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The ability of quantum-mechanical methods (HF/6-31G and MP2) to estimate additivity increments EXY
G (X, Y=CH3, Cl),

EXY
GT , EXY

GG, EXY
GG′ (X=Y=Cl) for conformational energies in chloro-substituted saturated hydrocarbons has been studied.

Various basis sets including those extended by different sets of polarization functions both on heavy atoms (1d, 2d, 3d, 2d1f ,
3d1f ) and on hydrogens (1p, 2p, 3p) have been examined. The obtained results have been compared with available experimental
data. It is shown that only the results obtained using the MP2 method and basis sets with polarization functions are in the scope
with experimental estimates. The relative arrangement of conformational energies for various conformers in the series of
polysubstituted chloroalkanes obtained using the additivity rule as well as direct quantum-mechanical calculations coincide
with experimental findings. This fact can be considered as an argument that it is possibile to work out quantum-mechanically
based additivity schemes for haloalkanes.
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1. Introduction

The conformational analysis plays an extremely im-
portant role in biological processes. For example, the
character of interactions and structure of the products
in a plenty of biochemical reactions essentially depends
on the conformations of the interacting compounds.
However, the determination of the relative arrangement
of conformational energies for large compounds is a
complicated problem. The simplest examples of men-
tioned molecules often used as models for conforma-
tional investigations are haloalkanes. It is known that
the conformational stability of conformers depends on
the localization and electronegativity of the substitutes.
However, the experimental values of conformational
energies are known only for the first members of ho-
mologous series of haloalkanes and reveal a consider-
ably large scatter.

In our previous paper [1] the perturbation theory
for one-electron density matrix was applied to study
the additivity of conformational energies of saturated
molecules. It has been shown that the conformational
energy of saturated compounds can be presented as a
sum of transferable increments corresponding to the en-

ergies of separate conformational segments and their se-
quences:

Econf =E − ET

= nXY
G EXY

G + nXY
TGE

XY
TG

+ nXY
GGE

XY
GG + nXY

GG′EXY
GG′ + · · · , (1)

where E is the total energy of a molecule in the given
conformation, ET is the total energy of the molecule
in the lowest energy conformation, EXY

G , EXY
GT , EXY

GG,
EXY

GG′ (X, Y=CH3, Cl, F, Br, etc.) are the energies of
the corresponding additivity increments, n denotes the
number of the corresponding segments in the given con-
formation. The mentioned result provides the theoret-
ical background for the so-called additivity systematic
and allows one to use Eq. (1) for predicting the rela-
tive conformational energies for saturated compounds.
However, evaluation of the additivity increments using
experimental data becomes a problem because of the
considerably large scatter of the latter. In [2] we studied
the possibility to evaluate the additivity increments for
saturated hydrocarbons (X=Y=CH3) using quantum-
mechanical methods. It was shown that ab initio meth-
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ods qualitatively reflect the main features of additiv-
ity increments: the independence of location and the
length of the molecule, the stabilizing role of the GG
segment etc. However, it was shown that only methods
with dispersion forces “switched on” satisfying the cri-
terionEG+2EGG > 0 can be used for evaluation of the
additivity increments. The purpose of the present paper
is to study the ability of various quantum-mechanical
methods and basis sets available to estimate the incre-
ments corresponding to the energies of separate con-
formational segments and their sequences for saturated
chloroalkanes. Especially, as it was noted in [3], the
bond and the group additivity schemes often used for
the prediction of heats of formation may be in error as
halogens are introduced into the molecule.

2. Computational methods

Computations were performed both at the Hartree–
Fock level and with account of electron correlation us-
ing the second-order Møller–Plesset perturbation the-
ory (MP2). The computational chemistry packages
PC GAMESS version [4] and GAMESS (US) [5] were
used. The standard geometry optimization was per-
formed for all investigated structures at the Hartree–
Fock as well as at MP2 level. To determine the basis set
and the level of computations necessary to achieve cor-
rect qualitative and possibly quantitative results for con-
formational energies of chloroalkanes, the main atomic
basis set 6-311G as well as extended basis sets using dif-
ferent polarization functions both on heavy atoms (1d,
2d, 3d, 2d1f , 3d1f ) and on hydrogens (1p, 2p, 3p) were
used.

