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Clear evidence for intermolecular carbon-carbon (C...C), nitrogen-nitrogen (N...N) and oxygen-oxygen
(0...0) interactions between atoms in similar chemical environment in homogeneous dimers of organic
molecules are obtained from molecular orbital (MO), natural bond orbital (NBO) and atoms-in-molecule
(AIM) electron density analyses at M06L/6-311++G(d,p) level of DFT. These X...X type interactions are
mainly due to local polarization effects, causing segregation of electron rich and electron deficient regions
in X atoms, leading to complementary electrostatic interactions between them. NBO analysis provides
evidence for charge transfer between the two X atoms. Even for symmetrical molecules such as acetylene,
induced dipoles in the dimer creates C...C bonding interaction. The strength of this type of interaction
increases with increase in the dipole moment of the molecule. The energy decomposition analysis (EDA)
shows that electrostatic component of the interaction energy (Ein) is very high (up to 95.86%). C...C
interaction between similar carbon atoms are located in several crystal structures reported in the literature.
Further, the MO, AIM and electrostatic potential analysis support O...O and N...N interaction between
similar atoms in many molecular dimers. A good prediction of E; is achieved in terms of total gain in
electron density at the non-covalently interacting intermolecular bonds (3 p) and monomer dipole moment
(1). A rigorously tested QSAR equation is derived to predict Ej,, for all dimer systems (Ej,; (kcal/mol) = -
138.3953 p (au) — 0.551p (Debye)). This equation suggests that polarization induced bonding interaction
between atoms in similar chemical environment could be a general phenomenon in chemistry. The results

are further validated using different density functionals and G3MP2 method.

Dedicated to Professor Shridhar R. Gadre on the occasion of his 65" birthday.

Introduction

Development of new theoretical as well as experimental
techniques has led to better understanding of non-covalent
interactions. This led to the discovery of several new types of
inter molecular interactions involving halogens™®, chalcogens®*
and pnicogens.***® Non covalent interactions involving group IV
elements have recently gained interest”?%, The non covalent
interaction of a covalently bonded group IV element with an
electron donor site has been grouped as a ¢ hole* # bonding
interaction along with halogen, chalcogen and pnicogen bonds by
Politzer ez al® **3. After that, a detailed study on the interaction
of o hole of FsMX (M = C, Si, Ge and X = F, ClI, Br, I) with the
lone pair on nitrogen of HCN is published by Bundhun ez ai’.
The term “carbon bond’ for the interaction of electron deficient
carbon with electron rich centers of molecules like H,O and H,S
is introduced by Arunan and Mani®®. They predicted the “carbon
bond’ to be important in hydrophobic interactions as well as in
the stabilization of intermediate of Sy2 reaction. Bauza et al*’
coined the term ‘tetrel bonding’ for describing the interaction of
heavier group IV elements with nucleophilic centres. The concept

45 of “dicarbon bond’ (similar to dihydrogen bond) between a donor
and an acceptor carbon atom in complexes of CO with CHs-X is
described by Varadwaj et al*®,

A previous study by us on the cooperative clustering of
acetonitrile®® showed that the patterns with maximum number of
so antiparallel ~ orientations own maximum stability and
cooperativity. The atoms-in-molecules (AIM) analysis showed
bond critical points (BCPs) and bond paths between the nitrile
carbon atoms of two acetonitrile molecules with antiparallel
orientations along with hydrogen bonding interactions. These
ss intermolecular C...C interactions were unusual, since they were
observed between carbon atoms of similar chemical environment.
The studies reported in literature so far deal with donor-acceptor
type interactions where donor and acceptor atoms belong to
different chemical environments. This led us to the search for
e0 intermolecular interaction between atoms in similar chemical
environments in molecules with different functional groups.
In this paper, dimers of several organic molecules with different
functionalities, rich in multiple bonds, and most of them with an
inherent dipole moment are studied for intermolecular C...C
es interaction between carbon atoms in similar chemical
environment. Evidence for such C...C interactions is shown
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using AIM and molecular orbital (MO) analyses. Strong evidence organic compounds from literature. We have also shown
for such interactions is given in crystal structures of several intermolecular N...N and O...O interactions between nitrogen

Acetylene Hydrogen cyanide  Acetonitrile Vinyl fluoride  trans-Difluoro ethylene Acetylene chloride

326
Vinyl chloride  pimethyl cyanamide Acetylene difluoride  Methyl thiocyanate  Thioacetone Ethyl cyanide
............ / ool
Acetylene bromide Isopropyl cyanide Cyclopentyl cyanide Cyclohexyl cyanide

Flgllre 1. Dimers showing C...C interactions (dotted lines) between carbon atoms in similar chemical environment. Distances are given in A. Interactions
other than C...C type are not marked in the figure for simplicity
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10 Figure 2. AIM plots of the dimers showing C...C interaction between similar carbon atoms. The p values at the bond critical point are given in au. Color
code for atoms: dark blue, carbon; light blue, nitrogen; light green, fluorine; yellow, sulfur; pink, chlorine; brown, bromine; ash, hydrogen

and oxygen atoms of similar chemical environments.
Intermolecular chalcogen...chalcogen interactions are previously Computational Methods
described in literature® 3 as leading to the formation of tubular

