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Abstract

A series of interatomic interactions interpretable as halogen bonds involving I...1, I...0, and I...C(7), as well as the noncovalent
interactions I...H and O...O, were observed in the crystal structures of trans-1,2-diiodoolefins dimers according to ab initio
calculations and the quantum theory of “atoms in molecules” (QTAIM) method. The interplay between each type of halogen
bond and other noncovalent interactions was studied systematically in terms of bond length, electrostatic potential, and interac-
tion energy, which are calculated via ab initio methods at the B3LYP-D3/6-311++G(d,p) and B3LYP-D3/def2-TZVP levels of
theory. Characteristics and nature of the halogen bonds and other noncovalent interactions, including the topological properties of
the electron density, the charge transfer, and their strengthening or weakening, were analyzed by means of both QTAIM and
“natural bond order” (NBO). These computational methods provide additional insight into observed intermolecular interactions
and are utilized to explain the differences seen in the crystal structures.
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Topological properties

Introduction

Halogen bonds have recently been extensively studied as they
play an essential role in medicinal chemistry [1, 2], molecular
recognition [3], material science [4, 5], and crystal engineer-
ing [6-8]. Halogen bonds are noncovalent interactions be-
tween an electrophilic region of a halogen and a nucleophile
[9, 10]. These interactions actually cover a range from very
weak to fairly strong depending on the nature of the halogen,
its environment, and the nature of the negative site. Halogen
bonds can schematically be depicted R—X---Y, where X is a
halogen (typically I, Br, Cl, and rarely F), and Y is defined as
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the halogen bond donor [11, 12]. X acts as an electron accep-
tor for the interaction, whereas Y is typically an electron-rich
0O, N, S, or Y—donor functional group (e.g., m—electron sys-
tems or aromatic surfaces). A halogen atom may be covalently
bound to one or several atoms and can additionally form one
or several halogen bonds simultaneously [9, 13, 14].

Halogen bonds have similarities with hydrogen bonds and
involve the same mechanisms [15]. In 2008, Metrangolo et al.
summarized the similarities and differences between halogen
bonding and hydrogen bonding complexes [6]. Kirk et al.
investigated the competition between hydrogen bonding and
halogen bonding for the (Y = Cl, Br, I, At)/halogenabenzene/
NH; systems and concluded that hydrogen bonding has an
advantage when the halogen is CI, while halogen bonds tend
to be formed when the halogen atom Y =1 [16]. Halogen
bonds have been observed in crystal structures containing hal-
ogen atoms [17]. Due to their geometric properties, halogen
bonds are considered efficient tools in designing the structures
of crystals [6, 18]. The concept of halogen bonds in crystal
engineering attracts increasing attention as they can be pivotal
in the stability of crystals [19, 20].