3. Results and discussion

3.1. Determination of calculation resources and
evaluation of additivity increments

One can find three types of gauche increments in
chloroalkanes EXY

G corresponding to X=Y=CH3,
X=CH3, Y=Cl, and X=Y=Cl. The first type has
been estimated quantum-mechanically in [2]. In or-
der to estimate the energies of the additivity incre-
ments EXY

G (X=CH3, Y=Cl, and X=Y=Cl) it is
necessary to calculate the total energy difference for
gauche and trans conformers of 1-chloropropane and
1,2-dichloroethane, respectively.

The experimentaly determined values of energy dif-
ference EG − ET for 1-chloropropane in the vapour

Fig. 1. Newman projections for conformations of 1-chloropropane
(X=Cl, Y=CH3) and 1,2-dichloroethane (X, Y=Cl).

phase (+0.02 to −0.47 kcal/mol [6, 7]) show the ex-
istence of considerable uncertainity as to which con-
former is more stable. Moreover, the obtained results
vary in the large range of experimental errors. The most
recent conformational studies in the vapour state by in-
frared spectroscopy gives the trans/gauche energy dif-
ference to be 0.09± 0.02 kcal/mol [8], confirming the
gauche conformer (Fig. 1) being more stable. The cor-
responding enthalpy difference of 0.15±0.01 kcal/mol
in liquid krypton has been reported in [9]. As the two
conformers have similar dipole moments and molecular
volumes, the latter result should be close to the value in
the vapour state.

The calculations with full geometry optimization
performed using HF/6-31G(d), MP2/6-31G(d), LMP2
methods, and GVB-LMP2 calculations with extended
basis set (cc-pVTZ(f )) and geometry optimization per-
formed using MP2/6-31G(d) gradient optimiza-
tion [9, 10] gave incorrect result, i. e. the trans form
of 1-chloropropane being more stable than gauche.
However, the calculations using larger basis sets with
full geometry optimization by MP2/6-311+G(d, p) and
MP2/6-311+G(2d, 2p) methods gave the results for
conformer stabilities close to the experimental find-
ings [9].

Thus, the brief overview of earlier theoretically ob-
tained results shows that the conformational studies for
small chloroalkanes require sufficiently accurate calcu-
lations. Therefore, the determination of the method and
basis sets allowing reliable evaluation of the energy in-
crement EXY

G (X=Cl, Y=CH3) with possibly lower
cost of computations was the first task of our calcula-
tions. For this purpose we compared results obtained
by HF and MP2 methods with full geometry optimiza-
tion using various basis sets.

The calculations performed using HF/6-31G(d) give
the value EG − ET = 0.36 kcal/mol. MP2/6-31G(d)
calculations with HF/6-31G(d) geometry improve the
result to 0.15 kcal/mol, and MP2/6-31G(d) calcula-
tions with geometry optimization diminuate the value to
0.11 kcal/mol. However, in all mentioned cases the re-
sult has an incorrect sign. This points out that the basis
set might be insufficiently large. The results obtained
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Table 1. RCE (EG − ET ) and structural parameters (bond lengths R, valence angles φ, dihedral angles ϑ, and dipole
moments µ) for trans and gauche conformations of 1-chloropropane.

Method and R(X−C) R(C1−C2) R(C2−C3) φ(XCC) ϑ(XCCC) µ EG − ET

basis set (Å) (Å) (Å) (deg) (deg) (Debye) (kcal/mol)

1-ClC3H7 (G)
HF/6-311G(3d1f ) 1.797 1.519 1.524 112.5 66.9 2.270 0.33
HF/6-311G(3d1f3p) 1.797 1.518 1.524 112.6 66.8 2.283 0.33
MP2/6-311G 1.902 1.525 1.539 111.3 66.6 2.541 0.07
MP2/6-311G(2d) 1.811 1.511 1.519 111.9 64.8 2.149 −0.21
MP2/6-311G(2d1p) 1.808 1.515 1.523 111.8 64.7 2.063 −0.22
MP2/6-311G(2d2p) 1.806 1.514 1.522 111.7 65.0 2.046 −0.15
MP2/6-11G(2d1f1p) 1.792 1.513 1.520 111.7 64.4 2.029 −0.19
MP2/6-311G(2d1f2p) 1.791 1.513 1.520 111.6 64.8 2.016 −0.15
MP2/6-311G(3d) 1.796 1.515 1.522 111.7 65.5 2.077 −0.05
MP2/6-311G(3d1f ) 1.787 1.516 1.522 111.6 65.5 2.055 −0.22
MP2/6-311G(3d1f3p) 1.785 1.515 1.521 111.6 64.8 1.994 −0.24
Exp. data [7] 1.796 1.525 1.525 112.2 63.9 1.960 [8] −0.15 [9]