- - - 37 - -
15 structures® ® and crystals™®, All the molecules are optimized using MO6L">" density functional
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theory. The basis set used is 6-311++g(d,p). This model
chemistry was previously shown to be suitable in calculating both
geometry and interaction energy of non-covalently bound dimers
in an extensive benchmark study® carried out by us. All the
dimers are confirmed to be minima by calculating the frequency.
The calculations are done using Gaussian09*° suite of programs.
Interaction energy (Ei,) is calculated by subtracting twice the
energy of the constituent monomer from the energy of a dimer.
The monomers are also optimized at the same level. Counterpoise
correction is done using Boys and Bernardi® method as
implemented in Gaussian09. Further validation of the results is
done using B3LYP, CAM-B3LYP* - the long range corrected
version of B3LYP*? - and B971* functionals. To assess the effect
of dispersion, B3LYP-D3 method is also employed which uses
Grimme’s dispersion correction along with Becke-Johnson
damping function®. The basis set used for all these calculations is
6-311++g(d,p). Further, the high accuracy G3MP2* method is
used to get accurate binding energy values for the dimers.

Atoms-in-molecule (AIM) analysis® considers the distribution
of electronic charge of atoms in the field of nuclei and its
interference with external fields. In this method, critical points in
topology of the charge density are related to physical information
like bonds. The programs used are AIM2000%*® and AIMALL.
AIMALL generated molecular graphs are used in the manuscript
for illustrating the bonding interactions. MO analysis was done to
confirm the bonding interactions corresponding to the
intermolecular bond critical points shown by the AIM analysis.
Molecular electrostatic potential (MESP), defined by equation (1)
can be used as a tool for understanding intermolecular
interactions®>*. It directly reflects the charge distribution in the
system, based upon Coulomb’s law™. The molecular electrostatic
potential at a point r, ¥(r) is given as,

N ZA r d3rv
r0=2 _ [ &

‘r—r'

where Z, is the nuclear charge and Ra is the radius of nucleus A
and p(r") is the electron density.

Energy Decomposition Analysis®**®® (EDA) is done using ADF
software®*®L. In the Morokuma scheme of EDA®, the interaction
energy will be split into Pauli, Electrostatic and orbital
contributions. For this, all the dimers were optimized using
MO6L/tzvp method and single point fragment analysis was done
using M06L/tz2p method available in ADF. Some molecules
from literature located with the help of Cambridge structural
database® are shown to have intermolecular C...C interactions
with the help of AIM analysis using AIMALL. Dimers from their
crystal structures were chosen and were subjected to single point
analysis at M06L/6-311++G(d,p) DFT for the presence of such
interactions

Natural bond orbital (NBO) analysis® as implemented in
Gaussian09 is used for studying the nature of charge transfer
between the two X atoms under study. In this method, the total
electronic wavefunction is interpreted in terms of a set of filled
Lewis and a set of empty non-Lewis localized orbitals. Using a
second order perturbation theory, interaction between these two
sets of orbitals resulting in a donation of occupancy from the
ss occupied Lewis to unoccupied non-Lewis set of orbitals is

analyzed. This results in the departure from the idealized Lewis
structure description. For each pair of donor (i) and acceptor (j)
NBOs, the stabilization energy E, associated with i -
delocalization is calculated as

E. = ABij= qir ) @
gj—¢

where qi is the donor orbital occupancy, €i, € are diagonal
elements (orbital energies) and F(i,j) is the off-diagonal NBO
Fock matrix element.

Results and Discussion

6s Intermolecular C...C interaction between carbon atoms in

similar chemical environment
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Figure 3. Variation of interaction energy (Eix) with (a) sum of electron
density at in intermolecular BCPs (3 p), (b) monomer dipole moments ()
and (c) predicted values of E;y using regression equation

The selected systems for this study include triple bonded systems
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such as acetonitrile and its derivatives, cycloalkanes with cyanide ethylene derivatives, methyl thiocyanate and thioacetone are also
functional group, dimethyl cyanamide, acetylene and its s included in the study. The optimized structures of their dimers are
halogenated derivatives. Double bonded compounds such as shown in Figure 1. This figure also depicts one intermolecular

Table 1. The interaction energies (Eix), the sum of p at inter molecular BCPs (3 p), and monomer dipole moments (u) of all the dimers with intermolecular

C...C interaction between similar carbon atoms. The predicted values of E;y using regression equation along with contributions from Y p and p terms are
also given.

