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1 Introduction

Classical textbooks on molecular interactions mainly 
devoted to hydrogen bonds [1] and charge transfer com-
plexes [2] have appeared in the years 1960–1970. It is only 
in the late 1990s that charge transfer complexes involving 
an X halogen atom in the ZX···Y system have been recalled 
halogen bonds. They involve an interaction of an electron-
rich center Y with an electronegative halogen substituent 
in a ZX molecule. These bonds have been featured in an 
increasing numbers of areas. Their importance in the field 
of molecular recognition [3, 4] and crystal engineering [5] 
as well as in biological systems [6] also has been recog-
nized. This wide range of applications has placed the halo-
gen bonded interactions in a center of great attention, and 
many theoretical works have been focused on them [7–20].

In this work, we present the results of a theoretical 
investigation of the interaction between chlorotrifluo-
romethane (CClF3) and substituted carbonyl derivatives. 
Let us notice that the complexes between trifluoromethyl 
halides (CF3X) and guest molecules have been the subject 
of several theoretical investigations, as for example the 
interaction between CClF3 and NH3 [21, 22], H2O [23, 24], 
H2S [25], organic bases of different nature [26–29] or hal-
ide anions [30]. The influence of angular distortions on the 
energies of halogen bonds and hydrogen bonds has been 
recently discussed [31]. Very few experimental data on 
these interactions are available. The vibrational properties 
of trifluoromethyl halides complexed with dimethyl ether 
have been investigated by IR and Raman spectroscopies in 
liquid argon and in liquid krypton [32]. The halogen bond 
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formed between CClF3 and dimethyl ether has been studied 
by rotational spectroscopy [33].

Although halogen atoms carry partial negative charges, 
there is a positive electrostatic potential at the head of the 
lone pair in the opposite direction of this lone pair. This 
region is called a σ-hole which accounts for the ability of 
halogens to accept an interaction with electronic rich atoms 
[34–36]. A σ-hole has been predicted in the Cl atom of 
CClF3 [34].

It has been shown that the properties of the hydrogen-
bonded systems such as the thermodynamic or spectro-
scopic properties are intimately related to the nature of 
the proton acceptor (N, O, S) [37], and the influence of 
the basicity/acidity on these properties has been discussed 
in several works. Much less data are available for halogen 
bonds. In the present work, we want to discuss the influence 
of the basicity on the complexes formed between CClF3 
and simple carbonyl derivatives (H2CO, HFCO, F2CO, 
CH3CHO, CH3CFO, (CH3)2CO) where different substitu-
tions allow to modulate the electron donor ability. With the 
exception of the H2CO···ClCF3 complex [27, 28, 36], no 
theoretical data have been reported for these systems.

The present work is arranged as follows. In the first part, 
the structure of the complexes, the binding energies and the 
variation of the C–Cl and C–F bond lengths are discussed. 
The second part deals with the NBO (natural bond orbital) 
analysis, focusing mainly on the occupation of bonding 
and antibonding orbitals, the hybridization of the C atom 
and inter- and intramolecular stabilization energies. The 
results of SAPT calculations are presented as well. In the 
last part of our work, the frequency shifts of the ν(C–Cl) 
and ν(C–F) stretching vibrations induced by the interaction 
with ketones are discussed.

2  Computational methods

The optimized geometries, vibrational harmonic frequen-
cies and infrared intensities have been calculated for the 
following six carbonyl bases: H2C=O; HFC=O; F2C=O; 
CH3HC=O; CH3FC=O and (CH3)2C=O. Then, full geom-
etry optimization and the calculations of the vibrational 
properties have been performed for the complexes of these 
bases with CClF3. In the calculations, we employed an 
ab initio MP2 method [38] combined with the cc-pVTZ 
basis set [39], as well as the B3LYP [40, 41], B3LYP-D3 
(which is B3LYP corrected with the original D3 damping 
function) [42] and wB97XD [43] hybrid density function-
als combined with the 6-311++G(d,p) basis set [44, 45]. 
The counterpoise CP-corrected gradient optimization has 
been used in the MP2 calculations [46].

The interaction energies of the studied complexes have 
been determined at the MP2/aug-cc-pVTZ, CCSD(T)/

aug-cc-pVTZ, B3LYP/6-311++G(d,p), B3LYP-D3/6-
311++G(d,p) and wB97XD/6-311++G(d,p) levels of 
theory. In the calculations of the interaction energies by 
two ab initio methods [MP2 and CCSD(T)] coupled with 
the aug-cc-pVTZ basis set, we have used the geometry of 
the complexes optimized at the MP2/cc-pVTZ level. All the 
interaction energies were corrected for the basis set super-
position error (BSSE) computed by the CP method [46].

For all the complexes, the symmetry-adapted pertur-
bation theory (SAPT) decomposition of the interaction 
energies has been performed at the MP2/cc-pVTZ level 
of theory. All the computations were carried out with the 
Gaussian 09 [47] or MOLPRO 2012 [48] programs.

A natural bond orbital (NBO) analysis provides a 
detailed insight into the nature of electronic structure and 
bonding in the molecules. In this work, the atomic charges, 
hybridization, occupation of orbitals and the second-order 
interaction energies were calculated by the DFT method 
using the 5.0 version of the NBO program [49, 50]. The 
atoms in molecules (AIM) analysis [51] was used in order 
to characterize the intermolecular interactions between the 
carbonyl bases and chlorotrifluoromethane investigated in 
this work.

3  Results and discussion

3.1  Structures of the complexes and interaction 
energies

The structures of the interacting molecules optimized with 
the MP2 method are illustrated in Fig. 1. Intermolecular 
parameters (O···Cl distances, CO···Cl and CCl···O angles) 
are indicated in Table 1. In all the systems, the intermolecu-
lar O···Cl distances are all smaller than the sum of the van 
der Waals radii (3.27 Å).

