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Abstract The density functional theory analysis was used for a number XYL complexes
(XY is a dihalogen molecule and L is a Lewis base), formed between molecules I2, ICl,
IBr and pyridine. The calculated geometrical parameters, IR spectra and nuclear quadrupole
interaction constants of iodine are consistent with the data of microwave spectroscopy and
nuclear quadrupole resonance. The good correlation between the experimental and calcu-
lated binding energies of the inner electrons of iodine, chlorine and nitrogen atoms were
found with the calculation using both Gaussian and Slater functions. The comparison of
experimental and calculated changes in the electron density on the atoms upon complex for-
mation suggested the choice of scheme for calculating the effective charge on the atoms,
which allow us to interpret the experimental spectra. It is shown that the use of both
calculated schemes allows us to predict the enthalpy of complex formation in close agree-
ment with the experimental values. The energy analysis shows that in the complexes the
electrostatic binding energy dominates that of covalent binding.
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1 Introduction

Structure and bonding in Lewis acid-base complexes is the subject of the chemical of inter-
est [1]. Most of the complexes of halogens and interhalogens have dative chemical bonds
that are intermediate between van der Waals interaction and fully formed chemical bonds
[2]. On the one hand these complexes have an interesting structure, on the other -they pro-
vide an interesting perspective in understanding the nature of the donor-acceptor chemical
bond.

The advantage of the study LXY complexes, where L is a Lewis base and X and Y =
F, Cl, Br, or I consists in the fact that N, Cl, Br and I are quadrupole nuclei, and therefore
rotational spectra of these complexes reveal nuclear quadrupole hyperfine structure.

Experimentally obtained spectroscopic properties relate to the isolated molecule and are
therefore most relevant for comparison with the results of ab initio calculations at a high
level of theory. Changes of nuclear quadrupole coupling constants (NQCC) of halogens
observed when an organic ligand L is brought to its equilibrium position in LXY are of
specific interest because they are simply related to the electric field gradients at the nuclei
in question.

Comparison of the calculated and experimental values of NQCC in complexes of halo-
gens with amines was made in our previous studies [3–5], and in a number of Karpfen’s
works [6–9]. It was shown that the use of diffuse and polarization functions leads to good
agreement between experimental and calculated properties such as bond length, NQCC and
the binding energy.

It is well known that the complexation of ICl, IBr, or I2 with ligands containing nitro-
gen atoms leads to significant frequency shifts of 35Cl, 79Br, 127I and 14N [1–3] signals
in nuclear quadrupole resonance spectra. If NQR frequencies of terminal iodine atoms,
bromine, chlorine, and nitrogen are significantly shifted to lower frequencies in the spec-
trum, then NQCC of iodine atoms increase upon complexation. Some authors [10–12] have
considered such changes in ICl complexes in terms of the approximate Dailey-Townes the-
ory and the results showed the transfer of electron density to the chlorine atom and an
increase positive charge on the iodine atom.

To evaluate the electronic structure of such systems is very important because halogen
atoms are directly linked to donor atoms with bond directions roughly coinciding with the
axes of the orbitals of the lone pairs in the non-complexes donor molecule [13]. The complex
of iodine chloride and pyridine has been investigated in the gas phase by X-ray photoelec-
tron spectroscopy [14]. The experiment showed that upon complexation there is a decrease
of the binding energy of I (3d) by 0.8 eV, and vice versa, the binding energy of N (1s)
pyridine increases by 0.9 eV.

We evaluated the change in the charge on the nitrogen atom in the complex as 0.1 e.
Experimental Cl (2p) lines in the spectrum of this complex have revealed only one compo-
nent having no broadening. On this basis, we concluded that the chemical shift of Cl (2p)
on the formation of the complex should not exceed 0.3 eV, which, according to the authors
of ref.14, confirmed the idea of transfer of charge only to the vacant orbital, localized on
the atom of iodine. However, data on the NQR spectra of chlorine nuclei and X-ray fluores-
cence spectra [15] also indicate a significant change in the electron density of the chlorine
atom.

