counterpoise 
correction term by Boys and Bernardy method58 as 
implemented in Gaussian09. Cooperativity of the 
intermolecular interactions is studied by optimizing the 
tetramers and comparing the values of their interaction energy 
per monomer (Em) with that of the dimers. The quantum 
theory of atoms-in-molecule (QTAIM)59 as implemented in 
AIMAll60 program is used to locate intermolecular interactions 
and compare their strength. QTAIM analysis gives (3, -1) 
critical points, referred to as bond critical points (BCPs) 
corresponding to bonding interactions. The value of electron 
density, ρ at intermolecular BCPs is usually taken as a measure 
of the strength of such an interaction61-65. AIMAll generated 
images are used in the manuscript for describing the 
intermolecular interactions. Molecular electrostatic potential 
(MESP) is generally used as a tool for understanding 
intermolecular interactions66-68. Here, we have used MESP 
mapped at 0.01 au isodensity surface of the complexes to 
illustrate the Columbic nature of intermolecular interactions. 

Results and discussion  
Geometry and interaction energy of the dimers  

Optimized geometry of the dimers of pentaynes with 
different end groups are given in Fig. 1. The dotted lines in the 
figure indicate intermolecular atom-to-atom interactions and 
their distances. In the next section, it will be revealed that all 
these interaction lines are characterized by the presence of a  
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Fig. 1 Optimized geometries of pentayne dimers with different end groups. Formal 
triple bonded regions are shown in blue color. Distances are in Å. 

bond critical point (BCP) in the QTAIM analysis.  Most of these 
interactions, except those towards the edges, are C…C 
interactions between carbon atoms in similar chemical 
environments. By this we mean that the interacting carbon 
atoms are chemically very similar49.  From the C…C interaction 
lines shown in Fig. 1, it can be noticed that a formal CC triple 
bond towards the interior region of the dimer (the more 
localized bond in the distance range 1.21 – 1.24 Å shown in 
blue colour) shows two C…C interaction to a formal CC single 
bond (the more elongated CC bond in the distance range 1.32 
– 1.34 Å). The bond length alternation behaviour of the 
polyynes is influenced by the nature of their end groups. The 
difference between adjacent single and triple bonds of 
pentaynes with different end groups are given in the 
supporting information. In dimers of polyynes with H, F and CN 
as end groups, the only type of intermolecular interaction 
observed is C…C interaction. In the dimers of polyynes 

substituted with CF3, NO2 and NMe2, apart from C…C 
interactions, interactions between the end groups are also 
observed. However, the type of interaction that increases in 
number with increase in length of the monomers is C…C 
interaction while the number of end group interactions 
remains the same in all the analogues in a series of polyynes. 
The C…C distances vary between 3.26 – 3.56 Å with most of 
them being around 3.40 Å, which is the typical range of values 
observed for the C…C interaction between carbon atoms in 
similar chemical environments49.  

In pentayne_CN and petayne_NO2, the C…C distances are 
the shortest at the edges. An increase in the C…C distance 
towards the central part is clearly visible in these cases.  Also in 
pentayne_F, though a clear variation is not visible, C…C 
distances are shortest at the edges. On the other hand, the 
intermolecular C…C distances in pentayne_CF3 tend to 
decrease towards the central C…C interactions. 

The counterpoise corrected interaction energy (Eint) of all 
the dimers containing up to 5 triple bonds and different end 
groups are given in Table 1. An increase in the value of Eint with 
increase in number of triple bonds is clearly observed in all the 
cases. Since the interactions between the end groups in all the 
analogues are nearly same, an increase in Eint with increase in 
length can be assigned solely due to the increased number of 
C…C interactions. Hence it is clear that the C…C interactions 
play a crucial role in the intermolecular interactions in longer 
polyyne derivatives. Among dimers with only C…C interactions 
as intermolecular interactions, pentayne_CN has the highest 
value for Eint. Dimers of oligoyynes with NMe2 at one end and 
CN at the other end are significantly more stable compared to 
those with NMe2 or CN at one end and H at the other. 