At any level of theory, the O···Cl distance is the long-
est in the F2C=O complex; these distances in the CH3CHO 
and (CH3)2CO complexes are nearly equal, being slightly 
longer in the first system when considering the MP2, 
B3LYP and B3LYP-D3 calculations. As in the case of the 
complexes between molecular chlorine and the same car-
bonyl bases, the asymmetrical ketones show two different 
structures where the C–Cl bond coincides approximately 
with the direction of the lone-pair orbitals of the oxygen 
atom (O LPs) [52, 53]. The C–Cl···O bonds calculated at 
the B3LYP level are nearly linear and show larger depar-
tures from linearity when calculated at other levels. It fol-
lows from the H···Cl distances that there is no bond for-
mation between the C–H group of the ketones and the Cl 
atom of CClF3. However, a weak interaction between the 
H and Cl atoms cannot be ruled out in the CH3CFO (b) and 
(CH3)2CO complexes.
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According to the AIM theory, two atoms are bonded 
to each other if their nuclei are linked by a line of maxi-
mal electron density named the bond path. Figure 2 dem-
onstrates the presence of a bond critical point (BCP) in 

the H2CO···ClCF3 complex. The electron density (ρ), the 
Laplacian of the electron density (∇2ρ) and the total elec-
tron energy (H) at the selected BCP in all the studied com-
plexes are collected in Table 2.

Fig. 1  Structures of CClF3 
complexes with carbonyl bases 
optimized at the MP2/cc-pVTZ 
level

Table 1  Intermolecular parameters (distances in Å, angles in degrees) in the systems formed between substituted carbonyl bases and CClF3 cal-
culated at different levels of theory (A, B, C and D)

The structures (a) and (b) are shown in Fig. 1

A MP2/cc-pVTZ, B wB97XD/6-311++G(d,p), C B3LYP/6-311++G(d,p), D B3LYP-D3/6-311++G(d,p)

System R (O2···Cl) <C1–O2···Cl <C–Cl···O2

A B C D A B C D A B C D

H2CO···ClCF3 3.082 3.050 3.068 3.017 103.5 105.3 136.3 101.7 168.7 166.3 179.1 165.7

HFCO···ClCF3 (a) 3.178 3.163 3.183 3.133 124.4 108.9 143.3 98.6 174.2 166.0 175.6 162.5

HFCO···ClCF3 (b) 3.167 3.184 3.185 3.108 141.4 123.8 152.1 126.4 178.8 176.2 178.4 178.6

F2CO···ClCF3 3.184 3.285 3.240 3.128 160.3 116.5 167.5 164.6 179.9 167.3 179.7 179.0

CH3CHO···ClCF3 (a) 3.047 2.995 3.018 2.977 104.6 106.5 135.8 103.0 170.2 168.2 179.8 167.8

CH3CHO···ClCF3 (b) 3.083 3.062 3.042 3.010 127.4 123.6 142.9 121.6 177.5 173.8 179.8 174.9

CH3CFO···ClCF3 (a) 3.136 3.087 3.131 3.068 130.4 125.6 141.4 121.5 178.8 178.6 179.9 179.3

CH3CFO···ClCF3 (b) 3.130 3.117 3.115 3.073 121.0 118.7 148.6 115.7 172.6 167.3 176.8 168.4

(CH3)2CO···ClCF3 2.994 3.002 3.003 2.968 126.0 125.4 148.0 124.3 178.1 174.3 178.7 176.8
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As indicated in Table 2, in the case of two complexes: 
CH3CFO···ClCF3 (b) and (CH3)2CO···ClCF3, the AMI 
calculations suggest an additional stabilization interaction 
between the chlorine and hydrogen atoms (H···Cl). Accord-
ing to the Popelier’s criteria for hydrogen bonds, the elec-
tron density at the BCP ranges from 0.002 to 0.035 au, and 
the Laplacian of the electron density ranges from 0.024 
to 0.139 au [54, 55]. As follows from Table 2, these two 
H···Cl interactions do not fulfill the second criterion. There-
fore, they cannot be classified as hydrogen bonds but as 
weak van der Waals interactions. It is worth to mention that 
in both the CH3CFO···ClCF3 (b) and (CH3)2CO···ClCF3 

complexes, the H···Cl distances are longer than the sum of 
the corresponding van der Waals radii by 0.29 and 0.20 Å, 
respectively.

When considering only the O···Cl interactions, we have 
found the following correlations between the B3LYP-D3 
binding energies and the AMI parameters (ρ and ∇2ρ):

The interaction energies calculated at different levels 
are reported in Table 3. The values of the energies calcu-
lated with the wB97XD and B3LYP methods are lower 
than the ones calculated by the other methods. The val-
ues obtained at the B3LYP-D3, MP2 and CCSD(T) lev-
els of theory are similar. Let us notice that the interaction 
energy for the H2CO···ClCF3 system calculated in Ref. 
[29] at the MP2(full)/6-311++G(3df, 3pd) level is equal to 
−1.90 kcal mol−1, which is by 0.3 kcal mol−1 lower than 
our B3LYP-D3 calculated value.

At each level of theory, larger intermolecular O···Cl dis-
tances result in lower interaction energies, and in the fur-
ther discussion, we will consider the B3LYP-D3 interaction 
energies.

As indicated in Table 3, the electron-releasing CH3 
group strengthens the interaction and the electron-attracting 
substituents weaken the interaction. This prompted us to 
compare the interaction energies with the basic properties 
of the ketones. The proton affinities (PA) calculated at the 
B3LYP-D3/6-311++G(d,p) level as well as the calculated 
and experimental ionization potentials (IP) of the ketones 
[56–61] are reported in Table 4.