Although halogen bonding was first observed two centu-
ries ago [11], the fundamentals of its nature and its potential
applications in crystal engineering have remained unexplored
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until recently. In most cases reported in the literature, halogen
bonds were studied in cocrystals between two different com-
pounds, one of which being the halogen bond donor and the
other is the acceptor [17, 21]. On the basis of computational
studies, this type of interaction was shown to predominantly
originate from charge transfer and electrostatics [22—24].
Later, the interaction was also found to possess polarization
and dispersion contributions. In 2014, Deepa et al. [25] carried
out a theoretical study of a series of organic crystal structures
containing various halogen bonds and found the strongest
halogen bonds involved iodine as both halogen bond donor
and acceptor. In the following year, Koskinen et al. [26] car-
ried out a detailed study of unexpectedly strong I*...S halogen
bonds in [I(2-imidazolidinethione),]* with the results
supporting the coordinative nature of the halogen bond.
Furthermore, topological properties, vibrational frequen-
cies, interaction energies, and charge transfer in halogen
bond—containing systems have been studied using both
Bader’s quantum theory of atoms in molecules (QTAIM)
[27] and Weinhold’s “natural bond orbital NBO” methods.
A series of important studies are through QTAIM theory
[28-31]. Clark et al. [32] calculated the electrostatic potential
of the series of molecules CF;X (X=F, Cl, Br, and I) and
found that the three unshared pairs of electrons produced a
belt of negative electrostatic potential around the central re-
gion of the X atom (except for F), leaving the outermost re-
gion positive, which designated the “o-hole.” They also dis-
covered that the strength of the o-hole depends on the nature
of the halogen atom. The more polarizable and the lower the
electronegativity of the halogen atom, the more positive the o-
hole. Thus, the interaction strength of halogen bonds increases
in the order of F < Cl < Br < I. It is the o-hole that allows the
halogen atom to form a halogen bond with a Lewis base [33]
and that makes the A...X-R angle tend towards a linear con-
figuration [15]. In 2010, Zeng et al. [34] comparatively ana-
lyzed the properties of halogen bonds and hydrogen bonds by
QTAIM calculations and concluded that the two interactions
were coincident in topological properties. In the following
year, they analyzed halogen bonds between sulfides and
dihalogen molecules and found that electrostatic interactions
played an important role in these halogen bonds [35].

Fig. 1 1,2-Diiodoolefines that
have been studied in this work R
1
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Grabowski [36] calculated the QTAIM characteristics of hal-
ogen bonds, dihalogen bonds, and halogen-hydride bonds. In
2018, Bauza et al. [37] analyzed the interplay between 7t-hole
and lone pair---7/X-H- -7t interactions through QTAIM cal-
culations. In 2019, Benito et al. [38] first reported the
cocrystallization of an adenine derivative which acts as a hal-
ogen bond acceptor; the calculations were carried out via DFT
calculations and the QTAIM method. In 2020, Wzgarda-Raj
et al. [39] investigated several observed types of halogen
bonding interactions in a series of cocrystals in detail based
on QTAIM. In addition to the traditional halogen bonds,
Domagata et al. [40] built a model of a double (+/—)-charge-
assisted halogen bridge for a set of quinuclidine-like cation
derivatives and anions; these charged fragments were ob-
served to form strong halogen bonding complexes, with inter-
action energies high as 100 kcal/mol.

In this work, calculations carried out on new crystal struc-
tures of trans-1,2-diiodoolefins are reported, including nine
monomers and nine dimers. These crystal structures were pre-
viously synthesized by Hettstedt et al. [41] in 2015 (see
Fig. 1). The purpose of this study is to investigate the charac-
teristics and properties of halogen bonds (i.e., I...I, I...0, and
I...C(m), where C(7r) can be aromatic, aliphatic, or acetylenic
m-systems) and other noncovalent interactions such as I...H
and O...0 observed in these crystal structures.

Computational methods

Data for halogen bonds observed in crystal structures of trans-
1,2-diiodoolefins reported by Hettstedt et al. [41] have been
used as references for quantum chemical calculations to ana-
lyze noncovalent interactions. The structures of monomers
and dimers were obtained from the Cambridge Crystal
Structure Database (CCSD). Geometry optimization, molecu-
lar electrostatic potential, and interaction energy calculations
were carried out using the Gaussian09 program package
[42—45]. The DFT-D3 method, which is recommended in
studying noncovalent interactions [46—49], was applied to
the monomer and dimer optimizations. Both Kolar et al. [50]
and Bauza et al. [51] verified that the B3LYP-D3 method

(1) R1=Rz2=Ph

I (2) R1=Ph, R2=Me
(3) R1=Ph, Ro=H
(4) Ry =Ph, Rz =CHy0H
(5) Ry=Ph, Ro=COsMe
(6) R1=Ph, Rz=COEt
R, (7) Ry =Ph, Rz =CH(COEt),

(8) Ri=Rz=COsMe
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combined with the “def2” basis set series can be used to suc-
cessfully examine halogen bonds and the properties of o-
holes. Therefore, the B3LYP-D3/6-311++G(d,p) and
B3LYP-D3/def2-TZVP levels of theory were used to opti-
mize the structures of monomers. Frequency calculations were
run to be sure that the geometry was a potential energy min-
imum (no negative frequencies were obtained). The keyword
“counterpoise” was used for the calculations of corrected in-
teraction energies (AE(AB)) including the inherent basis set
superposition error (BSSE) [52] according to Eq. (1).

