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the opposite effect to %4c except the interfacial tension among 

the interfacial properties, even if not shown in this paper.
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The barrier heights of the internal rotations for ethyl halides calculated by ab initio methods differ from those of 

experiments by more than 0.2 kcal/mol. The use of basis sets larger than the 6-31G* set and the inclusion of correlation 

do not improve the agreement between the calculated and experimental values. The zero-point vibration corrections 

are substantial in the HF calculations with 6-31G* basis sets, but become neglig비e in the MP2 calculations with 

6-311G** basis sets for C2H5F and C2H5C1. It is shown that the rigid rotor approximation and the assumed shape 

of the potential curve as a cos2G curve could also be the sources of discrepancies between calculated and experimental 

values. Higher order perturbation corrections narrow the gap between experimental and theoretical values, but there 

still remains about 10% overestimate of 0.3 kcal/mol. Optimized geometries from the HF and MP2 calc니ations are 

in good agreement with those from experiments. Dipole moments calculated from the MP2 densities show slightly 

better agreement with experiments than those from the HF densities.

Introduction

Ethyl halides are one of the simplest systems that exhibit 

internal rotations. Barrier heights of internal rotations for 

ethyl halides (C2H5X where X=F, Cl, Br and I) do not dis

play any apparent trends as the halogen atom varies from 
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fluorine to iodine. Another property that does not have sim

ple trends is dipole moment. Experimental values for dipole 

moments and rotational barriers are available1-5, but may 

not provide detailed informations which are helpful in under

standing these systems. Simple argument based upon the size 

and electronegativity of halogen atoms is not suitable to ex

plain the relative magnitude of barrier heights or dipole mo

ments. Electronic structure calculations may shed some li

ghts in explaining these properties. Since the ethyl halides 

are small enough to apply various methods of electronic struc

ture calculations, we have studied the ground states of the 

molecules with ab initio method도 in GAUSSIAN packages6.

It is generally accepted that Hartee-Fock(HF) calculations 

for small saturated molecules with a basis set of reasonable 

size yield the barrier heights of the internal rotation in good 

agreement with experiment since the number and charac

teristics of bonds remain unchanged during the internal ro

tation7,8. Our previous study indicates that HF calculations 

overestimate the barrier heights of internal rotation by about 

0.3 kcal/mol in all ethyl halides9. This 0.3 kcal/mol is a small 

quantity but this corresponds to about 10% of the rotational 

barriers. Semiempirical methods available in MOPAC10, 

namely MINDO/3, MNDO, AMI and PM3, produce barriers 

too small to be useful for the present study, although the 

geometry of the staggered form is in good agreement with 

experiment. Therefore, we limit the pre옹ent report to ab 

initio results. In the ab initio calculations, our primary goal 

is to investigate whether the 10% discrepancy in barrier 

heights can be reduced by using larger basis sets and/or 

by the inclusion of more correlations. Most extensive study 

is done for the ethyl fluoride since the fluorine is the smal

lest. After performing test calculations using various kind옹 

of basis sets, 6-31G* and 6-311G** basis sets are selected 

as the compromise between accuracy and computational eco

nomy for the study of correlation effect.

The present study also considers other factors influencing 

barrier heights such as the zero-point energy and the frozen 

rotor approximation. In order to include the zero-point en

ergy contribution to the barrier heights of internal rotations, 

harmonic vibrational frequencies are calculated and thermal 

corrections are conducted at the HF and the MP2 levels. 

The validity of the rigid rotor approximation is tested at 

the HF level using 6-311G** basis set for the C2H5F mole

cule. Results of these calculations are described after a brief 

section explaining computational method.

Computational Methods

Calculations have been performed using the GAUSSIAN88 

program with various kinds of internally stored basis sets 

for C, H, F and Cl atoms6. For C2H5Br and C2H5I molecules, 

effective core potentials (ECP) of Hay and Wadt11 are used 

for Br and I in order to reduce the size of calculations and 

also to include the r이ativistic effects. The reliability of ECP 

is partially tested by performing both all electron and ECP 

calculations for ethyl chloride.

