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4 ABSTRACT: The presence of halogen bonds (R−X···B; R = substituent group, X = halogen, and B = Lewis base)
5 provides quite amazing molecular systems for electronic structure investigations, presenting unique characteristics
6 of fundamental relevance to supramolecular chemistry among other areas. Here, we use a double-hybrid approach
7 from Density Functional Theory and triple-ζ basis sets augmented with diffuse functions (B2PLYP/def2-TZVPD)
8 to deal with a large group of simple molecular systems containing halogen bonds (XBs), focusing on geometrical structures, binding
9 energies, harmonic vibrational frequencies, and fundamental infrared intensities. Next, the electron densities and their variations on

10 vibrations are carefully studied with the Quantum Theory of Atoms in Molecules (QTAIM) formalism and the charge−charge flux−
11 dipole flux (CCFDF) model. We notice that the R−X stretching mode usually shows vibrational frequency decrements and infrared
12 intensifications during the XB formation. Such features were also observed in hydrogen bonds, although the explanation for the band
13 strengthening is different. Surprisingly, the most important contribution to these intensity increments due to complexation is now
14 the interaction term between the charge flux and dipole flux (CF × DF). Thus, the use of atomic dipoles is mandatory to fully
15 understand this phenomenon. In fact, the huge charge flux contributions to changes in dipole moment derivatives of R−X
16 stretchings on halogen bonding are no longer accompanied by opposite variations of similar magnitudes in polarizations described by
17 atomic dipole fluxes, which provided nearly unaltered values during the XB formation. Thus, the electronic charge flux direction
18 change that takes place in complexes (from B to R) now reinforces dipole moment derivative terms from such atomic polarizations
19 (mainly from the X atom). This intermolecular charge flux seems to be responsible for the unusual features noticed in the R−X
20 stretching mode with the CCDDF/QTAIM model.

21 ■ INTRODUCTION
22 Halogen bonds (XBs) are attractive interactions (intra- or
23 intermolecular) between a halogen atom (X) bonded within a
24 system (R−X), acting as a Lewis acid, and a Lewis base moiety
25 (B), being schematically represented by R−X···B. The R−X
26 unit is also known as the XB donor, while B is the XB
27 acceptor.1−3 The origin of this interaction is closely linked to
28 the σ-hole concept,4 which is evidenced in the halogen atom
29 due to the formation of a chemical bond with R, although there
30 are some XB complexes presenting features that cannot be
31 simply explained by the σ-hole model.5 This leads to important
32 electrostatic contributions to XBs, although charge transfer and
33 dispersion/polarization effects are also mentioned as relevant
34 factors to understand this kind of interaction.1 Thus, the
35 asymmetry of the electron cloud of the halogen atom involved
36 in a chemical bond is fundamental here.1−3 In fact, large
37 covalent contributions are evidenced in the strongest XBs,
38 which are explained by means of a three-center-four-electron
39 (3c-4e) mechanism due to electronic charge donation from the
40 lone pair of the Lewis base to the unoccupied antibonding σ
41 orbital (σ*) of the R−X moiety,3,6,7 being majorly associated
42 with the charge transfer values observed.3 As a result, the
43 strength of XBs can range from 10 to 200 kJ mol−1.2 The
44 investigations indicated that the forces of XBs or the σ-hole
45 magnitudes tend to increase with the halogen polarizability (F
46 < Cl < Br < I) and when this X atom is bonded to a more
47 electron withdrawing moiety (R).1,2,8 Indeed, halogens bonded

48to some groups with very small electron withdrawing
49capabilities do not present a σ-hole, exhibiting instead an
50electrostatic potential minimum.8

51Nowadays, the XB interactions are gaining more and more
52attention mainly because of their role in the supramolecular
53chemistry area.1,2 However, halogen bonding is obviously
54important in biomolecular chemistry, providing a potential
55path for drug design, and there are many studies for
56applications of these interactions in catalysis and material
57sciences as well.1 Interestingly, XBs are also effective in binding
58anions of solutions or solids, which is linked to the fact that
59anions commonly provide better XB acceptors than neutral
60systems.2 There are a few contrasts between halogen bonding
61and traditional hydrogen bonds (HBs). For example, XBs can
62be stronger and exhibit larger covalent character than HBs in
63comparable complexes.6,7 However, many features of both
64these interactions present remarkable similarities, such as in
65spectroscopic trends, for example.2,9
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66 There are some fundamental studies regarding XBs in the
67 literature that can be mentioned in this work. For example,
68 Anderson et al. analyzed the quite important XB18 and XB51
69 benchmark sets10 and provided corrections to inconsistencies
70 seen in binding energy values of XB51.11 Another investigation
71 was focused on the distinct dimers that may be obtained from
72 the combination between HCN and HX (X = F, Cl, Br, and
73 I).12 Along with the traditional HB interactions, which
74 provided the global minima in all of these systems, the authors
75 also identified competitive minimum structures ascribed to XB
76 complexes and calculated binding energies with accurate
77 treatments.
78 Certainly, as mentioned above, the electron density
79 properties of halogen bonding complexes deserve detailed
80 investigations. Therefore, the Quantum Theory of Atoms in
81 Molecules (QTAIM)13,14 is able of providing a powerful tool
82 for the analysis of electronic structures, furnishing an atomic
83 partition of electric properties, for example. In addition,
84 QTAIM quantities obtained at bond critical points (BCPs) can
85 be quite helpful to these studies, as well, especially in dimers.
86 Thus, atomic charges (q) and atomic dipole components (mx,
87 my, and mz) are available and can be used to achieve the
88 Cartesian components of the molecular dipole moment (μx, μy,
89 and μz). For example,

q z mz
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i i
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i z,= +
90 (1)

91 where the sums are performed for all the i atoms of the
92 molecular system. See that the charges must be multiplied by
93 the position along the axis (zi) to provide dipole moment
94 contributions. Atomic charges weighted by nuclear positions
95 constitute an obvious contribution to dipole moments that
96 refers to electronic charge transfers between atoms as
97 molecular systems are formed. However, atomic dipoles may
98 be quite important to electric properties once these quantities
99 describe atomic polarizations along the formation of chemical

100 bonds. This formally exact electrical decomposition is based on
101 the concept of zero-flux surfaces from QTAIM.13,14 Of course,
102 similar expressions hold for the other components of the
103 molecular dipole moment.
104 The derivatives of eq 1 during the displacement of an atom
105 (a) along the z or x axis provide polar tensor components (p)
106 given by
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109 with analogous expressions for the remaining atomic polar
110 tensor (APT) elements.15 The terms at the right of eq 2 are
111 labeled as charge (C), charge flux (CF), and atomic dipole flux
112 (DF) contributions to pzz(a), respectively, while only charge flux
113 and dipole flux are observed for pzx(a). This provides a quite
114 reliable model for dipole moment derivatives.
115 Certainly, there are equivalent expressions for the dipole
116 moment derivatives in terms of each i normal mode (Qi)
117 achieved by customary matrix transformations from the
118 vibrational analysis on the molecular polar tensor (juxtaposi-
119 tion of APTs),16
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121Notice that the charge term is now weighted by atomic
122displacements in that particular normal mode.
123Thus, the infrared intensity (Ai) for Qi can be obtained with
124the help of quantities achieved by means of eqs 2−4, as
125provided by the charge−charge flux−dipole flux (CCFDF)
126model.15 Therefore, the infrared intensities are readily
127evaluated in terms of charge (C), charge flux (CF), dipole
128flux (DF), and cross products between pairs of these
129contributions (C × CF, C × DF, and CF × DF),
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131where c and NA refer, respectively, to the light speed and
132Avogadro number.17 Hence, more succinctly,
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×

133(6)

134The CCFDF/QTAIM model has being applied to several
135systems, including dimers with hydrogen bonds (X−H···
136Y).18−20 These studies were focused on understanding the
137origin of the large infrared strengthening normally observed in
138the X−H stretching mode due to dimerization, which indicates
139that the charge−charge flux term normally plays a major role.
140In other words, the presence of an HB induces a charge flux
141change in the dimer that is coordinated with the static charge
142movement in this vibrational mode. However, although there is
143some previous research discussing that infrared intensities of
144the R−X stretching are also enhanced on halogen bond-
145ing,21−25 none of these works considered the role of atomic
146dipoles and their fluxes.
147Hence, this study is focused on investigating the XBs in a
148large group of simple systems by means of Density Functional
149Theory (DFT) calculations and QTAIM quantities, with
150special attention to variations in fundamental infrared
151intensities of the R−X stretching mode on complexation by
152means of XB formation. The charge transfer between the
153monomers and descriptors obtained at the BCPs of XBs is also
154evaluated.