AE(AB) = E(A,B)—{E(A) + E(B)} + BSSE (1)

Here, E(AB) is the total energy of dimer AB and E(A) and
E(B) are the energies of monomers A and B, respectively.

The electrostatic potential on the molecular surfaces of all
monomers was analyzed in order to gain insight into the na-
ture and directionality of the halogen bond interactions being
considered herein. The electrostatic potentials were consid-
ered to be an outer contour of the electron density, and were
cut off at the 0.001 au (electrons/bohr ) surface, as proposed
by Bader et al. [53]. The most positive value of the potentials
(the local maximum) is referred to as Vs, max. Natural bond
orbital (NBO) calculations were performed using the NBO 3.1
program [54] as implemented in Gaussian09. The QTAIM
theory was applied to find critical points and these were ana-
lyzed in terms of electron density and the Laplacian. The
topological properties at the bond critical points (BCPs) of
halogen bonds were computed with the program-AIMALL
2000 [55].

Results and discussion
Monomers
Geometries

In the work reported in ref. [41], trans isomers were obtained
for all systems but one: acetal 7, for which a mixture of cis (7a)
and frans (7b) derivatives were formed in the synthetic pro-
cess. Therefore, there are in total nine monomers reported on
in this study. All of their geometries were optimized at the
B3LYP-D3/6-3114++G(d,p) and B3LYP-D3/def2-TZVP
levels of theory. Figure 2 shows the nine trans-1,2-
diiodoolefin structures optimized at the B3LYP-D3/6-311++
G(d,p) level of theory. The C=C bond lengths (the common
part in the nine trans-1,2-diiodoolefin structures) in both the
optimized and crystal structures are listed in Table 1. It can be
seen that the bond lengths of the C=C in the nine monomers
calculated at the B3LYP-D3/6-311++G(d,p) and B3LYP-D3/
def2-TZVP levels of theory are all in good agreement with the
values seen in the crystal structures. Also, there is only a

marginal difference between the C=C bond lengths optimized
at the two levels of theory. Therefore, considering the compu-
tational cost, the B3LYP-D3/6-311++G(d,p) level of theory
was applied to carry out all molecular electrostatic potential
(Vs max) calculations.

Electrostatic potentials Figure 3 shows contour maps of the
electrostatic potential for monomers 1-8. The o-hole of the
two iodine atoms in all nine monomers is positive (see the blue
region in Fig. 3). The Vg ax values for the two iodine atoms
are listed in Table 2. The maximum Vg . value of the nine
monomers is 27.30 kI mol ' for monomer 8. Monomers 5 and
6 had the second and third largest Vg max values of
22.87 kJ mol " and 22.32 kJ mol ! respectively. The Vs max
values for monomers 7(a) and 7(b) are the smallest among all
monomers, which are 14.96 kJ mol ™' and 15.18 kJ molfl,
respectively. Based on a comparison of all the studied mono-
mers, the iodine atom’s chemical environment most strongly
affects the electrostatic potential of iodine’s o-hole.

