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Potential functions of internal rotation and electric parameters 
of atoms of ethane molecules and its halogenated derivatives 
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Based on the previously suggested approximate quantum mechanical description of 
potential functions of internal rotation and the calculation method, the regions of values of 
atomic charges and moments of ethane molecules and its halogenated derivatives have been 
found. They describe simultaneously experimental potential functions of internal rotation 
and dipole moments of molecules with an accuracy comparable to the experimental one. 
Potentials of internal rotation for some unstudied molecules of the series of halogenated 
derivatives of ethane have been predicted. 
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The correlations that relate coefficients in the Fourier- 
series expansion of  the potential function of  internal 
rotation to quantities characterizing the electric charge 
distribution in a molecule have previously been ob- 
tained 1-8 from the quantum mechanical  expression of  
the electronic energy of  molecules. In particular, the 
even potential function of  internal rotation of  a mol- 
ecule with one rotating top (only such potential func- 
tions will be considered in further discussions) can be 
presented in the form: 

1 f z oo V(q~) = Z - ~ - 7 ~  + f Z[~Pe d~l + I dz2+ 

+ [ f P l 2 d ~ l d r 2 ; = l / ~ [ ( ~ V l ~ / ] ( 1 - c o s / q ~ ) :  (1) 

J 
=1/~V/(1-coslq~). 

Here q~ is the internal rotation angle (i.e., the angle of  
the turn of  one part of  the molecule relative to another 
part); Z a and Z~ are the charges of  atomic nuclei with 
numbers c~ and I3; V~ and V~ are the volumes of  these 
atoms; d'c 1 and dr e are the volume elements; ra~ , rid 
r2~ , and r12 are the distances between the corresponding 
nuclei and the volume elements; Pe is the electron 
density; and P12 is the two-particle probability density. 
The V~ t values can be expressed as 

{ Val3t = - Z~Z~ac~I + I Zi3Peal~ld~l + I ZaOea2cad't2 + 
v~ v~ 

(2) 

+ I I O12al21d'~Idx2 ' 
v% 

where ac~l , al~l, a2cd, and at2 l are the coefficients of  the 
Fourier-series expansion of  the reverse distances 1/r~, 
1/q~, 1/r2~, and 1/q2, respectively. These coefficients 
depend only on geometric parameters of  the conformer 
accepted as the beginning of  reference of  energy and 
internal rotation angles. 

In the rougher approximation, 7-8 when 1/rlf~, 1/r2~ , 
and 1/q2 have been expanded in the Taylor series in ral 
and rl~ 2 powers, the 1/r~ value has been expanded in the 
Fourier series, and in the expression of  the two-particle 
probability density 

012(1,2) = 9e(1)Oe(2) + AOI2(1,2) (3) 

it is assumed that 

API2(1,2) = 0, (4) 

electric charges and atomic moments  in molecules ap- 
pear in Eq. (2) instead of  integrals. For atoms with the 
number  a we considered 7-8 

the charge % = Z~ + Spedh, (5) 

the dipole moment  ~ = fp~?~idZl, (6) 
v 

and tensor elements of the quadrupole moment 

Q~g = S Pe(3falgal - 8fgr~l) d h ,  (7) 
v~ 

where f, g = X, Y, Z, and 8fg is the Kronecker  delta. 
The dipole moment  and the elements of  the atomic 

quadrupole moment  are determined in the local system 
of  coordinates, which originates from the atomic nu- 
cleus. 
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Then it can be taken that atoms or atomic pairs of  one 
type 9-11 in different molecules have approximately equal 
values of  integrals (2) or, in the rougher approximation,  
equal values of  a tomic charges and moments.  Then for 
several molecules  consisting o f  atoms o f  different types, 
the values of  integrals (2) or atomic charges (5) and 
moments  ((6), (7)) can be, in principle, found by the 
known potential  functions of  internal rotat ion determined 
from experimental  data or by the quantum mechanical  
calculation. After this, the calculated values of  integrals (2) 
or charges (5) and moments  ((6), (7)) can be used for 
determining potential  fnnctions of  internal rotation of  so 
far unstudied molecules consisting of  atoms of  the same 
types. 

