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The halogen and hydrogen bonding complexes between 2,2,6,6-tetramethylpiperidine-noxyl
and trihalomethanes (CHX3 , X=Cl, Br, I) are simulated by computational quantum chemistry. The molecular electrostatic potentials, geometrical parameters and interaction energy
of halogen and hydrogen bonding complexes combined with natural bond orbital analysis are
obtained. The results indicate that both halogen and hydrogen bonding interactions obey
the order Cl<Br<I, and hydrogen bonding is stronger than the corresponding halogen bonding. So, hydrogen bonding complexes should be dominant in trihalomethanes. However, it is
possible that halogen bonding complex is competitive, even preponderant, in triiodomethane
due to the similar interaction energy. This work might provide useful information on specific
solvent effects as well as for understanding the mechanism of nitroxide radicals as a bioprobe
to interact with the halogenated compounds in biological and biochemical fields.
Key words: Halogen bonding, Hydrogen bonding, Theoretical study, Nitroxide radical,
Natural bond orbital

moiety can interact with the hydrogen to form hydrogen bonding which commonly exists in chemical and
biological processes. So it may lead to a fine-tune of
the physicochemical properties of nitroxides under controlled conditions [24−26]. The NO moiety as a good
electron donor can also react with halogen atom to form
halogen bonding. The possible hydrogen and halogen
bonding can increase the unpaired electron spin density
on nitrogen. This can be explained by the two forms of
nitroxide which are shown as follows:

I. INTRODUCTION

The noncovalent interactions play an important role
in supramolecular chemistry, crystal engineering and biological chemistry [1]. The hydrogen bonding is definitely one of the most important noncovalent interactions and has been investigated extensively during the
past decades [2−4]. Halogen bonding stimulates scientist’s much interest in recent years [5−11], which is
defined as a short-range C−X· · · B interaction (where
X is typically chlorine, bromine or iodine, B is Lewis
base, such as oxygen, nitrogen, sulfur, halide ion, or π
electron system). The halogen bond length is less than
the sum of the van der Waals (vdW) radii of interaction atoms in C−X· · · B model. The C−X· · · B angle
is apt to 180◦ . Halogen bonding has its distinct properties but also shares some similar physical chemistry
behaviors with the hydrogen bonds, such as, directionality and comparable, even stronger, bonding strength.
A lot of researches have proven that halogen bonding
occurs in biological systems and processes [7, 12] and
plays an important part in drug design [13−15], ligandrecceptor interaction or molecular recognition [16, 17],
and in crystal engineering [18−20].
The nitroxide radicals are used as the spin labels in
the field of biology, biochemistry and biophysics because
of the sensitivity of some magnetic parameters to polarity of the local solvent environment [21−23]. The NO

The nitrogen hyperfine splitting constant of nitroxide
is sensitive to the solvent and these interactions were
attributed to hydrogen or halogen bond and can be detected by ESR spectroscopy. Lucarini et al. studied
the interaction of the 2,2,6,6-tetramethylpiperidine-Noxyl with several iodine-substituted fluoroalkanes and
fluorobenzenes for the first time by electron spin resonance (ESR) spectroscopy [27]. They found that halogen bonding had a similar interaction strength with hydrogen bonding. Our group also reported the ESR spectroscopy behaviors of 2,2,6,6-tetramethylpiperidinenoxyl (TEMPO) in some halogenated solvent molecules
and proposed that the halogen bonding separately or
together with hydrogen bonding do exist between nitroxide radical and the halogenated solvent molecules
[30].
To proceed further investigation of the possible interactions between nitroxide radical and halogenated
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FIG. 1 The electrostatic potential surfaces of three trihalomethanes were generated by mapping the wB97XD/aug-cc-pvdz(pp) electrostatic potential onto surface of molecular electron density (0.001 electron/Bohr3 ), in kcal/mol.

hydrocarbon, the hydrogen and halogen bonding complexes NO· · · CHX3 were investigated by the quantummechanical (QM) method in this work, involving the
electrostatic potentials, geometrical parameters, bonding energies. The performance of different quantum mechanical methods was also tested and compared.