The aim of our work is to analyze the nature of the chemical bond in the donor-acceptor
interhalogen complexes using density functional theory within the Gaussian and Amsterdam
Density Functional software packages. At the center of interest is the analysis of the electron
density distribution in the atoms, as well as the gradient of the electric field near the nucleus.
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An additional aim of our work is to describe the nature of the coordination bond in these
complexes in terms of electrostatic and covalent interactions.

2 Computational details

The calculations were carried out using the Gaussian’09 [16] program package. The geom-
etry optimizations for the complexes were carried out using—density functional theory
(with the cam-B3LYP functional) [17], which is an improvement of the B3LYP func-
tional. We used the advanced DGDZVP basis set for all atoms. The DGDZVP basis set
is a fully-electronic valence-split basis with the addition of polarization functions. This
basis set is optimized for use with—heavy atoms when applying density functional theory
[18]. The geometrical parameters of molecules and clusters were fully optimized; no imag-
inary vibrational frequencies were detected, which confirmed the- stationary character of
the optimization. Dissociation energies have been adjusted to reflect the zero-point vibra-
tional energy (ZPVE) and reduced to standard conditions (298.15 K, 1 atm) using thermal
corrections to the free energy and enthalpy.

NQCC of 127I nuclei have been estimated from the calculated electric field gradient ten-
sors. Experimental values for the electric quadrupole moments were taken from [19]. For
analysis of the nature of the bonding in the complexes, we have chosen the approach of nat-
ural orbitals bond [20]. The geometry of some complexes has also been optimized using the
software package ADF’2016 (Amsterdam density functional) [21]. We used the exchange
functional OPTX [22], combined with the correlation functional PBE [23], using a full-
electron triple-ζ based set of Slater orbitals with polarization functions. Relativistic effects
of heavy atoms have been accounted for by using the zero-order regular approximation
(ZORA) [24], which gives more realistic results than the widely used formalism of Pauli in
the Gaussian package program. Effective atomic charges were estimated in the Mulliken,
Hirschfeld, Voronoi and Multipole derived atomic charges approximations [21].

To assess the contributions of the donor-acceptor bond between XY and pyridine, we car-
ried out an analysis of the energy decomposition [25] with the help of the software package
ADF [21]. According to this scheme, the binding energy of the complex D-A, consisting of
two fragments D and A can be divided into the following components:

De = −(�Eprep + �Einter) (1)

where �Eprep is the preparation energy, describing the geometry distortion of each separate
fragment from its equilibrium geometry to that it has in the complex; �Einter is the energy
of interaction between the distorted fragments.

The last term can be further decomposed into three contributions:

�Einter = �EPauli + �Eelstat + �Eorb (2)

where �EPauli is the Pauli repulsion energy, which is the result of repulsion between the two
fragments’ filled shells; �Eelstat is a term describing the energy of the electrostatic interac-
tion between the two fragments at their original electron densities, that is, with the density
that each component would have in the absence of another fragment; �Eorb is orbital inter-
action components associated with the stabilization of the system. This last term includes
both the charge transfer and polarization.
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Table 1 Experimental element-halogen bond lengths (Å) compared with those calculated at the cam-
B3LYP/DGDZVP and BP86/TZ2P+levels of theory and also calculated NQCC (MHz) in various iodine
compounds

Compound R
exp.

B-Y Rcal.
B-Y (GAUSS) Rcal.

B-Y (ADF) χ
exp.

I, χcal.
Cl,Br,I,N (GAUSS) χcal.

I (ADF)