From the B3LYP-D3 energies, we have calculated the 
following correlations:

The correlation 3 is illustrated in Fig. 3. The slopes of 
these two correlations are much lower than those recently 
reported for the stronger complexes between the same 
carbonyl bases and molecular chlorine (−0.76 and 0.055, 
respectively) [52].

Comparison with the literature values is difficult. The 
reported interaction energy in the NH3···ClCF3 system is 
equal to −2.37 kcal mol−1 (MP2/aug-cc-pVDZ) [21, 22]. 
The PA of NH3 is 204 kcal mol−1, about the same as that 
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Fig. 2  Contour line diagram of the Laplacian of the electron density 
of the H2CO···ClCF3 complex (in the plane passing through the O, 
Cl and C atoms marked on the figure). The solid (blue) lines repre-
sent negative values of the Laplacian, while the dashed (red) lines 
represent the positive values. The electron density description was 
obtained at the MP2/cc-pVTZ level

Table 2  Bond critical points (BCP) properties: electron density ρ, 
Laplacian of electron density ∇2ρ (both in atomic units) and total 
electron energy (H, kcal mol−1)

The electron density descriptions were obtained at the MP2/cc-pVTZ 
level

System Interaction Ρ ∇2ρ H

H2CO···CF3Cl O···Cl 0.0088 0.0358 1.079

HFCO···CF3Cl (a) O···Cl 0.0064 0.0274 0.953

HFCO···CF3Cl(b) O···Cl 0.0062 0.0276 0.987

F2CO···CF3Cl O···Cl 0.0055 0.0258 0.980

CH3CHO···CF3Cl (a) O···Cl 0.0095 0.0386 1.158

CH3CHO···CF3Cl (b) O···Cl 0.0083 0.0346 1.106

CH3CFO···CF3Cl (a) O···Cl 0.0069 0.0300 1.044

CH3CFO···CF3Cl (b) O···Cl 0.0073 0.0310 1.045

H···Cl 0.0030 0.0111 0.432

(CH3)2CO···CF3Cl O···Cl 0.0101 0.0429 1.324

H···Cl 0.0037 0.0137 0.518
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of (CH3)2CO, 203.5 kcal mol−1 (see Table 4), and the 
ΔE of the (CH3)2CO···ClCF3 complex (calculated at the 
MP2/aug-cc-pVTZ level of theory) is −2.63 kcal mol−1, 
as shown in Table 3. The interaction energy in the 
H2O···ClCF3 system is equal to −1.46 kcal mol−1 (MP2/cc-
pVTZ) [26] or −1.76 kcal mol−1 [MP2/6-311++G(d,p)] 
[24], the PA of H2O being equal to 166.5 kcal mol−1. In 
the H2CO···ClCF3 complex, the interaction energy is larger 
(−2.07 kcal mol−1), and this is consistent with the fact that 
the value of the PA of H2CO (177.5 kcal mol−1, Table 4) is 
larger than that of H2O by 11 kcal mol−1.

As outlined in several works [21, 24, 25, 28] when 
CClF3 interacts with electron donors of medium strength 
such as NH3, H2O or H2S, the C–Cl bond is contracted by 
moderate amounts. In the F3CCl···NH3 system, the C–Cl 
bond is contracted by 6.6 mÅ [24] or 6.3 mÅ [21]. In the 
F3CCl···OH− system, the C–Cl bond is contracted by 7 mÅ 

[24], and in the weaker F3CCl···SH2 complex, the C–Cl 
bond is contracted by only 2.9 mÅ [25].

The values of the C–Cl bond contraction for the pre-
sent systems are reported in Table 5 which also indicates 
the elongation of the three CF bonds. These results show 
that the contraction of the C–Cl bond is moderate, ranging 
from 4.7 mÅ in F2CO to 9.4 mÅ in (CH3)2CO. As in gen-
eral, bond contractions are connected with blue shifts of the 
corresponding stretching frequency, the present complexes 
can be categorized as blue-shifting complexes. Further, the 
elongation of the C–F bonds is comprised between 1.6 and 
5.1 mÅ and is also the largest in the complexed (CH3)2CO 
system.

Table 3  Interaction energies 
(AE, kcal mol−1) of CF3Cl 
complexes with carbonyl bases 
calculated at different levels of 
theory (corrected for BSSE)

The structures (a) and (b) are shown in Fig. 1
a Method combined with the 6-311++G(d,p) basis set
b Method combined with the aug-cc-pVTZ basis set

System AE

wB97XDa B3LYPb B3LYP-D3a MP2b CCSD(T)b

H2CO···C1CF3 −1.50 −1.42 −2.21 −2.07 −2.03

HFCO···C1CF3 (a) −1.00 −0.67 −1.56 −1.43 −1.43

HFCO···CICF3 (b) −1.00 −0.71 −1.48 −1.47 −1.47

F2CO···CICF3 −0.77 −0.48 −1.14 −1.24 −1.22

CH3CHO···CICF3 (a) −1.82 −1.42 −2.55 −2.37 −2.36

CH3CHO···CICF3 (b) −1.87 −1.33 −2.50 −2.33 −2.31

CH3CFO···CICF3 (a) −1.31 −0.96 −1.82 −1.79 −1.81

CH3CFO···CICF3 (b) −1.50 −0.88 −2.08 −2.00 −1.98

(CH3)2CO···C1CF3 −2.13 −1.55 −2.81 −2.63 −2.62

Table 4  Proton affinities (PA, kcal mol−1) and calculated and experi-
mental ionization potentials (IP, eV) of the carbonyl bases, calculated 
at the B3LYP-D3/6-311++G(d,p) level of theory

a From Ref. [57]. b The two values refer to cis and trans protonation. 
c From Ref. [58]. d From Ref. [59]. e From Ref. [60]. f From Ref. 
[61]. g From Ref. [62]