155■ METHODS
156Most of the electronic structure calculations were performed
157within the Gaussian 09 package.26 The equilibrium geometries
158were obtained by means of Density Functional Theory (DFT)
159calculations done with the B2PLYP exchange-correlation
160functional27 and def2-TZVPD basis sets,28−30 as retrieved
161from the Basis Set Exchange database.31 Tighter optimization
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162 criteria (opt = tight) and denser integration grids (grid =
163 ultrafine) were selected for these calculations. These
164 equilibrium geometries are collected in Table S1 (see the
165 Supporting Information). In the sequence, wave function files
166 were generated with the appropriate density matrix for the
167 B2PLYP/def2-TZVPD method (density = current)32−35 at the

168equilibrium geometries found previously and also for distorted
169geometries with atomic displacements of ±0.01 Å, which
170requires 6N + 1 (N = number of atoms) calculations without
171symmetry considerations (also using the same denser grid
172mentioned before). Next, these files were used inside AIMAll36

173for attaining atomic charges and atomic dipoles from QTAIM,

Table 1. Some Equilibrium Geometrical Data and Binding Energies (BEs) for the Complexes with Halogen Bonds Investigated
Here (R−X···B) along with the Electron Density at the XB BCP (ρBCP) and the QTAIM Charge Transfer (CT) between
Monomers as Obtained at the B2PLYP/def2-TZVPD Levelf

this work previous investigations

complex
rX···B
(Å)

rR−X
(Å)

θRXB
(deg)

BE
(kcal mol−1)

ρBCP
(a.u.)

CT
(e)a

BE [DLPNO-CCSD(T)/CBS]
(kcal mol−1) rX···B (Å)

θRXB
(deg)

BE
(kcal mol−1)

HCl···Cl− 3.335 1.284 180.0 1.13 0.0094 0.043 1.36
HCl···Br− 3.570 1.283 180.0 0.65 0.0075 0.040 1.04
HCl···I− 3.881 1.282 180.0 0.19 0.0056 0.038 0.58
HBr···Cl− 3.176 1.438 180.0 4.73 0.0155 0.072 4.52
HBr···Br− 3.393 1.436 180.0 3.73 0.0126 0.068 3.73
HBr···I− 3.686 1.433 180.0 2.73 0.0096 0.067 2.61
HI···Cl− 3.078 1.651 180.0 11.02 0.0234 0.112 11.95
HI···Br− 3.285 1.646 180.0 9.17 0.0194 0.111 10.42
HI···I− 3.556 1.642 180.0 7.30 0.0154 0.113 7.84
FCl···Cl− 2.304 1.899 180.0 34.05 0.0831 0.485 29.52 2.334,b 2.316c 180.0c 43.9,b 28.98c

FCl···Br− 2.442 1.913 180.0 31.97 0.0727 0.542 27.99 2.473b 40.5b

FCl···I− 2.595 1.953 180.0 31.28 0.0653 0.648 26.28 2.637b 38.7b

FBr···Cl− 2.435 1.983 180.0 39.34 0.0707 0.412 36.18 2.454b 48.7b

FBr···Br− 2.583 1.989 180.0 36.70 0.0618 0.461 34.15 2.601b 44.7b

FBr···I− 2.755 2.012 180.0 35.05 0.0551 0.547 31.24 2.775b 42.4b

FI···Cl− 2.596 2.092 180.0 43.36 0.0595 0.330 43.56 2.620b 49.8b

FI···Br− 2.757 2.093 180.0 39.95 0.0518 0.372 41.02 2.781b 45.1b

FI···I− 2.950 2.102 180.0 37.22 0.0457 0.441 36.97 2.977b 41.9b

Br2···NCH 2.889 2.309 180.0 3.38 0.0159 0.017 3.12 3.63, 3.61d

Br2···PCH 3.553 2.300 180.0 0.77 0.0074 0.012 1.14 1.18d

BrI···NCH 2.859 2.503 180.0 5.36 0.0211 0.020 5.27 5.31d

ClBr···
NCH

2.807 2.166 180.0 4.14 0.0187 0.022 3.81 4.47d

ClI···NCH 2.783 2.355 180.0 6.28 0.0242 0.024 6.23 6.31d

FBr···
NCH

2.515 1.795 180.0 7.34 0.0339 0.048 6.80 7.61, 7.53d

FI···NCH 2.573 1.950 180.0 9.49 0.0364 0.036 9.67 9.45, 9.33d

HBr···
NCH

3.322 1.421 180.0 0.99 0.0066 0.003 1.30 3.24e 180.0e 1.41,d 1.54e

HI···NCH 3.315 1.612 180.0 1.94 0.0087 0.002 2.27 3.26e 180.0e 2.24,d 2.74e

I2···NCH 2.998 2.689 180.0 3.93 0.0162 0.013 4.26 4.03d

FCl···
NCH

2.550 1.657 180.0 5.01 0.0268 0.041 4.52 4.81d

FI···PCH 3.051 1.936 180.0 2.49 0.0239 0.038 2.89 2.74d

FBr···PCH 3.042 1.781 180.0 1.64 0.0195 0.045 1.62 2.07d

FCl···PCH 3.188 1.643 180.0 0.86 0.0118 0.028 1.04 1.16d

CH3I···Cl− 3.046 2.189 180.0 8.08 0.0251 0.126 9.02
CH3I···Br− 3.253 2.184 180.0 6.38 0.0207 0.124 7.60
CH3I···I− 3.520 2.181 180.0 4.73 0.0166 0.128 5.37
CF3Cl···
Cl−

2.956 1.741 180.0 9.77 0.0204 0.090 10.03

CF3Cl···
Br−

3.165 1.741 180.0 8.33 0.0164 0.085 8.87

CF3Cl···I− 3.444 1.743 180.0 6.80 0.0126 0.081 6.97
CF3I···Cl− 2.825 2.201 180.0 23.37 0.0386 0.203 23.91
CF3I···Br− 3.011 2.200 180.0 20.49 0.0326 0.214 21.51
CF3I···I− 3.244 2.203 180.0 17.61 0.0273 0.235 17.88
aElectronic charge transfer from the XB acceptor (Lewis base) to the XB donor (Lewis acid). bTheoretical values from ZORA-BP86/TZ2P
calculations mentioned in ref 7. cTheoretical values from CCSD(T)/aug-cc-pVTZ calculations mentioned in ref 6. dTheoretical values from
CCSD(T)/CBS and CCSD(T)/AVTZ calculations mentioned in ref 11. eTheoretical values from CCSD(T)/ha5Z calculations mentioned in ref
12. fBE values from DLPNO-CCSD(T)/CBS calculations are also presented.
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174 which are employed in numerical derivative calculations of
175 these quantities with the customary two-point approach.
176 Some complete basis set (CBS) extrapolations of electronic
177 energies obtained by means of the domain-based local pair
178 natural orbital coupled cluster method with single, double, and
179 perturbative triple excitations [DLPNO-CCSD(T)]37,38 were
180 also done within Orca 5.0.439,40 by using the previous
181 B2PLYP/def2-TZVPD equilibrium structures. Hence, def2-
182 TZVPP and def2-QZVPP basis sets are used28 in these
183 calculations along with def2/J, def2/JK, def2-TZVPP/C, and
184 def2-QZVPP/C auxiliary sets.41−43 Self-consistent-field and
185 correlation energy extrapolations are done according to default
186 options, using extrapolation schemes44,45 and exponents46

187 implemented inside Orca 5.0.4.

