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The effects of substituents on the symmetry and the nature of halogen bonds in [N--X:-N]'-type systems are presented for the

electronic properties were explored with the density functional theory (DFT) calculations. In addition, electrostatic potentials were used in
estimation of the strength and the nature of halogen bonds. Results indicate an enhancement effect of the electron-withdrawing substituents
on the size of o-hole and a diminishing effect on the minimum negative electrostatic potential (Vsmin). A good correlation is observed
between the electrostatic potentials and the strengths of two N---X halogen bonds. Furthermore, the results unveiled the effects of the
substituents in changing the nature of halogen bonds and indicated that the halogen bonds have a tremendous covalent character in addition

to the electrostatic character that usually is considered for the halogen bonds.
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INTRODUCTION

Halogen bonding term has been used for non-covalent
interactions between halogens and electron donor moieties
during the recent decades [1]. Although this interaction has
been mainly studied in the gas and solid states, and in
silicon [2], few studies have also been devoted to the
solution media [3]. Non-covalent intermolecular
interactions are important in various fields, such as crystal
engineering and material science [4], supramolecular
chemistry [5], polymer sciences [6] and biochemistry [7,8].
Halogen bond, which can be depicted as R-X--D, is
considered as a relatively powerful oriented non-covalent
interaction between the covalently bonded halogen atoms
(X) and Lewis bases or other halogen atoms (D) [9,10].

The electronic configuration of valence shell of central
halogen (X)* in [N-X--N]" complex is s?p*, in which the p
orbitals are in the P2 py2 p? form because of induction effects
of two Lewis bases. Empty P orbital of the halogen
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can interact with both electron donor Lewis bases
(nitrogens) [11]. The electron-deficient outer lobes of this
empty p-orbital of X" are called p-holes [12].

It is predicted that the electron-withdrawing power of R
can affect the size of ¢-hole and X---N bond strength [13].
The halogen bond becomes more powerful with the
enhancement of polarization of the halogen atom, as Cl < Br
< 1 [14,15]. Among the halogens, fluorine has the least
polarizability and the most electronegativity, and therefore
the lowest tendency to form a positive o-hole and
consequently the lowest tendency to form a halogen bond. It
can behave as a halogen bond donor in the presence of
strong electron withdrawing groups [16]. Recently,
Eskandari et al. have reported that the interaction of fluorine
with Lewis bases cannot be categorized as halogen bond
and the F---N interactions should be cited as “fluorine
bond” [17].

The lack of electron density in c-hole forms a positive
electrostatic potential area [18]. The strength of the halogen
bond is related to the maximum electrostatic potential of
positive c-hole and the anisotropic distribution of charge
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around the halogen atom [7,19].

Unlike the hydrogen bond, symmetry of the halogen
bond is still newfound [21]. Both linear asymmetric and
linear symmetric modes are expected for a system with an
electropositive atom such as I, Br, Cl and F located between
two identical electron donors. The halogen is located at the
midway between two electron donors [N---X:--N]" or at a
position near to one of the electron donors [N-X:--N]" [20].
[N---1---N]" is symmetric in both crystalline structures and
solution media, while [N---Br---N]" is asymmetric in
crystalline structures and symmetric in solution media.
Different arrangements result in different chemical
properties, such as the rate and the efficiency of chemical
reactions [10,12].

Although the substituent effects on the halogen bonding
[16] and three-center halogen bonds [12,13,16] have been
previously studied, this study investigates the substituent
effects on the geometry, structure, symmetry and nature of
the halogen bonds in the YCsH;N--X--*NCsHs (Y = NO,,
CN, H, CHs;, OCHjs, OH, NH,; X = Cl, Br, 1) complexes, in
which an electropositive halonium ion is bonded to two
nitrogenous electron donors, by means of quantum
chemical calculations, including the quantum theory of
atoms in molecules (QTAIM), natural bond orbital (NBO)
method, and non-covalent interaction (NCI) index analysis.