For most molecules, correlation effects are considered by 

a routinely available method, Moller Plesset perturbation 

theory expansion up to the second order(MP2). Geometries 

are optimized for staggered and elipsed conformers using 

each selected basis set at the HF level. For MP2 geometry

Table 1. The Barrier Heights for 나le Internal Rotation of C2H5F 

and C2H5CI Calculated by 나le HF Method.

Basis -
AE(kcal/mol)

C2H5F C2H5CI

3-21G 3.33 3.64

3-21G* 3.66

4-31G 3.27 3.69

4-31G* 3.58 3.97

6-31G* 3.62 3.87

6-31G** 3.64 3.88

6-311G* 3.64

6-311G** 3.73 3.94

Expl/ 3.33 ± 0.05「 3.70± 0.04

“From Ref. 2 and 3.

optimizations, only 6-31G* and 6-311G** basis sets are used. 

Since both the staggered and the eclipsed forms of alkyl 

halides have the plane of symmetry, this symmetry is assu

med throughout calculations in order to reduce the required 

computation time and to improve energies. All other geomet

rical parameters are optimized simultaneously. As a first ap

proximation, the barrier height for the internal rotation is 

computed by taking the difference between total energies 

of staggered and eclipsed forms. In order to include the zero

point energy correction, harmonic vibrational frequencies are 

calculated at the HF and MP2 levels at the HF and MP2 

optimized geometries, respectively.

Results and Discussion

Effects of the basis set size for the barrier heights are 

shown in Table 1 for C2H5F and C2H5CI systems. Polarization 

functions on heavy atoms affect the barrier heights by about 

0.3 kcal/m이 for C2H5F and C2H5CI at the HF level, but the 

additional p functions on the H atoms have smaller effects. 

When the basis set is larger than 나｝e 4-31G* set, the calculat

ed barrier heights for the internal rotation seem to increase 

with the increasing size of the basis set. As a result, the 

agreement with experiment gets worse for the larger basis 

sets. Although it is very difficult to suggest a good basis 

set for the calculation of barrier heights from the data in 

Table 1, we use the 6-31G* basis set as the standard basis 

set. The 6-311G1내 basis set is also empolyed when은ver more 

information on basis set effects are desirable.

In order to estimate the effect of correlation, barrier 

heights are calculated for C2H5F and C2H5C1 using 6-31G* 

basis sets and various routinely available methods. The re

sults are summarized in Table 2. Energies of staggered and 

eclipsed forms are calculated at the MP2 optimized geometr

ies by MP2, MP3, MP4, CISD, and CCD methods. The bar

rier height for C2H5F is also computed at the MP3 optimized 

geometries, but the results are essentially identical to those 

in Table 2. The correlation effects on the barrier heights 

are about 0.2 kcal/mol in the direction of increasing the bar

rier heights compared with the HF values. Correlation effects 

worsen the agreement between calculated and experimental 

values. In Table 2, MP2 results overestimates the more ac-
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Table 2. The Barrier Heights of the Internal Rotation of C2H5F 

and C2H5C1 Calculated with 6-31G* Basis Sets at Various Levels 

of Electron Correlations

42 From Ref. 2 and 3.

Method
AE(kcal/mol)

C2H5F C2H5C1

HF 3.64 3.88

MP2 3.92 4.10

MP3 3.74 3.93

MP4 3.82 3.95

CISD 3.75 3.93

CCD 3.71 3.89

Expl.fl 3.33± 0.05， 3.70± 0.04

curate MP4 values by 0.20 and 0.15 kcal/mol for C2H5F and 

C2H5CI, respectively. CISD and CCD calculations lower the 

barrier heights even further from the MP4 values, but the 

calculated barrier heights are still larger than the HF values. 

