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Abstract Calculation predicted the interacting forms of
halopentafluorobenzene C6F5X (X=F, Cl, Br, I) with
triethylphosphine oxide which is biologically interested and
easily detected by 31P NMR. The interaction energy and
geometric parameters of resultant halogen or π-hole bonding
complexes were estimated and compared. Moreover, the
bonding constants were determined by 31P NMR. Both theory
and experiments indicated the C6F6 and C6F5Cl interact with
triethylphosphine oxide by π-hole bonding pattern, while
C6F5I by halogen/σ-hole bonding form. For C6F5Br, two
interactions are comparative and should coexist competi-
tively. The calculated interaction energies of σ-hole bonding
complexes, −5.07 kcal mol−1 for C6F5Br⋯O=P and −8.25
kcal mol−1 for C6F5I⋯O=P, and π-hole bonding com-
plexes, −7.29 kcal mol−1 for C6F6⋯O=P and −7.24 kcal
mol−1 for C6F5Cl⋯O=P, are consistent with the changing
tendency of bonding constants measured by 31P NMR, 4.37,
19.7, 2.42 and 2.23 M−1, respectively.
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Introduction

During recent decades, various new intermolecular specific
interaction forces have been paid attention besides conven-
tional van der Waals force and hydrogen bond. Halogen bond
or named σ-hole bond is the typical example of those new
noncovalent and directional interaction forces and has become

a hot topic in recent decades [1–8]. The weak interactions
involving aromatic π-systems include π-π stacking [9–16],
cation-/anion-π interaction [17–21], and so on, which exist
widely in biological fields and their importance appears in-
creasingly inmaterials science andmolecular recognition. The
investigation shows the ions usually tend to interact with the
center of benzene ring by electrostatic force in cation-π and
anion-π models [22, 23]. It is noteworthy that changing the
substituents on the aromatic rings should make the interaction
pattern relative to π-system dramatically changed, e.g., from
cation-π interaction to anion-π interaction [21]. Fluorine
atoms as one of the classical strong electron-withdrawing groups
could decrease the π-electron density of the substituted benzene.
The positive electrostatic potential region on both sides perpen-
dicular to aromatic ring plane of halopentafluorobenzenes ap-
pears, named asπ-hole [24], which resembles closely the termπ-
hole proposed by Politzer et al. [25–27] in inorganic and
nonconjugated molecules, while the positive electrostatic poten-
tial region on halogen atom along the expanding direction of C-
X axial, named as σ-hole [7, 8, 25–27]. Both σ-hole and π-hole
[24] appear simultaneously as fluorine congeners with larger
radius, chlorine, bromine and iodine atoms bind to benzene rings.
The electrostatic attraction interaction between the σ-hole or π-
hole [24] and electron-rich group/site is defined as σ-hole bond/
halogen bond [7, 8, 25–29] or π-hole bond [24]. Importantly, σ-
hole bond can also involve groups IV-VI besides halogens [26,
28]. In the case of halopentafluorobenzenes, both σ-hole and π-
hole bonds with negative site are possible and they should be
competitive or cooperative.Ma [30] and Zhang et al. [31] studied
the interactions between the halopentafluorobenzenes and sol-
vents by 13C NMR combining with computational chemistry.
They noticed that changing trends of 13C NMR chemical shift of
chloro- and bromopentafluorobenzenes with Lewis basic solvent
(C6D6, etc.) were similar with that of perfluorobenzene (moving
to higher frequency, or lower field), which was different from
iodopentafluorobenzenes (moving to lower frequency, or higher
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field). So, they concluded by combining calculation that halogen
bonding occurs between iodopentafluorobenzenes and solvent
molecules, while π-hole bonding occurs between other
halopentafluorobenzenes or perfluorobenzene and solvent mol-
ecules. The competition or cooperation between halogen bond
andπ-hole bond should be significant inmaterials engineering or
molecular recognition.