Table 1. Counterpoise corrected interaction energy (Eint) of the dimers of oligoynes 
with different chain lengths and end groups (in kcal/mol). 

C≡C H/H H/F H/CF3 H/CN H/NO2 H/NMe2 CN/NMe2 

1 -1.1 -1.1 -2.6 -3.2 -4.0 -4.8 -11.7 

2 -1.0 -2.1 -3.4 -4.0 -4.8 -7.7 -12.7 

3 -1.9 -3.1 -4.1 -4.9 -5.8 -8.5 -13.6 

4 -2.7 -3.9 -5.2 -5.8 -6.8 -8.2 -14.5 

5 -3.6 -4.8 -6.0 -6.7 -7.7 -8.9 -15.0 
 
The interaction energies of polyyne dimers with one and five 
triple bonds and different end groups obtained using B97D and 
B3LYPD2 density functionals are compared in Table 2. 
Comparing these values with the corresponding ones in Table 
1, it is clear that the trends in interaction energies given by 
these two methods are similar to those given by the M06L 
method. An increase in interaction energy with chain length 
from 2 to 10 carbon atoms is shown by all the three DFT 
methods. The effect of end groups on the interaction energies 
is also found to be similar in all the three cases. That is, the 
lowest interaction energy is shown by dimers of unsubstituted 
polyynes (acetylene and pentayne) and the highest values are 
shown by polyynes with CN at one end and NMe2 at the other 
end. 
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Table 2. Counterpoise corrected Interaction energy (Eint, in 
kcal/mol) of acetylene and pentayne derivatives obtained 
using B97D and B3LYPD2 density functionals. 

Acetylene derivatives Pentayne derivatives 

End groups B97D B3LYPD2 B97D B3LYPD2 

H/H -1.2 -1.4 -3.3 -3.3 

H/F -1.1 -1.4 -4.4 -4.9 

H/CF3 -2.4 -2.8 -5.7 -6.1 

H/CN -3.1 -3.3 -6.5 -6.7 

H/NO2 -4.0 -4.9 -7.8 -8.4 

H/NMe2 -4.5 -4.6 -10.7 -8.9 

CN/NMe2 -11.0 -11.9 -14.8 -15.0 
 
 
Analysis of Intermolecular bond critical points 

 
Fig. 2 QTAIM plot of pentayne dimers with different end groups. Values of electron 
density (ρ) at intermolecular BCP’s are given in the figures in au. 

The QTAIM analysis shows bond critical points (BCPs) 
corresponding to intermolecular C…C interactions in all the 
polyyne dimers studied. Fig. 2 depicts the QTAIM molecular 
graph of a few representative examples containing five triple 
bonds and the rest are given in supporting information. The 
electron density (ρ) at intermolecular BCP is also depicted in 
the figures. The values of ρ (0.0037 – 0.0066 au) for these 
dimers are within the range of values observed for C…C 
interaction between similar carbon atoms49 and other weak 

interactions such as ‘carbon bonds’34 and weak hydrogen 
bonds64. The trend in intermolecular bond strengths in each 
dimer is clear from the values of ρ at intermolecular BCPs. In 
pentayne_CN, pentayne_NO2 and pentayne_F, the highest 
values of ρ towards the edges indicate strongest interactions. 
In dimers with CN and NO2 end groups, the stronger end group 
interactions make the molecules a little bent inwards at the 
edges. Moreover, the presence of electron withdrawing end 
groups make a higher difference in the electron density 
between the interacting carbon atoms towards the edges and 
the C…C interactions here become more of ‘donor-acceptor’ 
type than an interaction between carbon atoms in similar 
chemical environments, and hence become stronger. This 
explains the curved geometry of these dimers where the 
shortest C…C interactions are observed towards the edge of 
the dimers.  At the same time, in pentayne_CF3, the highest ρ 
values are observed towards the interior, where the shortest 
C…C bonds are observed. 