It is very unlikely that the barrier heights calculated with 

the 6-31G* basis set will reach the experimental values by 

including more correlation effects.

The HF theory with large basis sets reproduces experimen

tal geometries quite well. Theoretical and experimental geo
metries agree within 0.01 A for bond lengths and 1° for 

bond angles8. Geometries are optimized at the HF and MP2 

levels using 6-31G* and 6-311G** basis sets for C2H5F and 

C2H5CI. For CzHWr and C2H5I, ECPs are used for the Br 

and I atoms and 6-31G* basis sets are used for other atoms. 

Since the improvement of geometrical parameters from in- 

이uding the third order perturbation effect for C2H5F is ra

ther small and the time required for the inclusion of third 

order effect is quite large, MP3 geometry optimizations are 

perfonned only for ethyl fluorides. The geometric parameters 

are defined as shown in Figure 1.

The optimized geometries for ethyl fluorides are collected 

in Table 3 and Table 4 for staggered and eclipsed forms, 

respectively. When the basis sets are enlarged from 4-31G* 

to 6-311G**, there are almost no change in the calculated

h5

..Cl
H矽/

Hi

Staggered Form

\

H{/ 

Hi

C 고

Eclipsed Form

Figure 1. Definition of geometrical parameters.

geometries. For geometrical parameters at the HF level, even 

4-31G* values are nearly identical to those of the more ex

tensive 6-311G** basis. When correlation effects are included 

using MP2 method, the geometrical parameters agree quite 

well with experimental values. The difference in bond dis

tances and bond angles are less than 0.005 A and 1°, respec

tively. The biggest differences in geometrical parameters be

tween two rotational conformers are the C-C bond length, 
elongated by 0.016 A for the eclipsed form, the angle H3C2C1, 

increased by 2.0°, and the angle H4C2G, increased by 1.7°. 

All other geometric parameters remain nearly constant dur

ing the rotation.

Table 5 and Table 6 show the optimized geometries for 

C2H5CI using 6-31G*, 6-311G** and EP 6-31G* basis sets 

empolying the HF and MP2 methods. For the 6-311G**/MP2 

case, which is the most elaborate calculation, the agrreement 

with experiment is quite good. The deviations from exper

imental values in bond lengths and bond angles are again 

less than 0.005 A and 1.0°, respectively. The C-C bond elon
gates by 0.017 A and the CIC1C2 bond angle increase by 

1.7° for the eclipsed form during the internal rotation. The 

geometrical parameters obtained with the EP 6-31G* basis

Table 3. Optimized Geometries of Sta^ered C2H5F

Method
HF MP2 MP3

Expl?4-31G* 6-31G* 6-311G* 6-311G** 6-31G* 6-311G** 6-31G*

rCiF 1.371 1.373 1.371 1.372 1.399 1.395 1.390 1.387

rCiC2 1.511 1.512 1.510 1.511 1.509 1.513 1.510 1.512

《同 1.082 1.083 1.082 1.084 1,094 1.095 1.093 1.094

《2H3 1.085 1.086 1.085 1.086 1,093 1.095 1.093 1.093

rC-aft 1.083 1.084 1.084 1.085 1.092 1.093 1.091 1.093

zFCiC2 109.5 109.5 109.7 109.7 109.2 109.2 109.6 109.3

nHiGG 111.5 111.5 111.7 111.6 111.7 111.8 111.4 112.1

NH3C2G 110.4 110.3 110.3 110.1 110.4 110.4 110.2 109.4

nHQEi 110.4 110.5 110.6 110.5 110.2 110.2 110.3 110.2

zHAF 107.8 107.7 107.3 107.4 107.7 107.6 107.7 106.5

zH4C2H3 108.6 108.6 108.5 108.6 108.7 108.7 108.7 108.5

아*pm Ref. 5
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Table 4. Optimized geometries of eclipsed C2H5F