II. COMPUTATIONAL DETAILS

All calculations were performed by Gaussian 09 program packages [31]. The unrestricted MP2 [32], B3LYP
[33, 34], wB97XD [35, 36], and B97D [37] were applied
to compute the monomers and complexes and gave reliable estimates of strctures and energies with the basis
set aug-cc-pVDZ-PP [38] for iodine and aug-cc-pVDZ
[39] for hydrogen, carbon, nitrogen, oxygen, fluorine,
chlorine, and bromine atoms.
The interaction energies (∆E) of all complexes were
obtained as differences between the total energy of
the complex and the sum of total energies of the two
monomers. The basis set superposition error (BSSE)
can be eliminated by means of the Boys-Bernardi counterpoise method (CP) [40].
The bonding properties were further analyzed by the
natural bond orbital (NBO) theory [41]. It will allow
us to quantitatively evaluate the charge transfer (CT)
involving the formation of a hydrogen bonds or halogen
bonds.

III. RESULTS AND DISCUSSION
A. Electrostatic potential of solvent trihalomethanes

The electrostatic potential V (r) as a useful tool has
been used to analyze the chemical reactive behavior involving both electrophilic and nucleophilic processes,
as well as recognition of hydrogen bonding interactions
over the last three decades [42−44]. As we all know,
halogen is electronegative and usually interacts with
electrophiles. It seems abnormal that halogen interacts with nucleophiles to form halogen bonding. The
calculation indicates that there is a region of positive
electrostatic potential on the outermost surface of the
DOI:10.1063/1674-0068/26/02/172-180

halogen atoms along the extension of the R−X bond
axis in many halogen-containing molecules [12, 42, 45].
Politzer et al. described the positive region of electrostatic potential as the σ-hole and successfully explained
the formation and directionality of halogen bonding
with σ-hole model [46].
Organic free radicals are a kind of important bioor chemical probes and the ESR signal of them is frequently detected in solvents halogen-containing. The
fluctuation of ESR signal should be susceptive to possible hydrogen or halogen bonding between free radical and solvent molecule or other factors. In order
to investigate the possibility of hydrogen or halogen
bonding, here three trihalomethane solvents (CHCl3 ,
CHBr3 , CHI3 ) are considered. The calculation at
wB97XD/aug-cc-pVDZ-PP level indicates that the hydrogen and halogen in three trihalomethane molecules
all have strong positive potentials encompassing them,
as shown in Fig.1. The only 1s-electron of the hydrogen is shared with carbon atom to form C−H σbond, leaving the semispherical surface of the hydrogen with mostly positive potential. The most positive value (Vs,max ) of hydrogen is +35.4, +34.3, and
+30.4 kcal/mol in CHCl3 , CHBr3 , and CHI3 , respectively, and varies with the electron-withdrawing ability
of halogen atom substituent on carbon, just as shown
in Fig.1. There are also the positive regions, called “σholes”, on the surface of the covalently-bonded chlorine,
bromine and iodine atoms. Whether the σ-hole exists
and its strength is determined on the electronegativity of halogen and the degree of sp hybridization of its
unshared s valence electrons [46]. In order to provide
some insight into the origins of the σ-holes, the NBO
analysis of the electronic configuration of the halogen
atom X in CHX3 was performed at the MP2(full)/augcc-pVTZ(-PP) level and the results are represented in
Table I. Each halogen atom X involved in the C−X σbond (σC−X ) of CHX3 has three unshared lone electron
pairs, two of them locate in p orbitals perpendicular
to the C−X axis. The third unshared electron pair is
mostly s electrons with some degree of p-hybridization
(19.64% for CHCl3 , 19.19% for CHBr3 , and 20.72% for
CHI3 ), as listed in Table I. The half-filled p orbital of
each halogen atom involved in C−X σ-bond has low degree of sp hybridization and the s-contribution is 16.12%
c
°2013
Chinese Physical Society

174

Chin. J. Chem. Phys., Vol. 26, No. 2

TABLE I NBO analysis for CHX3 (X=Cl, Br, I) at
MP2(full)/aug-cc-pVTZ(-PP).
Chargea Populationb
CHCl3 −0.187
CHBr3 0.008
CHI3
0.210
a
b

52.30
46.99
40.30

σC−X
s/% p/%
16.12 83.44
13.18 86.49
10.06 89.62

s-electronpair
s/%
p/%
80.33 19.64
80.79 19.19
79.26 20.72

Mulliken atom charges on X.
Halogen population in the σC−X .