1-ClC3H7 (T )
HF/6-311G(3d1f ) 1.794 1.518 1.527 111.7 180.0 2.373
HF/6-311G(3d1f3p) 1.794 1.517 1.527 111.7 180.0 2.381
MP2/6-311G 1.898 1.525 1.545 110.7 180.0 2.659
MP2/6-311G(2d) 1.808 1.510 1.523 111.6 180.1 2.251
MP2/6-311G(2d1p) 1.804 1.514 1.527 111.6 180.1 2.177
MP2/6-311G(2d2p) 1.803 1.512 1.526 111.6 180.1 2.164
MP2/6-311G(2d1f1p) 1.789 1.512 1.523 111.5 180.1 2.142
MP2/6-311G(2d1f2p) 1.788 1.512 1.523 111.5 180.1 2.135
MP2/6-311G(3d) 1.792 1.514 1.525 111.6 180.1 2.213
MP2/6-311G(3d1f ) 1.784 1.515 1.525 111.4 180.1 2.190
MP2/6-311G(3d1f3p) 1.782 1.514 1.524 111.4 180.1 2.114
Exp. data [7] 1.794 1.522 1.522 113.3 180.0 2.020 [8]

for 1-chloropropane using extended basis sets with sev-
eral polarization functions of d- and f -type on heavy
atoms and p-type on hydrogens and core orbitals frozen
are presented in Table 1. The relative conformational
energy (RCE) value, which coincides in that case with
the additivity increment EXY

G (X=Cl, Y=CH3), ob-
tained in HF calculations has an incorrect sign and al-
most does not depend on the number of polarization
functions included. Thus, it can be concluded that influ-
ence of electron correlation for conformational energy
is very important. The comparison of structural param-
eters obtained using MP2 when polarization functions
are taken into account are in sufficiently good agree-
ment with experiment [7], whereas the results obtained
by HF/6-311G(3d1f3p) and MP2/6-311G without po-
larization functions give too high dipole moment (µ)
values. Consequently it might be expected that only the
MP2 method with polarization functions for all basis
sets used is in the scope of largely scattered experimen-
tal estimates [6]. Therefore, for further calculations we
confine ourselves by two basis sets: (i) the largest one,
6-311G(3d1f3p), which gives the dipole moment value
close to experimental and demonstrates saturating be-

haviour of RCE when 3p basis functions on hydrogen
atoms are added to the 3d1f basis set and (ii) the least
one, 2d2p, in which the RCE value coincides with the
most recent experimental result [9] and which is suffi-
ciently compact for calculations of large molecules.

1,2-dichloroethane is the molecule for which the
largest number of experimental gas phase studies are
available. The results obtained by several techniques
(electron diffraction, infrared and photoelectron
spectroscopy) show the trans conformer having a lower
energy. The average value of the gauche/trans
energy difference EG − ET proposed in [11] equals
1.1± 0.1 kcal/mol. The most recent value of
1.17± 0.04 kcal/mol, redetermined in [8] using in-
frared spectra, agrees with the above value within the
error limits.

The theoretical estimates of gauche/trans energy dif-
ference by HF/6-31G∗ and DFT methods give too large
values (1.91 kcal/mol [12] and 1.51 kcal/mol [10]).
The second-order Møller–Plesset perturbation theory
(MP2) improves the values of a lot of molecular prop-
erties as compared to the HF theory, e. g., equilibrium
geometries, dipole moments, and conformational en-
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Table 2. RCE (EG − ET ) and structural parameters (bond lengths R, valence angles φ, dihedral angles ϑ, and dipole
moments µ) for trans and gauche conformations of 1,2-dichloroethane.