Method
HF MP2 MP3

ExpLa4-31G* 6-31G* 6-311G* 6-311G** 6-31G* 6-311G** 6-31G*

rCjF 1.372 1.374 1.372 1.373 1.400 1.397 1.391 1.387

尸C1C2 1.528 1.529 1.526 1.528 1.526 1.529 1.527 1.512

1.081 1.082 1.081 1.082 1.093 1.094 1.092 1.094

rC2H3 1.082 1.083 1,083 1.084 1.091 1.092 1.091 1.093

rC2H4 1.083 1.084 1,084 1.085 1.092 1.093 1.091 1.093

匕FC© 110.2 110.2 110.3 110.2 110.0 109.9 110.2 109.3

•사I2GC2 111.8 111.9 112.0 111.9 112.0 112.1 111.7 112.1

匕 H3C2G 108.9 108.9 109.1 108.9 108.2 108.3 108.2 109.4

•사I4C2G 111.9 111.9 112.0 111.8 112.0 112.0 112.0 110.2

NHiGF 107.2 107.1 106.8 106.9 107.2 107.1 107.2 106.5

NH4C2H3 108.0 108.0 107.9 108.1 108.1 108.2 108.1 108.5

a Experimental values are for the staggered form from Ref. 5.

Table 5. Optimized Geometries of Staggered C2H5C1

HF MP2
ExpL。

6-31G* 6-311G** EP 6-31G* 6-31G* 6-311G** EP 6-31G*

rCjCl 1.799 1.804 1.792 1.789 1.786 1.777 1.789

^CiCg 1.517 1.516 1.517 1.514 1.515 1.517 1.520

rCtHt 1.079 1.079 1.079 1.090 1.089 1.091 1.089

rC2H3 1.086 1.087 1.086 1.094 1.094 1.094 1.092

rC2H4 1.083 1.084 1.083 1.091 1.091 1.092 1.092

ZCIGC2 111.5 111.5 111.3 111.3 111.0 111.2 111.0

匕 HC2C1 111.8 111.9 111.8 111.5 111.4 111.5 111.4

匕 H3C2C1 109.3 109.1 109.4 109.5 109.7 109.6 109.2

匕 H4C2G 111.0 111.0 111.0 110.9 110.7 110.7 110.3

zHiCiCl 106.2 106.0 106.3 106.8 107.0 107.0 106.3

NHQH3 108.5 108.5 108.5 108.6 108.7 108.6 109.1

"From Ref. 5

Table 6. Optimized Geometries of Eclipsed C2H5C1

HF MP2
Expl."

6-31G* 6-311G** EP 6-31G* 6-31G* 6-311G** EP 6-31G*

rCxCl 1.801 1.806 1.793 1.791 1.788 1.779 1.789

rCiC2 1.534 1.533 1.534 1.531 1.532 1.534 1.520

rCift 1.078 1.078 1.078 1.090 1.089 1.090 1.089

rC2H3 1.081 1.082 1.081 1.090 1.090 1.090 1.092

rC2H4 1.084 1.084 1.084 1.092 1.092 1.092 1.092

zC1CiC2 112.8 112.8 112.7 112.7 112.7 112.6 111.0

nHiCzG 112.0 112.1 112.0 111.7 111.5 111.6 111.4

NH3C2C1 111.5 111.5 111.4 111.2 111.1 110.9 109.2

NHQG 110.7 110.7 110.8 110.9 111.0 110.9 110.3

사LC1C1 105.6 105.3 105.6 106.1 106.3 106.3 106.3

NH4C2H3 107.9 107.9 107.9 107.8 107.7 107.9 109.1

a Experimental values of the staggered form from Ref. 4.

set are in good agreement with those from the 6-31G* basis 

set, implying that the use of ECP for geometry calculations 

can be justified.