At present, the interaction of halopentafluorobenzenes with
triethylphosphine oxide is studied by calculation and 31P
NMR spectroscopy in inert solvent. Triethylphosphine oxide
as σ-hole or π-hole bonding acceptor may be significant in
biological fields due to the possible intermolecular interaction
participated by O=P group, and also the easy detection of 31P
NMR. It is expected to explore the relationship between σ-
hole/halogen bond and π-hole bond using triethylphosphine
oxide as acceptor. Based on the calculation of geometric
parameters, interaction energy, cooperative energy of the
bonding complexes combining with 31P NMR spectroscopy,
the conclusion is reached that π-hole bond is dominant in
hexafluorobenzene and chloropentafluobenzene, σ-hole bond
is dominant in iodopentafluorobenzene, σ-hole and π-hole
bond interactions may coexist for bromopentafluorobenzene.

Computational and experimental details

Computational

All calculations were carried out with GAUSSIAN 09 quan-
tum chemistry package in the electronic ground state using
ωB97XD/AUG-CC-PVDZ of dispersion-corrected density
functional theory (DFT-D) [32–34] with the 6-311++G** basis
set for H,C, F, P, O, Cl, Br atoms and pseudopotential basis set
LANL2DZdp for I atom (https://bse.pnl.gov/bse/portal).

The steered molecular dynamic (SMD) model was used to
simulate solvation effect of n-hexane [35]. All molecules were
optimized in energy and structure.

The interaction energy (ΔE ) of σ-hole or π-hole com-
plexes was obtained as the difference between the energy of
the optimized complex and the sum of the total energies of the
optimized monomers: ΔE =EAB− (EA+EB). The trimers
were treated as dimers to calculate interaction energy, that is,
the energy of σ-hole bonding in trimer was obtained as the
difference between the energy of trimer and the sum of the
total energies of trimethylphosphine oxide and π-hole bond-
ing complex. Similarly, the energy of π-hole bonding in trimer
was obtained as the difference between the energy of trimer
and the sum of the total energies of trimethylphosphine oxide
andσ-hole bonding complex. The cooperative energy (ΔEcoop)
was the energy change of σ-hole or π-hole bond due to the
introduction of π-hole or σ-hole bond, which was obtained as
the difference between the sum of energies of σ-hole and π-hole
bonding in dimer and in trimers. Triethylphosphine oxide was

replaced by trimethylphosphine oxide in order to reduce the cost
of computation.

Reagents and instruments

Triethylphosphine oxide, 97 %, was purchased from Sigma-
Aldrich Co. (Shanghai). Diphenylphosphinyl chloride, 98 %,
was purchased from Alfa Aesar Co. (WardHill, MA, USA) The
extra-dried n-hexane, 98 %, was purchased from Acros Organic
Co. Perfluorobenzene, 99%,was purchased fromAlfa Aesar Co.
(WardHill, MA, USA). Chloropentafluorobenzene, 99 %, was
purchased fromMatrix Scientific Co. Bromopentafluorobenzene
and iodopentafluorobenzene, all 99 %, were purchased from
ABCR Co. (Karlsruhe, Germany). All other non-extra-dried
reagents were treated by calcined 3 Å molecular sieves.

31P-NMR spectra were collected on a Bruker Avance III
(Bruker Corporation) 400 MHz spectrometer under static and
2.5 mm magic-angle spinning (MAS) conditions at 298 K. The
preparation of all samples was performed in a glove box under
nitrogen atmosphere. The sample and external standard
(C6H5)2POCl were added to the external and inner tubes,
consisting of a 5mm coaxial NMR tube. The proton decoupling
method was used during the measurement to ensure accuracy
and sensitivity; themeasurements used a scanning number of 32
and an experimental temperature of 25 °C. All experiments
were repeated twice.

The determination of binding constants by 31P NMR

The n-hexane solution of 0.1 mol L−1 triethylphosphine oxide
was prepared. Different amount of halopentafluorobenzene
was directly dissolved in 0.1 mol L−1 triethylphosphine oxide
solution to obtain a series of mixed solution with certain molar
ratio, from 0 to over the stoichiometry.

Changes in the chemical shifts of 31P-NMRwere employed
to determine the binding constant Ka by Hughes’s method
[36], given the σ-hole/π-hole bond donor form 1:1 complex
with acceptor.