I2 2.667 2.714 2.650 −2151 −2502 −2064

ICl 2.321 2.373 2.402 −2928 −2993 −2543

IBr 2.470 2.510 2.460 −2731 −2823 −2303

GaI 2.575 2.635 2.610 −549 −471 −364

NaI 2.739 2.720 2.733 −327 −260 −310

LiI 2.392 2.468 2.388 −198 −317 −193

KI 3.050 3.157 3.019 −60 −115 −123

IO−
3 1.820 1.844 1.815 1022 1073 602

ICl−2 2.340 2.392 2.360 3128 3020 2412

IF5 1.870 1.942 1.908 1073 989 609

1.840 1.899 1.845

I−3 2.920 2.997 2.928 2410 1072 1023

1168 2701 2077

HI 1.609 1.635 1.612 −1823 −1882 −1474

CH3I 2.139 2.156 2.128 −1934 −2024 −1596

CH2I2 2.120 2.150 2.125 −1771 −1902 −1507

CH2CHI 2.092 2.106 2.077 −1847 −2043 −1514

CHICHI 2.030 2.106 2.080 −1848 −2131 −1576

CH3COI 2.210 2.209 2.202 −1570 −1704 −1235

I2Py 2.31 2.717 2.545 −2634 −2738 −2113

−1370 −1979 −1515

IClPy 2.29 2.545 2.402 −3095 −3145 −2430

IBrPy 2.26 2.510 2.470 −2971 −3006 −2284

3 Results and discussion

Table 1 shows the experimental and calculated values of the main parameters describing
the geometry of some simple iodides and LXY complexes. Comparison of bond lengths
in complexes LXY calculated on the basis of cam-B3LYP/DGDZVP level of theory with
experimental data [26, 27] is shown in Table 1. Analysis of the results led to the following
correlation between the calculated and experimental L-I and I-Y bond lengths for the studied
complexes (Fig. 1a):

[R(cal.)/Å] = 0.04 + 0.97 [R(exp.)/Å] (r = 0.998; s = 0.03; n = 24), (3)

where r is the correlation coefficient, s is the standard deviation, and n is the number of
compounds.

Similar correlation was obtained by comparing the experimental and BP86/TZ2P+
calculated bond lengths (Fig. 1b):

[R(cal.)/Å] = −0.01 + 1.003 [R (exp.)/Å] (r = 0.998; s = 0.02; n = 22), (4)

The good correlation between the experimental and calculated bond lengths “iodine-
halogen” and “ligand-iodine”, and the coefficient for R(exp.), close to 1 reflect the high
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Fig. 1 Correlation between experimental and calculated bond length using GAUSSIAN (a) and ADF (b)
packages
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Fig. 2 Relationship between experimental IR-wavenumbers and those calculated at the cam-
B3LYP/DGDZVP level of theory for various iodine compounds

reliability level used in the calculations. Table 1 shows that the intermolecular bond lengths
are close to the experimental values obtained by microwave spectroscopy. However, for XY
complexes with pyridine, the calculated values differ significantly from their experimental
counterparts obtained by X-ray analysis, which is probably due to the inaccuracy of the
experimental measurements, which were carried out in the 1960’s.
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Fig. 3 Correlation between experimental and calculated NQCC obtained by using the GAUSSIAN (a) and
ADF (b) packages

For some simple compounds of iodine and complexes LXY, the following correlation
was obtained between the experimental [28, 29] and calculated vibrational frequencies of
element-iodine bonds (Fig. 2):

[ω(exp.)/cm−1] = 16 + 0.97 [ω(cal.)/cm−1] (r = 0.992; s = 21; n = 33) (5)

These results have allowed us to carry out calculation of the NQCC of iodine atoms in a
number of compounds in the present study. Using the cam-B3LYP/DGDZVP method, the
correlation obtained between the experimental [5, 30] and calculated NQCC was (Fig. 3a):

[χexp.

I, (MHz)] = 33 + 0.96[χcal.
I (MHz)] (r = 0.998; s = 104; n = 25) (6)

A similar correlation between the NQCC calculated by the ADF method and the
corresponding experimental NQCC of the various iodine nuclei is expressed as follows
(Fig. 3b):

[χexp.

I, (MHz)] = 33 + 1.25 [χcal.
I (MHz)] (r = 0.996; s = 156; n = 22) (7)

These dependences indicate that the use of the full-electron basis set DGDZVP and
ZORA approximations in the ADF method gives acceptable values for the NQCC of iodine
nuclei, both when compared with each other and with the experimental data.

It is possible to compare estimates of the stabilization energy of XIL complexes, result-
ing from both methods of calculation with the experimental values of the enthalpy of
complexation.