Predicted Eine Contribution from Y p Contribution from p
Dimer Eint (kcal/mol) Sp(au) y (Debye) (kcal/mol) (kcal/mol) (kcal/mol)
acetylene -1.07 0.0043 0.00 -0.51 -0.51 0.00
hydrogen cyanide -2.59 0.0060 2.98 -2.81 -0.72 -2.09
acetonitrile -5.93 0.0268 4.01 -6.01 -3.19 -2.81
ethyl cyanide -6.91 0.0353 411 -7.09 -4.21 -2.88
isopropyl cyanide -6.70 0.0361 4.13 -7.20 -4.31 -2.90
cyclopentyl
cyanide -6.79 0.0356 4.48 -7.38 -4.24 -3.14
cyclohexyl cyanide -7.27 0.0356 4.52 -7.41 -4.24 -3.17
dimethyl
cyanamide -10.19 0.0445 4.94 -8.77 -5.30 -3.47
vinyl flouride -1.29 0.0050 1.42 -1.59 -0.60 -0.99
vinyl chloride -2.27 0.0062 1.39 -1.71 -0.74 -0.97
trans- difluoro
ethylene -1.09 0.0039 0.01 -0.47 -0.46 -0.01
actylene chloride -0.87 0.0141 0.16 -1.79 -1.68 -0.11
acetylene
bromide_2 -1.03 0.0047 0.03 -0.59 -0.56 -0.02
acetylene
difluoride -1.12 0.0065 0.00 -0.77 -0.77 0.00
methyl thiocyanate -6.88 0.0299 4.32 -6.59 -3.56 -3.03
thioacetone -5.45 0.0326 2.92 -5.94 -3.89 -2.05
Acetylene Hydrogen cyanide Acetonitrile Vinyl fluoride trans-Difluoro ethylene Acetylene chloride

Vinyl chloride Dimethyl cyanamide Acetylene difluoride Methyl thiocyanate Thioacetone  Ethyl cyanide

" Acetylene bromide  Isopropyl cyanide Cyclopentyl cyanide: Cyclohexyl cyanide

Figure 4. MESP plotted on isodensity surface of 0.01 au of dimers showing C...C interaction between similar carbon atoms. Range: from -0.03 (blue) to
0.05 (red).
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Table 2. Percentage orbital and electrostatic contributions towards the
total interaction energy of the dimers with intermolecular C...C
interactions.

% Electrostatic % Orbital

Dimer Interaction Interaction
Acetylene 92.74 7.26
Hydrogen cyanide 95.86 4.14
Acetonitrile 85.13 14.87
Ethyl cyanide 82.13 17.87
Isopropyl cyanide 80.83 19.17
Cyclopentyl cyanide 80.94 19.06
Cyclohexyl cyanide 76.96 23.04
Dimethyl cyanamide 78.11 21.89
Vinyl fluoride 67.81 32.19
Vinyl chloride 75.25 24.75

trans-difluoro

ethylene 65.79 34.21
Acetylene chloride 33.33 66.67
Acetylene bromide 72.31 27.69
Acetylene difluoride 83.33 16.67
Methyl thiocyanate 78.44 21.56
Thioacetone 60.37 39.63

C...C interaction distance for every dimer. Later it will be
s revealed that this C...C interaction is brought out in terms of
identifying a bonding molecular orbital (MO) as well as by
locating a bond critical point in the AIM analysis. Dimers of
hydrogen cyanide, acetylene derivatives except acetylene chloride
and ethylene derivatives show only C...C interactions between
their monomers. Acetylene chloride dimer shows carbon-halogen
interactions along with C...C interaction. Cyanides, cyanamides,
thiocyanate and thioacetone show hydrogen bonding interactions
apart from C...C interactions.

Herein we focus mainly on the C...C interactions. The carbon
atoms participating in this interaction are from similar chemical
environment and their C...C distances are in the range 3.10 -
3.62 A. This range of distance does not indicate a significant
bonding interaction between them. However, the bonding MO
analysis and the AIM electron density analysis suggest a new
view point. This C...C interaction is not a donor — acceptor type
interaction (the ‘dicarbon bond’ described by Varadwaj et a/*®)
because the interacting carbons atoms are from similar chemical
environment and hence neither of them can be described as donor
or acceptor. All the dimers showing this type of C...C
interactions possess double or triple bonds either in the functional
group or in the main chain. We could not locate any saturated
compounds such as alcohols, amines, alkyl halides and thiols
showing similar C...C interaction.

The bonding MO (supporting information) of every dimer
o complexes clearly show interaction between the p orbitals of the
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carbon atoms in the similar chemical environment. In cases such
as hydrogen cyanide, dimethyl cyanamide and acetylene
difluoride, the orbital overlap is stronger compared to others. The
AIM plots given in Figure 2 show a bond critical point for every
C...C interaction depicted in Figure 1. The electron density at
intermolecular BCPs is often used as a measure of the strength of
intermolecular interactions® %%, The p values (0.0039 to 0.0086
au) given in Figure 2 for the C...C interactions are well within
the typical values observed for weak non-covalent interactions
such as weak hydrogen bonds®” ® and “carbon bonds’*®. Among
all the cases, trans—difluoro ethylene (p = 0.0039 au) has the
weakest and dimethyl cyanamide (p = 0.0086 au) has the
strongest C...C interactions. The values of E;;, sum of p at
intermolecular BCPs (3 p), and monomer dipole moments (p)of
all the dimers are given in Table 1.

The Y p is generally used to assess the total strength of the non-
covalent interaction in intermolecular complexes® ™. The
interaction energy (E;,) shows an increasing trend with increase
in the Yp values (Figure 3. (a)). Recently, Mohan and Suresh®
showed that a correlation between p and interaction energy is
applicable only for homogenous groups of complexes. The E;y is
also found to increases with increase in the dipole moment p of
the molecule (Figure 3. (b)). Since both Yp and p show
dependency to E;,; values, a double linear regression approach
using the two quantities is tried to obtain a relationship to predict
Einx values. The regression equation is given in eq. (2). The
statistical parameters such as multiple R and R? are 0.9937 and
0.9875 respectively. The P values for $p and p are 7.9781 x 10
and 0.0013 respectively, suggesting that eq.(2) is trustworthy.
The predicted and actual values deviate only slightly (< 0.92
kcal/mol) except for dimethyl cyanamide where the deviation is
1.4 kcal/mol (Figure 3(c)).