The calculated geometrical parameters for CaHsBr are 

shown in Table 7. The geometrical parameters agree well, 

with experimental values. The EP 6-31G* basis gives quite
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Table 7. EP 6-31G* Optimized Geometries for C2H5Br

Staggered Eclipsed
ExpL。

HF MP2 HF MP2

rCiBr 1.974 1.974 1.977 1.976 1.950

VC2 1.517 1.515 1.533 1.532 1.519

rCift 1.078 1.090 1.077 1.089 1.087

<2H3 1.087 1.095 1.081 1.090 1.092

rC2H4 1.083 1.092 1.084 1.093 1.092

Z BrCiCz 111.6 111.3 113.1 112.7 UU

N H1C1C2 112.4 112.4 112.6 112.6 112.2

匕 H3C2G 109.1 109.2 112.1 111.7 108.5

匕 H4C2G 111.2 111.0 110.5 110.6 110.4

ZHiCiBr ：105.3 105.5 104.5 104.8 105.3

NHQH3 108.4 108.5 107.8 107.8 109.2

a Experimental values for the staggered form from Ref. 5.

Staggered Eclipsed

Table 8. EP 6-31G* Optimized Geometries for C2H5I

HF MP2 HF
妃，사”.

MP2

rCJ 2.175 2.175 2.178 2.178 2.151

rCiC2 1.518 1.516 1.534 1.533 1.521

rCiH： 1.078 1.090 1.077 1.089 1.086

rC2H3 1.087 1.096 1.080 1.090 1.093

rC2H4 1.083 1.092 1.084 1.093 1.093

ZIC1C2 112.3 111.9 113.9 113.6 111.4

■匕 H1C1C2 112.5 112.6 112.7 112.8 112.3

ZH3C2C1 108.9 109.0 112.9 112.6 108 쇼

ZH4C2C1 111.4 111.3 110.3 110 쇼 110.5

zHiCiI 104.7 105.0 103.9 104.1 104.5

NH4C2H3 108.2 108 쇼 107.6 107.6 109.2

a Experimental values for the staggered form from Ref. 5.

accurate geometrical values especially when the MP2 method 
is used. The C-C bond length changes by 0.017 A and the 

BrCiC2 and H3C2Ci angles change by 1.4° and 2.5°, respec

tively, during the internal rotation.

The calculated geometrical parameters for C2H5I shown 

in Table 8 are in reasonable agreement with experimental 
values except for the C-I bond length which is 0.024 A longer 

than the experimental value. During the internal rotation 
C-C bond length elongates by 0.017 A and the IC1C2 and 

H3C2C1 angles increase by 1.7° and 3.6°, respectively.

Charge distributions and dipole moments for the staggered 

form of C2H5X molecules are collected in Table 9. The corre

lation effect reduces the charge, but the trends shown by 

the net charges of the halogen and carbon atoms are not 

modified very much by the use of MP2 densities. The charge 

for the Ci carbon is negative except for the fluoride. Since 

fluorine withdraws electrons from the bonded carbon, the 

Ci carbon is positively charged. For other system, the elec

tronegativity is not so large and the carbon-halogen bond 

length are longer than the carbon-fluorine bond length. The 

electron withdrawing effect of the halogen atom is not so 

prominent and the carbon atom is negatively charged.

Charges (a.w.)

Table 9. Charges and Dipole Moments for 나蛇 Staggered Forms 

of C2H5X Molecules. 6-311G** Basis Sets are Used for the Fluo

ride and the Chloride, and EP 6-31G* Basis Sets for 나】e Bromide 

and Iodide

X
HF density MP2 density

F Cl Br I F Cl Br I

X -0.37 -0.16 -0.20 -0.10 -0.29 -0.11 -0.16 -0.07

0.21 -0.21 -0.31 -0.44 0.12 -0.28 -0.34 一0쇼6

-0.28 -0.24 一 047 -0.46 -0.33 -0.28 -0.49 -0.48

0.08 0.14 0.22 0.23 0.09 0.15 0.22 0.22

0.09 0.10 0.17 0.17 0.10 0.11 0.18 0.18

0.10 0.11 0.19 0.19 0.12 0.13 0.19 0.19

Dipole Moments (Debye)