COMPUTATIONAL METHODS

All quantum chemical calculations were performed in
the gas phase using the Gaussian 09 program package [21].
The structures were fully optimized in a planar geometry by
the DFT exchange-correlation functional B97-1 [22]. The
cc-pVTZ-PP basis set [23] was used to describe iodine atom
and the cc-pVTZ [24] basis set was used to describe other
atoms. Rather balanced basis sets were used to check the
dependence of results to basis set. Single point calculations
have been also performed at B97-1/(H, C, N, O, Cl, Br: cc-
pVQZ; I: cc-pVQZ-PP) and B3LYP [25,26]/(1, Br:
LANLO8d [27] in conjunction with the LANL2DZ effective
core potential (ECP) [28-30]; N, CI: 6-311+G(d,p) [31-33];
O, H, C: 6-311G(d,p) [27,28]) levels of theory.
Furthermore, the harmonic vibrational frequency
calculations were executed at the same level to ensure that
the structures are minima on the potential energy surfaces.

The local topological properties and energy
characteristics of the electron charge density at the N-X (X
= Cl, Br, 1) bond critical points (XBCPs) and the integrated
atomic properties on the atomic basins were calculated by
the QTAIM method [34] using the AIM2000 [35] software
at the MP2 [36]/(Cl, Br, H, C, N, O: aug-cc-pVvDZ [19,37];
I: aug-cc-pVVDZ-PP [20]) level of theory. In addition, the
NBO analysis has been performed on the same level by
NBO3.1 program [38]. The electrostatic potentials were
calculated with the GaussView5.0 program [39] on the
electron density isosurface of 0.001 electrons Bohr?
molecular surface to find the regions that interact with the
halogen atoms. The electrostatic potential that is created by
the electrons and nuclei of a molecule can be calculated by
[40]

V(r)=z Z, —I p(r) dr’ (1)

R, =t |~

in which V(r) is the potential created at any point r by the
nuclei and electrons of the molecule; Z, is the charge on the
nucleus a, located at R, and p(r’) is the electronic density of
the molecule and r' is a dummy integration variable.

Subsequently, the non-covalent interaction regions were
calculated at the MP2 [32]/(Cl, Br, H, C, N, O: aug-cc-
pvDZ [19,33]; I: aug-cc-pVDZ-PP [20]) level using
Multiwfn [41] software and visualized using the VMD
program [42].

RESULTS AND DISCUSSION

Molecular Electrostatic Potentials (MEPS)

The MEPs outside the nitrogen atom of the isolated
YCsH,4N were calculated to estimate the potency of that for
interaction with the halogen atom (see Fig. 1). Trend in the
most negative electrostatic potential (Vsmin) Vvalues is
NO,CsHN < CNCsH,N < CsHsN < OHCsH4N <
CH;0CsH/N < CH;CsH4N < NH,CsHsN. The electron-
donating substituents increase the Vsmi, value, i.e. the N
atom becomes a stronger electron donor with the increase of
the electron-donating nature of substituent, which enhances
the attraction between YCsH,N and X* (X = Cl, Br, 1) ion in
the YCsH4N--X"NCsHs (X = Cl, Br, I, Y = NO,, CN, H,
CH;, OCH;, OH, NH;) complexes. The electrostatic
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Fig. 2. Electrostatic potentials mapped on the molecular
surfaces  of CNCsHyN---Cl-*NCsHs (),
HCsH;N:--Cl--*NCsHs (b) and OHCsH;N---Cl-*NCsHs
(c). The surface was computed on the 0.08 a.u.
contour of the electronic density. Color coding
corresponds to-78.77 kJmol™ =red < yellow <
green < blue = 525.10 kJ mol™.

Fig. 1. Electrostatic potentials mapped on the molecular
surfaces of NH,CsH4N (a), CH3zOCsH;N (b),
CH3CsH4N (c), OHCsH,N (d), CsHsN (e), CNCsH,N
(f), NO,CsHsN (g), and CsHsNBr* (h) (c-hole is