Dimer
Geometries

Six dimers of diiodoalkene were provided in the experimental
supplementary data of ref. [41], including dimers 2, 3, 5, 6, 7b,
and 8. Each of these dimer structures was partially geometry-
optimized at the B3LYP-D3/6-311++G(d,p) and B3LYP-D3/
def2-TZVP levels of theory. Because the dimers were too
large to be fully geometry-optimized, partial atoms or groups
were fixed to ensure optimization is successful, with the fixed
atoms or groups chosen to be far away from the locations of
the noncovalent bonds (e.g., I...I, I...0, I...C(7), I...H and
0...0) formed. The details of fixed atoms or groups for each
dimer are listed in the Supporting Information. The geome-
tries optimized at the B3LYP-D3/6-311++G(d,p) level of the-
ory are shown in Fig. 4. The noncovalent bond lengths of each
dimer, including the values in crystal structures and the values
calculated at the B3LYP-D3/6-3114++G(d,p) and B3LYP-D3/
def2-TZVP levels of theory, are listed in Table 3. The devia-
tions between the crystal structure values and the values cal-
culated at the two levels of theory are quite small. The average
deviation between the noncovalent bond lengths optimized at
the B3LYP-D3/6-311++G(d,p) level of theory and the values
in crystal structures are 0.123 A, and the corresponding devi-
ation is 0.101 A between the values optimized at the B3LYP-
D3/def2-TZVP levels of theory and the crystal structure
values. Again, the noncovalent bond lengths optimized at
these two levels of theory are similar. Because the electron
charge distribution of the halogen atom is anisotropic, the
halogen can act both as the Lewis acid and as the Lewis base
[56-59]. This is why dihalogen bonds are possible in the 6
dimers.

@ Springer
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Fig. 2 Overview over the
molecular structures of the
compounds. The purple atoms
stand for I, the red atoms are O,
the gray atoms are C, and the
white ones are H

Interaction energies

There are five different types of intermolecular noncovalent
interactions in the six diiodoalkene dimers (see Fig. 4): I...1,
[...0, I...C(m), I...H, and O...0O. Interaction energy is an
important measure of the strength of an intermolecular inter-
action. The interaction energy in the dimers can be regarded as
the energy difference between the dimer and the monomers as
captured via Eq. (1). Table 4 summarizes the interaction en-
ergies of the halogen bonds in the six dimers. All results were
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corrected for BSSE by using counterpoise methods. Naturally,
the effect of BSSE correction is prominent for halogen bonds.
Calculations are carried out for crystal and optimized dimers,
respectively, to explore whether if it is necessary to optimize
the crystal structure geometries.

Of all the dimers shown in Fig. 4, dimer 2 possesses the
smallest number of intermolecular noncovalent bonds: two
halogen bonds of I...I and I...H. Its interaction energies cal-
culated at the B3LYP-D3/6-311++G(d,p) level of theory are
—9.58 kI mol " and — 11.67 kJ mol ' respectively for crystal

Table 1 Bond lengths (A) of

C=C in the nine monomers Monomer  B3LYP-D3/6- B3LYP-D3/def2- Crystal®  Abs. Abs. Abs.

optimized at the B3LYP-D3/6- 311++G(d,p) tzvp dev.1® dev.2° dev?

311++G(d,p) and B3LYP-D3/

def2-tzvp levels of theory 1 1.331 1.326 1.291 0.040 0.036 0.004
2 1.330 1.326 1.247 0.083 0.079 0.004
3 1.327 1.323 1.301 0.026 0.022 0.004
4 1.329 1.325 1.333 0.004 0.008 0.004
5 1.328 1.324 1316 0.012 0.009 0.003
6 1.328 1.324 1.309 0.019 0.016 0.003
Ta 1.338 1.334 1.329 0.009 0.005 0.004
7b 1.330 1.326 1.313 0.017 0.013 0.004
8 1.326 1.322 1.323 0.003 0.002 0.004
Average \ \ 0.024 0.021 0.004

#From Ref. [29]

® The bond length deviations between the values optimized at the B3LYP-D3/6-311++G(d,p) level of theory and

the values in the crystal structures

© The bond length deviations between the values optimized at the B3LYP-D3/def2-tzvp level of theory and the

values in the crystal structures

9The bond length deviations between the values optimized at the B3LYP-D3/6-311++G(d,p) and the values
optimized at the B3LYP-D3/def2-tzvp level of theory, respectively