188 ■ RESULTS AND DISCUSSION
t1 189 Geometries and Binding Energies. As seen in Table 1,

190 the XBs investigated in this study are characterized as linear

191 intermolecular interactions with X···B bond lengths (rX···B)
192 between 2.3 and 3.9 Å, respectively, for FCl···Cl− and HCl···I−

193 complexes. The R−X bond lengths (rR−X) are also displayed in
194 Table 1 for reference. First, one can notice that our B2PLYP/
195 def2-TZVPD calculations exhibit a nice agreement with high-
196 quality theoretical values available for binding energies (BEs)

197and X···B distances,6,11,12 as seen in Table 1. However, the
198ZORA-BP86/TZ2P values found for BEs7 are systematically
199larger than ours. The BEs from the B2PLYP/def2-TZVPD
200results are also in nice accordance with the DLPNO-
201CCSD(T)/CBS values obtained here, with a mean absolute
202deviation (MAD) of 0.93 kcal mol−1. These comparisons
203indicate that our computational protocol is adequate for
204evaluating halogen bonding with a reasonable demand for
205computational resources that allows achieving the posterior
206vibrational calculations and CCFDF/QTAIM partitions. The
207BEs obtained vary from very weak (0.19 kcal mol−1 for HCl···
208I−) to quite strong (43.36 kcal mol−1 for FI···Cl−)
209intermolecular interactions. Hence, the interactions with
210anions as Lewis bases can provide almost insignificant BEs to
211the strongest XBs investigated depending on the donor
212monomer and base efficiency for electronic charge donation.
213In fact, the highest BE values obtained here are those of F−
214X′···X− and F3C−I···X− complexes (X, X′ = Cl, Br, or I).
215Previous investigations stablished that the polarizability of
216the halogen atom directly involved in halogen bonding is
217positively correlated to the strength of these XBs,1,2,8 which
218follows the sequence Cl < Br < I for X as R and B are fixed
219during the analysis, and our BE values are in agreement with
220this trend. In other words, the strongest XBs are expected for X
221= I in each set. Next, again in agreement with the
222expectations,1,2,8 it is possible to notice that the electro-
223negativity of the R group in the R−X monomer is quite an
224important factor to the stabilization of XBs. Hence, the
225strength of XBs follows the sequence H < I < Br < Cl < F for
226R, as X and B are kept the same. Previous studies mention that
227both these factors, larger polarizability of X and increasing
228electronegativity of R, tend to contribute reinforcing electro-
229static and/or covalent stabilization mechanisms of XBs.6,7

230Moreover, the effect of highly electronegative substituents
231attached to R seems to be transferred along chemical bonds as
232well once the −CF3 group results in stronger XBs as compared
233to −CH3, although the direct bonding of X to fluorine still
234provides higher BEs. Finally, interesting features are observed
235comparing the Lewis base effect. For example, the sequence of
236XB strength for anions as bases decreases with ionic radius
237increments, that is, Cl− > Br− > I−. This trend was also noticed
238before, that is, with weaker XBs for anions with smaller proton
239affinities, affecting electrostatic and orbital interaction mech-
240anisms of XB stabilization.7 Moreover, NCH is a more effective
241base than PCH, although both monomers are inferior to
242anions, which agrees with discussions in the literature in terms
243of stronger XBs involving anions as the Lewis base.2 These
244findings suggest that smaller and stronger bases (mainly
245anions) tend to provide a better interaction with the σ-hole.
246Considering these aspects, it is easy to understand why the
247highest BE value in this study is that found in the FI···Cl−
248dimer. As one could anticipate, exploratory B2PLYP/def2-
249TZVPD results for FI···F− predict an even stronger XB, 63.67
250kcal mol−1, while DLPNO-CCSD(T)/CBS calculations
251provide 67.31 kcal mol−1. This is probably the upper limit
252for such interactions with halogen atoms from fluorine until
253iodine.
254 f1Moreover, as seen in Figure 1, there is an overall trend for
255achieving stronger XBs as the electron density at the respective
256BCPs increases, although there are group separations,
257depending on a common donor or acceptor monomer. This
258indirect strength descriptor has been successfully used for
259several chemical bonds and intermolecular interactions, such as

Figure 1. Binding energies versus electron densities at the Bond
Critical Points (BCPs) of the halogen bonds (XBs) obtained at the
B2PLYP/def2-TZVPD level.

Figure 2. Binding energies vs QTAIM charge transfer values between
monomers during halogen bonding obtained at the B2PLYP/def2-
TZVPD level.
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260 hydrogen bonds as well.47 Hence, the electron density values at
261 the BCPs can also be used for the fast evaluation of XBs.
262 However, our results presented in Table S2 (see the
263 Supporting Information) suggest that better linear correlations
264 might be obtained for each pair of X···B atoms involved in
265 halogen bonding, recommending the need for constructing
266 different models to attain more reliable strength predictions of
267 XB interactions. Of course, the number of points in these
268 individual regressions is small to draw a more definitive
269 conclusion.
270 Atomic charges from QTAIM can also be used to evaluate
271 the electronic charge transfer (CT) process that occurs
272 between the monomers during halogen bonding (Table 1).
273 As mentioned before, this quantity has been frequently
274 ascribed to covalent 3c-4e contributions to XBs,6 although

275polarization also leads to significant CT in these systems.48

276First, in accordance with the literature,1 one can notice that the
277XB donor monomer (Lewis acid) always receives some
278electronic charge from the XB acceptor (Lewis base), with
279CT values reaching up to 0.65 e (FCl···I−). For comparison,
280CT results obtained with QTAIM for HBs in complexes like
281HF···HF, HCl···HCl, HCN···HCN, HNC···HNC, HCN···HF,
282HF···HCl, and H2O···HF, with BEs between 1.45 and 7.79 kcal
283mol−1, vary between from 0.004 to 0.030 e.18 If we analyze only
284our neutral systems, which present comparable BEs, the CT
285results are between 0.002 and 0.048 e.
286By far, the most significant CT amounts are always seen in
287F−X′···X− and CF3I···X− complexes (X′, X = Cl, Br, and I),
288that is, those presenting the strongest XBs. As expected, these
289F−X′···X− systems tend to exhibit short XBs. Hence, anions

Table 2. Harmonic Vibrational Frequencies (ωe) and Fundamental Infrared Intensities (I) for the Stretching Mode of Donor
Monomers in Complexes (R−X) and Their Variations on Complexation (Δωe and ΔI), as Obtained at the B2PLYP/def2-
TZVPD Level and from the CCFDF/QTAIM Model

B2PLYP/def2-TZVPD CCFDF/QTAIM

complex ωe (cm−1) Δωe (cm−1) I (km mol−1) ΔI (km mol−1) I (km mol−1) ΔI (km mol−1)

HCl···Cl− 2917.8 −64.3 54.0 10.2 53.9 10.1
HCl···Br− 2930.3 −51.8 39.7 −4.1 39.7 −4.1
HCl···I− 2940.9 −41.3 29.2 −14.6 29.2 −14.6
HBr···Cl− 2514.2 −152.8 339.6 326.9 339.6 326.8
HBr···Br− 2533.1 −133.8 323.1 310.4 322.9 310.2
HBr···I− 2550.8 −116.1 317.3 304.6 316.9 304.2
HI···Cl− 2098.3 −249.4 743.1 743.1 743.1 743.1
HI···Br− 2117.8 −229.8 795.8 795.8 795.7 795.7
HI···I− 2132.8 −214.8 907.0 907.0 906.2 906.2
FCl···Cl− 410.4 −376.2 439.9 409.8 439.9 409.8
FCl···Br− 395.3 −391.3 510.2 480.1 510.2 480.1
FCl···I− 366.9 −419.8 541.3 511.2 541.2 511.1
FBr···Cl− 407.1 −267.2 277.9 246.5 277.9 246.5
FBr···Br− 395.6 −278.6 353.8 322.4 353.8 322.4
FBr···I− 372.8 −301.4 412.1 380.7 412.0 380.6
FI···Cl− 411.2 −200.8 228.2 184.7 228.2 184.7
FI···Br− 406.0 −206.0 286.3 242.9 286.3 242.9
FI···I− 392.7 −219.3 344.0 300.5 343.9 300.5
Br2···NCH 316.7 −10.1 4.8 4.8 4.8 4.8
Br2···PCH 323.0 −3.9 0.9 0.9 0.9 0.9
BrI···NCH 259.2 −12.1 12.3 10.9 12.3 10.7
ClBr···NCH 427.5 −17.4 15.5 14.0 15.5 14.0
ClI···NCH 368.7 −19.9 30.7 23.4 30.7 23.4
FBr···NCH 628.2 −46.0 103.6 72.2 103.6 72.2
FI···NCH 571.1 −40.9 109.7 66.2 109.7 66.2
HBr···NCH 2657.5 −9.4 2.4 −10.4 2.4 −10.4
HI···NCH 2329.2 −18.4 8.3 8.3 8.3 8.3
I2···NCH 213.0 −6.6 3.7 3.7 3.7 3.7
FCl···NCH 738.0 −48.7 110.0 79.8 109.9 79.8
FI···PCH 583.5 −28.5 113.3 69.8 113.3 69.8
FBr···PCH 643.9 −30.3 97.5 66.1 97.5 66.1
FCl···PCH 764.3 −22.4 80.3 50.2 80.3 50.2
CH3I···Cl− 490.9 −52.5 58.2 55.3 57.8 55.0
CH3I···Br− 493.8 −49.6 64.7 61.8 62.9 60.1
CH3I···I− 494.7 −48.7 73.1 70.2 73.4 70.6
CF3Cl···Cl− 449.7 −21.4 39.3 39.1 39.2 39.0
CF3Cl···Br− 452.8 −18.4 34.7 34.5 30.9 30.6
CF3Cl···I− 454.9 −16.2 30.3 30.1 30.8 30.5
CF3I···Cl− 234.3 −53.6 41.3 41.3 41.4 41.4
CF3I···Br− 223.3 −64.7 60.6 60.6 58.8 58.7
CF3I···I− 229.2 −58.7 73.8 73.7 70.5 70.5
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290 are much more efficient bases to enhance CT contributions to
291 BEs and this capability clearly increases with the ionic radius in
292 F−X′···X− and CF3I···X− complexes, that is, Cl− < Br− < I−.
293 Overall, although a direct relationship between CT results and