observed on the halogen units). Color ranges: blue, Fig. 3. A typical structure of YCsH4N--X:--NCsHs
more positive; green, less positive; yellow, less complexes (Y = NO,, CN, H, CH;, OCHjz, OH,
negative; red, more negative. NH,; X =Cl, Br, I).
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potential surfaces of the YCsH;N---X™~NCsHs complexes
have been also presented in Fig. 2, where the positive
electrostatic potential region is obvious on the outer surface
of the halogen atom. This region is referred as “c-hole”,
which is centered on the N-X axis and surrounded by the
negative electrostatic potential. Increase in the electron-
donation power of substituent is accompanied by decrease
in the attraction between unsubstituted CsHsN and X*. For
the same substituents Y, the most positive electrostatic
potential (Vsms) depends on the mass number of the
halogen atom and follows | > Br > CI order. For example,
the Vgsmax Vvalue in CNCsH,NCI", CNCsH,NBr* and
CNCsH,NI is equal to 117.6, 128.2 and 143.4 kcal mol™,
respectively. Also, for each halogen atom X, Vsmax
increases with the increase in the electron-withdrawing
power of groups by depletion of electron density on the
outer surface of the halogen atom. For example, the Vs max
values of NH,CsH;NBr, CH;OCsH,;NBr, CH;CsH4NBr,
OHC:H,NBr, CsHsNBr, CNCsH;NBr, NO,CsH4NBr are
equal to 113.2, 116.4, 118.8, 119.5, 121.8, 128.2 and 129.0
kcal mol?, respectively. Table 1 lists the Vg max values of
halogen atoms and the Vsmn, values calculated on the
nitrogen atoms.

Geometrical Parameters and  Vibrational
Frequency Analysis

The most important geometrical parameters of planar
YCsHyN-+X"“NCsHs (X = CI, Br, I, Y = NO,, CN, H, CHj,
OCHjz, OH, NH,) complexes, i.e. two N---X bond lengths,
are given in Fig. 3. All complexes belong to the C,y point
group, with the exception of complexes with Y = OH,
OCHj; and CHjs, which belong to the Cs point group. Herein,
all systems involve a positively charged halogen located
between two nitrogenous electron donors. The N--X--N
angle is approximately equal to 180°, so the interactions are
highly directional in the complexes.

The geometrical parameters of planar structures are
summarized in Table 2. As seen, the intermolecular
distances dag and dgc are in the range of 1.93 to 2.36 A (see
Fig. 3 for dag and dgc bond lengths). The van der Waals
(vdW) radii of the Cl, Br, I and N atoms obtained from X-
ray diffraction are equal to 1.75, 1.85, 1.98 and 1.55 A,
respectively [43]. There is an attractive interaction between
two subunits, because the X--N distance is significantly
shorter than the sum of vdW radii of the X and N atoms in
the complexes. The results are in reasonable agreement with
the previous results reported by Erdelyi etal. [44]. The

Table 1. The Most Positive Electrostatic Potentials (Vs max) of o-Hole Related
to the Halogen Atoms in the YCsH,N---X Complex and the Most
Negative Electrostatic Potentials (Vs min) On the Outer Surface of the
Nitrogen Atom in the YCsH4N Unit in kcal mol*

Vs max
X Vs min
H 112.4 121.8 136.3 -36.4
NH, 104.0 113.2 127.0 -42.2
OH 110.2 119.5 133.6 -37.7
OCH; 107.2 116.4 130.4 -40.3
CH; 109.5 118.8 132.9 -38.6
CN 117.6 128.2 143.4 -27.5
NO, 118.1 129.0 144.4 -27.2
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Table 2. The Halogen Bonded Stabilization Energy AE, Synergetic Energy Egy,, and Individual Interaction
Energies E(X-N) in kcal mol™, and Interaction Distances in A and Stretching Vibration Frequencies
in cm™ for the N--X Bond in the Bis(pyridine)halonium Complexes

-AE -E(XN) d(X-+N) V(N-+X)
B97-1°2 B3LYP Esn AB® BC® AB BC AB
Cl
H 237.76 (237.04)  231.67 150.43 118.88 118.88 1.995 1.995 178.52
NH, 246.73 (245.79)  240.15 15295 177.07 69.66 1.900 2.106 208.44
OH 240.42 (239.55) 234.24 152.1 136.7 103.72 1.961 2.027 177.58
OCH; 24259 (241.79) 236.42 152.81 154.78 87.8 1.934 2.060 182.87
CH; 240.37 (239.66) 234.2 152.25 140.14 100.23 1.959 2.032 181.50
CN 229.40 (228.70)  223.18 14457 73.81 155.59 2.083 1.921 207.43
NO, 228.67 (227.95) 222.15  142.37 63.27 165.41 2.107 1.904 219.04
Br