It is known in the literature that the enthalpy of complexation of the iodine with pyridine
(−7.4 ÷ −8.6 kcal/mol) only [31], which is consistent with that obtained in our calcula-
tion of value (−8.5 in the program GAUSSIAN and −8.7 kcal/mol in the program ADF).
Energy stabilizations of complexes with iodine monochloride and iodine monobromide are
somewhat larger (−13 and −11.1 chloride and −10 and −9.6 kcal/mol for the bromide, cal-
culated by both methods). Thus, the force constant increases in the complexes in the order
I2 < IBr < ICl, corresponding to the order of the experimental enthalpy data [31]. The
calculated enthalpy of formation of complexes of iodine monochloride and iodine mono-
bromide with nitriles have values between −2 and −9 kcal/mol, which is fairly close to the
experimental data [32]. The same applies to the iodine complexes with ethers and sulfides
[32].

Also very interesting is the comparison of internal energy levels calculated under both
methods with the experimental values of the binding energies from the X-ray photoelectron
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Table 2 Inner level energy of nitrogen, carbon, iodine and chlorine atoms (a.e.) calculated at cam-
B3LYP/DGDZVP (a) and BP86/TZ2P+ (b)

Compound N1scal C1scal Cl2pcal I3dcal. N1sexp C1sexp Cl2pexp

ICl – – 7.33a 23.08a – – 7.6

7.07b 22.42b

Py 14.41a 10.30a – 14.89 10.5 –

14.02b 9.94b

IClPy 14.47a 10.34a 7.27a 23.05a 14.93 – <7.6

14.09b 9.97b 7.00b 22.38b
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Fig. 4 Correlation between experimental and calculated atom inner level of 1sN, 2pCl and 1sC at
GAUSSIAN (a) and ADF (b)

spectra. Table 2 shows the calculated and the experimental energy of the inner levels [14]
of the atoms that make up the complex ICl-Py.

The experimental energy difference of the 3d level of the iodine atom in the ICl complex
is 0.03 a.u. The results indicate the good quality of the calculation. Changes in the calcu-
lated internal energy levels during the transition from individual molecules to complexes
practically coincide with the experimental differences of the bond energy (Fig. 4).

Table 3 shows the values of changes in the electron density at the atoms in the com-
plexes of halogens with pyridine, calculated in various approximations, using different
schemes of calculation of the effective charges on the atoms: Mulliken (Mul), the atom in
the molecule (AIM), Löwdin (Löw), multipole charges (Mult), due to natural orbitals bond
(NBO), Hirschfeld (Hirsh), Voronoi (Voronoi).

Experimental data from the ESCA and NQR spectra indicate that complexation occurs
with an increase in electron density on the terminal iodine atom and a halogen atom but
with a reduction on the nitrogen atom of the pyridine molecule [33]. On the one hand, it
indicates an increase of the binding energy of the nitrogen atom in the pyridine molecule
and decreases the binding energy of the chlorine and iodine atoms [14]. A decrease of the
NQCC on the nitrogen and chlorine atoms and an increase of that of the iodine atom [5]
are also revealed. Table 3 shows that the experimental distribution of the electron density in
the complex for all three systems corresponds only to the charges calculated by Hirschfeld,
Voronoi and Multipole methods of describing the charge distributions.



144 Page 8 of 11 Hyperfine Interact (2016) 237: 144

Table 3 Electron density change in IHalPy complexes, calculated at cam-B3LYP/DGDZVP (a),
BP86/TZ2P+ (b) and AIM (c)

Complex Atom �qMul �NBO �qMult �qHirsh �qVoronoy �qAIM �qLöw

(a) (a) (b) (b) (b) (c) (a)

IClPy I – – 0.210 0.078 0.114 0.004 −0.030

Cl 0.046 0.023 0.086 0.160 0.173 0.155 0.247

N 0.189 0.155 – −0.092 −0.022 0.023 0.027

0.100 0.040 0.259

IBrPy I – – 0.283 0.060 0.095 −0.013 0.011

Br 0.054 0.040 0.018 0.162 0.173 0.164 0.172

N 0.183 0.152 – −0.086 −0.014 0.019 −0.020

0.090 0.037 0.276

I2Py I – – 0.250 0.040 0.076 −0.043 −0.007

I 0.079 0.057 0.070 0.163 0.172 0.179 0.180

N 0.181 0.151 – −0.080 −0.006 0.014 −0.027

0.080 0.033 0.196

The sign (−) corresponds to a decrease of the electron density

Table 4 Energy decomposition and NBO analysis for iodine complexes (kcal/mol)

Compex �EPauli �EElstat. �EOrb. De E
(2)
ij Rcal.