It is substantial to estimate the accuracy of  the de- 
scription of  the charge distribution in molecules in terms 
of  the approach presented. The values of  integrals (2) or 
atomic charges (5) and moments  ((6), (7)) calculated from 
potential  functions are effective quantities due to the 
approximate character  of  the theory and the methods for 
determining potentials  of  internal rotation and to the 
assumption that  atoms and groups of  atoms of  one type are 
equivalent in different molecules. Therefore, it is possible 
that  the values determined by this method will not  corre- 
spond to the real electric charge distribution in molecules. 
Nevertheless, the approach presented is based on the 
rigorous quantum mechanical  theory and is the consistent, 
although approximate,  applicat ion of  the rigorous theory 
for establishing the correlation between the electric charge 
distribution in a molecule  and parameters of  the potential  
ftmction of  internal rotation. Therefore, one can expect 
that the found values of  integrals (2) or atomic charges (5) 
and moments  ((6), (7)) describe correctly at least the 
relative electric charge distribution in a molecule,  which 
provides the possibility, in principle, to predict other 
properties of  molecules  depending on this distribution. 

To check this possibility, relationships that  relate 
charges (5) and dipole moments  (6) of  atoms to dipole 
moments  of  molecules  have been obtained. 12 Then the 
values of  charges (5) and moments  ((6), (7)) of  atoms in 
molecules of  e thane and its simplest halogenated deriva- 
tives have been calculated 13 from the experimental  dipole 
moments  of  these molecules and the V t parameters  of  
potent ial  functions of  internal rotat ion (1) found from the 
experimental  data. The results obtained were considered 
to be prel iminary,  13 and the calculat ion procedui'e needed 
more detai led studies. In addit ion,  some new experimental  
data on potent ial  functions of  internal rotat ion of  mol -  
ecules of  halogenated ethane derivatives have appeared 
recently. Therefore,  the  values of  charges and dipole 
moments  of  a toms in ment ioned molecules have been 
calculated addit ionally.  

All exper imenta l  potent ia l  funct ions of  internal  rota-  
t ion of  molecu les  used in calculat ions refer to the gase- 
ous phase,* and thei r  parameters  are presented in Ta-  

* See also the review and the critical analysis of the experi- 
mental potential functions of internal rotation of ethane mol- 
ecules and its halogenated derivatives (Ref. 14). 

bles 1--3. The values of  parameters  V 3 and V 6 calcu-  
lated for all molecules  except e thane f rom the experi-  
menta l  data by the me thod  suggested by Lewis and 
coworkers 4~ are presented in Table 1. It can be seen 
from Table 1 that  the  V 6 values are very small  and,  in 
addit ion,  our calculat ions show that  the V 3 values ca lcu-  
lated with and without  taking into account  the coeffi-  
cient  V 6 agree wi thin  several percent  ( the m a x i m u m  
d e v i a t i o n  o f - I 0  % is obse rved  for  C F 3 C H 2 C I  , 
CF3CH2Br,  and CF3CF2Br).  Therefore,  only coeffi- 
cients V 3 are used for calculat ing charges and momen t s  
of  atoms. 

The values of  V 3 in the  molecules,  for which there  is 
no sufficient exper imenta l  data for de termining V 3 and 
V6, are presented in Table 2. Our  est imations of  errors 
of  de te rmina t ion  of  coefficients V 3 from exper imenta l  
data are also presented in Tables 1 and 2. 

Table 1. Values of parameters V 3 and V 6 of potential functions 
of internal rotation of ethane molecules and its halogenated 
derivatives with C3v symmetry tops calculated from literature 
data (kJ mo1-1) 

Molecule [Z3exp V6eXP Estimation Reference 
of experimental 

error V 3 (%) 

CH3--CH 3 12.06 a 0.13 a 10 15 
CH2F--CH 3 13.92 -0.06 10 16, 17 
CF3--CH 3 12.48 -0.09 10 18, 19 
CF3--CH2F 14.79 -0.17 10 20, 21 
CH2CI--CH 3 15 .61  -0.07 10 17, 22 
CHC12--CH 3 18 .91  -0.26 15 23 b 
CCI3--CH 3 23.48 -0.27 10 23, 24 
CH2Br--CH 3 15 .61  -0.06 10 17, 25 
CHBr2--CH 3 17.32 0.03 15 23 b 
CBr3--CH 3 23.97 0.07 15 23 b 
CH2CI--CF 3 17.66 0.59 15 20 b 
CH2Br--CF 3 18.13 0.30 15 20 b 
CFC12--CH 3 18.50 -0.11 10 23, 26, 27 
CC1Br2--CH3 23.74 0.04 15 23 b 
CF2Br--CF 3 19.50 0.92 15 28 b 

a The valnes of parameters V 3 and V 6 are taken from Ref. 15. 
b The following accepted geometric parameters are used: rcc = 
1.52 ,~., rcH = 1.09 A, r c v =  1.35 A, rcc 1 = 1.77 A, rcB r = 
1.93 A, ZCCR = 110 ~ (R = H, F, C1, and Br). 