f2 294 BEs is not achieved, one can see in Figure 2 that there is a
295 crude trend for stronger halogen bonding as CT is enhanced.
296 In fact, the pattern seen in this figure for the F−X′···X−

297 complexes suggests that electrostatic contributions to the XBs
298 are majorly responsible for the dispersion noticed in the points
299 of Figure 2.
300 Harmonic Vibrational Frequencies and Fundamental
301 Infrared Intensities. In the sequence, we discuss the
302 harmonic vibrational frequencies and fundamental infrared
303 intensities obtained for X···B intermolecular stretching modes,
304 as seen in Table S3 (see the Supporting Information). Our
305 calculations are in excellent accordance with the CCSD(T)/
306 ha5Z theoretical values available for HBr···NCH and HI···
307 NCH12 and with the CCSD(T)/aug-cc-pVTZ results found
308 for FCl···Cl−.6 These modes are associated with low frequency
309 vibrations (from 35 to 287 cm−1), a characteristic shared by
310 many intermolecular interactions, although the infrared
311 intensities can be moderate (up to 131 km mol−1 in FBr···
312 Cl−). The strongest among such bands is observed in XB
313 systems with anions. The CCFDF/QTAIM model provides a
314 nice description of these intensities, with deviations up to 1.5
315 km mol−1 (CF3Cl···Br−). Hence, almost negligible errors occur
316 in the integrated QTAIM quantities and in the numerical
317 derivative estimates of the charge flux and atomic dipole flux.
318 As seen in Table S4 (see the Supporting Information), the
319 intensity of these modes is largely determined by the sum of
320 three terms involving charge, charge flux, and the interaction
321 between charge and charge flux (C + CF + C × CF), that is,
322 with negligible participation of contributions including dipole
323 flux (atomic polarizations). Fortunately, this mode can be well
324 represented by the sole motion of B with respect to the
325 remaining complex in HCl···Cl−, HBr···Br−, and HI···I−. Thus,
326 analyzing the electronic charge flux in this subset, it is possible
327 to notice that the negatively charged base, which already
328 donated some electronic charge due to CT in the complex
329 formation, loses more electronic charge as this atom moves
330 toward the R−X monomer and this charge amount flows
331 almost entirely to the R atom. Hence, this intermolecular
332 charge flux along the displacement of a negatively charged B
333 atom is capable of explaining the dominating C + CF + C ×

334CF contributions to the intensity of this mode for such
335complexes.
336Next, the vibrational results for the R−X stretching are
337 t2collected in Table 2, which also exhibits the variations under
338complexation. First, CCSD(T)/ha5Z values from the liter-
339ature12 point to harmonic frequency values for HBr···NCH
340and HI···NCH of 2661 and 2302 cm−1, with infrared
341intensities of 2 and 8 km mol−1, respectively, which are in
342nice agreement with our data. One can notice that the
343harmonic frequencies always decrease because of the XB
344formation (red shift), from 3.9 to 419.8 cm−1, while the
345infrared intensities tend to increase up to 907.0 km mol−1

346(HI···I−). Similar features were observed before during halogen
347bonding1,9,21,22 and also in the X-H stretchings of donor
348monomers during dimerization by hydrogen bond forma-
349tion.18−20 Only a few of the systems investigated here show
350slightly weaker R−X bands due to halogen bonding, namely,
351HCl···Br−, HCl···I−, and HBr···NCH. Once again, the
352CCFDF/QTAIM model provides a nice description of the
353infrared intensities for this mode, with deviations up to 3.8 km
354mol−1 or 11% (CF3Cl···Br−). Apart from this case, the
355deviations decrease to 3.3 km mol−1 or 4.5% (CF3I···I−).
356The red shift denotes that the R−X bonds are becoming less
357stiff, which may also suggest some bond weakening. In the
358literature, this has been frequently interpreted by means of the
359Mulliken’s charge transfer model,49 that is, as the result of
360some electronic charge donation from the Lewis base to the
361unoccupied antibonding σ orbital (σ*) from R−X.1,3 This
362provides a B+···[X−R]− resonance structure.22 However, an
363alternative resonance structure has also been cogitated for
364these systems, [B−X]+···R−, which is explained by considering
365a more or less strong localization of the antibonding orbital on
366R.21 Thus, the increasing participation of both ionic structures
367in the description of the complex is expected to lead to the red
368shift observed.22 Indeed, to further explore this idea, the
369correlation plots of Huggins and Pimentel can be used.22,50

370Thus, force constants (k) for the R−X stretching mode,
371presented in Table S5 (see the Supporting Information), are
372 f3used to calculate (kdonor − kcomplex)/kdonor = Δk/k. Figure 3
373shows the relation between Δk/k and CT (see Table 1). As
374one can see, the linear correlation is nice, with a coefficient of
375determination (R2) of 0.96, which agrees with the ideas
376previously discussed. Thus, the participation of these ionic
377structures compared to the B···X−R neutral one is predicted to
378be predominating for F−X′···X− complexes (more than 50%),
379which requires CT amounts larger than 0.3 e.
380 t3The values in Table 3 are presented to evaluate the infrared
381intensity variations observed on the XB formation. Alone, the
382contribution that exhibits the best correlation with the infrared
383intensity changes is the interaction term between charge flux
384and dipole flux (CF × DF), with R2 = 0.70 in linear
385regressions. If this contribution is summed with the interaction
386term between charge and charge flux (C × CF + CF × DF),
387 f4the R2 value increases to 0.93, as illustrated in Figure 4. Hence,
388this feature is quite different from the picture that emerged on
389hydrogen bonding, where infrared intensity increments on
390dimerization are usually dominated by the C × CF
391contribution.18,20 In fact, the dynamic terms now seem to be
392much more important for systems with XBs. Moreover, the
393CCFDF/QTAIM analysis shows that a model lacking atomic
394dipole fluxes is not able of properly describing this intensity
395strengthening for the R−X stretching during the XB formation,
396as done in the past with effective charges.22 More recently,