Base PA (B3LYP-D3) IP (B3LYP-D3) IPexp

H2CO 177.5 10.90 10.89a

HFCO 163.9b

162.7
12.40 12.37c

F2CO 154.1 13.03 13.04d

CH3CHO 192.9
192.3

10.17 10.23e

CH3CFO 179.5
177.3

11.47 11.51f

(CH3)2CO 203.5 9.60 9.67g

Fig. 3  Interaction energy –ΔE (kcal mol−1) as a function of the ioni-
zation potential IP(eV)
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3.2  NBO analysis

In this section, we want to discuss the results of a NBO 
analysis, focusing mainly on the NBO charges, the occupa-
tion of bonding and antibonding orbitals, the hybridization 

of the C atom along with the second-order inter- and intra-
molecular stabilization energies.

Let us remember that halogen bonds have been com-
pared to hydrogen bonds and have been shown to be sim-
ilar in many aspects [63–67]. Briefly summarizing, let us 
mention that the contraction of a Z–H bond in a hydrogen-
bonded system ZH···Y has been explained mainly by a 
variation of the σ*(C–H) occupation and a change in the 
hybridization of the Z(H) atom [68–74]. These parameters 
can also be discussed for the blue-shifting halogen bonds. 
The results of our NBO analysis for the present systems are 
presented in Tables 6, 7 and 8.

The variation of the NBO charges on the C and Cl atoms 
of CClF3 induced by the interaction with the ketones is 
indicated in Table 6. This table also reports the variation of 
hybridization of the C atom in the C(Cl) and C(F) bonds 
along with the global charge transfer (CT) occurring from 
the ketones to CClF3. Table 7 reports the second-order 
stabilization energies E(2) → σ*(C–Cl), the occupation 
of the σ*(C–Cl) antibonding and σ(C–Cl) bonding orbit-
als. In Table 8, the intramolecular charge transfer energies 
from the lone-pair orbitals (LPs) of the three F atoms to the 

Table 5  Variation of the C–Cl and C–F distances (mÅ) in the com-
plexes between CClF3 and carbonyl derivatives

a r(C–Cl) in isolated CClF3 = 1.7730 Å. b r(C–F) in isolated 
CClF3 = 1.3328 Å. c Contraction of the C–Cl bond reported in Ref. 
[28] = 6 mÅ

System Δr (C–Cl)a Δr (C–F)b

H2CO···ClCF3 −7.0c +1.8, +2.8, +2.8

HFCO···ClCF3 (a) −5.1 +2.9, +2.4, +1.6

HFCO···ClCF3 (b) −6.3 +2.6, +2.6, +2.7

F2CO···ClCF3 −4.7 +1.9, +1.9, +2.1

CH3CHO···ClCF3 (a) −8.2 +3.8, +3.8, +4.8

CH3CHO···ClCF3 (b) −8.2 +3.1, +4.1, +4.1

CH3CFO···ClCF3 (a) −7.0 +3.4, +3.4, +3.4

CH3CFO···ClCF3 (b) −6.5 +2.7, +2.2, +3.9

(CH3)2CO···ClCF3 −9.4 +4.0, +5.1, +4.6

Table 6  NBO charges (e) 
on the C, Cl and F atoms,  % 
s-character of the C(Cl) and 
C(F) atoms in isolated and 
complexed CClF3 and charge 
transfer (CT, me)

The numbers in parentheses indicate the variation of the charges (in me) induced by the interaction
a  CT = 4.8 me (Ref. [28]). b s-character in isolated F3CCl = 26.62 % and in H2CO···ClCF3 = 27.27 % 
(Ref. [28]), giving an increase equal to 0.65 %

q (C) q (Cl) %s C(Cl) q (F)a %s C(F)a

CClF3 1.0060 −0.0037 26.16b −0.3341 24.63

H2CO···ClCF3
CT = 4.2 mea

0.9949
(+11.1)

0.0200
(−23.37)

26.86b

(+0.70)
−0.3407 (+6.6)
−0.3392 (+5.1)
−0.3392 (+5.1)

24.38 (−0.25)
24.43 (−0.20)
24.43 (−0.20)

HFCO···ClCF3 (a)
CT = 1.3 me

0.9987
(+7.3)

0.0131
(−16.8)

26.60
(+0.44)

−0.3386 (+4.5)
−0.3377 (+3.6)
−0.3367 (+2.6)

24.46 (−0.17)
24.49 (−0.14)
24.53 (−0.10)

HFCO···ClCF3 (b)
CT = 1.10 me

0.9976
(+8.4)

0.0158
(−18.8)

26.67
(+0.53)

−0.3382 (+4.1)
−0.3383 (+4.2)
−0.3383 (+4.2)

24.48 (−0.15)
24.48 (−0.15)
24.47 (−0.16)

F2CO···ClCF3
CT = 0.5 me

0.9998
(+6.2)

0.0108
(−14.5)

26.53
(+0.37)

−0.3370 (+2.9)
−0.3370 (+2.9)
−0.3372 (+3.1)

24.52 (−0.11)
24.52 (−0.11)
24.52 (−0.11)

CH3CHO···ClCF3 (a)
CT = 4.9 me

0.9927
(+13.3)

0.0251
(−28.8)

26.99
(+0.83)

−0.3404 (+6.3)
−0.3404 (+6.3)
−0.3418 (+7.7)