Table 2. Values of parameters V 3 of potential functions of 
internal rotation of halogenated ethane derivatives with C3v 
symmetry tops (kJ mo1-1) 

Molecule V3eXp Estimation Reference 
of experimental 

error (%) 

CHF2--CH 3 13.39 15 29 
CF3--CHF 2 14.69 20 30 
CF3--CF 3 16.40 20 31 
CC13--CH2CI 36.50 20 32 
CC13--CHC12 52.31 25 14 
CC13--CC13 63.61 25 32 
CF2C1--CH 3 18.42 20 33 
CF2Br--CH 3 21.20 15 23 
CF2C1--CF 3 21.34 20 34 
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Table  3. Values of parameters V/and extreme values of potential functions of internal rotation (1) for 1,2-dihalogenated 
ethane derivatives (V I /kJ tool -1, q~/deg) a 

Molecule iii V2 V3 q),b Vmax = cpgauche V(~=~gauch~) V(~=180o ) Reference 
V(~=~,) 

CH2F--CH2F 8.14 -11.18 14.63 53.6 8.84 108.9 -3.40 22.77 35 
CH2F--CH2C1 7.27 -3.55 21.14 58.5 21.72 111.9 3.37 28.38 36, 38 
CH2F--CH2Br 8.11 -3.74 16.12 59.0 16.45 112.2 4.24 25.23 37, 38 
CH2C1--CH2C1 c 107.7 4.60 39 
CH2Br--CH2Br c 107.0 7.57 39 
CH2C1--CH2Br ~ 108.6 5.59 39 

a It is accepted that q~trans = 0 and V(mtrans=O) = O. b q)" are the angles q~ corresponding to the potential barrier of the 
trans--gauche-transition. 
e The values of dihedral angles of gauche-conformers and differences in energies of conformers are taken from 
Ref. 39, and the parameters V 1 -  V 3 presented for other molecules are calculated in this work. 

The  errors are accepted to be m i n i m u m  for the 
molecules ,  for which the exper imenta l  da ta  (the values 
of  torsion energy levels found by vibrational spectroscopy) 
make it possible to calculate  coefficients V 3 and V 6 and 
for which geomet r ic  parameters  have been  de te rmined  
exper imental ly .  Max imum errors are ascribed to the 
molecules ,  for which the values of  tors ion frequencies in 
the gaseous phase have been es t imated on the basis of  
the corresponding data obtained for the l iquid phase. It 
is notewor thy  that  the  values presented in Tables 1 and 2 
reflect relative errors rather than  absolute ones. The 
de te rmina t ion  of  absolute errors is considerably more  
difficult. 

Table  3 presents  ext reme values of  potent ia l  func- 
t ions of  in ternal  ro ta t ion  for molecu les  of  1 ,2-di-  
ha logenated  ethanes found from the exper imenta l  data  
(the potent ia l  barriers of  trans--gauehe-transitions, the  
differences in energies of  conformers ,  and the potent ia l  
barriers of  gauche--gauche-transitions) and parameters  
V 1 -  V 3 calcula ted from exper imenta l  data. It is notewor-  
thy that  for the upper  three molecules  in Table 3 pa-  
rameters  VI--V 4 and V 6 of  series (1) have been  deter-  
mined  previously (the references are given in Table 3); 
however,  these calculat ions are per formed taking into 
accoun t  d e f o r m a t i o n s  o f  tops  in in te rna l  ro t a t ion  
(nonempir ica l  quantum mechanica l  calculat ions have 
been per formed with this purpose).  Since in this work 
we use the model  of  a molecule  with rigid rotat ing tops, 
the values of  parameters  V l -  V 4 and V 6 are recalcula ted 
by the method  presented in Ref. 40. We use only pa-  
rameters  V1--V 3 for further calculat ions,  because pa-  
rameters  V 4 and V 6 are small  and can be calcula ted only 
with great  errors. 