for Cl, 13.18% for Br, and 10.06% for I. So, the valence electrons of each halogen in CHX3 approximate
s2 p2x p2y p1z distribution (where C−X bond lies along the
z-axis, px and py are perpendicular to the C−X axis).
The three unshared lone electron pairs create a belt
of negative electrostatic potential, leaving the positive
potential outermost region along the C−X axis. The
halogen with high electronegativity attracts electrons
to neutralize the σ-hole. So, the region and the positive electrostatic potential of σ-hole in CHX3 decrease
as the electronegativity of halogen increases (as shown
in Fig.1).
It can be reasonably expected that the electrostatic
interaction between the σ-hole of the halogen atoms and
nitroxide radical should be a significant contribution to
the halogen bonding which would be discussed later.
B. Comparison of theoretical methods

The accurate description method with low computation demand has always been the object in the computational quantum chemistry. The electron correlation
is highly necessary for describing the nonbonding interaction for ab initio calculations [47−49]. The secondorder Møller-Plesset theory (MP2) performs well in describing the noncovalent interactions which the computational time is acceptable for moderate system [50−53].
Too high computational demand of MP2 for a large system is one of its limits. The density functional theory
(DFT) is a reasonable alternative due to its accuracy of
calculations equivalent to MP2 and less computational
demand. However, the query on DFT is its performance in describing intermolecular interaction because
of its incomplete treatment of dispersion. In order to
solve this problem, dispersion-corrected DFT (DFT-D)
is developed. In this work, MP2, B3LYP (one of the
most popular DFT), wB97XD and B97D (two DFTD methods) were used to optimize the monomers and
complexes. The performance of these computational
methods was compared in terms of geometric parameters and interaction energies. The TEMPO was modeled as dimethyl nitroxide (Me2 NO) in order to reduce
calculation time. The main geometric parameters and
the interaction energies of the halogen and hydrogen
DOI:10.1063/1674-0068/26/02/172-180
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bonding complexes Me2 NO· · · CHX3 calculated at four
different quantum methods with the same basis set augcc-pVDZ(-PP) are listed in Table II and Table III, respectively.
As listed in Table II, the halogen and hydrogen
bonding lengths calculated by B3LYP, wB97XD, B97D
methods are all a little longer, (1.4%−8.3%, 3.3%−5.8%
and 1.2%−5.2% longer, respectively), than those by
MP2. So, in terms of the calculated bonding distances, the four methods display no remarkable difference. The bonding angles calculated by B3LYP deviate
greatly from the results by MP2, especially in the case of
weaker interactions. The maximum difference for halogen bonding angles between B3LYP and MP2 is 35.1◦
in Me2 NO· · · CHCl3 complex. The bonding angles by
wB97XD are close to the results by MP2. The B97D results take the second place, which can be seen clearly in
Table II. Therefore, the simulation of halogen and hydrogen bonding complexes by the MP2, wB97XD, and
B97D is reasonable and acceptable in this work in terms
of geometric parameters.
As shown in Table III, the interaction energies of
Me2 NO· · · CHX3 complexes obtained by MP2 are all
larger than the other three methods. The percentages
of BSSE energy obtained by MP2 are 33.3%−48.6%,
which is also the largest among the four methods.
The interaction energies obtained by B3LYP are much
smaller than the other three methods’ results, which is
mostly due to the lack of consideration of dispersion. It
has to be pointed out that the interaction strength of
hydrogen bonding calculated by B3LYP is in the order
Me2 NO· · · CHCl3 >Me2 NO· · · CHBr3 >Me2 NO· · · CHI3 ,
which is opposite to the results obtained by the other
three methods. So, the halogen and hydrogen bonding
interaction energies calculated by B3LYP are illogical
here. The BSSE percentages for wB97XD and B97D
are relatively small and the BSSE-corrected interaction
energies are close to the MP2 results (see ∆E cp listed
in Table III).
To summarize the analysis above, MP2, wB97XD
and B97D with aug-cc-pVDZ(-PP) can give reasonable
structures of the halogen and hydrogen bonding complexes in this work. The B3LYP results are dissatisfied
at simulating halogen and hydrogen bonding complexes
in this work. For the TEMPO· · · CHX3 complexes,
B3LYP, wB97XD, and B97D were also performed and
compared. MP2 was not employed in this system due
to the large computational demand.