H 207.07 (206.14)  199.79 11542 103.54 103.54 2.114 2.114 181.54
NH, 215.87 (214.70)  208.11 11991 130.26 85.61 2.061 2.164 181.73
OH 209.80 (208.71)  202.45 117.15 111.43 98.37 2.095 2.129 177.45

OCH; 211.88(210.86) 204.53 118.42 119.04 92.84 2.081 2.144 174.41
CHs 209.67 (208.74)  202.32  117.35 11254  97.13 2.095 2.131 178.03
CN 198.62 (197.70)  191.19  111.59 83.57 115.04 2.153 2.078 187.50
NO; 197.82 (196.87)  190.05 110.35 78.68 119.14 2.164 2.069 190.76

H 172.03 (170.87)  167.85 80.04 86.02 86.02 2.286 2.286 173.54
NH, 180.81 (179.42)  176.17 84.26 104.21 76.61 2.244 2.320 171.12
OH 174.84 (173.53) 170.6 81.57 91.43 83.41 2.271 2.297 169.58

OCH; 176.88(175.63) 172.64 80.95 96.21 80.67 2.261 2.306 168.39
CHs 174.63 (173.47)  170.38 81.74 91.64 82.99 2.272 2.297 169.71
CN 163.66 (162.52)  159.34 76.84 72.6 91.06 2.313 2.262 176.69
NO; 162.86 (161.68) 158.2 75.9 69.95 92.91 2.320 2.258 178.64

The bold data correspond to the stabilization energies computed at B97-1/cc-pVTZ level. The data given in the
parentheses correspond to the stabilization energies computed at B97-1/cc-pVQZ level. "Corresponds to the AB
interaction in bis(pyridine)halonium complexes. ‘Corresponds to the BC interaction in bis(pyridine)halonium
complexes.
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halogen-bond lengths (X--N)ag and (X:~N)gc are in very
good linear correlations with Vs min and Vs max (See Figs. 4a
and 4b).

The vibrational frequencies of the N---X bond in the
bis(pyridine)halonium ternary complexes, with a given
substituent Y, increase in the order | < Br < CI (see Table
2). Also, there is a reverse relationship between distance and
vibrational frequency for the N---X bond in the complexes
with a given halonium ion and different substituents Y,
which is in reasonable agreement with the previous findings
[45].

Stabilization and Synergetic Energies

The total stabilization energies obtained at three levels
of theory are gathered in Table 2. Since similar trends are
observed for the halogen-bonded interaction energies
obtained at the different levels, the results obtained using
the B97-1 method and cc-pVTZ (cc-pVTZ-PP for iodine)
basis set are presented in the following discussions.

The individual interaction energies of N---X interactions
have been estimated by the exponential relationship
between the individual interaction energies (Eag for AB,
and Egc for BC pair) and the electron density p values
calculated at the BCPs (will be discussed in the next
section) (Eq. (2)) [45].

En--x =100a x (1 - e”) (2)

The "a" parameter is fitted with converging the A (=AE -
Eag - Egc) value to zero by the Least Square method. AE is
the total stabilization energy corrected for the BSSE (using
the counterpoise method) and the zero-point vibrational
energies (Eq. (3)).

AE =Eppc - (Ea + Eg + Ec) + BSSEapc (3)

As can be seen in Table 2, the AE values of ternary
complexes increase in the order | < Br < Cl with a given
substituent Y. For example, the AE wvalues of
O,NCsH4N-I--*NCsHs, O,NCsHyN--Br--NCsHs ~ and
O,NCsH4N--Cl--*NCsHs are equal to -162.86, -197.82 and
-228.67 kcal mol™, respectively. For a given halonium ion
X7, the AE value decreases with the increase in the electron-
withdrawing strength of substituent as NO, < CN<H <

CH; < OH < OCH; < NH,. The Eag and Egc interaction
energies correlate with the Vs min and Vs max Vvalues,
respectively. The linear correlations are shown in Figs. 4c
and 4d. The individual interaction energies estimated by Eq.
(2) are given in Table 2. The higher Eag values and the
lower Epc values are obtained in the presence of more
powerful electron-withdrawing substituents Y.