Δδ ¼ δmax−δ0ð Þ C½ �= D½ �0
� � ð1Þ

where Δδ is the observed change in chemical shift, (Δδ),
δmax refers to the maximum change of chemical shift as the
formation of σ-hole/π-hole bonding complex, δ0 represents
the chemical shift of 0.1 mol L−1 O=PEt3 monomer in n-
hexane, [D]0 equals to O=PEt3 concentration, 0.1 mol L−1

and [C] is determined as solution of the quadratic (2):

C½ �2 þ − D½ �0− A½ �0−1=Ka

� �
C½ � þ D½ �0 A½ �0 ¼ 0 ð2Þ

where [A]0 refers to halopentafluorobenzene concentration,
Ka is binding constant. Nonlinear curve-fitting of the experi-
mental Δδ vs [A]0 to the expression (2), from experiments at
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known [D]0 and [A]0, yielded parameters δmax, [C] and Ka.
Curve-fitting was repeated 2–3 times, using different sets of
initial guess values, δmax, [C] and Ka, for these parameters,
yielding stable values in all cases.

Results and discussion

The molecular surface electrostatic potentials

Haloperfluorobenzenes are one kind of excellent halogen bond-
ing donors, for example, 1,2- or 1,4-diiodotetrafluorobenzene
has been used widely in crystal engineering [24, 37–40]. Fig-
ure 1 shows the calculated electrostatic potential surface of
benzene and several haloperfluorobenzenes. Due to strong
electron-withdrawing substituent, fluorine, Cl, Br and I on ben-
zene ring display a positive electrostatic potential region, i.e., σ-
hole [7, 8, 25–27, 41], in halopentafluorobenzenes. Moreover,
the negative electrostatic potential region (o: −17.2 kcal mol−1)

on both sides of benzene becomes the positive one as F is the
full substituent due to the reduction of electron charge density,
i.e., π-hole [24].

In perfluorobenzene or all halopentafluorobenzenes, there is
noσ-hole on F atom, thus F can not act as a donor to participate
in halogen bond. However, the area and the maximum value
(V s,max) of positive surface electrostatic potential region on
halogen atom increases gradually from Cl, Br to I atom as
the increase of atomic number, atomic radii and polarizability.
As shown in Fig. 1, the V s,max is 19.3 kcal mol−1 in C6F5Cl,
27.5 kcal mol−1 in C6F5Br and 37.9 kcal mol−1 in C6F5I. On
the other hand, π-hole has the V s,max at the center, 22.4 kcal
mol−1 for C6F6, 21.4 kcal mol−1 for C6F5Cl, 20.6 kcal mol−1

for C6F5Br and 18.7 kcal mol−1 for C6F5I, respectively. The
decrement order of the maximum surface electrostatic potential
of π-hole obeys the reversed order of electron-withdrawing
ability of halogen atoms.

It can be seen from the calculated electrostatic potential
that perfluorobenzene has solely π-hole, so it forms π-hole

Fig. 1 Electrostatic potential surface of halopentafluorobenzenes computed at ωB97X-D/6-311++G**/LANL2DZdp level

Fig. 2 Fully optimized structures
of σ-hole and π-hole bonding
dimer and trimer complexes
between
halopentafluorobenzenes and
trimethylphosphine oxide
simulated at ωB97X-D/6-311++
G**/LANL2DZdp level
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bond with acceptor. Other halopentafluorobenzenes have both
π- and σ-holes. The V s,max (19.3 kcal mol−1) of σ-hole for
chloropentafluorobenzene is less than that of π-hole
(21.4 kcal mol−1), so it can be expected that it forms mainly
π-hole bond with acceptor. While the V s,max of σ-hole for
bromopentafluorobenzene or iodopentafluorobenzene is
greater than that of π-hole, the two should form the σ-hole/
halogen bond with acceptor predominantly or competitively.

Geometric parameters of halogen bonding and π-hole
bonding complexes

The possibility of forming the halogen bonding and π-hole
bonding complexes has been predicted by surface electrostatic
potential of halopentafluorobenzenes. In the following part, the
possible complexes using triethylphosphine oxide as acceptor
are optimized in geometric structure and interaction energy.