Method and R(X−C) R(C−C) R(H−C) φ(XCC) ϑ(XCCX) µ EG − ET

basis set (Å) (Å) (Å) (deg) (deg) (Debye) (kcal/mol)

1,2-Cl2C2H4 (G)
MP2/6-311G 1.886 1.512 1.091 112.0 71.0 3.35 2.12
MP2/6-311G(2d) 1.797 1.503 1.090 112.2 68.2 2.81 1.47
MP2/6-311G(2d2p) 1.793 1.506 1.085 112.1 68.3 2.69 1.51
MP2/6-311G(3d) 1.782 1.509 1.092 112.0 68.2 2.70 1.39
MP2/6-311G(3d1f ) 1.775 1.510 1.090 111.7 67.8 2.68 1.12
MP2/6-311G(3d1f3p) 1.773 1.509 1.089 111.8 67.5 2.61 1.18
Exp. data 68–76 [14] 2.55 [15] 1.1 [11]

1,2-Cl2C2H4 (T )
MP2/6-311G 1.896 1.513 1.087 108.2 180 0
MP2/6-311G(2d) 1.804 1.505 1.087 108.8 180 0
MP2/6-311G(2d2p) 1.799 1.507 1.083 108.9 180 0
MP2/6-311G(3d) 1.788 1.510 1.090 108.9 180 0
MP2/6-311G(3d1f ) 1.779 1.512 1.088 108.9 180 0
MP2/6-311G(3d1f3p) 1.778 1.511 1.087 109.0 180 0
Exp. data [14] 1.790 1.531 1.112 109.0 180 0

Fig. 2. Conformations of 1,3-dichloropropane.

ergy differences, if sufficiently large basis sets are ap-
plied. The local MP2 method [13] combined with
the generalized valence bond approach (GVB-LMP2)
with cc-pVTZ(−f ) basis set reported in [10] gives
1.40 kcal/mol. In order to improve the results, Wiberg
et al. [11] carried out geometry optimization using
the MP2 method with several basis sets where dif-
fuse functions were included: MP2/6-31+G∗∗, MP2/6-
311+G∗∗, MP2/6-31++G∗∗. However, the conforma-
tional energy difference remained too large. Only the
inclusion of higher angular momentum f -functions al-
lowed us to reach the energy difference value in agree-
ment with experimental data (1.1± 0.1 kcal/mol).

Therefore, in order to estimate the conformational
energy increment EXY

G (X=Y=Cl) we performed cal-
culations using the MP2 method with different basis
sets. The obtained results for 1,2-dichloroethane are
presented in Table 2. The difference of conformation
energy EG − ET converges to the experimental value

[11] when the basis set 6-311G(3d1f3p) is used. The
calculations with other basis sets show worse coinci-
dence with experimental findings for the dipole moment
µ of the gauche conformer, geometrical parameters, and
RCE.

The calculations of GG, GG′, GT , and TT forms
of 1,3-dichloropropane (Fig. 2) give the possibility to
estimate the energy increments EXX

GG, EXX
GT , and EXX

GG′

(X=Cl). As it follows from Eq. (1) for this case,

EXX
GT =EGT − ETT − EXY

G ,

EXX
GG =EGG − ETT − 2EXY

G ,

EXX
GG′ =EGG′ − ETT − 2EXY

G ,

where X=Cl, Y=CH3.
RCE values EGT −ETT and EGG −EGT obtained

at the HF/6-31G(d) level considerably differ from the
experimental data [16]. Therefore, for further investiga-
tions we apply the MP2 method with two above selected
basis sets: 6-311G(2d2p) and 6-311G(3d1f3p). The
obtained results for RCE presented in Table 3 demon-
strate good agreement with experimental data. There-
fore, one can conclude that the basis set 2d2p is also
sufficiently good for large chloroalkanes. It should be
noted that both increments EXX

GG and EXX
GT (Table 3) are

negative, and consequently, lower the value of the con-
formational energy. These increments are less sensitive
to the basis set size than the additivity increments EXX

G
and EXY

G . Vice versa, the additivity increment EXX
GG′ is

extremely destabilizing. It is also evident that the ex-
istence of EXX

GG, EXX
GG′ , and EXX

GT increments is a con-
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Table 3. RCE and additivity increments (kcal/mol) obtained from ab initio calculations.