Table 2 also lists the synergetic energy (Egyn), which is
an important property in the study of interplay between non-
covalent interactions [46], and was calculated using Eq. (4)
for ternary complexes [47].

Esyn = E(as-c) - EaB) - Ea) (4)

where Eas-c), Eag) and E.c) are stabilization energies of
A-B-C, A-B and B-C units, respectively. With the increase
in the synergetic energy, the (N--X)ag/(N--X)sc bond
length of the YCsH4N---X:--NCsHs (X = ClI, Br, I, Y = NO,,
CN, H, CHz; OCH; OH, NH,;) complexe becomes
larger/smaller. These results are in agreement with the
equilibrium d(N--X)ag and d(N---X)gc distances. Also, the
Es,n values increase with the enhancement of electron-
withdrawing power of substituents. As seen in Fig. 5, the
Esyn Vvalues are linearly related to the Hammett constants of
substituents [48].

AIM Analysis

The electron density p calculated at the bond critical
point (BCP) is a good criterion to specify the closed-shell
interaction (in which p is lower than 0.10 au). The
corresponding values calculated at the (X:-*N)ag and
(X-*N)sc BCPs are presented in Table 3. The p, values
calculated at the (X--*N)ag and (X:--N)gc BCPs are in the
range of 0.0656 to 0.1920 and 0.0274 to 0.1296 au,
respectively. With a given substituent Y, the trend in the
px-n Vvalues is Cl > Br > 1. The larger p, values are
accompanied by the greater interaction energies.

Laplacian of electron density VZchP, electronic Kinetic
energy density Ggcp, electronic potential energy density
Vgep, total energy density Hgcp, and -Ggcp/Vpcp 0btained
from the AIM analysis at the BCPs, are listed in Table 3.
The strength of a chemical bond is generally subdivided in
three categories based on the Hgcp and Vzchp values: 1)
both Vzchp and Hgcp > 0 indicates that “closed-shell”
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Table 3. The Topological Properties of Electron Charge Density Calculated at the Halogen Bond Critical Points

px10 -k, x 10 Vpx10 G x 107 -V x 10 -H x 107 -(GIV) x 10
Cl
H 1.057 1.303 1.250 6.72 1.032 3.60 6.514
1.057 1.303 1.250 6.72 1.032 3.60 6.514
NH, 1.296 1.654 0.828 8.07 1.408 6.00 5.736
0.832  0.959 1.416 5.41 0.729 1.87 7.429
OH 1.127 1.404 1.160 7.15 1.140 4.25 6.272
0.989 1.198 1.318 6.32 0.934 3.02 6.765
ocH, 1202 1.517 1.030 7.57 1.256 4.99 6.025
0.919 1.091 1.373 5.91 0.838 2.47 7.048
CH, 1.142 1.431 1.137 7.23 1.162 4.39 6.223
0974 1177 1.328 6.22 0.912 2.90 6.820
CN 0.872 1.021 1.401 5.64 0.778 2.14 7.250
1.242 1.583 0.943 7.77 1.318 5.41 5.895
NO, 0.821  0.945 1.408 5.32 0.713 1.80 7.469
1.296 1.661 0.834 8.08 1.408 6.00 5.740
Br
H 0.903  0.935 1.202 5.84 0.867 2.83 6.732
0.903  0.935 1.202 5.84 0.867 2.83 6.732
NH, 0.998 1.049 1.167 6.55 1.019 3.64 6.431
0.817  0.825 1.231 5.28 0.748 2.20 7.057
OH 0.931  0.967 1.200 6.07 0.914 3.07 6.641
0.877  0.902 1.213 5.68 0.832 2.64 6.822
ocH, 0960 1.003 1.184 6.26 0.957 3.30 6.547
0.852  0.870 1.222 5.51 0.797 2.46 6.918
CH, 0.936  0.976 1.194 6.09 0.920 3.11 6.622
0.873  0.897 1.211 5.63 0.824 2.61 6.837
CN 0.832  0.845 1.231 5.39 0.771 2.31 6.997
0.970 1.019 1.169 6.31 0.969 3.39 6.508
NO, 0.811  0.818 1.223 5.23 0.739 2.17 7.068
0.989 1.042 1.170 6.47 1.002 3.55 6.460
I
H 0.708  0.599 1.237 4.92 0.674 1.82 7.294
0.708  0.599 1.237 4.92 0.674 1.82 7.294
NH, 0.765  0.657 1.329 5.48 0.764 2.16 7.174
0.659  0.548 1.178 4.50 0.606 1.56 7.430
OH 0.725  0.615 1.272 5.10 0.703 1.92 7.263
0.694  0.583 1.221 4.80 0.654 1.75 7.333
ocH, 0741 0632 1.290 5.24 0.726 2.02 7.222
0.680  0.570 1.204 4.68 0.636 1.67 7.368
CH 0.726  0.618 1.264 5.09 0.702 1.93 7.250
s 0.692  0.583 1.216 4.78 0.652 1.74 7.333
CN 0.667  0.555 1.194 4.58 0.618 1.60 7.417
0.744  0.637 1.282 5.24 0.727 2.03 7.204
NO, 0.656  0.543 1.173 4.47 0.601 1.54 7.438
0.752  0.646 1.301 5.33 0.741 2.08 7.194