According to the structural  formulas,  the  molecules  
considered conta in  "terminal" a toms o f  four types: 9-11 

R - - C ~  , where R = H, F, C1, and Br, and "central" 
carbon a toms of  fourteen types. However ,  charges of  
"central" a toms do not  enter  the  formulas,  7 which relate 
coefficients V t to values of  charges and momen t s  of  
atoms,  and momen t s  of  these a toms enter  only  expres-  
sions for V~ and V 2. Only molecules  of  1 ,2-dihalogenated 
derivatives of  e thane of  all cons idered molecules  have 
nonzero  coefficients V l and V 2 (Table 3). Therefore,  it 

is impossible to obtain values of  charges and momen t s  of  
"central" a toms for molecules  with the  C3v top symmet ry  
from Tables 1 and 2 for which V 1 = V 2 = 0, and there is 
no sense to classify the corresponding "central" atoms. 
Therefore,  three types of  "central" a toms 

--C--C--H , 
J I H 

where R = F, C1, and Br, will be dist inguished in 
fnrther discussions. 

The theory 7 allows one to calculate  charges %(5),  
d ipo l e  m o m e n t s  g~(6),  and  q u a d r u p o l e  m o m e n t s  
Q~zz(7)* for "terminal" atoms,  and for "central" a toms 
components  of  dipole g• and quadrupole  QC~ and 
(Qx~ - Q ~ )  moments** can be de termined.  

I t  has been indica ted  above that  exper imenta l  values 
of  dipole moments  of  molecules  are also used in the 
calculation.  Since for "central" a toms the theory  7 allows 
one to de termine  only components  of  d ipole  moments  
gXCR perpendicular  to the  axis of  internal  rotat ion,  only 
the value of  project ion of  the dipole  m o m e n t  of  a 
molecule  on the plane perpendicular  to the  axis of  
internal  rotat ion can be used for ca lcula t ion  (and then 
can be predicted).*** These project ions  are equal to zero 

* The axis symmetry of the electron density distribution rela- 
tive to OZ axes, which connect nuclei of "terminal" and 
corresponding "central" atoms, is approximately accepted for 
"terminal" atoms. 7 Therefore, the dipole moments ~a are 
directed along these axes, while the quadmpole moments of 
"terminal" atoms can be expressed by the elements Qazz. 
** The following orientation of local systems of coordinates is 
accepted for "central" atoms: the OZ axis is directed toward 
the adjacent "central" atom, the OX axis lies in the plane of the 
CCR fragment, where R = F, C1, and Br, and is directed 
toward the halogen atom, the OY axis is perpendicular to the 
CCR plane, 7 ~tZcR is the projection of the dipole moment of 
the "central" atom on the plane perpendicular to the axis of 
internal rotation. 
*** This restriction is removed if there are two or more axes of 
internal rotation in a molecule, so that atoms that are "central" 
for one axis are not "central" for another axis. 
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Table 4. Experimental values of dipole moments ~t(D) of some 
substituted ethane derivatives (microwave data) and the com- 
ponents of dipole m o m e n t s  p.LcH2R that are perpendicular to 
the axis of internal rotation and fall on the CH2R group (R = 
F, CI, and Br) calculated from these data 

Molecule g l-tLCH2 R 

CH2F--CH341 
CH2F--CH2F 42 
CF3--CHF221 

C2Hs--CH2F 

C2H5--CH2CI 

CH3--CHzBr 45 

trans 43 
gauche 
trans 44 
gauche 

1.96+0.03 1.76 
2.67+0.09 1.64 
1.80+0.22 1.70 

2.050+0.043 1.70 
1.902+_0.064 

1.95+_0.06 1.72 
2.02+0.11 

2.04+0.02 1.83 

for molecules, whose both tops have the C3v symmetry. 
Therefore, the values of dipole moments of less symmet- 
ric molecules are used in the calculation: CH3CH2F, 
CH2FCH2F (gauche), CF3CH2F, and CH3CH2Br. These 
values found from the analysis of microwave spectra, the 
calculated values of ~t• and the components of 
dipole moments of these molecules, which are perpen- 
dicular to axes of internal rotation and fall on the CH2R 
(R = F, Br) group, are presented in Table 4. The value 
of g• found from the microwave values of dipole 
moments of trans- and gauche-conformers of 1-fluoro- 
propane (Table 4) agrees well with these data. There- 
fore, we include the value of g• (Table 4) found 
from the microwave values of dipole moments of trans- 
and gauche-conformers of 1-chloropropane in the calcu- 
lation. 