24.39 (−0.24)
24.38 (−0.25)
24.34 (−0.29)

CH3CHO···ClCF3 (b)
CT = 3.9 me

0.9931
(+12.9)

0.0246
(−28.3)

26.96
(+0.80)

−0.3394 (+5.3)
−0;3406 (+6.5)
−0.3416 (+7.5)

24.42 (−0.19)
24.38 (−0.20)
24.34 (−0.21)

CH3CFO···ClCF3 (a)
CT = 2.1 me

0.9952
(+10.8)

0.0209
(−24.6)

26.82
(+0.66)

−0.3394 (+5.3)
−0.3394 (+5.3)
−0.3393 (+5.2)

24.43 (−0.20)
24.43 (−0.20)
24.43 (−0.20)

CH3CFO···ClCF3 (b)
CT = 1.3 me

0.9966
(+9.4)

0.0182
(−21.9)

26.73
(+0.57)

−0.3385 (+4.4)
−0.3376 (+3.5)
−0.3401 (+4.0)

24.46 (−0.17)
24.49 (−0.14)
24.41 (−0.22)

(CH3)2CO···ClCF3
CT = 4.8 me

0.9891
(+16.9)

0.0279
(−31.6)

27.08
(+0.92)

−0.3397 (+5.6)
−0.3414 (+7.3)
−0.3406 (+6.5)

24.36 (−0.27)
24.29 (−0.34)
24.33 (−0.30)
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σ*(C–Cl) orbitals and the variation of the occupation of the 
σ*(C–F) orbitals are indicated.

The results of Table 6 show that the charge transfer from 
the ketones to CClF3 is rather low, ranging from 0.5 me 
(F2CO) to 4.9 me (CH3CHO). Let us notice that for the 
systems involving H2CO, F2CO and HFCO, there is also 
a CT from the LPs of the O atom to the Rydberg orbitals 
of the Cl atom. The corresponding second-order stabili-
zation energies are comprised between 0.39 kcal mol−1 
(F2CO) and 0.44 kcal mol−1 (H2CO). It must be mentioned 
that these values are of the same order of magnitude as the 
E2 (LPO → σ*(C–Cl) stabilization energies which range 
between 0.3 and 0.58 kcal mol−1 (Table 7). This effect is 
rather unusual and illustrates the electrophilic feature of the 
halogen. For the other systems, the charge transfer energy 

to the Rydberg orbitals of Cl is smaller (between 0.07 and 
0.18 kcal mol−1).

In a first step, we will discuss the origin of the varia-
tion of the C–Cl and C–F bond lengths. The interaction 
with ketones results in an increased polarization of the 
C–Cl bond. The variations of the charges on the C and Cl 
atoms are +6.2 and −14.5 me for the weakest F2CO com-
plex. The largest changes of the charges on the C atom 
(+16.9 me) and on the Cl atom (−31.6 me) are predicted 
for the (CH3)2CO···ClCF3 system. For this system, the 
CT to the three F atoms is also the largest (19 me). Let us 
notice that for CClF3 complexed with stronger electron 
donors such as Br−, the CT is equal to 15.4 me [24].

As indicated in Table 7, the second-order stabili-
zation energies E2 → σ*(C–Cl) increase from F2CO 
(0.3 kcal mol−1) to CH3CHO (1.24 kcal mol−1). Despite 
this charge transfer, the occupation of the σ*(C–Cl) 
orbital decreases, its decrease being slightly larger for 
the (CH3)2CO system (12.7 me) than for the F2CO one 
(11.4 me). Our calculations also predict a small decrease 
of the σ(C–Cl) occupation between 0.7 and 1.1 me. Fur-
ther, as indicated in Table 6, the interaction results in an 
increase of the s-character of the C(Cl) atom, smaller 
for the weaker complexes (F2CO = 0.37 %) than for the 
stronger ones [(CH3)2CO = 0.92 %]. It must be pointed 
out that a variation of hybridization of the C(Cl) atom of 
CClF3 is a known effect which has already been predicted 
for CClF3 complexed with molecules such as NH3 [24], 
H2O and H2S [25].

Both the increase of the s-character of the C(Cl) atom 
and the decrease of the σ*(C–Cl) occupation contribute to 
the contraction of the C–Cl bond. The variation of the σ(C–
Cl) occupation is very small, but it has been considered in 
our calculations. From the present results, we have deduced 
the following dual expression [Δr(C–Cl) in mÅ, Δσ*(C–
Cl) in me]:

(5)

�r (C−Cl) = −8.07 [�%s C(Cl)]

+ 0.16 [�σ ∗ (C−Cl)+�σ(C−Cl)]

Table 7  Second-order 
stabilization energies 
E2[LPsO → σ*(C–Cl)] 
(kcal mol−1), σ*(CCl) and 
σ(CCl) occupation (e) and 
variation (in parentheses) 
induced by the interaction with 
carbonyl bases (me)

System E2  
[LPsO → σ*(C–Cl)]

σ*(C–Cl) σ(C–Cl)

CClF3 – 0.1197 1.9853

H2CO···ClCF3 0.98 0.1083 (−11.4) 1.9844 (−0.9)

HFCO···ClCF3 (a) 0.58 0.1084 (−11.3) 1.9845 (−0.8)

HFCO···ClCF3 (b) 0.49 0.1076 (−12.1) 1.9846 (−0.7)

F2CO···ClCF3 0.30 0.1083 (−11.4) 1.9847 (−0.6)

CH3CHO···ClCF3 (a) 1.24 0.1080 (−11.7) 1.9842 (−0.11)

CH3CHO···ClCF3 (b) 1.02 0.1076 (−12.1) 1.9842 (−0.11)