Figure 2 shows the optimized structures of the complexes
of halopentafluorobenzenes and trimethylphosphine oxide,
and their geometric parameters are listed in Table 1. It can
be seen from Fig. 2 that oxygen atom in trimethylphosphine
oxide can interact with the center of π-hole on benzene ring to
form π-hole bond complex, which is consistent with the
maximum position of surface electrostatic potential at the
center of benzene ring of halopentafluorobenzene. Table 1
shows the distance from oxygen atom to the π-hole center-o
is ca . 2.9 Å, 13.9 % shorter than 3.37 Å, the sum of their van
der Waals radii (O 1.52 Å and the half of ring thickness
1.85 Å). As halogen atomic radius becomes greater and
electron-negativity becomes smaller, the surface electrostatic
potential at center-o becomes smaller, while the distance from
oxygen atom to the π-hole center-o becomes longer, indicat-
ing the strength of π-hole bond weaker. In addition, the
oxygen atom stands almost perpendicularly above the center-
o with very small tilt due to steric effect of triethylphosphine
oxide. The angle ∠P=O-o is ca . 120° which is dependent on
the orbital direction of lone electron pairs of oxygen atomwith
respect to aromatic plane.

As stated above, any fluorine atom in C6F6 has no possi-
bility to form σ-hole bond (halogen bond) due to no σ-hole on

fluorine atom. However, as polarizability of halogen atoms
become stronger from chlorine to iodine, the ability to produce
σ-hole becomes stronger leading to sequent stronger σ-
hole bond (halogen bond). Figure 2 shows geometric
structures of the halogen bonding complexes between
halopentafluorobenzenes and trimethylphosphine oxide.
Table 1 indicates that the bond length of Cl⋯O, Br⋯O
and I⋯O in dimers is 2.836 Å, 2.792 Å and 2.755 Å,
respectively. They are 13.3 %, 17.2 % and 21.3 % shorter
than the sum of van der Waals radii of relative interacting
atoms. In terms of the change tendency of bond length,
the halogen bond becomes stronger from chloropenta-
fluorobenzene, bromopentafluorobenzene to iodopenta-
fluorobenzene. In addition, halogen bond appears to have
good linear directionality, ∠C-Cl⋯O=174.3°, ∠C-Br⋯O=
178.0° and ∠C-I⋯O=178.7°.

Above optimized structural data show the possibility of σ-
hole bonding and π-hole bonding complexes, which agrees
with the conclusion from analyzing surface electrostatic po-
tentials. However, for C6F5Cl, C6F5Br and C6F5I, both σ-hole
and π-hole bonds are possible. So, it is assumed that σ-hole
bond and π-hole bond could take place simultaneously to
form the trimer complex (vide Fig. 2). The optimized struc-
tural parameters of trimer complexes were listed in Table 1.

Table 1 Key geometric parame-
ters of dimer and trimer com-
plexes of σ-hole and π-hole
bonds

Parameters π-hole bonding complexes σ-hole bonding complexes

C6F6 C6F5Cl C6F5Br C6F5I C6F5Cl C6F5Br C6F5I

do/X⋯O/Å dimer 2.906 2.927 2.932 2.957 2.836 2.792 2.755

trimer 2.928 2.966 2.986 2.847 2.824 2.798

∠C-o /C-X⋯O/° dimer 84.8 85.0 88.3 93.7 174.3 178.0 178.7

trimer 86.1 93.8 88.3 166.1 178.5 178.7

∠P=O⋯o /X/° dimer 123.4 120.3 119.6 123.5 122.6 128.8 130.4

trimer 123.1 125.1 128.0 104.2 126.3 124.7

Table 2 Interaction energies (in kcal mol−1) of σ-hole and π-hole bond-
ing complexes in solution

Complexes ΔE ΔEcoop

π-hole bond σ-hole bond

C6F6⋯O=PMe3 dimer −7.29 / /

C6F5Cl⋯O=PMe3 dimer −7.24 −3.37 2.23

C6F5Cl⋯(O=PMe3)2 trimer −6.09 −2.29 /

C6F5Br⋯O=PMe3 dimer −7.19 −5.07 1.18

C6F5Br⋯(O=PMe3)2 trimer −6.63 −4.45 /

C6F5I⋯O=PMe3 dimer −6.79 −8.25 2.53

C6F5I⋯(O=PMe3)2 trimer −5.53 −6.98 /
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Compared with practical dimer, the bond lengths of σ-hole
bond and π-hole bond in trimer are longer. In terms of bond

length change, it implies that two interactions are competitive.
One can decline or destruct another one.
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Interaction energies and cooperative energies

Interaction energy is another important parameter to charac-
terize the bonding strength. Herein, the large basis sets have to
be used to eliminate the basic set superposition error (BSSE)
because the counterpoise method could not be used to correct
the BSSE in calculating interaction in solution using SMD
model. The interaction energies calculated by ωB97X-D with
mixed base sets 6-311++G**/LANL2DZdp are listed in
Table 2.