Figure 3. QTAIM charge transfer values between monomers during
halogen bonding versus Δk/k data (see text) obtained at the
B2PLYP/def2-TZVPD level.
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397 efforts to understand this band strengthening on halogen
398 bonding have also been done by including charge flux in the
399 interpretation.23−25 These investigations argued that the
400 intermolecular charge flux from B to the donor monomer is
401 responsible for the observed infrared intensity enhancement
402 observed. However, the atomic dipole flux was not considered
403 again.
404 Certainly, the R−X stretching mode in a XB system can be
405 much more complicated than the X−H stretching mode of HB
406 complexes. In fact, due to the small atomic mass of hydrogen,
407 the X−H stretching mode is approximately represented by the
408 sole motion of this light atom. However, in XB complexes, the
409 R−X stretching mode frequently involves significant displace-
410 ments of other atoms as well, as seen in H3C−I···B, F3C−Cl···
411 B, and F3C−I···B complexes. Moreover, in many of the XB
412 complexes investigated here, the R atom tends to take place in

413much larger displacements than X during this stretching mode
414because of their masses, which occurs, for instance, in the H−
415X···B and F−I···B complexes.
416Anyway, as seen in Table S5 (see the Supporting
417Information), while the donor monomers follow a common
418behavior resulting from the negative correlation normally seen
419between charge flux and atomic dipole flux contributions to
420dipole moment derivatives of vibrational modes,15,17 a pattern
421noticed as well for the X−H stretching mode of HB
422complexes,18 the same does not occur for the R−X stretching
423mode in many XB systems, mainly for those with anions as
424Lewis bases. The usual behavior observed in several different
425systems is characterized by proportional CF and DF
426contributions along with a negative CF × DF term and
427inversely correlated C × CF and C × DF contributions, being
428closely related to the counter polarization idea discussed by

Table 3. Variations of the Fundamental Infrared Intensities (ΔI) for the Stretching Mode of Donor Monomers (R−X) on
Complexation, as Obtained from the CCFDF/QTAIM Model Based on B2PLYP/def2-TZVPD Calculations (in km mol−1)

CCFDF/QTAIM B2PLYP

complex ΔC ΔCF ΔDF Δ(C × CF) Δ(C × DF) Δ(CF × DF) Δtotal Δ(C × CF) + Δ(CF × DF) Δtotal
HCl···Cl− −40.1 −71.5 6.2 −195.4 53.6 257.3 10.1 61.9 10.2
HCl···Br− −36.0 −74.6 6.2 −186.3 46.6 239.9 −4.1 53.6 −4.1
HCl···I− −31.4 −76.0 4.3 −180.0 40.4 228.0 −14.6 48.0 −14.6
HBr···Cl− −15.6 −371.1 −28.7 −152.3 144.4 750.0 326.8 597.7 326.9
HBr···Br− −15.2 −371.0 −23.4 −151.9 129.2 742.5 310.2 590.6 310.4
HBr···I− −14.4 −371.1 −23.8 −152.2 112.2 753.4 304.2 601.2 304.6
HI···Cl− 40.9 −477.0 −11.8 131.0 162.8 897.1 743.1 1028.1 743.1
HI···Br− 35.4 −471.5 −11.4 147.4 147.4 948.4 795.7 1095.8 795.8
HI···I− 29.7 −450.7 −20.4 176.1 127.0 1044.5 906.2 1220.6 907.0
FCl···Cl− 1.1 93.2 −123.4 171.7 −56.9 324.1 409.8 495.8 409.8
FCl···Br− 0.7 171.8 −129.2 189.0 −64.2 312.0 480.1 501.0 480.1
FCl···I− −1.0 264.0 −135.1 199.1 −77.1 261.2 511.1 460.3 511.2
FBr···Cl− 2.8 14.8 −56.5 121.8 −30.2 193.8 246.5 315.6 246.5
FBr···Br− 4.5 57.8 −60.0 145.7 −32.0 206.3 322.4 352.0 322.4
FBr···I− 4.0 117.9 −67.3 167.2 −41.5 200.3 380.6 367.5 380.7
FI···Cl− 3.5 −1.5 −20.3 91.9 −10.7 121.8 184.7 213.7 184.7
FI···Br− 5.6 18.0 −21.5 111.5 −9.6 138.9 242.9 250.4 242.9
FI···I− 5.4 52.9 −27.8 134.2 −16.2 151.9 300.5 286.1 300.5
Br2···NCH 0.1 3.7 0.0 1.0 0.0 0.1 4.8 1.1 4.8
Br2···PCH 0.0 1.0 0.0 0.0 0.0 −0.2 0.9 −0.2 0.9
BrI···NCH −0.7 8.6 −4.7 2.0 −3.6 9.1 10.7 11.1 10.9
ClBr···NCH 0.7 −4.7 −0.8 4.7 1.3 12.7 14.0 17.4 14.0
ClI···NCH 1.7 −12.8 −3.1 9.8 2.0 25.8 23.4 35.6 23.4
FBr···NCH 2.6 −45.8 −15.3 39.0 −2.2 93.9 72.2 132.9 72.2
FI···NCH 3.7 −23.7 −7.1 35.5 0.4 57.4 66.2 92.9 66.2
HBr···NCH −5.0 −39.2 11.8 −33.4 25.2 30.3 −10.4 −3.1 −10.4
HI···NCH 4.9 −85.0 0.9 −22.2 32.0 77.8 8.3 55.6 8.3
I2···NCH 0.1 2.6 0.0 0.8 0.0 0.2 3.7 1.0 3.7
FCl···NCH 1.3 −83.5 −33.5 44.2 −7.4 158.7 79.8 202.9 79.8
FI···PCH 1.4 −24.4 −8.2 40.6 −3.6 64.0 69.8 104.6 69.8
FBr···PCH 0.6 −45.2 −13.9 38.8 −5.4 91.3 66.1 130.1 66.1
FCl···PCH 0.0 −64.9 −17.7 30.4 −5.6 108.0 50.2 138.4 50.2
CH3I···Cl− 2.4 −108.2 −15.9 4.1 16.6 156.0 55.0 160.1 55.3
CH3I···Br− 2.3 −109.0 −15.7 5.2 16.5 160.9 60.1 166.1 61.8
CH3I···I− 1.9 −110.1 −18.3 8.2 14.1 174.8 70.6 183.0 70.2
CF3Cl···Cl− 6.5 31.1 3.0 50.6 −9.1 −43.1 39.0 7.5 39.1
CF3Cl···Br− 6.1 26.8 4.9 46.9 −10.9 −43.1 30.6 3.8 34.5
CF3Cl···I− 5.2 30.8 6.9 48.5 −12.1 −48.9 30.5 −0.4 30.1
CF3I···Cl− 1.6 −13.9 −2.4 30.2 −1.5 27.5 41.4 57.7 41.3
CF3I···Br− 3.2 −7.6 −3.1 38.0 −1.7 29.9 58.7 67.9 60.6
CF3I···I− 2.6 1.9 −4.0 43.8 −4.0 30.3 70.5 74.1 73.7
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429 Bader and Matta for equilibrium geometries.51 In other words,
430 the transfer of electronic charge from one point of a molecular
431 system to another one is frequently accompanied by counter
432 polarization effects in the opposite direction, which are
433 described by atomic dipole fluxes. This process is obviously
434 in accordance with a purely electrostatic point of view of
435 electronic charge movements in molecular systems.
436 On the other hand, CF and DF terms are no longer
437 proportional to each other during R−X stretchings in XB
438 complexes. In general, there is not an inverse correlation
439 between C × CF and C × DF contributions and the CF × DF
440 term can be largely positive (reaching 199.1 km mol−1 in HI···
441 I−) for these systems. Anyway, even for the complexes with
442 negative CF × DF values in Table S5 (majorly those with
443 neutral bases), the halogen bonding almost always causes an
444 increment of this contribution (except mainly for CF3Cl···B
445 systems with anions as bases), as seen in Table 3. This is
446 surprising and suggests the existence of an unusual electronic
447 charge flow mechanism operating in R−X stretchings of XB
448 complexes.
449 Atomic Interpretation of Electronic Structure
450 Changes in R−X Stretchings. First, one can analyze the
451 atomic charges obtained from QTAIM for the equilibrium

t4 452 geometries, which are displayed in Table 4. Normally, the atom
453 of the Lewis base that interacts directly on halogen bonding is
454 negatively charged, except in PCH. The phosphorus atom in
455 this molecule shows a highly positive QTAIM charge (1.2 e),
456 although it can still act as a Lewis base due to the largely
457 asymmetric electron cloud with a prominent lone pair
458 evidenced in the atomic dipole moment values. The charges
459 of the R group tend to be negative in almost all complexes
460 except for the HCl···X−, HBr···X−, and HBr···NCH systems
461 (carbon can also be positively charged in CF3Cl···X− and
462 CF3I···X−, although fluorine atoms are negatively charged). On
463 the other hand, the X halogen usually shows positive charges in
464 the XB complexes, except for HCl···X−, HBr···X−, FCl···I−,
465 Br2···PCH, HBr···NCH, and CF3Cl···X−. Certainly, a positive
466 charge on X can contribute to enhance the electrostatic
467 stabilization of the complex with the Lewis base.7