C. Geometrical details

The unrestricted B3LYP, wB97XD, and B97D are applicable to optimize the geometry of the halogen or hydrogen bonding complexes TEMPO· · · CHX3 . The optimized geometrical parameters are listed in Table IV
and the structures of complexes are shown in Fig.2.
As listed in Table IV, the bonding distances of all
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TABLE II The main geometrical parameters of halogen and hydrogen bonding complexes Me2 NO· · · CHX3 fully optimized
by four different methods∗ .

XBCl
XBBr
XBI
HBCl
HBBr
HBI

MP2
3.057
2.921
2.773
1.937
1.905
1.970

dO···X/H /Å
B3LYP wB97XD
3.099
3.158
2.970
2.951
2.959
2.933
2.094
2.034
2.064
2.009
2.114
2.042

B97D
3.137
3.009
2.918
2.020
1.980
1.994

MP2
142.0
156.2
174.0
160.8
164.6
166.3

∠C−X/H· · · O/(◦ )
B3LYP wB97XD
177.1
147.7
177.4
174.7
175.3
172.5
177.4
157.9
169.7
161.4
169.3
164.7

B97D
161.5
171.6
174.3
164.7
165.7
169.6

MP2
85.6
91.8
103.8
109.5
109.0
111.4

∠N−O· · · X/H/(◦ )
B3LYP wB97XD
115.6
91.0
117.3
113.0
118.8
109.4
132.0
112.6
127.8
113.7
131.1
115.7

B97D
93.9
99.8
107.3
108.9
109.4
110.1

∗
XBCl , XBBr and XBI represent the halogen bonding complexes formed between Me2 NO and CHX3 . HBCl , HBBr and HBI
represent the hydrogen bonding complexes.

TABLE III The bonding interaction energies ∆E, BSSE energies EBSSE and corrected interaction energies ∆E cp (kcal/mol).

XBCl
XBBr
XBI
HBCl
HBBr
HBI

∆E
−5.43
−7.45
−9.91
−10.34
−11.85
−11.93

MP2
EBSSE
2.63
3.62
3.62
3.44
4.83
4.30

∆E cp
−2.80
−3.83
−6.29
−6.90
−7.02
−7.63

∆E
−1.16
−2.10
−3.24
−4.46
−4.15
−3.59

B3LYP
EBSSE
0.29
0.40
0.42
0.51
0.60
0.38

∆E cp
−0.87
−1.70
−2.82
−3.95
−3.55
−3.21

∆E
−3.01
−3.60
−5.43
−7.09
−7.64
−7.42

wB97XD
EBSSE
0.50
0.45
0.39
0.77
0.83
0.46

∆E cp
−2.51
−3.15
−5.04
−6.32
−6.81
−6.96

∆E
−2.74
−4.31
−6.15
−6.44
−7.36
−7.63

B97D
EBSSE
0.39
0.51
0.42
0.75
0.84
0.49

∆E cp
−2.35
−3.80
−5.73
−5.69
−6.52
−7.14

∗
Interaction energy ∆E=EAB −(EA +EB ), BSSE-corrected interaction energy ∆E cp =cp EAB −(EA +EB ), BSSE energy
EBSSE =∆E−∆E cp . EAB , cp EAB , EA , and EB represent interaction energy, BSSE-corrected interaction energy by
counterpoise method, the energy of two monomers A and B.

TABLE IV The main geometrical parameters of halogen and hydrogen bonding complexes TEMPO· · · CHX3 fully optimized
by three different quantum methods.

TEMPO· · · Cl−CHCl2
TEMPO· · · Br−CHBr2
TEMO· · · I−CHI2
TEMPO· · · H−CCl3
TEMPO· · · H−CBr3
TEMPO· · · H−CHI3

B3LYP
3.056
2.981
2.979
2.065
2.064
2.086

dO···X/H /Å
wB97XD
2.976
2.913
2.863
1.966
1.962
1.989

B97D
3.102
2.994
2.887
1.975
1.968
1.969

the calculated halogen bonds are less than the sums
of vdW radii [54] of the atoms interacted (O, 1.52 Å,
H, 1.20 Å, Cl, 1.75 Å, Br, 1.85 Å, I, 1.98 Å), which
indicate the formation of the halogen and hydrogen
bonding. The halogen bonding dO···Cl is 3.056 Å
by B3LYP, 2.976 Å by wB97XD, 3.102 Å by B97D,
respectively. Namely, the bonding length dO···Cl is
5.1%−9.0% shorter than the sum of their vdW radii
(3.27 Å). The dO···Br and dO···I calculated by the three
methods are 11.2%−13.6% and 14.9%−18.2% shorter
than the sum of vdW radii of corresponding interact