CH3CFO···ClCF3 (a) 0.69 0.1071 (−12.6) 1.9843 (−0.10)

CH3CFO···ClCF3 (b) 0.68 0.1075 (−12.2) 1. 9843 (−0.10)

(CH3)2CO···ClCF3 1.04 0.1070 (−12.7) 1.9943 (−0.10)

Table 8  Second-order stabilization energies E2 [LPF → σ *(C–Cl)] 
(kcal mol−1) and σ*(CF) occupation (e) and variation in parentheses 
(me)

system E2 [LPF → σ*(C–Cl)] σ*(C–F)

CClF3 37.11 0.1121

H2CO···ClCF3 35.50 (−1.51) 0.1139 (1.8), 0.1133 
(1.2), 0.1133 (1.2)

HFCO···ClCF3 (a) 35.97 (−1.14) 0.1134 (1.3), 0.1131 
(1.0), 0.1127 (0.6)

HFCO···ClCF3 (b) 35.88 (−1.23) 0.1133 (1.2), 0.1133 
(1.2), 0.1134 (1.3)

F2CO···ClCF3 36.18 (−0.93) 0.1129 (0.8), 0.1129 
(0.8), 0.1130 (0.9)

CH3CHO···ClCF3 (a) 35.10 (−2.01) 0.1136 (1.5), 0.1136 
(1.5), 0.1142 (2.1)

CH3CHO···ClCF3 (b) 35.26 (−1.85) 0.1134 (1.3), 0.1138 
(1.7), 0.1142 (2.1)

CH3CFO···ClCF3 (a) 36.64 (−1.47) 0.1136 (1.5), 0.1136 
(1.5), 0.1137 (1.6)

CH3CFO···ClCF3 (b) 35.66 (−1.45) 0.1133 (1.2), 0.1129 
(0.8), 0.1139 (1.8)

(CH3)2CO···ClCF3 35.29 (−1.82) 0.1136 (1.5), 0.1142 
(2.1), 0.1138 (1.7)
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which illustrates the predominance of the hybridization 
effect over the σ*(C–Cl) and σ(C–Cl) occupations. The val-
ues of Δr(C–Cl) calculated by Eq. (5) and by the B3LYP 
method are compared in Fig. 4 (r2 = 0.971).

In order to test the validity of this equation, we have 
calculated the Δr(C–Cl) value for the F3CCl···Br− system 
from the parameters reported in Ref. [24]. This complex is 
strong, the interaction energy calculated by MP2(full)/6-
311++G(d,p) being −7.27 kcal mol−1. The parameters of 
Eq. (5) are: Δ%s (C–Cl) = +2.68, Δσ*(C–Cl) = −4.1 me, 
Δσ(C–Cl) = +1.2 me. Note that in contrast to the present 
systems, there is an increase of the σ(C–Cl) occupation. 
From these parameters, a Δr(C–Cl) value of −22.5 mÅ has 
been calculated from Eq. (5) which is very close to the value 
of −22.1 mÅ predicted by MP2 calculation in Ref. [24].

In a similar way, the elongation of the C–F bond can be 
evaluated from the same parameters, the variation of the 
occupation of the σ(C–F) orbitals being negligible:

Our calculations predict an increase of the polarity of the 
C–Cl bond along with an increase of the s-character of the 
C(Cl) atom. These results are in agreement with the Bent’s 
rule. Let us briefly remember that the Bent’s rule states that 
atoms maximize their s-character in hybrid orbitals aimed 
toward electropositive substituents and the atoms maxi-
mize their p-character toward electronegative substituents. 
This rule has been discussed in detail for systems involving 
CClF3 complexed with Lewis acids and Lewis bases [28]. 
Let us notice that in the present systems, an increase of the 

(6)

�r (C−F) = −14.14 [�%s C(F)]+ 0.24�σ ∗ (C−F)

s-character is also reflected in the variation of the intramo-
lecular angle in CClF3. Indeed, in isolated CClF3, the CClF 
and FCF angles are equal to 110.3° and 108.6°; in the com-
plex with (CH3)2CO, these angles take values of 110.8° and 
108.1°.

For the present systems, the correlation between the 
charges on the Cl atom and the % s-character in C orbital 
of the C–Cl bond can be written as:

Interestingly, for CClF3 complexed with stronger elec-
tron donors (OH−, Cl−), we have found a very similar cor-
relation1 from the data reported in Ref. [28].

Let us now discuss more in detail the changes occurring 
in the C–F bonds of CClF3. The interaction with ketones 
results in a decrease of the s-character in C orbital of the 
C–F bond (in order to preserve the total s-character of the C 
atom). Further, as indicated in Table 6, the interaction with 
ketones results in an increase of the charges on the exter-
nal F atoms. The sum of these charges increases is larger 
than the variation of charges on the C atoms, being, for 
example, 8.9 me for the F2CO system and 19.4 me for the 
(CH3)2CO system. These variations can be explained by 
the fact that in isolated CClF3 there is a strong intramolecu-
lar delocalization, taking place from one of the LP of the 
F atoms to the σ*(C–Cl) orbital. For each of the F atoms, 
this delocalization is equal to 12.37 kcal mol−1, giving a 
sum of 37.11 kcal mol−1 in the isolated molecule. Complex 
formation results in a decrease of this delocalization, in the 
range between 0.93 kcal mol−1 (F2CO) and 2.01 kcal mol−1 
(CH3CHO). It must be also mentioned that in isolated 
CClF3, there are other intramolecular delocalizations which 
are not very sensitive to complex formation. This is the case 
of the energy of the LPF1 → σ*(CF2) delocalization equal 
to 30.30 kcal mol−1 in the isolated molecule and decreas-
ing by only 0.39 kcal mol−1 in the CH3CHO complex. Fur-
ther, the weak delocalization from σ(C–Cl) to σ*(C–Cl) 
decreases by ca 0.15 kcal mol−1 by complex formation. 
These delocalizations will no more be considered hereafter.