 
Explanation for C…C interactions based on molecular electrostatic 
potential 

In our previous study, the formation of interactions 
between atoms in similar chemical environments is explained 
as resulting from complementary electrostatic interaction 
between electron rich and electron deficient regions of two 
interacting monomers49. In polyynes, the presence of alternate 
single and triple bond can give rise to partitioning of the 
monomers into relatively electron rich and electron deficient 
regions. As a result complementary electrostatic interaction 
between electron rich regions on one monomer with electron 
deficient regions on another monomer arises. An illustration of 
the complementary electrostatic interactions in the dimers is 
given in Fig. 3 using the MESP maps of pentaynes (mapped at 
0.01 au isodensity surface) with different end groups. The 
similarity in chemical nature of the interacting carbon atoms is 
clear from their similar MESP features. These maps show a 
partitioning of the constituent monomers into alternating rich, 
poor electron density regions throughout the length of the 
molecules to varying degrees in molecules with different end 
groups. From Fig. 3, it is clear that an end group can affect the 
distribution of electron density throughout the length of a 
molecule. It is also clear from the optimized geometry of the 
dimers given in Fig. 1 that triple bond of one monomer is 
arranged close to the single bond of the second, resulting in 
slightly shifted orientation of the oligoyne part of one 
monomer with respect to the other. 

It is clear from the MESP figures that the entire 
complementary electrostatic regions in the dimers are 
contributing to the strength of the interaction. It may be noted 
that a bond path located in QTAIM analysis is useful to pin-
point the major contributing atoms in the non-covalent 
bonding interaction whereas it cannot characterize the whole 
interacting region69. In pentayne_CN and pentayne_NO2, 
higher strength of C…C interactions towards the edges can be 
attributed to larger difference in electrostatic potential 
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between the interacting carbon atoms due to the presence of 
electron withdrawing groups. 

 
Fig. 3 Map of molecular electrostatic potential at 0.01 au isodensity surface of 5yne 
dimers with different end groups. Potential range: -0.03 to +0.05 au from blue to red 

Multiple minima with lesser number of C…C interactions and 
lower interaction energy 

The presence of a large number of alternating electron rich 
and electron deficient regions in polyynes suggests that any of 

the electron rich regions on a molecule can interact with any 
of the electron deficient regions on a second one. This also 
suggests the possibility of multiple minima on the potential 
energy surface of a dimer with varying number of C…C 
interactions, while the global minimum could be the one 
showing the highest number of C…C interactions. Three dimers 
with only C…C interactions between their monomers viz. 
tetrayne, pentayne_F and tetrayne_CN are selected for 
illustrating this point. The QTAIM plots and MESP maps at 0.01 
au isosurface of the five minima located for tetrayne_CN dimer 
are given in Fig. 4. The Eint values and the values of ρ at C…C 
BCPs of these minima are also marked in the figure. The 
QTAIM plots of the three minima located for tetrayne dimer 
and the five minima located for pentayne_F dimer along with 
their interaction energy and the value of ρ at C…C BCPs are 
given in the supporting information. These studies clearly 
show that several minima with difference in number of C…C 
interactions can be located by sliding one of the monomers 
over the other. The interaction energy of the structures thus 
obtained decreases with decrease in the number of C…C 
interactions. Clearly, the one with the highest number of C…C 
interactions shows the highest stability, as indicated by the 
value of Eint. It is clear from Fig. 4 and Figure S5 (supporting 
information) that reduced number of C…C interactions results 
in a clear reduction in the value of Eint in all the three cases 

 

 

Fig. 4 QTAIM plot of five different minima located by sliding one of the monomers in tetrayne_CN dimer over the other. The values of electron density (ρ) at intermolecular BCPs 
are given in au. Molecular electrostatic potential mapped at 0.01 au isosurface of each minimum is also given. Potential range: -0.03 to +0.05 au from blue to red 
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Fig. 5 Map of molecular electrostatic potential at 0.01 au isodensity surface of 50yne dimers with different end groups. Potential range: -0.03 to +0.05 au from blue to red. 

studied. This also proves that the C…C interactions play a key 
role in the stabilization of polyynes clusters. Alternating 
electron rich and electron deficient regions create attractive 
Columbic interactions throughout the length of the polyyne 
molecules suggesting a multitude of stabilizing C…C 
interactions in the cluster. 
 