In terms of π-hole bond, interaction energy of π-hole bond-
ing complex decreases gradually as decrease of electron-
withdrawing ability from F, Cl, Br to I. But the change range
in energy is not large. For example, for C6F6, the π-hole
bonding energy is −7.29 kcal mol−1, while −6.79 kcal mol−1

for C6F5I, only change 0.5 kcal mol−1. The results should be a
sequency of little change in surface electrostatic potential of π-
hole from C6F6, C6F5Cl, C6F5Br and C6F5I as mentioned
above. So, the distance between O to the center-o shows small
change range, 0.051 Å.

In terms of σ-hole bond, i.e., halogen bond, it can be seen
from Table 1 that both the halogen bonding energy and length
of O to X (X=Cl, Br, I) in dimer show larger change range, for
example, −3.37, −5.07 and −8.25 kcal mol−1 for
C6F5Cl⋯O=P, C6F5Br⋯O=P and C6F5I⋯O=P, respectively,
the change range in energy is 4.88 kcal mol−1. The change
range of distance between O to the σ-hole center-o is 0.081 Å
from C6F5Cl to C6F5I. So, the change in geometer parameters
reflects the change of surface electrostatic potential of σ-hole
and ability of halogen to form halogen bond.

For C6F6, the π-hole bonding to electron-rich site, halide
ion, lone electron pair or π-system etc., is sole specific inter-
action pattern. However, for C6F5X, both π-hole and σ-hole
bonding patterns to electron-negative site are possible. The
question is that π-hole and σ-hole bonds are cooperative or
competitive? And which one is predominant if competitive?
Firstly, the analysis is carried out by comparing the difference
of surface electrostatic potential at π-hole center-o or σ-hole
and interaction energy in dimer. For C6F5Cl, the difference in
electrostatic potential of π-hole and σ-hole is small (21.4 v.s.
19.3 kcal mol−1), but the difference in interaction energies of
π-hole bond and σ-hole bond is larger (7.24 v.s.
3.37 kcal mol−1). So, π-hole bond of C6F5Cl to O=P is
predominant. For C6F5Br, the electrostatic potential at σ-
hole is higher than that at π-hole, 27.5 vs 20.6 kcal mol−1. It

seems the halogen bond of C6F5Br to O=P is main. However,
the interac t ion energy of π-hole⋯O=P bond is
−7.19 kcal mol−1, being stronger than −5.07 kcal mol−1 of
σ-hole⋯O=P bond. It is believed that the actual interaction
energy of halogen bond of C6F5Br to O=P should be greater,
leading to the two bonds coexisting competitively. For C6F5I,
in terms of electrostatic potential and interaction energy, hal-
ogen bond C6F5I ⋯O=P is preponderant.

Secondly, the calculation on individual interaction energies
of σ-hole bond and π-hole bond as well as the cooperative
energy in trimer (vide Fig. 2) may provide useful information
on the relationship of σ-hole bond and π-hole bond. Table 2
shows that the interaction energies of σ-hole bond and π-hole
bond in trimer are all smaller than that in dimer, meaning the
occurrence of one could weaken or destruct another one. That
is, the two are competitive in present systems. Moreover, it is
noticed that the π-hole bond C6F5Br⋯O=PMe3 in trimer is
stronger than C6F5Cl and C6F5I, −6.63 kcal mol−1 for
C6F5Br⋯O=PMe3, −6.09 kcal mol−1 for C6F5Cl⋯O=PMe3
and −5.53 kcal mol−1 for C6F5I⋯O=PMe3. In all cases, the
positive cooperative energy in trimer,ΔE coop, 2.23 kcal mol−1

for C6F5Cl, 1.18 kcal mol−1 for C6F5Br and 2.53 kcal mol−1

for C6F5I, should indicate the competition of σ-hole bond and
π-hole bond. The declining magnitude of the two bonds or
cooperative energy for C6F5Br is smallest. It may imply for
C6F5Br, the competition of the two bonds is weaker, they
might coexist in solution. It is consistent with the experimental
results as mentioned later.