@ Springer
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Fig. 3 Electrostatic potentials
mapped on the surface of
monomer molecules electron
density (0.001 e au”>). The
electrostatic potential varies from
negative (red) to positive (blue)

and optimized geometries; and the respective values are —
11.7 kJ mol" and — 12.57 kJ mol™" at the B3LYP-D3/def2-
TZVP level of theory. Dimer 3 contains three halogen bonds
of I...I, I...C(m), 12...C27(), and 117...C12(7r). Dimer 3 has
the second highest interaction energy (Table 4) due to the two
strong I...C(7r) noncovalent bonds. Similarly, the I...C(m)
noncovalent bond was also found in dimers 5 and 6; 123...
C11(m) in dimer 5 and I1...C33(71) in dimer 6. Moreover, the
halogen bond of type I...O was found in dimers 5 (12...025)
and 6 (127...03). The respective interaction energies comput-
ed at the two levels of theory are —29.44 kJ mol ' and —

32.02 kJ mol ™" for crystal dimer 5 and —34.19 kJ mol ' and
—31.79 kJ mol™" for the geometry-optimized dimer 5.
Equally, the respective interaction energies computed at the
two levels of theory are —24.59 kJ mol ' and —
26.45 kJ mol ! for crystal dimer 6 and —29.86 kJ mol ' and
—27.00 kJ mol™! for the optimized dimer. The interaction
energy in dimer 7b is also very high because there are five
halogen bonds in dimer 7b: one I...I, one I...C(7), and three
I...H, the details are shown in Fig. 4 and Table 4. The highest
interaction energy occurs in dimer 8, and the corresponding
interaction energies computed at the two levels of theory are —

@ Springer



331 Page6of11

J Mol Model (2020) 26: 331

Table 2 The
electrostatic potential Monomer  [1 (Vs max) L2 (Vs max)
(VS, maxs kJ morl) on
iodine atoms in the nine 1 16.33 16.30
monomers calculated at 2 17.27 17.42
g(edBiLlYpiDi/t fl'31 I+ 5 20.08 19.17
.p) level of theo
P v 4 21.12 19.83
5 22.87 20.45
6 22.32 20.11
Ta 14.96 16.77
7b 15.18 18.81
8 27.30 27.29

1, far away from benzene ring

L, near benzene ring

36.75 kI mol ' and —39.09 kJ mol ', respectively, for crystal
dimer 8, and are —44.55 kJ mol ' and —39.95 kJ mol " for
optimized dimer 8. This dimer has three halogen bonds of I...
0O, I...C(7), and I...H and one O...O noncovalent bond. To
summarize, in Table 4, both the interaction energies (E Int)
and the BSSE energies (E_BSSE) for crystal dimers calculat-
ed at the two levels of theory are very close to the values for
the optimized dimers. Therefore, the properties of halogen

Fig. 4 Organic crystal structures
of the dimers concerned with
intermolecular interactions given
by dotted line

v
o
’*‘a&

o5 o 53
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bonds can be calculated directly using the crystal structures
without geometry optimization.

Natural bond orbital analysis

To better understand the intermolecular interactions, natural
bond orbital (NBO) analysis was carried out to characterize
the weak interactions. Formation of complexes involving
noncovalent bonds is associated with an orbital interaction
between the bonding orbital in the electron donor and the
antibonding orbital in the electron acceptor. Table 5 lists the
second-order perturbation energy (E®) and the charge trans-
fer (Ag) obtained by NBO analysis. Both £ and Aq represent
the transfer from one molecule (donor) to the other molecule
(acceptor) in the six dimers. Owing to the time-consuming
nature of the B3LYP-D3/def2-TZVP level of theory, all
NBO calculations were carried out at the B3LYP-D3/6-
311++G(d,p) level of theory. The second-order perturbation
energy represents the degree of charge transfer from the bond-
ing orbital to the antibonding orbital, which is the degree of
electron delocalization. Ultimately, the second-order perturba-
tion energy allows us to quantitatively evaluate the charge
transfer due to the formation of the halogen bond.
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Table 3 Noncovalent bond
lengths (A) in the six dimers
optimized at the B3LYP-D3/6-
311++G(d,p) and B3LYP-D3/
def2-tzvp levels of thery as well
as the values in crystal structures