Study of longer polyynes containing up to 100 carbon atoms 

The possibility of extrapolating the intermolecular bonding 
behaviour to larger polyynes and finally to carbyne is tested by 
systematically increasing the number carbon atoms in the 
polyyne chain up to 100 carbon atoms (50 triple bonds). The 
value of Eint is found to increase with increase in chain length 
in all the series of dimers having different end groups (Table 
3). As the number of carbon atoms increases from 2 to 100 
(acetylene dimer to 50yne dimer), the value of Eint increases 
from -1.07 kcal/mol to -45.83 kcal/mol. The effect of end 
groups on Eint values is also found to persist up to 100 carbon 
atoms. Eint values of dimers with substitutions other than 
hydrogen are higher than those with hydrogen at both ends. 
The series of polyyne dimers with highest value for Eint is those 
with CN and NMe2 as end groups. 

The MESP maps of 50ynes with different end groups are 
given in Fig. 5. In all the cases, the geometry of the dimer is 
such that the electron rich region in one monomer is arranged 
near to the electron deficient region of the second resulting in 
complimentary electrostatic interactions. The effect of end 
group on the value of Eint (and hence on the strength of C…C 
interactions) indicate that the end group’s influence on the 
relative electron density on electron rich and electron deficient 
regions on the monomers can persists up to large chain 
lengths. This can be clearly visualized from the MESP maps 
given in Fig. 5 where a strong electron withdrawing end group 

causes a larger difference in electron density between the 
alternating regions of MESP on a polyyne molecule. 

Table 3. Counterpoise corrected interaction energy (Eint) in kcal/mol of the dimers of 
polyynes with different chain lengths and end groups. 

C≡C H/H H/F H/CF3 H/CN H/NO2 H/NMe2 CN/NMe2 

10 -8.3 -9.4 -10.4 -11.4 -12.4 -13.5 -20.2 

15 -13.0 -14.0 -15.3 -16.1 -17.0 -18.2 -25.2 

20 -17.7 -18.7 -20.0 -20.9 -21.8 -23.0 -30.1 

30 -22.5 -27.7 -29.5 -30.3 -31.2 -32.4 -39.9 

40 -37.2 -37.5 -38.6 -39.5 -40.6 -41.4 -49.2 

50 -45.8 -45.7 -48.2 -49.0 -49.9 -51.1 -58.6 
 

 

Effect of dipole moment of polyyne molecules on the interaction 
energy 

As seen in the previous section, the Eint values of the 
polyyne dimers increase with increase in the monomer chain 
length. The Eint values are also affected by the nature of end 
groups. A physical property that increases with increase in the 
length of the molecule and affected by the nature of the 
substituent is the dipole moment. The variation of the values 
of Eint with the dipole moment of interacting monomers (μ) is 
given in Fig. 6. It can be seen that the Eint values show a clear 
increase with increase in the value of μ. This is true in all the 
cases except the unsubstituted polyynes (H at both the ends) 
where the monomer dipole moment is zero. This observation 
supports the assumption that the intermolecular C…C 
interactions are formed due to complimentary electrostatic 
interaction between the electron rich and electron deficient 
portions of the interacting monomers since an increase in 
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overall dipole moment can enhance the local dipoles 
throughout its length of a monomer and hence the strength of 
the C...C interactions. Thus, the series of polyyne analogues 
with highest values of μ shows the highest Eint. This can explain 
the highest values of Eint in dimers of oligoyynes substituted 
with CN at one end and NMe2 at the other. 