HF density________  ______ MP2 density

F Cl Br I F Cl Br I

Calc. 2.15 2.41 2.38 2.28 1.83 2.12 2.18 2.08

Expl.fl 1.94 2.05 2.03 1.91 1.94 2.05 2.03 1.91

“From Ref. 5

The dipole moments calculated from the HF density over

estimate the experimental values substantially for all ethyl 

halides as shown in Table 9, but those from the MP2 density 

are in far better agreements. The variations in observed and 

calculated dipole moments can be explained qualitatively 

from the charge distribution and geometry. For the fluoride 

there exist two kinds of bond dipoles in opposite directions 

which cancel with each other to produce a smaller dipole 

moment. The charge on Br is larger than that on Cl or I. 

The chloride in Table 9 is calculated with 6-311G** while 

the bromide is calculated with Ep 6-31G*, but the charge 

on Cl is similar (—0.15) even in the HF calculations using 

EP 6-31G*.

The C-C bond length of the eclipsed form is longer than 
that of the staggered form by 0.017 k regardless of the atta

ched halide atom. For the chloride, the bromide and the 

iodide, the angle between the halogen and the hydrogen 

atoms are larger for the eclipsed form because there are 

larger steric repulsions between the halogen atom and the 

asymmetric hydrogen atom. This steric repulsion overweighs 

the electrostatic attraction between the halogen and the hy

drogen. For the fluoride, the situation is slightly different. 

The angle between the F and H atoms becomes narrower 

for the eclipsed form as shown in Tables 3 and 4 probably 

due to the electrostatic interaction between the negatively 

charged fluorine and positively charged hydrogen on the 

same carbon atom.

The energy differences between the staggered and eclip

sed forms are collected in Table 10. The barrier heights 

at the HF level are larger than experimental values by 0.2 

to 0.3 kcal/mol for all ethyl halides. The results obtained 

at the MP2 level using same basis sets are in worse agree

ment with experiment than the HF results. Basis set and 

correlation effects mentioned earlier seem to imply that this 

discrepancy may not be removed easily by improving quality 

of basis set and/or electron correlations. In an effort to locate
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Table 10. Barrier Heights (kcal/mol) of the Internal Rotation 

for C2H5X with and without Zero-point Energy Corrections 

Without zero-point energy correction

EP 6-31G* 6-31G* 6-311G**
Expl/

HF MP2 HF MP2 HG MP2

F 3.62 3.92 3.73 3.96 3.32

Cl 3.94 4.15 3.87 4.10 3.94 4.39 3.7

Br 3.89 4.02 3.7

I 3.87 4.03 3.66

With zero-point energy and MP4 corrections

631G* 6-311G**
Expl?

MP2 MP2 MP4

F 3.59 3.54 3.44 2.97

Cl 3.83 3.97 3.81 3.34

11 From Ref. 3, 4, and 5. b Experimental values are also corrected 

for the zero-point energies using experimenal vibrational freqe- 

ncy for the torsional motion.

Dihedral angle(XC]C2H3)

Figure 2. Potential energy curves for the torisonal motion of 

the ethyl fluoride calculated by the HF method using 6-311G** 

basis set.

the probable source of the discrepances in other factors, we 

perform some additional calculations.

In order to estimate the error which may be caused by 

the rigid rotor approximation, we have carried out HF calcu

lations for C2H5F with and without the rigid rotor approxi

mation using 6-311G** basis set. For the rigid rotor approxi

mation, geometric parameters for the staggered form are op

timized imposing the equivalence restriction of three hydro

gens of methyl group. During the rotation around the CC 

bond, the geometric parameters of the methyl group are kept 

constant. For the relaxed rotor, all geometric parameters are 

optimized at each given torsional angle. The resulting poten

tial curves are shown in Figure 2. When the rigid rotor ap

proximation is employed, the calculated barrier height in

Table 11. The Differences (cm-1) of 나le Sum of Vibration지 

Frequencies between Staggered and Eclipsed Forms. The Tor

sional Frequency Corresponding to the Internal Rotation is not 

Included in the Sum. The Sum is Larger for the Eclipsed Forms 

than for the Staggered Forms.