468 The variations in charge values on halogen bonding are
t5 469 shown in Table 5. As mentioned before, the XB donor (Lewis

470 acid) receives an electronic charge from the XB acceptor

471(Lewis base), although the atomic contributions deserve a
472more careful investigation. For example, the electronic charge
473received by the Lewis acid goes preferentially to the R moiety,
474reaching even to the other atoms along the −CH3 and −CF3
475groups, and the X atom tends to lose some electronic charge
476on XB formation, except majorly for F−X···B complexes (X =
477Cl, Br, and I) with anions as bases, which are characterized by
478donations to the entire R−X monomer (mainly to the X
479atoms). The donation of electronic charge to both the atoms of
480these R−X monomers suggests a predominance of the B+···
481[X−R]− ionic resonance structure, while [B−X]+···R− seems
482important for the other cases, although both alternatives
483probably contribute in all systems. In the case of neutral
484molecular bases, NCH and PCH, the electronic charge
485donated on halogen bonding is provided by carbon and
486hydrogen (probably as the result of internal rearrangements in
487the base), while nitrogen and phosphorus can become more
488negatively charged in the process.
489Next, Tables S6 and S7 (see the Supporting Information)
490present atomic dipole moment components from QTAIM
491along the B···X−R axis, with R at the positive end, and their
492changes on XB formation. According to these results, the
493electronic charge received by R on halogen bonding tends to
494be more accumulated at the opposite side of the R−X bond, as
495indicated by these atomic dipole variations on halogen
496bonding, which are frequently negative. In addition, the
497electronic charge donated by B seems to be retrieved from the
498atomic basin region toward X (positive atomic dipole changes
499on XB formation). Certainly, this is in accordance with the
500expectations of electronic charge transfer from the lone pair of
501B to the unoccupied σ* orbital of R−X. However, the
502variations in the atomic dipole of X under halogen bonding are
503not easy to interpret once the approximation of the Lewis base
504will contribute to changes in this quantity and the two ionic
505resonance structures can exhibit comparable participations in
506these XB systems. In other words, polarization effects such as
507the ones evidenced in electron density difference (EDD) maps
508for red shift XB complexes can also be almost as important as
5093c-4e covalent contributions to the XBs, being probably
510capable of populating the σ* orbital of R−X as well.48

511Next, as seen in Table S8 (see the Supporting Information),
512more concise information can be obtained from dipole
513moment derivative contributions to the R−X stretching
514mode (QR−X) along this r chemical bond axis (∂μr/∂QR−X),
515as partitioned according to the CCFDF/QTAIM method. In
516this case, the mode is represented by a bond enlargement with
517the R group placed on the positive side of the r axis. One can
518see that the largest variations during halogen bonding occur in
519the CF contribution (the charge flux direction can be
520completely reversed because of the XB formation), with only
521minor changes occurring in C and DF terms. Almost all
522complexes present negative DF contributions to ∂μr/∂QR−X,
523except for Br2···PCH, CF3Cl···Cl−, CF3Cl···Br−, and CF3Cl···
524I−, and the CF contribution variations due to halogen bonding
525are always negative. Certainly, this pattern agrees nicely with
526the reinforcing picture of both contributions to the infrared
527intensities of the R−X stretching on XB formation, providing
528positive variations of CF × DF terms for almost all complexes
529on halogen bonding (see Table 3), except for the ones with
530positive DF values to ∂μr/∂QR−X.
531Fortunately, as discussed before, the R−X stretching modes
532of H−X···B and F−I···B complexes can be nicely represented
533by the displacement of a light atom along the r axis, which is

Figure 4. Changes in fundamental infrared intensities due to halogen
bonding versus the sum of contributions to these variations due to
interaction terms between charge and charge flux (C × CF) plus
charge flux and dipole flux (CF × DF) obtained at the B2PLYP/def2-
TZVPD level.
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534 hydrogen or fluorine, respectively, for both molecular groups.
535 Thus, these systems provide simpler models for understanding
536 ∂μr/∂QR−X changes, which can be assessed by the CCFDF/
537 QTAIM analysis of a single APT element of the light atom
538 (∂μr/∂rR). Thus, some components of eqs 2 and 3 are shown

t6 539 in Table 6. First, the charge of R is slightly smaller in the
540 complex, which results in only minor C contributions to
541 changes in ∂μr/∂QR−X due to halogen bonding. In the
542 sequence, one can see that the Lewis base donates more
543 electronic charge as the R−X bond of the XB complex is
544 stretched, which is transferred mainly to R (X can receive or
545 lose small amounts of electronic charge in this process). This is
546 opposite to the normal situation found in isolated donor
547 monomers, where R always loses some electronic charge to X
548 in the same stretching mode (positive CF contributions to ∂μr/
549 ∂rR), explaining why the CF contribution to ∂μr/∂QR−X
550 becomes less positive or negative on halogen bonding.

551Moreover, as R and B are separated by two bonds (R−X
552and X···B), this charge flux change results in predominating
553effects to ∂μr/∂QR−X variations on XB formation (see eqs
5542−4), providing even reversed charge flux directions for some
555complexes. This is an intermolecular charge flux phenomenon,
556evidencing another difference with respect to simple HBs
557studied before, which exhibit predominant charge flux changes
558on dimerization occurring inside the donor monomer structure
559along the X−H stretching mode.18 The most relevant DF
560contribution to ∂μr/∂rR in these monomers and dimers is by
561far the one ascribed to X, which is negative. Of course, a more
562polarizable halogen is important for stronger XBs and it is not
563surprising that the polarization changes of X predominate
564along this stretching mode. In addition, the halogen bonding
565tends to cause insignificant variations in these dipole fluxes,
566explaining the small changes in DF terms for ∂μr/∂QR−X on XB
567formation. However, since the most important dipole flux

Table 4. QTAIM Charges Obtained at the B2PLYP/def2-TZVPD Level (in e)

donor acceptor

complex X R H,F H,F H,F B C N

HCl···Cl− −0.256 0.213 −0.957
HCl···Br− −0.262 0.223 −0.960
HCl···I− −0.270 0.233 −0.962
HBr···Cl− −0.080 0.007 −0.928
HBr···Br− −0.089 0.021 −0.932
HBr···I− −0.102 0.035 −0.933
HI···Cl− 0.111 −0.223 −0.888
HI···Br− 0.098 −0.209 −0.889
HI···I− 0.081 −0.194 −0.887
FCl···Cl− 0.118 −0.604 −0.515
FCl···Br− 0.055 −0.597 −0.458
FCl···I− −0.046 −0.603 −0.352
FBr···Cl− 0.249 −0.660 −0.588
FBr···Br− 0.191 −0.652 −0.539
FBr···I− 0.103 −0.650 −0.453
FI···Cl− 0.405 −0.735 −0.670
FI···Br− 0.355 −0.728 −0.628
FI···I− 0.282 −0.723 −0.559
Br2···NCH 0.043 −0.060 −1.168 0.952 0.233
Br2···PCH −0.004 −0.009 1.155 −1.305 0.162
BrI···NCH 0.240 −0.260 −1.186 0.966 0.240
ClBr···NCH 0.178 −0.200 −1.170 0.957 0.235
ClI···NCH 0.363 −0.388 −1.190 0.971 0.243
FBr···NCH 0.485 −0.534 −1.175 0.977 0.246
FI···NCH 0.606 −0.641 −1.202 0.986 0.252
HBr···NCH −0.107 0.104 −1.158 0.937 0.224
HI···NCH 0.107 −0.109 −1.168 0.943 0.227
I2···NCH 0.062 −0.074 −1.179 0.957 0.235
FCl···NCH 0.394 −0.436 −1.161 0.964 0.238
FI···PCH 0.571 −0.609 1.152 −1.291 0.178
FBr···PCH 0.454 −0.499 1.169 −1.296 0.173
FCl···PCH 0.378 −0.406 1.164 −1.302 0.166
CH3I···Cl− 0.091 −0.239 0.007 0.007 0.007 −0.874
CH3I···Br− 0.073 −0.234 0.012 0.012 0.012 −0.875
CH3I···I− 0.049 −0.230 0.018 0.018 0.018 −0.872
CF3Cl···Cl− −0.030 1.915 −0.658 −0.658 −0.658 −0.910
CF3Cl···Br− −0.045 1.931 −0.657 −0.657 −0.657 −0.915
CF3Cl···I− −0.063 1.949 −0.656 −0.656 −0.656 −0.918
CF3I···Cl− 0.247 1.572 −0.674 −0.674 −0.674 −0.797
CF3I···Br− 0.216 1.588 −0.673 −0.673 −0.673 −0.786
CF3I···I− 0.174 1.605 −0.671 −0.671 −0.671 −0.765