DOI:10.1063/1674-0068/26/02/172-180

∠C−X/H· · · O/(◦ )
B3LYP
wB97XD
B97D
179.0
164.3
166.7
180.0
169.8
174.1
177.8
177.2
174.9
176.5
173.4
170.8
179.6
168.4
164.9
176.6
161.9
159.4

∠N−O· · · X/H/(◦ )
B3LYP
wB97XD
B97D
137.6
123.7
122.7
140.0
126.1
124.2
142.2
133.7
127.2
153.7
125.9
121.6
172.3
120.7
115.4
168.2
117.9
113.1

atoms. These three methods give similar results in
terms of bonding distances, which is reasonable and
acceptable. The performances of these three methods
agree with the results for Me2 NO· · · CHX3 above.
The shorter bonding lengths usually indicate stronger
interactions, so, the halogen bonding strength order is
Cl<Br<I. This is in agreement with the predication by
electrostatic potentials and it will be studied further
from the interaction energies in the following part.
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FIG. 2 Optimized structures of the TEMPO· · · CHX3 by wB97XD/aug-cc-pVDZ(-PP).

The possible hydrogen bonding strength should obey
the order of Cl>Br>I based on the electrostatic potentials. However, these trends are not found in view
of hydrogen bonding distances. The hydrogen bonding
lengths in the three hydrogen bonding complexes are
nearly the same. Shorter bonding distances usually indicate stronger interaction, but, it is not always true.
The strength of the hydrogen bonding will be discussed
later in the part of interaction energies.
The bonding angles data computed by wB97XD and
B97D are alike although there are some tiny differences,
e.g., ∠C−X· · · O are in the range of 164.3◦ −177.2◦
by wB97XD and 166.7◦ −174.9◦ by B97D. ∠C−H· · · O
are 161.9◦ −173.4◦ by wB97XD and 159.4◦ −170.8◦ by
B97D. The B3LYP results show a better linear trend of
halogen and hydrogen bonding angles. The ∠N−O· · · X
are close to 120◦ by the three methods, although some
exceptions occur by B3LYP results.
The crystal structure data can support above calculation results on complex geometry. The dO···I =2.827 Å,
∠O· · · I−C=176◦ , and ∠N−O· · · I=145.0◦ in cocrystals of 4-amino-2,2,6,6-tetramethyl(piperidin-1yloxyl) radical and 1,4-diiodotetrafluorobenzene [55].
However dO···I =2.866−2.940 Å, ∠O· · · I−C=∼177.6◦ ,
and ∠N−O· · · I=∼137.0◦ in co-crystals of isoindoline
nitroxide
1,1,3,3-tetramethylisoindolin-2yloxyl with 1,4-diiodotetrafluorobenzene [56] or
1,4-diiodotetrafluorobenzene (1,2-DITFB) [57]. The
computational structural parameters (in Table IV)
by these three quantum methods match well with
DOI:10.1063/1674-0068/26/02/172-180

α

β

FIG. 3 Sketch of the HOMO of α-spin orbital and β-spin
orbital of TEMPO.

the abovementioned crystal structure data.
The
consistency between experimental data and theoretical
results provides evidence for the reliability of these
quantum methods in this work.
The electrostatic potential surfaces of the trihaomethane molecules in Fig.1 shows the σ-hole is along
the extension of the C−X bond. The halogen bonding
angles is always approximately 180◦ . Some small deviation for halogen bonding angles is observed from the
wB97XD/B97D results. It can also be explained by
electrostatic potential, also shown in Fig.1. Point A
and A0 on the surface were the zero value of electrostatic potential and axisymmetric. The value of electrostatic potential surface region between OA and OA0
was positive and could interact with nucleophile. The
β values are β 1 =46.0◦ in CHCl3 , β 2 =51.3◦ in CHBr3 ,
and β 3 =58.2◦ in CHI3 . So, the extreme value of halogen bonding angles is α1 ≥134.0◦ for Cl, α2 ≥128.7◦ for
Br, α3 ≥121.8◦ for I. However, no such small halogen
c
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TABLE V Natural bond orbital analysis of TEMPO.
α-spin orbitals
β-spin orbitals
∗