SCF frequencies MP2 frequencies

6-31G* 6-311G** 6-31G* 6-311G**

C2H5F 91.2 74.7 40.7 0.9

C2H5CI 129.5 100.5 91.2 5.0

C2H5Br 122.1 81.4

c2h5i 122.8 89.5

creases by 0.32 kcal/mol due to the higher energy for the 

eclipsed form. Barrier heights for the internal rotation cannot 

be directly measured in experiments. Experimental values 

for the barrier heights are usually derived based upon the 

assumption that the potential energy curve for the torsional 

motion has cos3G dependence13. Rigid rotor approximation 

is also impliicit in the interpretation of the experimental data 

since the torsional motion is assumed as being independent 

from other vibrational motions. In Figure 2, there are also 

differences between the relaxed rotor curve and the cos30 

curve. Therefore, both approximations could be the source 

of some discrepancy between calculated and experimental 

barrier heights, but the actual magnitude is difficult to esti

mate13.

Along the similar line, comparisons between rotational bar

riers determined by ab initio and spectroscopic methods re

quire special care due to the zero point energies12. The spec

troscopic rotation barriers are effective potential barrier 

which can be best modeled by a ground-state vibrationally 

adiabatic potential barrier since it was obtained by fitting 

an one-dimensional potential for a motion along the torsional 

coordinate in the presence of all other modes. The resulting 

barrier neglects the effect of zero-point vibration energy for 

the torsional mode but the zero-point vibration energies in 

all the other modes are included. This effect is estimated 

using vibrational frequencies from ab initio calculations. It 

is known that the HF and MP2 calculations with large basis 

sets tend to overestimate the vibrational frequencies by 

6-10% and less than 5%, respectively8.

In order to include zero-point energy correction, harmonic 

vibrational frequencies are obtained and all vibrational fre

quencies except the torsional mode frequencies are summed 

for both staggered and eclipsed conformers. The differences 

in the sums are collected in Table 11. For all ethyl halides, 

the sums for eclipsed forms are larger than those for stag

gered forms, worsening the agreement between calculation 

and experiment, although the difference is reduced both by 

the larger basis set and the inclusion of electron correlation. 

The differences around 100 cm-1 at the HF level with 6- 

31G* become less than 5 cm-1 for MP2 calculations with 

6-311G** for C2H5F and C2H5CI.

There is another point to consider in the zero point/ener- 

gy. The staggered forms has one extra torsional mode which 

contributes to the potential curve. In order to be fair in the 

comparision, both spectroscopic and ab initio values need 

to be corrected by their respective vibrational frequencies 
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for this torsional motion. The torsional frequency differences 

between experiment and theory are less than 30 cm-1 which 

is equivalent to 0.085 kcal/mol. The barrier heights corrected 

for this zero point energy are also listed in Table 10. The 

zero point correction is large for the HF calculations with 

6-31G* basis sets, and in the direction of worsening the ag

reement with experiment. But at the MP2 level with 6-311 

G** basis set, there is almost no difference whether the zero 

point correction is included or not, at least for C2H5F and 

C2H5CL

In order to include the correlation effect further, MP4 

energies are obtained at MP2 optimized geometries using 

6-311G** basis sets for the fluoride and the chloride. This 

higher order correlation energy reduces the barrier heights 

by 0.11 kcal/mol and 0.16 kcal/mol for C2H5F and C2H5C1, 

respectively, as shown in Table 10. These lowerings are 

about the same as those in Table 2 for 6-31G* basis sets. 

We expect that more correlations will probably bring the 

barrier value to that of the HF level, but not much lower.