Dimer Noncovalent B3LYP-D3/6- B3LYP-D3/ Crystal®  Abs. dev.  Abs. dev.
bond 311++G(d,p) def2-tzvp 1° 2°
2 I1...118 3.886 3.825 3.884 0.002 0.059
118...H38 3.244 3.193 3.166 0.078 0.027
3 12...117 4.426 4.404 4.486 0.060 0.082
12...C27(m) 3.715 3.708 3.573 0.142 0.135
117...C12(m) 3.713 3.706 3.573 0.140 0.133
5 12...123 4.380 4.174 4201 0.179 0.027
12...025 3.108 3.314 3.143 0.035 0.171
123...C11(m) 3.605 3.529 3.372 0.233 0.157
6 11...127 4.328 4.172 4.261 0.067 0.089
127...03 3.429 3.250 3.498 0.069 0.248
I1...C33(m) 3.662 3.504 3.529 0.133 0.025
7b I1...135 4242 4.247 4.265 0.023 0.018
135...C16(m) 3.645 3.688 3.441 0.204 0.247
I1...H53 3.420 3.456 3.683 0.263 0.227
I1...H60 3.159 3.150 3.195 0.036 0.045
I1...H65 3.237 3.249 3.422 0.185 0.173
8 112...033 3.070 3.027 3.005 0.065 0.022
I112...C19(m) 3.770 3.693 3.662 0.108 0.031
130...H9 3.639 3.763 3.763 0.124 0.000
015...032 3.322 3.233 3.233 0.089 0.000
Average \ \ \ 0.123 0.101

2From Ref. [29]

®The halogen bond length deviations between the values optimized at the B3LYP-D3/6-3114++G(d,p) level of
theory and the values in crystal structures

¢ The halogen bond length deviations between the values optimized at the B3LYP-D3/def2-tzvp level of theory
and the values in crystal structures

The results listed in Table 5 show that there is a
positive relationship between the second-order perturba-
tion energy E and the charge transfer Ag in the stud-
ied systems. Due to the centrosymmetry of dimer 3, the
charge transfer from one monomer to another in both
the crystal and optimized dimers is zero. Figure 5

presents the strong linear relationship between Ag and
E@ with the exception of 7b. Dimer 7b forms more ...
H halogen bonds compared to other dimers. The linear
relationship between Ag and E? indicates that charge
transfer is an important factor in the noncovalent bonds
seen in crystal systems.

Table4 Interaction energies (kJ mol ') of the six dimers computed at the B3LYP-D3/6-311++G(d,p) and B3LYP-D3/def2-tzvp levels of theory with

BSSE energy (kJ mol ")

Dimer B3LYP-D3/6-311++G(d,p) B3LYP-D3/def2-tzvp
Crystal Optimized Crystal® Optimized
E_Int E BSSE E_Int E BSSE E Int E BSSE E Int E BSSE
2 - 9.58 0.94 -11.67 1.00 -11.77 0.18 -12.57 0.17
3 -30.37 3.27 -31.04 3.19 -32.13 0.87 -32.16 1.20
5 —29.44 3.06 -34.19 3.25 -32.02 1.31 -31.79 1.22
6 —24.59 2.65 —29.86 3.35 —26.45 0.95 —27.00 1.30
7b —28.12 3.88 —27.52 3.90 —30.41 1.40 —29.86 1.32
8 -36.75 5.00 —44.55 5.84 —39.09 2.10 —39.95 2.16