Occupancy
48(0.97198)
47(0.97501)

Bond orbital∗
LP(1) N30
LP(2) O29

Hybrid styles
s (2.88%), p 33.66 (97.11%), d 0.00 (0.01%)
s (0.00%), p 1.00 (99.93%), d 0.00 (0.07%)

LP means lone pair electron.

TABLE VI Calculated halogen bonding and hydrogen bonding interaction energies (kcal/mol).
Complex
TEMPO· · · Cl−CHCl2
TEMO· · · Br−CHBr2
TEMO· · · I−CHI2
TEMPO· · · H−CCl3
TEMPO· · · H−CBr3
TEMPO· · · H−CI3

∆E
−1.10
−2.03
−2.87
−4.18
−4.05
−3.46

B3LYP
BSSE
0.40
0.60
0.65
0.75
0.78
0.69

cp

∆E
−0.70
−1.43
−2.22
−3.43
−3.27
−2.77

bonding angles are not found in the theoretical and experimental results because the nucleophile attack tends
to the most positive position of σ-hole.
In addition, the calculated ∠N−O· · · X is always close
to 120◦ and it can be understood by the frontier molecular orbital theory (FMO). For the nucleophile, instead
of thinking about the total electron density, the localization of the highest occupied molecular orbital (HOMO)
should be considered because electrons from this orbital
are mostly free to participate in the reaction. As listed
in Table V, for the α-spin orbitals, one of the lone pair
electrons of nitrogen takes up the No.48 single occupied
molecular orbital, α-spin HOMO. For the β-spin orbitals, one of the lone pair electrons of oxygen takes up
the No.47 single occupied molecular orbital (SOMO),
β-spin orbital HOMO. The sketch of the HOMO of αand β-spin orbitals of N−O moiety is shown in Fig.3. If
the N−O moiety reacts with an electrophile, the single
lone pair electron of the nitrogen and the oxygen tend
to be more reactive. The degree of overlap between
the lowest unoccupied molecular orbitals (LUMO) of
the electrophile and the p orbitals of nitroxide is the
largest at an angle of about 120◦ to the N−O axis.

D. Interaction energies

Interaction energy is the most convincing measurement of intermolecular interaction strength. Table VI
shows the interaction energies of the halogen bonding
and hydrogen bonding. The percentage of BSSE calculated by B3LYP is from 17.9% for hydrogen bonding
complex to 36.4% for halogen bonding complex formed
by TEMPO and trichloromethane. The percentage of
BSSE is 8.5%−19.2% for wB97XD and 8.8%−17.6%
for B97D. So, the BSSE should be considered in calDOI:10.1063/1674-0068/26/02/172-180