Eint (kcal/mol) = -119.1795 p (au) - 0.702 u (Debye) 3)

Eq. (2) allows us to separate E;y into contributions from Yp and
which are also depicted in Table 1. In the cases of hydrogen
cyanide, vinyl fluoride and vinyl chloride dimers, where a C...C
interaction is the only intermolecular interaction between the
monomers, 57 - 75% of the E;, is contributed from the dipole
moment term. For cyanides, dimethyl cyanamide, methyl
cyanate, and thioacetone, where hydrogen bonding interactions
also contribute towards E;y, the contribution from the dipole
moment term is 35 — 47%. For compounds with very low or even
zero dipole moment, the contribution from the dipole moment
term is very low (0 — 6%).

The plot of molecular electrostatic potential (MESP) of the
dimers are given in Figure 4. Based on the MESP features of the
dimers, a partitioning of their monomers into electron deficient
(red) and electron rich (blue) regions can be easily recognized
and this immediately suggests that electron rich region of one of
the monomers is close to electron deficient region of the other
resulting in an antiparallel arrangement. This can be clearly

This journal is © The Royal Society of Chemistry [year]
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Figure 5. AIM plot of dimers obtained from crystal structures reported in the literature. The CSD ID is used for labeling. Color code for atoms: dark blue,
carbon; light blue, nitrogen; red, oxygen; light green, fluorine; ash, hydrogen.

illustrated in all the cases, most visibly, in cases of cyanides and
s cyanamide. It is also clear that though the C atoms involved in
the C...C interactions are from similar chemical environment,
they are the sites of transition of electrostatic potential from
negative (electron rich) to positive (electron deficient) values. In
fact, MESP plots indicate that nearly one half of such a carbon is
10 electron rich and the other half is electron deficient. The approach
of the electron rich region of such a carbon in one monomer to
the electron deficient region of another carbon in the second
monomer results in C...C bonding between carbon atoms in
similar chemical environment. In acetylene and its derivatives,
15 though the dipole moment is zero or nearly zero for the monomer
state, local variations in MESP in the dimer is significant due to
polarization effects which cause C...C interactions.
Energy decomposition analysis (EDA) shows that the interaction
energies of these dimers, are mainly electrostatic in nature (Table
20 2). Electrostatic contribution towards E; is the highest (95.86%)
in the case of hydrogen cyanide dimer, where a C...C interaction
is the only intermolecular interaction and has a high monomer
dipole moment. Though p value is zero, higher electrostatic
contribution towards E;, in acetylene (92.74%) and difluoro
25 acetylene (83.33%) show that electrostatic effects due to local
polarization leads to these interactions. The Coulombic
interactions encompass polarization (and accordingly include
dispersion) as a consequence of Hellmann-Feynman theorem™,

For the dimers such as acetonitrile and its derivatives, dimethyl

a0 cyanamide and thioacetone, where hydrogen bonds also
contribute towards E;,, 60 - 85% of it is from electrostatic
contribution

Evidence for C...C interaction between carbon atoms in
35 similar chemical environments from crystal structures

We have located a few molecules with intermolecular C...C
interaction between carbon atoms in similar chemical
environment in the literature with the help of Cambridge
40 structural database (CSD). The AIM plots labelled with their
CSD ID given in Figure 5 show all the intermolecular
interactions. CAACTY,” is the crystal structure of acetylene
cyanide. It shows intermolecular C...C interactions between
chemically identical carbon atoms. Polyynes with different end
45 groups are located to have intermolecular C...C interactions in
their crystal structures. The intermolecular C...C interaction in
LILJAR™ and the central C...C interactions in the case of
AXEFOZ",  FIFBOM™, IHUMII”, MUPXIF,”®  and
YEXNIY01” are also between carbon atoms from identical
so environments. In the remaining C...C interactions, though the
carbon atoms involved are not of the same types, many of them
can be considered as of similar types. Apart from C...C

This journal is © The Royal Society of Chemistry [year]
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interactions and hydrogen bonds, the acetylene cyanide crystal (CAACTY) also shows BCPs corresponding to N...N interaction

é ? i w340
tert-Butyl cyanide Methyl isocyanide
Ef-..sss Ci '! i 332 ; g 3.20...