The bold values correspond to the BC interaction.
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(electrostatic) interactions are dominant, 2) both V?pgcp and
Hgcp < O indicates that a *“shared-shell” (covalent)
interaction is dominant, and 3) VZpBCp >0 and Hgep < 0
indicates interaction is partly covalent in the nature [49].
Non-bonded interactions can also be classified on the basis
of -Ggcp/Vaep ratio. The interaction is shared (covalent)
when the ratio is lower than 0.5, is non-covalent when the
ratio is higher than 1, and is partly covalent in the nature
when the ratio falls between 0.5 and 1 [50]. Table 3 shows
that Ggep is smaller than |Vgcp|, SO Hacp Value is a small
negative number. On the other hand, the Vzchp values at the
X-:N BCPs are positive, and -Ggcp/Vpgcp Vvalues are
between 0.5 and 1 au. This means that the halogen-bonded
interactions are partly covalent in these complexes. As
reported in Table 3, the values of pgcp, V2pgcp, and Ggcp of
(N--X)as/(N--X)gc become larger/smaller and the values of
Vgep, Haep, and -Ggep/Vpcp Of (N--X)ag/(N--X)gc become
smaller/larger by increasing the electron-withdrawing power
of the substituent and the atomic number of halogen. These
results indicate that the stronger (N--X)ag bonds with the
higher covalent characters are accompanied by the weaker
(N---X)sc bonds with lower electrostatic properties. The
covalent character of the (N---X)ag interactions is dominate
where Y is an electron-donating substituent and the
electrostatic character of the (N--X)gc interactions is
dominate where Y is a weak electron-withdrawing or an
electron-donating substituent.

Figures 6a and 6b present good linear relationships
between the p(N-X)ag - Vsmin and p(N--X)gc - Vsmax
pairs. As can be seen, the higher Vs nax Values around the X
atom are accompanied with the higher pgcp values at the
(N-~X)sc BCPs and stronger XBs. The more negative
values of Vs nmin around the nitrogen atom result in stronger
(N---X)ag interactions. Figures 6¢ and 6d show relationships
between the -Gpcp/Veep and the Vsmax and Vsmin values
around the X and N atoms, respectively. The larger Vs max
and the lower Vs i, values correlate with the lower values
of -Ggcp/Veep- S0, the relationships show that the
topological properties such as pgcp, Ggcp and Vgcp, and the
electrostatics potential play important roles on the
estimation of the nature of these interactions.