∆E
−3.44
−5.07
−6.35
−8.12
−9.02
−9.14

wB97XD
BSSE
0.66
0.89
0.54
1.25
1.44
0.96

cp

∆E
−2.78
−4.18
−5.81
−6.87
−7.58
−8.18

∆E
−3.13
−5.02
−6.93
−7.34
−8.56
−9.18

B97D
BSSE
0.55
0.76
0.61
1.20
1.42
1.03

∆E cp
−2.58
−4.26
−6.32
−6.14
−7.14
−8.15

culations of halogen and hydrogen bonding interaction
energies.
The hydrogen bonding strength predicted by B3LYP
is opposite to the results got by wB97XD and B97D.
The same conclusion was found for the complexes
Me2 NO· · · CHX3 . So, the interaction energies obtained
by B3LYP are unreasonable and not adopted in the
following analysis. The pre-post corrected interaction
energies calculated by wB97XD are very close to B97D
results. In the following part, the corrected interaction
energies obtained by wB97XD were used for analysis.
Based on calculations, the trichloromethane prefers
to form hydrogen bonding complexes with TEMPO.
The Vs,max of hydrogen (35.4 kcal/mol, shown in Fig.1)
is much larger than the Vs,max of σ-hole of chlorine
(14.2 kcal/mol). The proton in trichloromethane is
somewhat more acidic and forms hydrogen bonding
complex more easily with the nucleophile, such as nitroxide radical. The interaction energies of hydrogen and halogen bonding between trichloromethane
and TEMPO are −6.87 or −2.78 kcal/mol, respectively. As the electronegativity of halogen atoms in
trihalomethane decreases, the electrostatic potential
Vs,max of hydrogen decreases from +34.3 kcal/mol in
tribromomethane to +30.4 kcal/mol in triiodomethane
and the Vs,max of σ-hole of halogen grows from
+19.2 kcal/mol in tribromomethane to +26.5 kcal/mol
in triiodomethane. The predication is that the hydrogen and halogen bonding strength will grow stronger
as the most positive electrostatic potential Vs,max value
increases. The interaction energies data show the halogen bonding strength obeys an order of Cl<Br<I, which
agrees with the predication from the aspect of electrostatic potential. The opposite results are observed
for hydrogen bonding that the bonding strength is inversely proportional to the electrostatic potential of
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TABLE VII Significant donor-acceptor NBO interactions in the complexes and the second-order perturbation stabilization
energies.
2
Donor
Acceptor
E 2 /(kcal/mol)
Etotal
/(kcal/mol)
∆q
∗
LP(1)O
BD (1)C−Cl
0.26↑
LP(2)O
BD∗ (1)C−Cl/RY∗ (1)Cl
0.68↑/0.06↓
1.00
0.0686
∗
TEMPO· · · Br-CHBr2
LP(1)O
BD (1)C−Br
0.56↑
LP(2)O
BD∗ (1)C−Br/RY∗ (1)Br
1.49↑/0.27↓
2.32
0.0923
TEMPO· · · I−CHI2
LP(1)O
BD∗ (1)C−I
0.93↑
LP(2)O
BD*(1)C−I/RY∗ (1)I
2.66↑/0.20↓
3.79
0.1139
TEMPO· · · H−CCl3
LP(1)O
BD∗ (1)C−H
4.01↑
BD(1)N−O
RY∗ (2)H/RY∗ (4)H
0.39↑/0.49↓
BD(2)N−O
BD∗ (1)C−H
0.47↑
5.36
−0.1336
TEMPO· · · H−CBr3
LP(1)O
BD∗ (1)C−H/RY∗ (1)H
1.30↑/0.04↓
LP(2)O
BD∗ (1)C−H/RY∗ (1)H
3.04↑/0.12↓
BD(1)N−O
RY∗ (1)H/RY∗ (4)H
0.16↑/0.56↓
5.22
−0.1198
∗
∗
TEMPO· · · H−CI3
LP(1)O
BD (1)C−H/RY (3)H
1.39↑/0.04↓
LP(2)O
BD∗ (1)C−H/RY∗ (3)H
2.65↑/0.18↓
BD(1)N−O
RY∗ (3)H/RY∗ (4)H
0.19↑/0.51↓
4.96
−0.0978
Note: ↑ and ↓ stand for α and β spin orbitals respectively. “BD” for 2-center bond, “LP” for 1-center valence lone pair,
“RY∗ ” for 1-center Rydberg, and “BD*” for 2-center antibond.

Complex
TEMPO· · · Cl−CHCl2

hydrogen bonding. So, the nature of hydrogen bonding is not merely electrostatic force, however, dispersion effect, charge transfer and polarization etc. should
contribute to the total interaction energy. On the
whole, the strength of halogen and hydrogen bonding obey the order Cl<Br<I and the hydrogen bondings are stronger than the corresponding halogen bonding. So, the hydrogen bonding complexes are dominant in radical/trihalomethane systems while the halogen bonding would become more competitive from
trichloromethane to tribromomethane, triiodomethane.
It is possible that the halogen bonding are preponderant in TEMPO· · · CHI3 complex due to the interaction
strength comparative to that of hydrogen bonding and
numerical superiority of iodine in triiodomethane.
The shorter bonding distances usually parallel the
strengthening of an interaction. The linear relationship
between halogen/hydrogen bonding distances and interaction energies was investigated. The correlation coefficient R2 is 0.9998 for wB97XD results and 0.9993 for
B97D results (shown in Fig.4). However, this case does
not always happen. The hydrogen bonding distances
are not linearly correlated with the bonding energies.
The longer bonding distance corresponds to stronger
interaction, e.g., the longest hydrogen bonding length
of TEMPO· · · CHI3 has the strongest interaction.