Let us mention that a nice effect of electron transfer 
from the LPs of the halogen atoms to the remote part of the 
complex has been predicted in the H3N-CCl4 system char-
acterized by the N···ClCCl3 interaction. In this system, the 
three LPs of the bonded Cl atom are delocalized to the three 
external C–Cl bonds, resulting in an increase of the σ*(C–
Cl) occupation in these three external bonds and a contrac-
tion of the C–Cl bond involved in the interaction [64].

(7)

q(Cl)(me) = 0.035[(%s C(Cl)]− 0.908

(

r2 = 0.989

)

1 The correlation computed from the data of Ref. [28] can be written 
q (Cl) (me) = 0.032 (% s-character C) − 0.0926 (r2 = 0.993).

Fig. 4  Δr (Cl–Cl) (mÅ) calculated by Eq. (5) as a function of Δr 
(Cl–Cl) calculated at the B3LYP/6-311++G(d,p) level
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It follows from these considerations that the formation 
of the present complexes can be considered as originat-
ing from a two-step mechanism: the intermolecular charge 
transfer from the LPsO to σ*(C–Cl) followed by a decrease 
of the intramolecular charge transfer from LPF to σ*(C–
Cl). Both effects are connected as illustrated by the follow-
ing correlation:

showing the predominance of the intramolecular effect 
over the intermolecular one. Figure 5 illustrates selected 
orbitals involved in the above-mentioned two-step mecha-
nism. It must be mentioned that a similar effect has been 
demonstrated for the CHF3 molecule hydrogen-bonded 
to proton acceptor of medium strength [75]. In the iso-
lated CHF3 molecule, the intramolecular hyperconjugation 
energy occurring from the three F atoms to the σ*(CH) 
bond is equal to 26.40 kcal mol−1. This value is similar 
to the hyperconjugation energy from the three F atoms to 
σ*(C–Cl) deduced in the present work for isolated CClF3. 
In the F3CH···OH2 complex, this hyperconjugation energy 
decreases by 3.8 kcal mol−1 and predominates over the 
intermolecular effect. As a consequence, the C–H bond is 
contracted by a small amount. It should be noted that the 
interaction between CHF3 and stronger proton acceptors 

(8)

E2(LPsO → σ ∗ C−Cl)

= −0.82 [�E2(LP F → σ ∗ (C−Cl)]− 0.45

(

r2 = 0.954

)

such as F− or Cl− results in a net increase of the σ*(C–H) 
occupation, a decrease of the σ*(C–F) occupation and an 
elongation of the C–H bond. This is in strong contrast to 
the halogen bonds, the interaction between CClF3 and Br− 
or OH− resulting in a contraction of the C–Cl bond, as pre-
viously mentioned.

As for CClF3, CBrF3, CBrCl3 complexed with F−, Cl− 
and Br− [30], in the present systems there is also a corre-
lation between the binding energies and the second-order 
interaction energies E2 LPsO → σ*(C–Cl). The best fit is 
found for the following logarithmic equation:

Fig. 5  The donor–accep-
tor orbitals involved in the 
two-step mechanism: first 
step, LP1O → σ*(C–Cl) and 
LP2O → σ*(C–Cl); second 
step, LP(F) → σ*(C–Cl) inter-
action

Donor

First step

Acceptor Interaction

LP1(O) σ*(C-Cl) LP1(O) → σ*(C-Cl)

LP2(O) σ*(C-Cl) LP2(O) → σ*(C-Cl)

Second step

LP(F) σ*(C-Cl) LP(F) → σ*(C-Cl)

Table 9  SAPT (MP2/cc-pVTZ) interaction energies (Eint, 
kcal mol−1) and their components: electrostatic E(elec), induction 
E(ind), dispersion E(disp) and exchange E(exch) for the complexes 
investigated

System Eint E(elec) E(ind) E(disp) E(exch)

H2CO···ClCF3 −1.77 −2.41 −0.28 −1.33 2.25

HFCO···C1CF3 (a) −1.32 −1.56 −0.16 −0.87 1.26

HFCO···C1CF3 (b) −1.41 −1.54 −0.18 −0.84 1.16

F2CO···C1CF3 −1.13 −1.14 −0.12 −0.76 0.89

CH3CHO···CICF3 (a) −2.08 −2.81 −0.36 −1.49 2.58

CH3CHO···C1CF3 (b) −2.11 −2.66 −0.36 −1.40 2.31

CH3CFO···C1CF3 (a) −1.70 −1.91 −0.25 −1.00 1.46

CH3CFO···CICF3 (b) −1.73 −2.08 −0.25 −1.36 1.95

(CH3)2CO···ClCF3 −2.32 −3.41 −0.50 −1.80 3.39
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It should be mentioned that a unique correlation between 
the –ΔE and E2 values was proposed in Ref. [30] for the 
different systems. The lower correlation coefficient of 
0.819 probably results from the fact that each system is 
characterized by another correlation depending on the spe-
cific features of the halomethanes. This shows the advan-
tage to consider closely related systems.

3.3  SAPT decomposition of the energies

To evaluate the physically meaningful components of the 
interaction energy in the complexes studied, a SAPT analy-
sis has been performed at the MP2/cc-pVTZ level of theory. 
The results are collected in Table 9. The SAPT interaction 
energies vary between −1.13 and −2.32 kcal mol−1 for the 
complexes investigated. As follows from these results, the 
electrostatic term E(elec) is the dominant attraction compo-
nent representing about 60 % of the total attraction forces. 
With regard to the induction E(ind) and dispersion E(disp) 
components, they account for about 10 and 30 % of the 
total attraction forces, respectively. The value of the repul-
sive exchange energy E(exch) is lower than the absolute 
value of the electrostatic term E(elec). Similar results have 
been found for the halogen bonded complexes between car-
bonyl bases and molecular chlorine calculated at the same 
level of theory [52].