Without any considerations about the rigid rotor approxi

mation, the best estimate of the barrier from the present 

ab initio calculations for C2H5F is still 0.37 kcal/mol higher 

than experimental values. The situation is similar for C2H5C1 

in that theoretical values are higher by 0.47 kcal/mol. Theo

retical values also overestimate the experimental values by 

0.3 kcal/mol both for C2H5Br and C2H5I. Results for the fluo

ride and the chloride seem to indicate that improved ab 

initio calculations are not warranted at this point as far as 

the barrier heights are concerned.

Conclusion

The barrier hights of the internal rotations for ethyl hal

ides are calculated by ab initio methods. The use of larger 

basis set and the inclusion of correlation do not improve 

the agreement between the calculated and experimental val

ues. The zero-point vibration correction is also considered. 

In the HF calculations with 6-31G* basis sets, this correction 

is significant, but becomes negligible in the MP2 calculations 

with 6-311G** basis sets for C2H5F and C2H5CL The rigid 

rotor approximation and the assumed shape of the potential 

curve as a cos3G curve are not strictly valid and could cause 

deviations in deriving barrier heights. However, the present 

study does not provide the clue to why the calculated barrier 

should be higher. Higher order perturbation corrections nar

rows the gap between experimental and theoretical values, 

but there still remains about 10% overestimate of 0.3 

kcal/mol.

It appears that the calculated barrier heights from elabo

rate calculations with added corrections are in good agree

ment wi比 나le starting point of the present study, HF/6-31G* 

values. One may use the barrier heights from the HF/6-31G* 

calculations with the understading that the calculated values 

will overestimate the experimental ones by about 10% when

ever the reference is needed for the torsional motion of a 

halogen-containing carbon. Calculations beyond the level of 

the present study will greatly increase the computational 

time without too much improvement in the description of 

the internal rotation.

Acknowledgment. This study is, in part, supported by 

the Korea Science and Engineering Foundation.

References

1. Verdier, P. H.; Wilson, E. B. J. Chem. Phys. 1958, 29, 

340.

2. Sutton, L. E. Chem. Soc. Spec. Publ. 1958, 11.

3. Chao, J.; Rodgers, A. S.; Wilhoit, R. C.; Zwolinski, B.

J. J. Phys. Chem. Ref. Data, 1974, 3, 141.

4. Kudchadker, S. A.； Kudchadker, A. P. J. Phys. Chem. Ref 

Data, 1979, 8, 519.

5. Hayashi, M.; Fujitake, M.; Inagusa, T.； Miyazake, S. J. 

Mol. Struct 1990, 216, 9.

6. Gaussian88, Frisch, M. J.; Head-Gordon, M.; Schlegel, 

H. B.; Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; 

Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; 

Melius, C. F.; Baker, J.; Martin, R.; Kahn, L. R.; Stewart, 

J. J.; Fluder, E. M.; Topiol, S.; Pole, J. A. Gaussian. Inc. 

Pittsburgh, PA., 1988.

7. See for example, Levine, I. N. Quantum Chemistry; 4th 

Ed.; Pretice Hall: Eaglewood Cliffs 1991.

8. Hehre, W. J.; Radom, L.; Schlyer, R. V. R.; Pople, J. A. 

Ab initio Molecular Orbital Theory \ John Wiley and Sons: 

New York, 1987.

9. Lee, Y. S.; Ryu, U. S. Bull. Korean. Chem. Soc. 1987, 

8, 221.

10. MOPAC is a semiempirical MO program developed by 

J. J. P. Stewart and coworkers.

11. Wadt, W. R.; Hay, P. J. J. Chem, Phys. 1985, 82, 284.

12. Allinger, N. L.； Grev, R. S.; Yates, B. F.; Schaefer III,

H. F. J. Am. Chem. Soc. 1990, 112, 114.

13. Moazzen-Ahmadi, M.; Gush, H. P.; Halpern, M.; Jagan- 

nath, H.; Leung, A.; Ozierf I. J. Chem. Phys. 1988, 88, 

563.