E. Natural bond orbital analysis

It has been well documented that charge transfer
(CT) plays a crucial role in halogen bonding in dihalogen systems [58−60]. The charge transfer effect is assoDOI:10.1063/1674-0068/26/02/172-180

FIG. 4 The correlation between halogen bonding distances
and bonding energies.

ciated with the second-order perturbation energy lowering (∆E 2 ) which is due to the interaction of donor and
acceptor orbitals. For better understanding the nature
of the halogen bonding, the global charge transfer and
the second-order perturbation energy were estimated by
natural bond orbital (NBO) analysis at B97D/aug-ccpVDZ(-PP) level and collected in Table VII.
It can be seen from Table VII that charge transfer happened between the lone pairs of oxygen and
the antibonding orbitals of C−X bond BD∗ (1)C−X or
excited orbital of halogen atom RY∗ (1)X for halogen
bonding. The amount of the CT from the radical to
the tihalomethane was determined to be 0.0686 a.u.
to chloride, 0.0923 a.u. to bromide, and 0.1139 a.u.
to iodine, respectively, which contributes to stabilization energies as 1.00 kcal/mol for Cl, 1.45 kcal/mol
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FIG. 5 The correlation between the second-order perturbation energy and the amount of charge transfer.

for Br, and 3.79 kcal/mol for I, respectively. The
amounts of charger transfer are linearly correlated to
the stabilization energies with the correlation coefficient
R2 =0.9950, shown in Fig.5. The amount of CT and the
second-order perturbation energy of hydrogen bonding
is −0.1336 a.u. (5.36 kcal/mol) for Cl, 0.1198 a.u. (5.22
kcal/mol) for Br, 0.0978 a.u. (4.96 kcal/mol) for I, respectively. The correlation coefficient R2 =0.9968 is also
shown in Fig.5. The difference from halogen bonding is
that the electrons transfer from the hydrogen atom of
trihalomethane to radical. This should be due to the
different electron withdrawing ability of hydrogen and
oxygen.
On the basis of these results, the contribution
of n(O)→σ ∗ (C−X) orbital interaction would be important for the stability of the halogen bonding.
n(O)→σ ∗ (C−H) and σ(N−O)→σ ∗ (C−H) orbital interactions mainly contribute to the formation of hydrogen
bonding. It is found that there is no correlation between
2
the second-order perturbation energy (Etotal
in Table
VII) and halogen/hydrogen bonding energies (∆E cp in
Table VI). Then only the consideration of CT interaction is not sufficient in describing the ground state stabilization of the halogen/hydrogen bonding. The electrostatic forces, dispersion, charge transfer etc. should
be included which is proven by many computational
studies [61−63].

IV. CONCLUSION

The halogen and hydrogen bonding interactions between 4-hydroxy-2,6,6-tetramethylpiperidine-noxyl radical and trihalomethanes were investigated by four different computational methods. The geometric structures of halogen and hydrogen bonding complexes calculated by B3LYP, wB97XD, and B97D were close to
MP2 results. These results were reasonable and acceptable. However, the B3LYP method can not estimate
accurately the interaction energies due to the lack of
consideration of dispersion. The wB97XD and B97D
DOI:10.1063/1674-0068/26/02/172-180
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are reasonable alternative to MP2 in this work.
The halogen and hydrogen bonding strength obeys
the order of Cl<Br<I. The hydrogen bonding interactions were all larger than corresponding halogen bonding and it should be dominant in TEMPO· · · CHX3 system. The halogen bonding become dominant as the
most positive value (Vs,max ) of halogen atoms increases.
It is possible that the halogen bonding is preponderant
in TEMPO· · · CHI3 complex due to the similar interaction energy and abundant iodine in triiodomethane.
The NBO analysis shows that CT plays an important
role in the formation of the halogen bonding and hydrogen bonding in this system. As discussed previously, the
nature of halogen bonding and hydrogen bonding is a
multi-interaction effect inclusive of electrostatic forces
(involving in σ-hole), dispersion effect, and CT, etc.
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