 
Fig. 6 Variation of Eint of the polyyne dimers with monomer dipole moment (μ) 

Tetramers 

The presence of a large number of electron rich and 
electron poor regions throughout the length of polyyne as well 
as their cylindrical symmetry implies that more than one 
molecule can be self-assembled around one monomer leading 
to molecular clusters provided that the stabilizing C…C 
interactions retain their strength in larger cluster. In order to 
test this hypothesis, tetramers of pentayne, pentayne_F, 
10yne and 10yne_F are selected for the study of formation of 
higher order tetramer clusters. Optimized geometries of these 
structures are given in Fig. 7. The Eint and interaction energy 
per monomer (Em) values of the tetramers and Em values of the 
corresponding dimers are given in Table 4. Interaction energy 
of all these tetramers showed a drastic increase (more than 5 
times in all the cases) compared to the dimers. For instance, 
the value of Eint of 3.6 kcal/mol for pentayne dimer increases 
to 20.0 kcal/mol for its tetramer. These results clearly suggest 
that in higher order clusters, large cooperativity in C…C 
interactions exists which may drive the system to form self-
assembled molecular wire like materials. 

The QTAIM plots of the tetramers are given in Fig. 8. The 
large increase in Eint values on going from dimer to tetramer 
can be attributed to the increase in number of C…C 
interactions. Since each of the monomer can interact with two 
other monomers in the tetramers, one would expect four sets 
of C…C interactions. However, including the interactions 
between the monomers in diagonal positions, five sets of 
interactions are observed in the QTAIM analysis. The most 
gratifying is the fact that even in the context of multiple C…C 
interactions from the same carbon atoms, the strength of 
individual C…C interactions is not deteriorated due to large 
cooperativity in intermolecular interactions. 

 
Fig. 7 Optimized geometry of the tetramers. 

Table 4. Eint and Em values of the tetramers and Em values of the corresponding dimers 

Tetramer 
 of 

Eint 

(kcal/mol) 
Em 

(kcal/mol) 
Em of Dimer 
(kcal/mol) 

5yne  -20.0 -5.0 -1.8 

5yne_F -24.4 -6.1 -2.4 

10yne -47.0 -11.8 -4.2 

10yne_F -52.1 -13.0 -4.7 

Conclusions 
Non-covalent interactions in seven series of polyyne dimers 

wherein the constituent monomers possess 1, 2, 3, 4, 5, 10, 
15, 20, 30, 40 and 50 CC triple bonds and different 
substitutions at their end positions have been studied using 
density functional theory. The C…C interactions between 
carbon atoms in similar chemical environments is the most 
important type of intermolecular interaction in these 
molecular complexes. The number of C…C interactions 
increases with increase in the monomer chain length leading 
to substantial stabilization of the dimers. For each series of 
dimers, since the number of interaction between the end 
groups remain the same for all chain lengths, the increase in 
interaction energy is fully accounted by increase in the number 
of C…C interactions. Such interactions result from 
complimentary electrostatic interaction between relatively 
electron rich formal triple bond regions and electron deficient 
formal single bond regions in the interacting monomers. The  
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Fig. 8 Two different orientations of the QTAIM plot of (a) Pentayne tetramer (b) 
Pentayne _F tetramer (c) 10yne tetramer and (d) 10yne_F tetramer. 

 
MESP map is useful to visualize the complementary 
electrostatic interaction in the dimers. The nature of end 
group has a strong influence on the strength of C…C 
interactions and it persists even up to 100 carbon atom chain 
length, which is the largest system studied in this paper. This 
suggests that tuning the intermolecular interaction energies 
can be made possible by selecting appropriate end groups. The 
Eint values are also influenced by the dipole moment of the end 
group substituted monomers which increases with increase in 
chain length.  A dimer can have several minima with different 

number of C…C interactions on its potential energy surface, 
the one having the highest number of C…C interactions is 
always located as the global minimum. This observation clearly 
demonstrates the role of C…C interactions in stabilizing the 
supramolecular complexes of polyynes. Due to the cylindrical 
nature of the electron distribution in polyynes, higher order 
clusters showing multiple complementary electrostatic 
interactions from same CC region in different lateral directions 
is possible leading to further enhancement in the stability of 
the cluster. This effect is huge and the tetramers showed more 
than five-fold increase in the total interaction energy 
compared to the dimers and this brings out the strong 
cooperativity in cluster formation of the polyynes molecules. 
These results clearly suggest that long chain polyynes are 
promising materials for the development of molecular wire-
like materials for structural and functional applications. 
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