Monofluoro acetonitrile Difluoro acetonitrile Trifluoro acetonitrile Methyl azide

Cyclopropyl cyanide Cyclobutyl cyanide

Methyl cyanate
{.Ef}_ GC{E xlz%
Methyl isothiocyanate Cyclopentanone Methyl acetate L Dimethyl sulfoxide Dimethyl sulfone

Figure 6. Dimers showing N...N and O...O interaction between similar atoms. Distances are in A
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Figure 7. AIM plots of the dimers showing N...N and O...O interaction between similar atoms. The intermolecular BCPs are given in au. Color code for
atoms: dark blue, carbon; light blue, nitrogen; red, oxygen; light green, fluorine; yellow, sulfur; ash color, hydrogen

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 7



Physical Chemistry Chemical Physics Dynamic Article Links pPage 8 of 14

Journal Name

Cite this: DOI: 10.1039/cOxx00000x

ARTICLE TYPE

WWW.I'SC.Org/XXXXXX

Table 3. The interaction energy (Ein), sum of p at inter molecular BCPs (3 p), and monomer dipole moment (u) of dimers with N...N and O...0
interactions

Eint Predicted Eiq
Dimer (kcal/mol) Sp(au) y (Debye) (kcal/mol)(from eg. (2)
cyclopropyl cyanide -7.6 0.0407 4.39 -7.93
cyclobutyl cyanide -1.74 0.0413 4.35 -7.97
tert - Butyl cyanide -6.73 0.0399 4.11 -7.64
Monofluoro acetonitrile -6.06 0.0284 321 -5.64
Difluoro acetonitrile -5.48 0.0273 2.38 -4.92
Trifluoro acetonitrile -1.53 0.0128 1.24 -2.40
methyl isocyanide -4.84 0.0246 3.88 -5.65
methyl azide -3.41 0.0188 247 -3.97
methyl cyanate -8.69 0.0339 4.66 -7.31
Methyl isothiocyanate -4.45 0.0196 3.12 -4.52
Cyclopentanone -7.68 0.0408 3.14 -7.07
Methyl acetate -5.14 0.0292 1.83 -4.76
Dimethyl sulfoxide -12.03 0.0682 412 -11.02
Dimethylsulfone -11.26 0.0605 457 -10.42
between nitrogen atoms of similar chemical environment. This
fact points to the possibility of extending the concept of
s interaction between atoms in similar chemical environments to 0.00 -
atoms other than carbon. T
o
Intermolecular N...N and O...O interactions 8 -2.00 1
=5
The studied dimer systems for the analysis of N...N and O...0 S .4.00 4
interaction in similar chemical environment are given in Figure 6 o
10 along with their N...N and O...0O bonds marked in dotted lines. Fl 6.00 -
These include dimers of compounds with functional groups such .
as cyanides, (acetonitrile derivatives and cycloalkanes with R
cyanide functional group), isocyanide, azide, cyanate and g -8.00
isothiocyante. The oxygen containing compounds studied include i
15 a cyclic ketone, an ester, a sulfoxide and a sulfone dimer. The _E -10.00 -
bond lengths vary from 3.20 to 3.70 A for N...N interactions and =
3.08 to 3.48 A for O...0 interactions. The AIM plots of these £ -12.00 -
dimers give BCPs corresponding to N...N and O...O interaction o
(Figure 7). The values of E;y, Yp and p of all the complexes are -14.00 . . . ‘ . . 1

20 given in Table 3. The range of p values at N...N BCPs is from
0.0047 to 0.0078 au and at O...0 BCPs is from 0.0043 to 0.0082
au. Ej, values of dimers with N...N as well as O...0 interactions
increase with increase in the values of Yp and p (supporting
information). In order to check the validity of the assumption that

s the concept of intermolecular interaction between atoms in
similar chemical environments is atom independent, eq (2)

-14.00 -12.00 -10.00 -8.00 -6.00
Eine (keal/mol)

-4.00 -2.00 0.00

Figure 8. Correlation of Ej with Ey values predicted using eq. (2) for
complexes showing N...N and O...O interactions

a0 (obtained strictly for dimers with C...C interactions) is used for

predicting the values of Ej, of the complexes with N...N and
O...0O interactions. The predicted values of E;, are given in Table
3 which show good agreement with the actual E;, values (Figure
8) (the deviation is < 1 kcal/mol for all except methyl cyanate and

This journal is © The Royal Society of Chemistry [year]
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Methyl isothiocyanate
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Trifluoro acetonitrile
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Methyl acetate

tert - Butyl cyanide

Methyl isocyanide

Methyl azide Methyl cyanate

Dimethyl sulfone

Dimethyl sulfoxide

Figure 9. MESP plotted on isodensity surface of 0.01 au of dimers showing N...N and O...O interaction between similar atoms. Range: from -0.03 to
0.05 from blue to red

dimethyl sulfoxide, where the deviation is 1.38 and 1.01 kcal/mol
s respectively). As in the case of complexes with C...C interaction
between similar atoms, the geometry of the complexes with
N...N and O...O interactions are also driven by the dipole
moments of their constituent monomers which can be figured out
from their MESP plots (Figure 9). Local variations in charge
density due to polarization effects cause similar atoms with
antiparallel orientation to participate in bonding interaction. In
Figure S10 of the supporting information, MESP map plotted on
0.001 au electron density surface (MESP range -0.03 to 0.03 au)
of dimers of some of the typical cases of C...C, N...N and O...0
interactions are shown along with those of the corresponding
monomers. This figure shows that significant charge
redistribution occurs on monomer units upon dimer formation.
Occupied MOs corresponding to C...C, N...N and O...0
noncovalent bonds are also located for all the dimer systems
(supporting information).
The EDA data for complexes with N...N and O...O interaction
between similar atoms is given in Table 4. Here, similar to the
case of complexes with C...C interactions, the electrostatic
contribution to the values of E; is found to be very high (62.52 —
88.73%)