A specific feature of calculations, which appears due 
to the high symmetry of molecules of the series of 
substituted ethane derivatives, should be mentioned. 
Moments that are higher than quadrupole moments are 
not taken into account for atoms in molecules (other- 
wise the number of parameters determined would be too 
great), while for molecules with at least one symmetry 
(C3v) top the coefficiems V/(l = 3, 6,...) are described 
only by interactions of "terminal" atoms. Since the 
values of charges and moments of atoms are calculated 
from the V t values found from experimental data (and 
therefore, coefficieuts V 3, I/6, etc. also efficiently take 
into account the interactions of "central--central" and 
"central--terminal" pairs of atoms), the energies of in- 
teractions of "terminal" atoms are overestimated, and 
hence, the absolute values of charges and moments of 
"terminal" atoms are increased. This can make compar- 
ing them to the corresponding data obtained by other 
calculation methods, first, by the nonempirical quantum 
mechanical method in terms of the Bader method of 
division of molecules into atoms, difficult. 46 

The electron density distribution in the volumes of 
"central" carbon atoms entering the CR 3 tops (R = H, 
F, C1, and Br) should have the C3~ symmetry. The 
electron density distribution in the volumes of "central" 

carbon atoms entering the CH2R tops (R = F, CI, and 
Br) has the C s symmetry, but can be presemed as the 
"perturbation" of the electron density of the C3v symme- 
try (for the carbon atom, which enters the CH 3 top) due 
to the effect of a halogen atom (F, C1, or Br).* There- 
fore, for all molecules in some variants of the cal- 
culation we present the V 3 coefficiem in Eq. (1) as the 
SLIm 

v3 = v3 '+  v3 ~ (8) 

where the V 3 ' coefficient reflects the interaction of pairs 
of "terminal" atoms and I/3 ~ reflects the interactions of 
the "central--central" and "central--terminal" pairs of 
atoms. Then taking into account that all molecules 
considered have the common "central" fragment 

f 
~ C - C ~  , we assume in the first approximation that 

parameters //3 ~ are constant for all molecules. The em- 
pirical parameter I/3 ~ is determined from the experimen- 
tal values of V t along with charges and moments of 
atoms. 

When coefficients V 3 are divided into components 
(8), the possibility appears to take.into account the value 
of bpl2(1,2) in the form of the expression** 

f f 
VC R VC R, 

Apt 2 d x 1 d "~2 _ l~/AVCRCR ' l(l- COS/q)) 
r~2 

1A VCRCw 3(1 - cos 3q)). 

instead of using condition (4) for central atoms. 
In this case, the values of bVcRcR. 3 (which in the 

first approximation can be assumed to be equal for all 
considered pairs of "central" atoms) enter the parameter 

V3 ~ . 
Using all data from Tables 1 and 2 and three upper 

lines of Table 3, 33 equations with V t in the right part 
can be written. Using the data of Table 3, 12 equations 
with combinations of Vt in the right part can be written: 
six expressions of the V'(q~gauche)= 0 type and six 
expressions of the V(q)gauche) ~" bE type, where bE is the 
difference in energies of conformers. All these 45 equa- 
tions are second-power equations, which comprise lin- 
ear combinations of pair products of unknowns. Three 
linear equations, which relate charges and dipole mo- 
ments of atoms to g• values12 (R = F, C1, and Br, 
see Table 4), can also be written. Thus, the maximum 
number of equations that can be written on the basis of 
the experimental data is 48. These equations contain 22 
unknowns: the charges %, the dipole ~ta and quadrupole 

* In the latter case, the "deviation" of the electron density 
distribution from C3v symmetry is taken into account in our 
approach, because nonzero moments of "central" a t o m s  gtLcR 

CR and Qxz, which enter only the equations with V b and 

(Q~3~- Q'~) '  which enter only the equations with V 2 (here 
R = F, C1, and Br), appear. 
** The account for the Apl 2 value is the most important 
precisely for "central" atoms. 47 
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Qazz moments for "terminal" atoms of four types (a = 
H, F, C1, and Br), the moments la• , Qc~ and 
(Q:~ -Q~,~) for "central" atoms of three types (R = F, 
C1, and Br), and the parameter II3 ~ 

There are several algorithms, which allow one to 
solve systems of nonlinear equations, for example, the 
previously used Levenberg--Marquardt--Morrison algo- 
rithm 13 suggested by Osborn. 4s All these algorithms 
require specifying initial approximations for values deter- 
mined and allow one, in the best case, to obtain the 
solution, which is the closest to the initial approxima- 
tion. Thus, the choice of initial approximations for 
values determined is a very responsible procedure. There- 
fore, in this work we are not restricted by the choice of 
one or several similar initial approximations, as it has 
been done previously, 13 but we have estimated before- 
hand the regions of possible values of charges and 
moments of atoms and then refine them, solving the 
system of equations mentioned by exhaustion of all 
possible values of charges and moments of atoms (from 
the regions estimated beforehand). Since we assume that 
the calculated values of charges and moments of atoms 
can differ from the values corresponding to the real 
electric charge distribution in a molecule, wider regions 
of possible values compared to estimations based on 
physical considerations are considered for them. 