@ Springer
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Table 5 Natural bond orbital (NBO) analysis at the B3LYP-D3/6-
311++G(d,p) level of theory for crystal and optimized dimers

Dimer Crystal Optimized at the B3LYP-D3/6-311++G(d.p)
E? A E7 Aq

2 1133 0.022 13.08 0.024

3 0 0 0 0

5 0.67  0.006 0.25 0.001

6 438  0.008 5.81 0.005

7b 13.88 0.006 15.80 0.006

8 14.84 0.019 1224 0.018

Topological properties

The topological and energetic properties at the BCPs of the
interactions between the two molecules in the six dimers were
analyzed by comparing the following parameters; the electron
density p(b), the Laplacian of electron density V2p(b), the
kinetic electron energy density Gy, the potential electron en-
ergy density V4, the sum of Gy, and V;, (H,,), and the ratio of Gy,
to V}, (— Gy/Vy). The results are collected in Table 6. A positive
value of V2p(b) implies an interaction between closed shell
complexes; ionic interaction, van der Waals force, or hydro-
gen bonding, while a negative value of Vp(b) indicates a
shared interaction as in a covalent bond [60]. Rozas’s study
[61] concluded that V2p(b) and H;, may be useful in charac-
terization of the strength of interactions. This means that for
weak A...B interactions, where VZp(b)>0 and Hy >0, the
interactions are mainly electrostatic; for medium strength in-
teractions, Wherevzp(b) >0 and H, <0, the interactions are
partly covalent in nature, while strong interactions show
Vzp(b) <0 and H, <0; these are characteristically covalent.
Measures of the covalency in noncovalent interactions include
the kinetic electron energy density G, (positive), the potential

[
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Fd | |
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£
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5
2 6 ™
@
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‘c.-’ 4
E
5 2
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0 0.005 0.01 0.015 0.02 0.025 0.03

Charge transfer (au)

Fig. 5 The charge transfer (au) vs. second-order perturbation energy
(kI mol™)
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electron energy density V. (negative), and the ratio — G/V..
Values of — G./V,>1 generally indicate a noncovalent inter-
action, whereas when — G//V, is < 1, the interaction is cova-
lent in nature. For the dimers investigated here (in Table 6), all
V2p(b) values are positive, the H, values are positive, and the
— G./V, values are greater than 1. This means that these inter-
actions belong to weak interactions of an electrostatic nature.

The electron density, p(b), at the bond critical point is used
to describe the strength of a bond, where the larger the value of
p(b), the stronger the bond. In dimer 2 (see Fig. 5), the inter-
molecular halogen bond of I1...118 is the strongest with
p(b)=0.008 au. In dimer 3, the halogen bonds of 12...
C27(m) and 117...C12(7)) were strongest; their p(b) was
0.007 au. In dimer 5, the 12...025 bond was the strongest with
a p(b) value of 0.01 au. In dimer 6, the I1...C33(7r) interaction
was the strongest and its p(b) was 0.008 au. In dimer 7b, the
135...C16(7r) bond was the strongest and its p(b) was 0.009
au. In dimer &, the 112...033 was the strongest and its p(b)
was 0.015 au. The results concluded from the topological
measures of interaction properties are coincident with the ex-
perimental results reported in Table 3.

Figure 6 presents the regions of electronic concentration
and depletion along each bond in the six dimers; both the

Table 6 Topological properties (au) of BCPs in the six dimers comput-
ed at the B3LYP-D3/6-311++G(d,p) level of theory

Dimer Bond pb)  VPpb) Vy G, H, -Gy
W

2 I1...118 0.008 0.022 —0.004 0.005 0.001 1224
118..H38  0.006 0.017 —0.003 0.003 0.001 1.255

3 12...117 0.003 0.010 —0.001 0.002 0.001 1.422
12...C27(m) 0.007 0.021 —0.003 0.004 0.001 1.270
n7... 0.007 0.021 —0.003 0.004 0.001 1.270