NBO analysis

15

a

S

a

In relation with each X1...X2 interaction, NBO analysis shows
charge transfer from orbitals on X1 atom to those on X2 atom and
similar charge transfer from orbitals on X2 to orbitals on X1, with

w0 the E, values for both the charge transfers being similar. This
observation supports the assumption that X atoms involved in an
X...X interaction serve both as donor and as acceptor. For
instance, in acetylene dimer, the interaction between C2 atom on
molecule 1 with C6 atom on molecule 2 corresponds to a charge
35 transfer from the bonding orbitals on C2 to antibonding and RY*
orbitals on C6 with E, values indicating a stabilizing interaction
(sum of E, values = 0.84 kcal/mol). Similar charge transfer
interactions from the bonding orbitals on C6 to antibonding and
RY* orbitals on C2 with same values of E, are also observed. E,
40 values of charge transfers corresponding to each intermolecular
interaction in acetylene and acetonitrile dimers are given in the
supporting information as typical examples. A charge transfer
from lone pairs or bonding orbitals to antibonding (BD*) orbital
occurs in X...X interactions in almost all case except in
45 trifluoroacetonitrile, methyl azide and dimethyl sulfoxide, where
the acceptor orbitals are mainly RY* orbitals. Charge transfer
corresponding to X...X interactions shown by AIM analysis are
located in almost all the cases. The orbitals involved in these
charge transfer interactions are shared by the X atoms in all cases
so except in trifluoroacetonitrile (N...N) and dimethylsulfone
(0...0). In trifluoroacetonitrile, where AIM analysis indicates
N...N interaction, the charge transfer occurs from bonding
orbitals on one N atom to the RY* orbital on C near to the N
atom. Similarly, in dimethyl sulfone, the 02...012 interaction
ss shown in AIM analysis involves a charge transfer from the lone
pair on O2 to antibonding orbital on the S atom next to 012. A

This journal is © The Royal Society of Chemistry [year]
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similar charge transfer occurs from the lone pair on 012 to the
antibonding orbital on the S atom next to O2 with an equal value
of E,.

The summed up values of E, corresponding to all the
interactions in the dimers is listed in Table 5. In many cases such
as ethyl cyanide, isopropyl cyanide and dimethyl cyanamide, the
total value of E; corresponding to C...C interaction is larger than
that corresponding to the individual hydrogen bonds (HB). But in
cases such as dimethyl sulfoxide and dimethyl sulfone, the E,
value corresponding to O...O interaction is very less compared to
that of the individual hydrogen bonds. However, in all the cases,
the total stabilization obtained via hydrogen bonds is much higher
compared to that by X...X interactions. Thus, the geometry of the
dimers must be driven by stronger interactions such as hydrogen
15 bonds with X...X interactions being a further stabilizing effect

for such geometry. This can be shown in our study of growth

patterns in acetonitrile clusters® where, the stacked clusters, with
the highest possible number of C-H...N interactions, is further
stabilized by C...C interactions between antiparallelly arranged
20 monomers. In cases such as trifluoroacetonitrile and

dimethylsulfone, where AIM analysis indicates N...N and O...0

interactions respectively, the NBO analysis shows charge transfer

from the orbitals shared by one N/O atom to the orbitals on the
atoms next to second N/O atom instead of the second N/O atom.

25 This indicates that the bond paths and BCPs in the AIM analyis
should not be taken too literally?®® and that the entire regions in
the two molecules may be interacting.

o

1

15

Validation of the results using statistical methods

It is remarkable that the equation designed for dimers with C...C
interactions (eq. 2) is useful to predict the E; values of those
with N...N and O...0 interactions with a good degree of

3

S

Table 4. Percentage orbital and electrostatic contributions towards the
total interaction energy of the dimers with N...N and O...O interactions
between similar atoms

% Electrostatic % Orbital
Dimer Interaction Interaction
cyclopropyl cyanide 79.64 20.36
cyclobutyl cyanide 73.95 26.05
tert - Butyl cyanide 75.77 24.23
Monofluoro
acetonitrile 82.17 17.83
Difluoro acetonitrile 84.22 15.78
Trifluoro acetonitrile 88.73 11.27
methyl isocyanide 83.90 16.10
methyl azide 87.90 12.10
methyl cyanate 80.03 19.97
Methyl
isothiocyanate 69.05 30.95
cyclopentanone 69.00 31.00
methyl acetate 70.79 29.21
Dimethyl sulfoxide 70.14 29.86
Dimethylsulfone 74.05 25.95

35 accuracy. This suggests that the dipole enforced interaction could

be a general phenomenon. Considering the data on C...C, N...N
and O...0 interactions, a more general equation to predict E;, can
be obtained using linear regression on 3 p and p (eq 3).
Eint (kcal/mol) = -138.3953 p (au) — 0.551p (Debye) 3)
40 There is a good correlation between E;,; values obtained using eq.
3 and the actual E; of all the complexes as given in Figure 10.
The values of statistical parameters viz. multiple R and R? are
0.9950 and 0.9900 respectively. The P values for p and p are
1.8 x 102 and 3.03 x 10°® respectively, indicating that eq. (3) is
45 reliable.