3.4  Frequencies of the ν(C–Cl) and ν(C–F) vibrations

The calculated frequencies of the ν(C–Cl) and ν(C–F) 
vibrations in isolated and complexed CClF3 are indicated 
in Table 10. For isolated CClF3 the ν(C–Cl) stretching 

(9)

−�E = 0.985 ln

[

E2
LPsO → σ ∗ (C−Cl)

]

+ 2.27

(

r2 = 0.941

)

vibration is predicted at 1073.5 cm−1 in good agreement 
with the value reported in Ref. [30]. The ν(C–F) vibration is 
predicted at 1181.3 cm−1. These values are in good agree-
ment with the respective values of 1099.4 and 1208.0 cm−1 
observed in liquid argon at 89 K [19]. The interaction with 
ketones results in an increase of the ν(C–Cl) frequency 
from 4.3 cm−1 (F2CO) to 9.5 cm−1 [(CH3)2CO]. The degen-
erate ν(C–F) vibrations are split into two components, and 
their frequencies decrease from 7.8 to 19.3 cm−1.

As demonstrated in numerous hydrogen-bonded sys-
tems, the interaction energies and the frequency shifts of 
the stretching vibration of the bond involved in the inter-
action are linearly related. This correlation was originally 
referred as the Badger–Bauer correlation [76, 77].

For the present systems, there is only a very crude cor-
relation between the interaction energies and the frequency 
shifts:

This can be accounted for by the fact that the interaction 
energies are extended to the whole F3CCl molecule and that 
the ν(C–Cl) stretching vibration is a more localized mode.

4  Conclusions

In this work, the halogen bonded complexes of six car-
bonyl bases: H2C=O; HFC=O; F2C=O; CH3HC=O; 
CH3FC=O; (CH3)2C=O with chlorotrifluoromethane 
have been studied using ab initio MP2 and CCSD(T) as 
well as density functional theory (B3LYP, B3LYP-D3 and 
wB97XD) methods. The most important conclusions are 
the following:

1. In these complexes, the intermolecular O···Cl distances 
are all smaller than the sum of the van der Waals radii.

(10)−�E = 0.333�ν(C−Cl)−0.40

(

r2 = 0.862

)

Table 10  ν(C–Cl) and ν(C–F) 
frequencies (cm−1) in isolated 
and complexed CClF3

Isolated F2C=O HFC=O (a) HFC=O (b)

ν(C–Cl) (A1) 1073.5 1077.8 (+4.3) 1079.6 (+6.3) 1081.1 (+6.6)

ν(C–F) (E) 1181.3 1173.5 (−7.8) 1170.9 (−10.4) 1170.9 (−10.4)

1173.9 (−7.4) 1171.2 (−10.1)

CH3CFO (a) CH3CFO (b) H2CO CH3CHO (a)

ν(C–Cl) (A1) 1080.7 (+7.2) 1079.8 (+6.3) 1081.1 (+7.6) 1082.2 (+8.7)

ν(C–F) (E) 1167.9 (−13.4) 1168.1 (−13.2) 1166.7 (−14.6) 1163.9 (−13.4)

1168.3 (−13.0) 1172.1 (−9.2) 1169.5 (−11.8) 1166.7 (−14.6)

CH3CHO (b) CH3COCH3

ν(C–Cl) (A1) 1081.7 (+8.2) 1083.0 (+9.5)

ν(C–F) (E) 1163.9 (−17.4) 1162.0 (−19.3)

1167.8 (−13.5) 1165.0 (−15.1)
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2. The interaction energies calculated at the CCSD(T)/
aug-cc-pVTZ level vary between −1.22 and 
−2.62 kcal mol−1. The largest ΔECCSD(T) is pre-
dicted for the (CH3)2CO···ClCF3 system, while the 
smallest interaction energy has been obtained for the 
F2CO···ClCF3 complex.

3. The B3LYP-D3 calculated interaction energies are lin-
early related to the ionization potential and the proton 
affinity of the carbonyl bases.

4. The interaction results in a contraction of the C–Cl 
bond and an elongation of the C–F bond. The variation 
of the bond lengths is accompanied by a blueshift of 
the C–Cl stretching vibration and a redshift of the C–F 
stretching vibration.

5. The NBO analysis shows that the increase of the 
s-character of the C(Cl) atom largely predominates 
over the decrease of the σ*(C–Cl) occupation in deter-
mining the contraction of the C–Cl bond.

6. The elongation of the C–F bonds is explained by a 
decrease of intramolecular delocalization from one of 
the lone-pair orbital (LP) of the F atoms to the σ*(C–
Cl) orbital.

7. It is suggested that the formation of these complexes 
originates from a two-step mechanism: the intermolecu-
lar charge transfer from the lone-pair orbitals of the O 
atom (LPsO) to the σ*(C–Cl) antibonding orbital fol-
lowed by a decrease of the intramolecular charge transfer 
from the LP on the fluorine atom to the σ*(C–Cl) orbital.

8. The SAPT results for these complexes show that the 
dispersion and electrostatic contributions cover about 
90 % of the total attraction forces. The exchange 
energy E(exch) is lower than the absolute value of the 
electrostatic term E(elec). Similar results were found in 
the case of the carbonyl bases complexed with molecu-
lar chlorine [38].
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