In addition to the above mentioned topological
properties of electron density, the AIM dual-parameter
analysis [50] is also used to evaluate and classify weak to

strong interactions using the behavior of Hgcp Vversus
Vzchp. In this method, interactions with vzchp > 0 and
Hgcp < O fall in the intermediate region between shared-
shell (VZpBCp < 0 and Hgcp < 0) and pure closed-shell
interactions (VZpBCp > 0 and Hgcp > 0), where electrons at
BCPs are stabilized but not locally concentrated. Herein, the
plot of H (N--X) versus V?p (N--X) for both N--X
interactions falls in the fourth quadrant (see Fig. 7), and all
N---X interactions are proposed to be in the area between
shared-shell and pure closed-shell interactions, where the
shared-shell nature increases with the electron-withdrawing
groups.
Within the framework of the QTAIM, the L(r) = -1/4 V*p(r)
at the (3,+1) CP is particularly interesting to study the
nature of XB because its topology shows local charge
concentration (CC) and charge depletion (CD) zones as L(r)
> 0 and L(r) <0, respectively [51,52]. Herein, r is the radial
distance from the nucleus to a free spherical atom. The
presence of a region of CD at the (3, +1) CP of the L(r)
function corresponds to the positive c-hole in the direction
of the halogen bond interaction [53]. This result is in
accordance with Politzer’s observation about the existence
of the c-hole, a site of CD in the direction of XB interaction,
which arises from the decrease of the electronic population
along the N---X direction [54].

In the present work, the p(rhoie) Values at the (3, +1) CPs
of L(r) function were calculated within the range of 0.0278-
0.1772, 0.0405-0.0813 and 0.0414-0.0711 au for
YCsHsN-+Cl---NCsHs, YCsHsN-+-Br--NCsHs,
YCsH4N-1-NCsHs, complexes, respectively. Comparing
the p(rnoe) Values with the corresponding Vsma Values
(Table 1) shows that the greater Vsms (or lower Vg min)
values outside each halogen atom are accompanied by the
greater p(rnole) Values.

Non-covalent Interaction (NCI) Index

The NCI index introduced by Yang and co-workers [55-
57] provide evidence for the existence of non-covalent
interactions, based on the relationship between p and the
reduced density gradient s [58-60]
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The NCI analysis is an efficient way to assess the
characteristics of the halogen bonds and the location of
pairwise atoms connected along the bond path [9]. In
QTAIM, the value of p is used to estimate the strength of an
interaction [61], while the second density Hessian
eigenvalue (A,) is widely used to investigate different types
of non-covalent interactions [30]. According to the
definition of Yang and co-workers [55-57], the large value
of p and A, < 0 indicate an attractive interaction and the
large value of p and A, > 0 implies a nonbonding
interaction. Also, a negative A, in NCI region corresponds
to a location near to the intermolecular BCP, while a
positive A, corresponds to the ring or cage critical point. For
example, Fig. 8 shows a graph of the reduced gradient (s)
vs. sign (App for the O,NCsHsN--I:-"NCsHs and
CH30CsH4N--1--*“NCsHs complexes. On the basis of the
scatter plots, low-gradient peaks at low-densities (-0.010 to
-0.020 a.u.) indicate the weak non-covalent interactions,
which correspond to XB. In the O;NCsH4N---1--NCsHs and
CH3;0CsH,4N--1---“NCsHs complexes, the characteristic peaks
directed toward the sign

(A2)p values of -0.017 and -0.011, respectively, i.e., the
XB interaction in O,NCsH;N--I---NCsHs is stronger than
CH3;0CsH4N--1--*NCsHs complex. Two principal peaks in
Figure 8, where sign (A2)p > 0.010, reflect strong steric
repulsion and correspond to the non-bonded overlap at the
center of rings. Also, Fig. 8 displays the low-gradient
isosurface for the O,NCsHyN---1---NC5Hs and
CH3;0CsH4N--1--*“NCsHs complexes that agrees with the
analysis of the scatter plots.

In the NCI plot, the strength of interaction is identified
through color codes: red color indicates strong repulsion,
green stands for weak interaction, and blue color signifies a
strong attraction such as halogen bonding. The computed
NCI regions show that in the midway between the halogen
and nitrogen atoms, there is a blue and a red disk isosurface.
Electron-withdrawing substituents increase the electrostatic
properties and density depletion of (N--1)ag bond relative to
(N--1)gc by enhancement of nucleophilicity of the Lewis
base (nitrogen atom). Mutually, by reducing the
nucleophilicity of the nitrogen atom, electron-donating
substituents increase the electrostatic properties and density
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depletion of (N-I)sc bond relative to (N-+1)ag.