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.3c08229
J. Phys. Chem. A XXXX, XXX, XXX−XXX

I



568 contribution to ∂μr/∂rR is negative (from polarization changes
569 of X during these vibrations), the electronic charge flux
570 direction changes on complexation previously mentioned
571 (from B to R) now reinforce dipole moment derivative
572 contributions from the atomic dipoles, providing positive CF ×
573 DF terms that are mainly responsible for the infrared intensity
574 strengthening of R−X stretchings due to halogen bonding.
575 Hence, this intermolecular charge flux is now aligned with the
576 predominant atomic dipole flux component from X.
577 However, one important question still remains. Why does
578 the atomic dipole flux along the R−X stretchings remain
579 almost unaltered under halogen bonding? Although the atomic
580 dipoles were not explicitly considered by Torii, this author also
581 found evidence from electron density analyses that intra-
582 molecular polarizations (closely associated with atomic dipole
583 fluxes) do not provide relevant cancellations with the charge

584flux contribution in an analogous stretching mode of another
585XB complex (C6F5I···NC5H4CH3).

25 Certainly, as X is usually
586more susceptible to polarization changes in these stretchings
587(see Table 6), any atomic dipole flux changes should affect
588mainly this atom, with concomitant variations to ∂mX,r/∂rR
589values. According to the charge flow−counter polarization idea
590and considering the charge fluxes mentioned before, this
591atomic dipole flux was expected to increase on complexation
592(CF becomes less positive or negative, and thus, DF should
593change in the opposite direction). However, while ∂mX,r/∂rR
594really tends to become slightly more positive during halogen
595bonding, the variations detected in Table 6 are too small as
596one takes into consideration the magnitude of charge flux
597changes. Of course, the charge flow−counter polarization
598model has some flaws. For example, it does not account for the
599σ-hole formation once a substituent like fluorine bonded to a

Table 5. QTAIM Charge Changes during Complexation with XB Formation Obtained at the B2PLYP/def2-TZVPD Level (in
e)

donor acceptor

complex X R H,F H,F H,F B C N

HCl···Cl− 0.038 −0.081 0.043
HCl···Br− 0.031 −0.071 0.040
HCl···I− 0.023 −0.061 0.038
HBr···Cl− 0.047 −0.119 0.072
HBr···Br− 0.037 −0.106 0.068
HBr···I− 0.025 −0.091 0.067
HI···Cl− 0.029 −0.141 0.112
HI···Br− 0.016 −0.127 0.111
HI···I− −0.001 −0.112 0.113
FCl···Cl− −0.283 −0.203 0.485
FCl···Br− −0.346 −0.196 0.542
FCl···I− −0.447 −0.202 0.648
FBr···Cl− −0.237 −0.174 0.412
FBr···Br− −0.295 −0.166 0.461
FBr···I− −0.382 −0.164 0.547
FI···Cl− −0.183 −0.146 0.330
FI···Br− −0.233 −0.139 0.372
FI···I− −0.306 −0.135 0.441
Br2···NCH 0.043 −0.060 −0.015 0.021 0.012
Br2···PCH −0.004 −0.009 −0.001 0.008 0.006
BrI···NCH 0.057 −0.077 −0.033 0.034 0.019
ClBr···NCH 0.037 −0.060 −0.018 0.026 0.014
ClI···NCH 0.047 −0.071 −0.038 0.040 0.022
FBr···NCH −0.001 −0.048 −0.022 0.046 0.025
FI···NCH 0.018 −0.053 −0.049 0.054 0.031
HBr···NCH 0.019 −0.022 −0.005 0.006 0.003
HI···NCH 0.024 −0.027 −0.016 0.012 0.006
I2···NCH 0.062 −0.074 −0.027 0.026 0.014
FCl···NCH −0.007 −0.035 −0.008 0.032 0.017
FI···PCH −0.017 −0.021 −0.004 0.021 0.021
FBr···PCH −0.032 −0.014 0.013 0.017 0.016
FCl···PCH −0.023 −0.005 0.008 0.011 0.010
CH3I···Cl− 0.080 −0.037 −0.056 −0.056 −0.056 0.126
CH3I···Br− 0.062 −0.032 −0.051 −0.051 −0.051 0.125
CH3I···I− 0.038 −0.028 −0.046 −0.046 −0.046 0.128
CF3Cl···Cl− 0.103 −0.153 −0.013 −0.013 −0.013 0.090
CF3Cl···Br− 0.087 −0.137 −0.012 −0.012 −0.012 0.085
CF3Cl···I− 0.069 −0.119 −0.010 −0.010 −0.010 0.082
CF3I···Cl− 0.078 −0.211 −0.023 −0.023 −0.023 0.203
CF3I···Br− 0.047 −0.196 −0.022 −0.022 −0.022 0.214
CF3I···I− 0.005 −0.178 −0.020 −0.020 −0.020 0.235
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600 more polarizable and less electronegative halogen (F−X)
601 acquires a negative charge and, in principle, should deform the
602 electronic cloud of X away from the bond by means of simple
603 electrostatic arguments based on polarizations. Hence, these
604 polarizations are probably transmitted through space (field
605 effect),52 but the electrons in chemical bonds appear to be the
606 ones really affected by this field. In other words, the
607 polarization in molecular systems seems to be more
608 complicated than expected, and quantum effects may be
609 associated with this unusual behavior.
610 Hence, the answer for that previous question is probably
611 related to a more efficient charge donation from the Lewis base
612 to the unoccupied σ* orbital of R−X as this bond is enlarged
613 by small amplitude displacements, as already discussed before
614 in the literature.7,48 In other words, considering simple
615 arguments driven from atomic orbital combinations used to
616 generate molecular orbitals, one could anticipate that the
617 bonding−antibonding orbital energy separation should de-
618 crease as the chemical bond is enlarged (atomic orbital overlap

619decreases). Hence, as the bonding orbital should be
620destabilized, the antibonding orbital should be stabilized,
621making it a more effective electronic charge acceptor. A
622complicating factor in this analysis is related to the finding that
623polarization effects can also contribute to charge transfers to
624the σ* orbital of R−X, although the role of polarization seems
625to be a secondary one.48 In this aspect, the charge flux changes
626along R−X stretching modes noticed on halogen bonding
627(increasing electronic charge donation from B to R) are in
628accordance with the proposal discussed here. Moreover, the
629variations in the dipole flux of R (∂mR,r/∂rR) due to
630complexation are almost always slightly negative, suggesting
631that this electronic charge is once again being accumulated
632preferentially away from the region occupied by the R−X
633bond, in agreement with the hypothesis. Hence, considering
634that there is a more effective donation of electronic charge
635from the Lewis base to the σ* orbital located mainly on R
636during the R−X bond enlargement on complexation with XB
637formation, with an increasing participation of the [B−X]+···R−