Table 5. Total E; values in kcal/mol corresponding to each interactions in
the dimers

Dimer X...X HB1* HB2 HB3 HB4
Acetylene 0.84 - - - -
HCN 1.39 - - - -
Acetonitrile 1.04 176 176
Ethyl cyanide 1.25 028 012 028 0.12
Isopropyl cyanide 112 0.33 0.3 0.38 0.08
Cyclopentyl cyanide 0.69 029 041 015 021
Cyclohexyl cyanide 0.61 0.08 0.70 0.37 0.27
Dimethyl cyanamide 1.88 0.76 0.76 0.76 0.76
Vinyl fluoride 0.52 - - - -
Vinyl Chloride 1.00 - - - -
trans - Difluoro ethylene  0.14 - - - -
Acetylene chloride 0.58 041 041 - -
Acetylene bromide 0.88 - - - -
Acetylene difluoride 0.75 - - - -
Methyl thiocyanate 0.32 3.04 3.04 - -
Thioacetone 0.74 090 0.90 0.90 0.90
Cyclopropyl cyanide 0.15 057 071 0.74 0.58
Cyclobutyl cyanide 018 099 102 099 1.02
tert - Butyl cyanide 0.22 1.2 1.2 121 12
Monofluoroacetonitrile 0.5 142 143 - -
Difluoroacetonitrile 0.56 1.38 1.4 - -
Trifluoroacetonitrile 0.24 0.13 013 - -
Methyl isocyanide 0.16 1.8 1.99 - -
Methyl azide 0.61 054 0.62 - -
Methyl cyanate 0.22 3.6 3.56 - -
Methyl isothiocyanate 0.14 191 1.92 - -
Cyclopentanone 147 0.19 0.18 0.2 0.18
Methyl acetate 0.64 023 025 0.07 -
Dimethyl sulfoxide 0.14 3.67 3.67 367 3.67
Dimethyl sufone 0.2 3.07 3.02 301 3.04

*HB indicates C...Cl interaction in acetylene chloride N...F
interaction in trifluoroacetonitrile and hydrogen bonds in all other
50 CasSes.

10 | Journal Name, [year], [vol], 00—00
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Figure 10. Correlation of Ej, with predicted values of Ejy using eg. (3)
for all the complexes with C...C, N...N and O...0O interaction between
atoms in similar chemical environments

s Further validation of the results is done using ‘leave one out’
method of statistical analysis. This is done by predicting the Ejn;
values of all except one dimer from the entire set of dimers from
their p and p values using double linear regression analysis.
From the equation thus obtained, the E;,; value of the exempted

10 dimer is calculated. The process is repeated and E;.; value of each
dimer is predicted from the equation obtained for the remaining
ones. The values thus predicted show very good agreement with
the actual E;,; values (R? = 0.9554, supporting information). The
method also provides a set of regression equations. It is observed

s that the coefficients of Yp (range between -133.170 and -
143.577) and p (range between -0.490 and -0.592) do not show
much variation. The values of coefficients of 3 p lie in between -
137 and 139 in most of the cases. Only five out of thirty values
are out of this range. Consequently, the E;, values predicted by

20 these equations do not show much variation. Thus, the E;;; values
obtained from these equations agree well with each other and
with the actual values of Ej,; of the complexes. The thirty
equations for predicting E;,; from ‘leave one out’ method are
given in the supporting information.

25 Validation of the results using more density functionals and
G3MP2 method

The E;,; values obtained at MO6L, CAM-B3LYP, B971, B3LYP,
B3LYPD3 and G3MP2 Levels of theory are listed in Table 6.
Arguably G3MP2 gives the most accurate result on Ejy.
a0 However, the geometry obtained from G3MP2 is not reliable
because it uses Hartree-Fock level optimized geometry for a
subsequent MP2 level optimization. With all the methods, the
geometries of some of the dimers deviate from the MO6L
geometry, which is also indicated in the table with a * mark.
35 However, from our benchmark study where the geometry and E;,
of small non covalent dimers provided by 382 DFT methods are
compared with CCSD values®, MO6L geometries are found to be
the most reliable.
The mean absolute deviation (MAD) of the deviation of Ejy
40 values from G3MP2 values for MO6L, B3LYPD3, B3LYP, B971
and CAM-B3LYP are 052, 0.57, 0.86, 121 and 1.44
respectively, indicating the highest reliability of MO6L energies
again supporting our benchmark study. MO6L and B3LYP-D3
results show close agreement to overall trend and magnitude of
45 the G3MP2 results which is also clear from Table 6. BSLYPD3
shows higher magnitudes of E;,, compared to B3LYP in all the
cases indicating that dispersion effects play an important role in
the stability of the dimers. The difference between the two (which
range between -0.73 kcal/mol in the case of hydrogen cyanide
so and -5.53 kcal/mol in the case of dimethyl sulfone) can give an
estimate of the effect of dispersion in each dimer. However, a
comparison between G3MP2 and B3LYPD3 values indicate that
the latter theory slightly overestimate the binding energy.
In order to confirm the reliability of the correlation shown in
ss Figure 10, the E;y, values of G3MP2 geometries is predicted from
> p and p values calculated using CAM-B3LYP, B971 and M0O6L
functionals by double linear regression analysis. The predicted
values give a good agreement with the actual Ej, values
(supporting information). E;,; of the dimers showing considerable
¢0 deviation from MO6L geometry are not included in the regression
analysis. CAM-B3LYP and B971 are selected since these
methods give the lowest number of geometries deviated from
MO6L geometry.