NBO-Based Analysis

Some properties of the halogen bonds can be
investigated by the natural bond orbital (NBO) analysis. The
data supplied in Table 4 present the most important donor-
acceptor orbital interactions and corresponding second-
order perturbation stabilization energies E® as well as the
amount of total charge transfer (CT) from electron donors A
and C (see Fig. 3) to the halogen atom. The most important
orbital interaction is between the nitrogen lone-pair (LP)
orbital and the halogen LP* in the complexes, denoted as
LP (N) — LP*(X) (X = Cl, Br, ). The E® value shows the
tendency of the electron-donor to interact with the electron-
acceptor, and will allow us to quantitatively evaluate the
charge transfer involved in the formation of the halogen
bond.

That orbital interaction, which is affected by
substituents, plays an important role on the nature of
halogen bonds in the complexes. The LP(A) — LP*(X)
orbital interaction is stronger than LP(C) — LP*(X) in the
presence of electron-donating substituents, so the electron-
donating substituents decrease the electrostatic nature of
(N---X)ag bond relative to (N---X)gc. The charge transfer
gradually increases with the increase of the polarizability of
halogen, in agreement with the interaction energies.

The CT wvalue in the CgHsN--Cl---NCsHs,
CsHsN--Br--*NCsHs and CsHsN--1--*“NCsHs complexes are
equal to 0.2849, 0.3932 and 0.5002 (a.u.), so the stronger
interaction is accompanied by the higher charge transfer
from the electron donor subunit to the halogen atom. As
shown in Table 4, the E® value of the LP(N) — LP*(X)
interaction increases with the increase in the polarizability
of halogen from Cl to | in the complexes. Also, the results
of NBO analysis indicate that the E® value decreases with
the increase in the polarizability of the halogen atom.

CONCLUSIONS

The results of quantum mechanical calculations on a
series of [N---X--N]*-type XBs in the YCsH4N--X--NCsHs
(Y = NO,, CN, H, CH;, OCHs;, OH, NH,, X = ClI, Br, 1)
ternary complexes can be summarized as follow:

(1) The electron-withdrawing/donating  substituents

12

Table 4. The LP(N) — LP* (X) Donor-Acceptor
Interaction Energies E® in kcal mol™ and
Charge Transfer (CT, e)

E® CT x 10

AB BC (a.u.)
Cl
H 258.12 258.12 2.849
NH, 217.28 199.61 2.759
OH 277.89 228.55 2.834
OCH, 247.83 217.83 2.804
CH; 273.76 216.92 2.835
CN 195.63 256.29 2.876
NO, 147.13 404.73 2.935
Br
H 197.16 197.16 3.932
NH, 250.28 157.91 3.863
OH 212.15 185.30 3.918
OCH, 226.39 174.02 3.903
CH; 214.19 183.01 3.914
CN 163.24 231.33 3.980
NO, 151.67 244.05 4.000

I

H 148.62 148.62 5.002
NH, 178.29 127.87 4.917
OH 157.35 142.56 4.979
OCH, 164.57 136.97 4.962
CH; 157.52 141.78 4.978
CN 163.24 231.33 3.980
NO, 123.16 171.16 5.078

decrease/increase the maximum positive electrostatic
potential (Vsmax) and the minimum negative electrostatic
potential (Vsmin), changing the strength and the nature of
halogen bonds in these complexes.

(2) The electron-withdrawing groups of the YCsHy4N
unit enhance the strength of the (N---X)ag bond and increase
its covalent nature. Those groups weaken the strength of the
(N--X)gc bond and increase its electrostatic nature. The
reverse is true for the electron-donating substituents.

(3) Very good linear correlations are observed between
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Vsmax (Or Vsmin) and the N--X bond length, individual
interaction energies E(N---X), topological properties (pgcp,
Vzp(r), Ggcp, and Vpep), and Hammet constants o.

(4) The nature of halogen bonds in the three-center four-
electron complexes is determined through inductive and
resonance effects of substituents.
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