Table 6. Charge (qR, in e), Charge Flux (∂qi/∂rR, in e Å−1), and Atomic Dipole Flux (∂mi,r/∂rR, in e) Contributions to Dipole
Moment Derivatives along the X−R Axis (r) during a Displacement of R (∂μr/∂rR) from the CCFDF/QTAIM Partition and
Their Variations on Halogen Bond Formation Obtained at the B2PLYP/def2-TZVPD Levela

system qR ∂qR/∂rR ∂qX/∂rR ∂qB/∂rR ∂qC/∂rR ∂qH/∂rR ∂mR,r/∂rR ∂mX,r/∂rR ∂mB,r/∂rR ∂mC,r/∂rR ∂mH,r/∂rR
HCl 0.294 0.218 −0.218 0.084 −0.446
HBr 0.126 0.434 −0.434 0.065 −0.693
HI −0.082 0.436 −0.436 0.108 −0.727
FI −0.588 0.336 −0.336 0.014 −0.930
HCl···Cl− 0.213 0.107 −0.169 0.062 0.064 −0.405 −0.032
HCl···Br− 0.223 0.121 −0.177 0.056 0.066 −0.411 −0.029
HCl···I− 0.233 0.134 −0.186 0.052 0.068 −0.414 −0.024
HBr···Cl− 0.007 0.265 −0.382 0.117 0.042 −0.591 −0.056
HBr···Br− 0.021 0.280 −0.394 0.113 0.042 −0.598 −0.054
HBr···I− 0.035 0.295 −0.408 0.112 0.042 −0.601 −0.050
HI···Cl− −0.223 0.254 −0.403 0.149 0.071 −0.605 −0.074
HI···Br− −0.209 0.264 −0.421 0.157 0.070 −0.605 −0.075
HI···I− −0.194 0.272 −0.444 0.172 0.066 −0.598 −0.070
FI···Cl− −0.735 0.042 −0.313 0.271 −0.025 −0.593 −0.082
FI···Br− −0.728 0.045 −0.366 0.321 −0.030 −0.571 −0.075
FI···I− −0.723 0.040 −0.429 0.389 −0.037 −0.527 −0.051
FI···NCH −0.641 0.235 −0.307 0.001 0.043 0.029 0.007 −0.851 0.000 0.010 −0.002
FI···PCH −0.609 0.280 −0.378 0.019 0.050 0.030 0.001 −0.865 0.002 0.026 −0.003
HBr···NCH 0.104 0.420 −0.422 −0.004 0 0.002 0.066 −0.699 −0.005 0.001 0.000
HI···NCH −0.109 0.413 −0.417 −0.007 0.007 0.004 0.111 −0.725 −0.008 0.002 0.000
variations qR ∂qR/∂rR ∂qX/∂rR ∂qB/∂rR ∂qC/∂rR ∂qH/∂rR ∂mR,r/∂rR ∂mX,r/∂rR ∂mB,r/∂rR ∂mC,r/∂rR ∂mH,r/∂rR

HCl···Cl− −0.081 −0.111 0.049 0.062 −0.019 0.041 −0.032
HCl···Br− −0.071 −0.097 0.041 0.056 −0.018 0.036 −0.029
HCl···I− −0.061 −0.084 0.032 0.052 −0.016 0.032 −0.024
HBr···Cl− −0.119 −0.168 0.052 0.117 −0.023 0.102 −0.056
HBr···Br− −0.106 −0.153 0.040 0.113 −0.023 0.095 −0.054
HBr···I− −0.091 −0.138 0.026 0.112 −0.023 0.091 −0.050
HI···Cl− −0.141 −0.182 0.033 0.149 −0.037 0.122 −0.074
HI···Br− −0.127 −0.172 0.015 0.157 −0.038 0.122 −0.075
HI···I− −0.112 −0.164 −0.008 0.172 −0.042 0.129 −0.070
FI···Cl− −0.146 −0.295 0.024 0.271 −0.038 0.337 −0.082
FI···Br− −0.139 −0.292 −0.029 0.321 −0.044 0.359 −0.075
FI···I− −0.135 −0.297 −0.092 0.389 −0.051 0.403 −0.051
FI···NCH −0.053 −0.102 0.029 0.001 0.043 0.029 −0.007 0.079 0.000 0.010 −0.002
FI···PCH −0.021 −0.057 −0.042 0.019 0.050 0.030 −0.013 0.065 0.002 0.026 −0.003
HBr···NCH −0.022 −0.013 0.011 −0.004 0.003 0.002 0.000 −0.006 −0.005 0.001 0.000
HI···NCH −0.027 −0.023 0.019 −0.007 0.007 0.004 0.003 0.002 −0.008 0.002 0.000

aFor a bond enlargement displacement with R at the positive side of the r axis.
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638 ionic resonance structure, the outcome of small variations in
639 ∂mX,r/∂rR values on halogen bonding becomes plausible once
640 there are no relevant electronic charge fluxes to or from X in
641 this process. In other words, a donation of electronic charge
642 from B to the unoccupied σ* of R−X may not disturb the
643 dipole flux of X if, for instance, the basin characteristics of this
644 halogen atom are not affected substantially by the donation
645 along the stretching. This seems quite reasonable, according to
646 our investigation.

647 ■ CONCLUSIONS
648 This study is concerned with the investigation of several simple
649 complexes with XBs (R−X···B; R = substituent group, X =
650 halogen, and B = Lewis base) and properties such as
651 equilibrium geometries, binding energies, vibrational frequen-
652 cies, and fundamental infrared intensities. Thus, the B2PLYP/
653 def2-TZVPD theoretical approach was successfully employed
654 here, providing results in good agreement with accurate values
655 found in the literature for some of these systems and with
656 benchmark DLPNO-CCSD(T)/CBS binding energy data
657 calculated here. Next, the electron densities and their changes
658 on vibrations are also considered by means of the QTAIM and
659 CCFDF/QTAIM models.
660 The binding energies are shown to exhibit some correlation
661 with the electron densities at the BCP of such halogen bonds,
662 although there are clear group separations depending on the
663 donor and acceptor monomers. Thus, our results suggest that
664 better models to indirectly access the XB strength based on
665 such electron densities at XB BCPs should be individually
666 constructed for each B···X pair of atoms. Moreover, as
667 expected, the electronic charge transfer from XB acceptors to
668 XB donors given by QTAIM also points to an increment trend
669 of the XB force as CT becomes more important. However,
670 electrostatic contributions to BE values should also be
671 considered for a better description of the XB strength. The
672 increment in CT also seems to be nicely correlated with the
673 decrease in R−X bond stiffness, in agreement with the
674 hypothesis of electronic charge donation from the lone pair
675 of the Lewis base to the unoccupied antibonding σ orbital
676 along R−X.
677 Despite many similarities observed between XBs and
678 hydrogen bonds, the interpretation for the infrared intensifi-
679 cation of the R−X stretching on complexation by XB
680 formation is different from the mechanism discussed for a
681 similar band strengthening also seen for X−H stretchings of
682 the HB donors. Hence, while the charge−charge flux term is
683 usually the most important one for HBs,18,20 the charge flux−
684 dipole flux contribution predominates for XB systems. Thus,
685 the atomic dipole moment fluxes are crucial to really
686 understand this infrared intensification, and models neglecting
687 this contribution will lead to incomplete or misleading
688 conclusions. This is curious and suggests that the traditional
689 idea of counter polarizations cannot explain this outcome. In
690 fact, upon investigation of a subset of these systems where the
691 R−X stretching can be approximated by the sole displacement
692 of R, there is a more prominent electronic charge flux from B
693 to R during the R−X bond enlargement due to halogen
694 bonding, an intermolecular charge flux, with only small
695 variations in X charges. The atomic dipole fluxes remain
696 nearly unaltered on complexation, being primarily represented
697 by a negative dipole flux of X. Thus, the large charge flux
698 variations due to XB formation in a opposite direction to that
699 seen in isolated donor monomers now reinforce predominant

700dipole moment fluxes from X, explaining the band strengthen-
701ing.
702Finally, investigating this infrared intensification phenomen-
703on in more detail, it seems that the R−X bond enlargement is
704increasing the electronic charge donation from the base to the
705σ* orbital of the donor monomer, and this is behind the
706aforementioned charge flux direction change in the complexes,
707from B to R. The electronic charge received by R seems to be
708accommodated mainly away from the R−X bond, and as a
709result, the predominant atomic dipole fluxes of X are only
710slightly disturbed in the process because this atom is not
711receiving or donating significant amounts of electronic charge.
712Hence, the peculiar nature of this intermolecular charge flux
713phenomenon appears to be responsible for the unusual
714characteristics observed for the R−X stretching mode on
715halogen bonding.
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