N−I

IClPy 61.3 −40.9 −31.5 11.1 56.8 2.402

I2Py 49.0 −32.1 −25.6 8.7 36.4 2.545

IBrPy 46.6 −31.3 −24.9 9.6 45.2 2.470

Using the method of energy decomposition, as defined in the ADF method, intermolec-
ular bonds in IXPy complexes were analyzed. Three major components contributing to the
energy of the chemical bond can be identified: Pauli repulsion, electrostatic attraction and
covalent interactions. Frenking and colleagues [34] suggested that �Eelstat should be used
to assess the strength of the electrostatic binding, and �Eorb—for covalent binding.

In LXY complexes, the term �Eelstat dominates in comparison with �Eorb term
(Table 4). From this it follows that the binding of I-L in these complexes is more electrostatic
than covalent. A larger contribution of electrostatic interactions in the case of complexes I2,
IBr and ICl with all possible types of bases was assumed in [35].

Table 4 shows that the interaction energy of the complexes correlates with the calculated
intermolecular bond length; the more interaction, the shorter intermolecular distance:

De = 51.1 − 16.7Rcal.
N−I (r = 0.985; s = 0.3; n = 3) (8)

It is well known from the model of Mulliken and the interaction energy of the second
order nσ - complexes from the method of natural bond orbitals [20] that the LP(N) → σ*XY
(LP = lone electron pair of the nitrogen atom of the pyridine) donor-acceptor interaction
is the source of the intermolecular charge transfer [5]. The result, as established here, is a
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Fig. 5 Molecular orbitals of the IClPy complex a HOMO, b HOMO-3, c HOMO-4, d HOMO-6), e HOMO-7

relationship between the energy of the interaction and the binding energy of complexes with
pyridine according to (9):

De = 4.3 + 0.11�E
(2)
ij (r = 0.998; s = 0.11; n = 3) (9)

The existence of the equation (9) indicates that the term �E
(2)
ij (describing the donor-

acceptor energy) justifies use of the term ‘covalent’ to describe the intermolecular interac-
tions in these complexes. A similar relationship was found by us for the complexes of sulfur
trioxide [4, 5]. It should also be noted that in terms of molecular orbitals (Fig. 5), the high-
est occupied molecular orbital represents a lone pair of electrons of the halogen atoms (the
HOMO-3) while the π -orbitals of the pyridine ring are the HOMO-4—bonding orbitals I-
Cl. The donor-acceptor interaction is manifested only in the HOMO-6 and HOMO-7, which
can be attributed to the orbital with a large contribution I-N bond.

4 Conclusions

The calculations clearly show that the calculated by Gaussian and ADF bond lengths cor-
relate with the experimental values. The calculated IR-, rotational spectra and nuclear
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quadrupole interaction constants of iodine are consistent with the data of microwave spec-
troscopy and nuclear quadrupole resonance. The calculated by both methods stabilization
energies are close to the experimental values. The good correlation between experimental
and calculated binding energies of the inner electrons of iodine, chlorine and nitrogen atoms
were found with the calculation of Gaussian and Slater functions. The comparison of experi-
mental and calculated changes in the electron density on the atoms upon complex formation
allowed choosing the scheme of calculating the effective charge on the atoms, which allow
interpreting the experimental spectra. From EPA scheme follows that for iodine complexes
the electrostatic bonding is a little bit more than covalent bonding.

Acknowledgments We thank Prof. G. Frenking from Philipps-Universität Marburg for making calcula-
tions on Gaussian and ADF software packages. Special thanks to Prof. A. Legon from Bristol University for
editing of this article.
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