For the parameter 113 ~ we consider the values to be 
equal to 

V ~ = k. Vff 2"6 , (9) 

where Vf2 H6 is the value of the potential barrier of 
internal rotation of an ethane molecule (Table 1), and 
k = 0, 0.5, 0.9, and 1.0. 

For charges of hydrogen and halogen atoms, we 
consider the regions of values from +0.1 to -1 .0  [el and 
from 0.0 to -2 .0  le[, respectively, where le[ is the abso- 
lute value of the charge of an electron. 

Since the axis symmetry relative to the axis connect- 
ing nuclei of "terminal" and "central" atoms 7 is assumed 
for the electron density (Pc) distribution in volumes of 
"terminal" atoms and also taking into account: (a) the 
determination of dipole (6) and quadrupole (7) mo- 
ments of atoms, (b) the fact that Pc < 0, and (c) the 
chosen positive direction of dipole moments of "termi- 
nal" atoms (opposite to the direction of the vector ~ in 
Eq. (6)7), it can be expected that dipole and quadrupole 
moments of "terminal" atoms have positive and negative 
values, respectively. We consider the regions of values 
from 0.0 to -10 D for dipole moments of hydrogen and 
halogen atoms, and for quadrupole moments of these 
atoms we consider the regions of values from 0 to 
-10"  10 -26 SGSE units and from 0 to -45  ' 10 -26 SGSE 
units, respectively. 

Then the values of charges and moments of "termi- 
nal" atoms are selected, which reproduce the experimental 
values V 3 (Tables 1 and 2) within _+K" 8, where 8 are the 

estimations of the experimemat errors of determination 
of coefficients V 3 presented in Tables 1 and 2 and the 
coefficient K takes the values from 1.0 to 1.5 with the 
interval of 0.1. The selected values of charges and 
moments of "terminal" atoms are used then for calculat- 
ing the glCR values of "central" atoms by the linear 
equations with g• (R = F, C1, and Br). 

The values of Qxz'Ci and (Qr~ - Q,~) (R = F, CI, and 
Br) are calculated in the following way. First, the system 
of four nonlinear equations written for 1,2-dichloroeth- 
ane and 1,2-dibromoethane (two equations with V 1 and 
V 2 for each molecule) is solved by the Levenberg-- 
Marquardt--Morrison algorithm, and the values close to 
zero are accepted as initial approximations for values 
determined. Then only values, which reproduce the 
experimental values o f  g'(q)gauche) = 0 and V(~gauche) 
AE for 1-chloro-2-bromoethane molecule with the ac- 
curacy not lower than K- (500 cm - t )  and K" (0.15 �9 AE), 
respectively, are selected from the solutions obtained. 
The obtained values of charges and moments of all 
"terminal" atoms and moments of "central" atoms Cci 
and CBr allow one to calculate the values of QxC~ and 

(Q~ -Q~,~) by the equations for V 1 and V 2 written, on 

the one hand, for molecules of 1-fluoro-2-bromoethane 
and, on the other hand, for 1-fluoro-2-chloroethane. 
The solutions, which give contradicting values of mo- 
ments of the C v atom, are rejected. 

It should be mentioned that for 1,2-difluoroethane 
all solutions found give the values of V3, which agree 
well with the experimental values (see Table 3), but 
none of these solutions reproduces, if only approxi- 
mately, the experimental value of the difference in 
energies of conformers. All sets of charges and moments 
of atoms obtained predict that the energy of the gauche- 
conformer of this molecule is significantly higher than 
that of the trans-conformer, although it has been estab- 
lished experimentally that the gauche-conformer has a 
lower energy 49 (see Table 3).* It is likely that the cor- 
rect description of the potential function of internal 
rotation of 1,2-difluoroethane is impossible in terms of 
the given simplified method for calculation. 

The calculation procedure described results in sets of 
values of the charges and moments of atoms that repro- 
duce the experimental values of parameters V~ with an 
accuracy comparable to experimental errors, and the 
experimental dipole moments of molecules are repro- 
duced exactly. Table 5 presents some of these sets ob- 
tained for different coefficients k and K, which describe 
most exactly the experimental data. At k = 1.0 no 
solutions are found even for K = 1.5. 