Chloroalkanes RCE and additivity increments
HF/6-31G(d) MP2/6-311G(2d2p) MP2/6-311G(3d1f3p) Exp. data

1,2-dichloroethane
EG − ET = EXX

G (X=Cl) 1.91 1.51 1.18 1.1±0.1 [11]
1-chloropropane

EG − ET = EXY
G (X=Cl, Y=CH3) 0.36 −0.15 −0.24 −0.15±0.01 [9]

1,3-dichloropropane
EGT − ETT −0.40 −0.88 −0.96 −0.5 (upper limit)
EGG − EGT −0.44 −1.01 −1.22 −1.1±0.2
EGG′ − EGG 4.71 – 4.63 >3 [16]
EXX

GT – −0.73 −0.72 –
EXX

GG – −1.59 −1.70 –
EXX

GG′ – – 2.93 –

Table 4. RCE (kcal/mol) obtained both from quantum-mechanical calculations and additivity rule (Eq. (1) with increments obtained
by the indicated methods) for 1,2- and 1,2,3-chloropropanes.

Chloroalkanes HF/6-31G(d) MP2/6-311G Eq. (1), with increments obtained by Exp. data
(2d2p) (3d1f3p) MP2/6-311G(2d2p) MP2/6-311G(3d1f3p)

1,2-dichloropropane
EG+ − EA 1.69 1.67 1.44 1.66 1.42 1.3 (lower limit)
EG− − EA 1.98 1.59 1.38 1.51 1.18 0.6±0.3 [17]

1,2,3-trichloropropane
ETT − EGG 2.57 – 3.04 3.40 3.36 3.0 [18]
ETG − EGG 0.34 – 1.01 1.16 1.22 0.7±0.2 [19]
EGT − EGG 2.0 – 2.23 2.52 2.40 1.8±0.5 [19]

sequence of cooperative effects in a complex molecu-
lar system resulting from nonbonded interactions of end
groups.

As shown previously in [11] the zero point energy
does not differ for conformations used in evaluation of
the additivity increments. Consequently, one can con-
clude that vibrations do not influence the obtained re-
sults.

3.2. Verification of the additivity rule

The molecules of 1,2-dichloropropane and 1,2,3-tri-
chloropropane were used in order to check the transfer-
ability of additivity increments. The relative energies
of different conformers of an individual molecule cal-
culated using the additivity rule (1) and direct MP2 cal-
culations as well as experimental data are presented in
Table 4. The comparison shows that the arrangement of
conformational energies of 1,2-dichloropropanes (Fig. 3)
obtained using MP2 on the contrary to HF is in good
agreement with experimental data. However, the val-
ues of RCE for two basis sets chosen exceed the ex-
perimental estimates. The comparison of RCE val-
ues obtained from MP2 calculations and Eq. (1) using

Fig. 3. Conformations of 1,2-dichloropropane.

earlier estimated increments EXX
G and EXY

G (Table 4)
shows slightly different results for G conformer, espe-
cially in the case of a larger basis set. The similar re-
sults have been obtained for the conformations of 1,2,3-
trichloropropane having the lowest energy: TT , TG,
GT , and GG (Fig. 4). The experimental data from gas-
phase electron diffraction indicates the GG form as the
lowest. The results presented in Table 4 show that all
methods used give the correct arrangement of confor-
mational energies. However, the RCE values calculated
by the HF method are smaller (particularly for the TG
conformer) both than experimental [19] and molecular
mechanics [18] estimates. The RCE calculated using
the additivity formula with respect to conformation GG
are increased almost in the same extent for all forms
if compared with MP2 results. Therefore, it can be
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Fig. 4. Conformations of 1,2,3-trichloropropane.

expected that correlation effects taken into account in
MP2 calculations better describe intramolecular inter-
actions in the molecule than the additivity scheme, and
as a result, we have the rise of the energy of the GG
conformer. The stabilizing character of the EXX