This journal is © The Royal Society of Chemistry [year]
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Table 6. Values of Eint obtained at different levels of DFT and with G3MP2 method of all the dimers with X... X interactions.

Dimer MO6L CAM-B3LYP B971 B3LYP B3LYPD3 G3MP2
Acetylene -1.07 0.37 -0.89 0.73* -1.62* -0.89"

HCN -2.59 -1.39 2.29 -4.22* -4.95" -4.15"
Acetonitrile 5.93 5.01 5.20 -4.02 -6.46 -4.38
Ethyl cyanide 6.91 -4.80 5.10 -3.80 -7.06 5.34
Isopropyl cyanide -6.7 -4.55 -4.85 -3.61 -6.95 -5.38
Cyclopentyl cyanide -6.79 -4.64 -5.03 -3.60 -7.42 -5.93
Cyclohexyl cyanide 7.27 -4.56 -4.97 -3.40 -7.54 6.19
Dimethyl cyanamide -10.19 -6.97 -6.94 -5.40 -9.98 -8.17
Vinyl fluoride -1.29 -1.15* 0.73 031 -1.96* -0.46"
Vinyl Chloride 2.27 -0.36 -0.93 -0.29 257" -0.83"
trans - Difluoro ethylene -1.09 067" -1.65" -1.40* -2.65" 063"
Acetylene chloride -0.87 0.11 -0.35 -0.54* -1.53" -0.52
Acetylene bromide -1.03 0.73 -1.04 -0.58" -1.94* 0.34
Acetylene difluoride -1.12 -0.24 -0.38 0.13 -1.28 -0.22
Methy! thiocyanate -6.88 5.50 5.13 -4.63 7.74 5.63
Thioacetone 5.45 -2.06 -2.98 -1.22 5.83 -4.24
Cyclopropyl cyanide -7.6 -5.17 -5.57 -3.94 -7.46 -5.55
Cyclobutyl cyanide 7.74 -4.85 5.32 -3.57 7.77 5.86
tert - Butyl cyanide 6.73 -4.30 -4.80 3.14 -6.85 5.14
Monofluoroacetonitrile -6.06 -5.19 -5.30 -4.12 -6.67 -5.06
Difluoroacetonitrile -5.48 -4.75 -4.85 -3.68 -6.21 -4.62
Trifluoroacetonitrile -1.53 -0.53 -1.20 -0.64* -2.10 -2.24
Methyl isocyanide -4.84 3.74 -4.15 -3.01 5.46 3.41
Methyl azide 3.41 -1.95 0.66 -1.39 -3.50 -1.96
Methyl cyanate -8.69 7.27 -7.46 6.29 -8.91 6.29
Methyl isothiocyanate -4.45 -2.35 -2.82 -2.27 -5.74 -4.22
Cyclopentanone -7.68 -4.27 -4.70 -2.88 -7.38 -6.69
Methyl acetate 5.14 3.27 -3.07 -2.36 -4.72 -3.63
Dimethyl sulfoxide -12.03 -17.27 -15.54 -8.47 -13.82 9.19
Dimethyl sufone -11.26 -17.75 -15.76 -7.83 -13.36 9.94

* A considerable change in geometry compared to MO6L. Do not show X...X interaction.
10 that both X are from similar chemical environment. These X
Conclusions atoms are locally polarized as if one half is behaving electron rich
compared to the other half. NBO analysis shows charge transfer
between the two X atoms supporting the assumption that both X
atoms act as both donor and acceptor. Binding energy of the
15 dimers increases with increase in the dipole moment of the
constituent monomers. Even in compounds with zero dipole
moment such as acetylene and acetylene difluoride, induced
dipoles in the dimer create bonding interaction. The EDA

Clear evidence for intermolecular X...X interaction (where X =
C, N and O) between atoms of similar chemical environment in
s homogeneous dimers of organic molecules are obtained from
MO, NBO and electron density analyses. The bonding is
explained as resulting from the interaction between electron rich
region of X atom in one monomer with electron deficient region
of X atom in another monomer and also satisfying the condition

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 12



Page 13 of

o

1

15

1

a

2

S

2

a

30

35

40

45

50

55

14

Physical Chemistry Chemical Physics

analysis has shown that the binding energy (Ei), in most of the
cases, is mainly electrostatic in nature. Further, the value of E;; is
divided into contribution from the total gain in electron density at
the non-covalently interacting intermolecular bonds as well as a
contribution from the monomer dipole moment. The dipole term
contributes significantly to dimers of dipolar molecules where
X...X interaction from similar chemical environment exists. The
X...X interaction is characterized by a BCP in AIM analysis. The
results are further validated by comparing the E;, values with
those calculated using different density functionals and G3MP2
methods and by predicting the G3MP2 E;;,; values from S p and p
values. Crystal structures of several organic compounds with
intermolecular C...C inetraction between chemically similar
carbon atoms are located in the literature. This suggests that these
interactions can play a role in the crystal growth patterns as well
as self assembly process of unsaturated organic molecules, which
require further investigation.
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