Analyzing the results of the calculations, some of 
which are presented in Table 5, it can be noted that for 

* The minimum calculated value of the difference in energies 
of gauche--trans-conformers is 5.83 kJ mo1-1. 
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Table 5. Electric parameters of atoms of ethane molecules and its halogenated derivatives calculated for different values of k and K 
(the charges are expressed in fractions of the absolute value of the charge of an electron, the dipole moments are expressed in D, 
and the quadrupole moments are expressed in 10 .26 CGS units) 

Parameter Atom Parameter Atom 

H F C1 Br C F Ccl C m 

k = 0 (i.e., the II3~ parameter was not introduced), K = 1.3 

% -0.4 -0.6 -0.2 0.0 g• 0.77 1.20 2.04 

~t~ 5 6 4 3 QC~ 1.75+3.08 0.28+0.50 0.86+1.18 

Q~z - 2 + - I  - 5  - 2 2 + - 1 9  -25+-21  QC~ _ Q,~ -0.20+-0.01 -0.46+-0.37 -0.25+-0.18 

k = 0 (i.e., the 113~ parameter was not introduced), K = 1.4 

% -0.4+0.0 - l . 2 + - 0 . 4  -1 .0+-0 .2  -0.8+0.0 g• 0.77; 1.14 0.46; 1.20 0.20; 2.04 
--2.71+--0.17 --4.53+--0.35 --4.00+--0.65 

~t~ 4+5 3+7 4+8 3+7 QxC~ - I. 39+5.22 -2.64+0.75 -2.74+ 1.64 

Q~zz - 4 + - 1  - 1 1 + - 4  - 3 3 + - 1 9  - 3 9 + - 2 0  QxC~ - Q~,~ -0.20+0.33 -0.46+0.00 -0.25+0.00 

k = 0.5, K = 1.1 (the first set of solutions) 

e~ -0.2 -0.6 -0.8 -0.6 ~t2cR --0.77 --1.59 --1.22 

ga 3.5 4 6 5 QxC~ 0.33+0.69 0.28+0.31 0.40 

Q~z -1  - 9  - 2 9 + - 2 6  -35 QxC~ - Q~,~ -0.07+-0.03 -0.07+-0.06 -0.02 

k = 0.5, K = 1.1 (the second set of solutions) 

ea -0 .5+-0 .4  -0.6 -0 .4+-0 .2  -0 .4+-0 .2  g• 0.77+1.29 0.97+1.71 0.77+1.66 

la a 4 5 3+4 3+4 QxC~ 1.30+4.28 0.36+1.11 0.09+1.38 

Q~z - 2 + - 1  - 6 + - 5  - 2 7 + - 2 3  - 3 1 + - 2 5  QxC~ - Q,~ -0.23+-0.05 -0.35+-0.19 -0.17+-0.08 

k =0.5, K = 1.2 

e a -0 .5+-0 .2  -0 .8+-0 .6  1.0+-0.2 -1 .0+-0 .2  gaCR 0.21+1.71 0.46+1.72 0.25+1.66 
--1.09+--0.01 --4.36+--1.02 --4.32+--0.55 

rta 3.5+4.0 4+5 3+7 3+6 QC~ 0.12+5.60 -2.84+1.11 -3.62+1.39 

Q~z - 3 + - 1  - 9 + - 5  -33+-21  -39+- 23  QC~ _ Q ~  -0.24+0.25 -0.40+0.15 -0.18+0.10 

k =0.9, K = 1.2 

e a -0 .4 -0.6 -0.4 -0.4 ~t• 1.25 0.92 0.72 

ga 2.5 4 3 3 QxC~ 1.22+5.60 1.01+ 1.55 0.95+ 1.37 

Q~z 0 - 5 + - 1  - 2 8 + - 2 7  -35+ - 33  QC~ _Q,~  -0.11+-0.02 -0.10+-0.07 -0.03+0.03 

Note. Higher values of quadmpole moments correspond to lower values of charges or dipole moments in the regions presented, and 
vice versa. 

values of charges and moments  of atoms of ethane 
molecules and its halogenated derivatives there are the 
regions, which describe values of dipole moments  of 
molecules and parameters V t of the series (1) with the 
accuracy comparable  to errors of de te rmina t ion  of 
experimental  data. The values of charges and moments  
of "terminal" atoms have reasonable (from the physical 
viewpoint) signs, although the absolute values of the 
charge of the hydrogen atom and of moments  of atoms 

are strongly increased.* Introducing the parameter  V3 ~ 
does not change the result. The moments  of "central" 