GG in-
crement, estimated from 1,3-dichloropropane, may be
exaggerated. The values of increments EXX

G and EXY
G

estimated from MP2 calculations of 1,2- and 1,2,3-
chloropropanes are more positive than the values pre-
sented in Table 3. However, EXX

GG and EXX
GT are con-

stant and do not depend on the number and location
of the substituents. In spite of the obtained differences
in the value of additivity increments calculated using
different basis sets, it follows from the results obtained
for 1,2-dichloropropane and 1,2,3-trichloropropane that
they can be used for prediction of the RCE when con-
ditions EXX

G > 0, EXY
G < 0, EXX

GT < −EXY
G , and

EXX
GG < −2EXY

G (X=Cl, Y=CH3) are satisfied. The
above-presented criteria for additivity increments do
not depend on the size of the basis set. The analysis of
additivity increments EXY

G (Table 1) based on the crite-
ria suggested above also confirm the presumption that
the inclusion of the polarization functions is very im-
portant for conformational energy calculations.

4. Conclusions

The study shows that the calculated values of ad-
ditivity increments EXY

G , EXX
G , EXX

GT , EXX
GG, and EXX

GG′

(X=Cl, Y=CH3) are sensitive to the method and ba-
sis sets used. Only the results obtained using the MP2
method with geometry optimization and basis sets in-
cluding polarization functions are in the scope with ex-
perimental estimates. In spite of some differences ob-
tained for values of the additivity increments the ar-

rangement of different conformational configurations
of a molecule on the energy scale is correctly reflected
when increments satisfy the following criteria: EXX

G >
0, EXY

G < 0, EXX
GT < −EXY

G , and EXX
GG < −2EXY

G
(X=Cl, Y=CH3). This can be considered as an argu-
ment that quantum-mechanical methods can be used for
evaluation of the increments of quantum-mechanically
based additivity schemes for prediction of the relative
conformational energies of saturated chloroalkanes.
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KVANTMECHANINIS KONFORMACINĖS ENERGIJOS ADITYVIŲJŲ PRIEAUGIŲ ĮVERTINIMAS:
CHLOROALKANAI

D. Šatkovskienė, P. Pipiraitė, R. Jankauskas, J. Šulskus

Vilniaus universitetas, Vilnius, Lietuva

Santrauka
Kvantmechaniniais metodais tyrinėta chloroalkanų konforma-

cinės energijos verčių adityvumo taisyklė, pagal kurią konforma-
cinė energija gali būti išreikšta atskirų konformacinių segmentų
ir jų sekų energijos verčių suma. Įvertinti konformacinės ener-
gijos adityviųjų prieaugių EXY

G (X, Y=CH3, Cl), EXY
GT , EXY

GG,
EXY

GG′ (X=Y=Cl) didumai. Skaičiuojant nustatyta, kad HF me-
todo tikslumas nėra pakankamas chloroalkanų konformacinės ener-
gijos vertėms rasti. Juo apskaičiuoto prieaugio EXY

G (X=Cl,
Y=CH3, Cl) ženklas yra neteisingas, o prieaugio EXX

G (X=Cl)
vertė yra per didelė. Parodyta, kad tik atsižvelgus į elektronų ko-
reliaciją ir panaudojus pakankamai plačias atominių funkcijų bazes

(6-311G(2d, 2p) ir 6-311G(3d, 1f, 3p), galima gana tiksliai įver-
tinti konformacines energijas ir apskaičiuoti adityviuosius prieau-
gius. Surasti tam tikri sąryšiai tarp atskirų konformacinės ener-
gijos prieaugių, užtikrinantys adityvumo taisyklės sėkmę prog-
nozuojant chloroalkanų konformacinės energijos vertes. Sudė-
tingų chloroalkanų atskirų konformerų reliatyvios energijos ver-
tės, rastos taikant adityvumo taisyklę, palygintos su eksperimen-
tinių matavimų ir kvantmechaninių skaičiavimų rezultatais. Paro-
dyta, kad kvantmechaniškai įvertinti konformacinių segmentų ir jų
sekų energijų prieaugiai gali būti panaudoti adityviosiose schemose,
skirtose chloroalkanų konformacinių energijų išsidėstymui numa-
tyti.