The determination of bonding constants by 31P NMR

NMR is one of the important methods to investigate the
intermolecular interaction in solution which can be used to
determine the association or bonding constants of supramo-
lecular complexes [4, 30, 31, 42–45]. The change of oxygen
electron density as halopentafluorobenzenes interact with
triethylphosphine oxide can affect the 31P NMR chemical
shift. Here the interaction between halopentafluorobenzenes
and triethylphosphine oxide is studied and bonding constants
are determined by 31P NMR. Compared with previous reports
[4, 30, 42, 43], the difference is that here n-hexane is used as
inert solvent to eliminate the influence of different solvation of
monomer and complex on the 31P chemical shift.

The chemical shifts and the largest value of 31P NMR in n-
hexane as the titration of halopentafluorobenzenes are shown

Table 3 The experimental 31P
NMR data for Et3PO⋯C6F5X:
binding constants, the maximum
31PNMR chemical shift (in ppm)
and correlation coefficient

C6F6⋯OPEt3 C6F5Cl⋯OPEt3 C6F5Br⋯OPEt3 C6F5I⋯OPEt3

Ka/M
−1 2.42 2.23 4.37 19.7

Δδmax/ppm 1.068 0.488 1.586 6.403

R2 0.992 0.992 0.985 0.996
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in Fig. 3. It can be seen that chemical shifts of 31P NMR shift
down field as the titration of halopentafluorobenzenes and the
shift is the largest for C6F5I and smallest for C6F5Cl. The plots
of observed changeΔδ in chemical shift to the concentration
of C6F5X can be fitted by Eqs. (1) and (2) by which the K a is
obtained, as listed in Table 3.

The bonding constant of the complex between C6F6 and
triethylphosphine oxide is 2.42 M−1, while it is 19.7 M−1

between C6F5I and triethylphosphine oxide. Also the largest
values of 31P NMR chemical shift as C6F6 or C6F5X if enough
was added are different, 1.068 vs 6.403 ppm, respectively. So
large difference indicates the interaction form should be dif-
ferent for C6F6 and C6F5I with same acceptor. From the
prediction based on surface electrostatic potentials, C6F6 pro-
duces single π-hole bond with triethylphosphine oxide, and if
C6F5I also produce the π-hole bond, the bonding constants of
the complex should be close to or smaller than that of C6F6
because their π-hole potentials display no remarkable differ-
ence. The fact shows C6F5I produces the σ-hole bond instead
of π-hole bond with triethylphosphine oxide. The results
support the conclusions mentioned above C6F5I produces
the σ-hole bond and its strength is higher than π-hole bond
of itself or C6F6, C6F5I⋯O=P, −8.25 (σ-hole bond) vs
C6F5I⋯O=P −6.79 (π-hole bond) kcal mol−1 or C6F6⋯O=P
−7.29 kcal mol−1, see Table 2.

The bonding constant and the largest changeΔδmax of
31P

by interaction with O=PEt3 for C6F5Cl are all close to C6F6.
Combining the calculation, it is concluded that C6F5Cl also
produces the π-hole bond with O=P the same as C6F6. For
C6F5Br, there are comparative σ-hole and π-hole bonding
ability, the bonding constant of 4.37 M−1 is larger than
2.23 M−1 of C6F5Cl, but much lower than 19.7 M−1 of
C6F5I. So, it should indicate the σ-hole and π-hole bond
coexist in solution competitively.

Conclusions

The perfluorobenzene C6F6 and chloropentafluorobenzene
C6F5Cl interact with triethylphosphine oxide by π-hole bond-
ing pattern, while C6F5I by halogen/σ-hole bond. For C6F5Br,
two interactions are comparative and should coexist compet-
itively. The calculated interaction energies of σ-hole and π-
hole bonding complexes are consistent with the changing
tendency of bonding constants measured by 31P NMR. The
electrostatic interaction, polarization and dispersion contribute
to the halogen/σ-hole bond, while π-hole bond is mainly
driven by electrostatic interaction. The investigation should
be significant in research on interaction involved in aromatic
systems, especially the systems with π-hole, also in under-
standing the stability of biological structure and anion recog-
nition, and so on.
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