* For example, the following values of atomic charges have 
been found for 1,2-difluoroethane and 1,2-dichloroethane 
molecules in Ref. 49 by nonempirical quantum mechanical 
calculation using the 6-31G* basis and the procedure of 
dividing molecules into atoms suggested by Bader: 4~ ~0, -0.7, 
and -0.31el for hydrogen, fluorine, and chlorine, respectively. 
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Table 6. Calculated values of the V 3 parameters for the 
series of halogenated ethane derivatives (kJ tool -1) 

Molecule V 3"+ II30 = V 3 

k = 0.5", k = 0.0 
K = 1.1 K = 1.3 

CF3--CHC12 23 27 
CF3--CHBr 2 23 26 
CF3--CC13 27 33 
CF3--CBr 3 27 30 
CF3--CC12Br 27 32 
CF3--CC1Br 2 26 31 
CF3--CFCI 2 24 28 
CF3--CFBr 2 24 26 
CF3--CCIF 2 21 23 
CC12Br--CH 3 24 26 
CFBr2--CH 3 22 22 
CCI3--CH2F 25 29 
CC13--CHF 2 26 31 
CC13--CF2Br 50 42 
CC13--CF2CI 44 45 
CC13--CFC12 62 57 
CBr3--CH2F 26 27 
CBr3--CHF 2 27 29 

* The first set of solutions (see Table 5). 

a toms have less de te rmined  values and differ even in 
sign in some variants of  calculat ion;  nevertheless,  their  
values as a whole  agree with one another  in magni tude  
and sign within the given k and K.* 

To elucidate  stabilities of  the ca lcula ted  values of  
charges and momen t s  of  a toms relative to small  changes 
in geometr ic  parameters  of  molecules ,  we have per-  
formed the calculat ions,  in which averaged geometr ic  
parameters  are used for all molecules  (see Note  to 
Table 1), but  this does not  vir tually change the results. 

Using the solutions corresponding to k = 0.5, K = 
1.1 (the first set of  solutions) and k = 0, K = 1.3, the  
potent ia l  barriers of  internal  rota t ion V 3 have been  cal-  
culated for some unstudied molecules  of  the  series of  
ha logenated  e thane derivatives (Table 6). I t  is notewor-  
thy that  there  are a lmost  no exper imenta l ly  studied 
molecules  for which the potent ia l  funct ion o f  internal  
rotat ion would be de te rmined  by the interact ions o f  
Br--C1 and Br - -Br  pairs of  a toms (the da ta  for 1-chloro-  
2 -b romoe thane  and 1 ,2-d ibromoethane  are restricted, 
see Table 3). This results in the  fact that  different sets of  
charges and momen t s  of  a toms obta ined for molecules  
with different interact ions between a toms of  the  indi-  
cated type can predict  not iceably  divergent values of  V 3 
( they are not  presented in Table 6). Refining these 

* In these calculations in the expression for the energy of the 
interaction of pairs of atoms, we take into account the terms 
containing products of quadrnpole moments of pairs of "termi- 
nal" atoms. Neglecting these terms does not qualitatively change 
the results of calculations but results in higher absolute values 
of charges and moments. 

calculat ion data  in terms of  the  approach  described 
r equ i r e s  e x p e r i m e n t a l  s tud ies  o f  t he  CC13CBr3, 
CBr3CBr 3, etc. type molecules.  The  values of  V t ca lcu-  
lated for 1 ,2-dihalogenated derivatives are not  presented  
in Table 6, because these data  for such molecules  are 
also rather  scarce (for example ,  it is desirable to study 
e x p e r i m e n t a l l y  in de ta i l  1 , 2 - d i c h l o r o e t h a n e  and  
1 ,2-d ibromoethane  molecules) .  

Presently we have no sufficient grounds to choose 
one certain solut ion of  those presented  in Table 5 (the 
arguments  in favor of  the  variants with lower k are 
insufficient,  because they can result in loosing the physi-  
cally significant solution).  To do this (or at least to 
constrict  regions of  solutions),  in the  future we in tend to 
take into account  in calculat ions some o ther  proper t ies  
of  molecules  (for example,  quadrupole  momen t s  and 
polarizabil i t ies)  and to calculate  molecules  of  o ther  
classes. 
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