Cl12(m)

5 12...123 0.005 0.015 —0.002 0.003 0.001 1.316
12...025 0.010 0.038 —0.007 0.008 0.001 1.184
23...C11  0.009 0.026 -0.005 0.006 0.001 1.218

6 11...127 0.005 0.013 —0.002 0.003 0.001 1.330
11...C33(m) 0.008 0.021 —0.003 0.004 0.001 1.293
127...03 0.006 0.021 —0.004 0.004 0.001 1.204

7b 11...135 0.005 0.013 —0.002 0.003 0.001 1.322
I35... 0.009 0.025 —0.004 0.005 0.001 1.279

C16(m)
11...H53 0.002 0.007 —0.001 0.001 0.000 1.377
I1...H60 0.005 0.014 —0.002 0.003 0.001 1.255
I1...H65 0.003 0.010 —0.002 0.002 0.000 1.276
8 112... 0.006 0.018 —0.003 0.004 0.001 1.268

C19(r)
112...033 0015 0.048 —0.010 0.011 0.001 1.103
130...H9 0.002 0.006 —0.001 0.001 0.000 1.452
015...032  0.004 0.018 —0.003 0.004 0.001 1212
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contour maps (left) and relief maps (right) of V?p(b) are
shown. The blue points denote BCPs. The blue lines denote
positive Laplacian of electron density, which indicate interac-
tions of an ionic character (e.g., van der Waals or intermolec-
ular interactions), and the red lines denote negative Laplacian
of electron density which indicate covalent bonds. The corre-
sponding values of the Laplacian of electron density are listed
in Table 6. Relief maps provide an intuitive view of the
Laplacian of electron density, the curves above the plane show

Fig. 6 Molecular contour maps
(left) and relief maps (right) of
Laplacian of the electron density
for the six dimers

the positive Laplacian of electron density, and the curves be-
low the plane show the negative Laplacian of electron density.

Figure 7 shows the bond lengths of halogen bonds
(e.g., I...1, I...O, I1...C(mr) in Table 3) and their relation-
ship with electron densities p(b). For the halogen bonds,
the lower the electron density, the longer the bond
length. Therefore, the electron density might serve as a
rough measure to estimate the strength of halogen bond-
ing interactions.
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Fig. 7 Relationship between the halogen bonds lengths (A) and the
electron densities at the BCPs (au)

Conclusions

In this study, ab initio and QTAIM studies were performed
to explore the nature of halogen bonds and some other
noncovalent bonds in a series of crystal structure geometries
of trans-1,2-diiodoolefins. The ab initio calculations were
carried out at the B3LYP-D3/6-311++G(d,p) and B3LYP-
D3/def2-TZVP levels of theory for both crystal and opti-
mized monomers and dimers. Firstly, the calculation results
show deviations between the two levels of theory to be quite
small. Secondly, the computational values for optimized
structures are close to the values for crystal structures.

The reported results provide important information
concerning the physical chemistry of these materials. In par-
ticular, the crystal geometrical architecture and intermolecular
bonding properties were shown to be reproducible with the
calculations. The interaction energy and electron density ap-
pear to be appropriate tools to judge the stabilities of the crys-
tal structures. Quantification of the noncovalent bonding en-
ergy between the molecules in dimers was evaluated both on
the crystal and optimized structures, and the interaction ener-
gies were within 11.67 kJ mol ' and 44.55 kJ mol ' with
B3LYP-D3/6-311++G(d,p). The intermolecular interactions
responsible for the formation of the dimers are weak to mod-
erate in strength, these interactions were clearly of enough
local significance to guide the solid state crystallization pro-
cess. Moreover, for the halogen bonds of type I...1, I...0O, and
I...C(m), there is a strong linear relationship between the elec-
tron densities p(b) and the bond lengths. This confirms the
relationships between electron density and the stability of hal-
ogen bonds.
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