
3612 J .  Phys. Chem. 1987, 91, 3612-3616 

out of the membrane very slowly because, in this case, the protons 
have lost their dominance in the competitive reactions. Similarly 
in Figure 6, more sample cations can diffuse into the membrane 
from the sample solution with higher pH and vice versa. 

The results of the washing experiments for three different 
cations and comparisons of the data with the CNC simulation 
are presented in Table I and Figure 10. In Figure loa, the 
dissociation rate constants for three cations are shown to follow 
the order Cr3+ < Co2+ C Cu2+. This implies that the Cr3+ ions 
are bound more tightly a t  ion-exchange sites than are Co2+ and 
Cu2+. The dissociation rate constant decreases at higher solution 
pH. This is consistent with the assumption that kd = kd'[H+In. 
However, the decrease of kd does not exactly follow the same order 
of [H']" change if k i  is pH-independent. Figure 10b shows that 
the distribution coefficient K becomes larger when solution pH 
is increased. The distribution coefficients for Cr3+ in Nafion are 
larger than those for Co2+ and Cu2+. 

As expected, the order of reaction is 1.0 in most cases (see Table 
I). However, the z values for solutions at pH 1 are different from 
those obtained at  other pH's. While no attempt has been made 
to interpret this observation in this paper, it is interesting to note 
that the pK, value of Nafion (E.W. = 1100) is believed to be near 
1. 

The simulated results of diffusion coefficients for three cations 
at different pH are shown in Figure 1Oc. Generally speaking, the 
tortuosity of the paths available for diffusion and the interaction 
of counterions with fixed ion-exchange sites retard counterion 
transport in a membrane. It has been proposed that a Nafion 
membrane can be classified into three regions:I3 fluorocarbon 
region (A), interfacial region (B), and cluster ion region (C). 
Large-sized ions, especially those with some hydrophobic properties 
such as DA+ and Ru(bpy),2+, may interact with region B. Ions 
with larger charge density and hydration energy, such as Co2+, 
Cu2+, and Cr3+, would prefer region C. The environment for 
cationic transport in region B and in region C is different; however, 
the transport of counterions in region C can be expected to be 
more rapid than in region B. 

Our simulated values of D for the sample cations (ca. 3 X 10" 
cm2/s at pH 0), which are only slightly lower than those in bulk 

solution (ca. 6 X 10" m2/s), reflect only the tortuosity restrictions 
that cations encounter during self-diffusion through the membrane. 
The experimental results (see Table I and Figure 1Oc) demonstrate 
that the values of D are high even when the transport of sample 
cations in the membrane is low (in the case of pH 3). A pH 
dependence is also found for values of D which decrease at higher 
pH values. 

Referring to the results for a cluster morphology calculation 
for Nafion (E.W. 1200) neutralized with group IA (group 1)30 
cations,25 we can explain our experimental results for the pH 
dependence of the diffusion coefficient. Since more sample cations 
are bound to the ion-exchange sites (increase in K )  as the pH 
increases, the cluster diameter will decrease in association with 
the increase of elastic deformation. Thus an increase in tortuosity 
of the paths is possible, which would decrease the diffusion 
coefficient for counterion transport in Nafion. However, Knud- 
sen's theory of solid-gas catalysis may be applied to this problem. 
It states that D = kr', where r'is the radius of the pores of porous 
solids, and k is a constant for a certain diffusing molecule a t  a 
given temperature. The dependence of D on pH can be explained 
under the assumptions that r'is very small compared to the mean 
free path of the cation in solution and that the ionic cluster 
diameter of the Nafion (or the diameter of intercluster channels25) 
decreases at higher pH. More work is necessary to confirm this. 
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(30) in  this paper the periodic group notation (in parenthesis) is in accord 
with recent actions by IUPAC and ACS nomenclature committees. A and 
B notation is eliminated because of wide confusion. Groups IA and 1IA 
become groups I and 2. The d-transition elements comprise groups 3 through 
12, and the p-block elements comprise groups 13  through 18. (Note that the 
former Roman number designation is preserved in the last digit of the new 
numbering: e.g., 111 - 3 and 13.)  
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Translational diffusion coefficients of small, rigid solute molecules in various nonaqueous solvents have been calculated from 
molecular geometries. The calculations start from a molecular model built from bond lengths and angles. Atoms are replaced 
in the model by spherical frictional elements with either the covalent or the van der Waal radii. The frictional coefficients 
of the elements contain a numerical factor,f, which varies fromf= 1 for stick boundary conditions tof= 2/3 for slip conditions. 
A Kirkwood-Riseman treatment with the Oseen hydrodynamic interaction tensor, which is well-known in polymer hydrodynamics, 
is employed in the calculations. When covalent radii are assigned to the spherical elements, we find that for a number of 
solute/solvent systems the experimental value of the translational diffusion coefficient is bracketed by the theoretical predictions 
corresponding tof = 1 andf = 2/,. This indicates an hydrodynamic behavior intermediate between the two limiting cases. 
Regardingfas an adjustable parameter, we find thatf= 0.79 yields theoretical values that deviate only a few percent from 
the experimental data. A similar study was attempted using atomic van der Waals radii that represent better the volume 
of the diffusing entities. It was found that the calculations are strongly affected by singularities due to use of Oseen tensors 
for unequal, overlapping elements. 

Introduction D, = kT/c?rqop (1) 
The translational diffusion coefficient, D,, of the solute in an 

infinitely dilute solution can be described well, in many instances, 
by a Stokes-Einstein equation of the type 

where kT is Boltzmann factor, T~ is the viscosity of the pure 
solvent, p is some length characterizing the size of the solute, and 
c is a numerical factor that depends on the shape of the solute 
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and the hydrodynamic behavior of the solute-solvent system. 
For a spherical solute one takes p = r,  the radius of the sphere. 

It is customary to use the van der Waals radius, r,, calculated 
as ( 3 V , / 4 ~ ) ~ / ~  from the van der Waals volume, V,, of the 
molecule, which is in turn obtained from tables of atomic or 
chemical group contributions.] 

It is well-known that, for a spherical solute, c = 6 if the system 
obeys stick hydrodynamic boundary conditions. This is only valid 
when the size of the solvent is much smaller than that of the solute, 
so that the former can be treated hydrodynamically as a contin- 
uum. This happens, for instance, for macromolecular or colloidal 
solutes. On the other hand, when the sizes of solute and solvent 
are of the same order of magnitude, eq 1 still holds with a nu- 
merical factor c < 6. In the microfriction theory proposed over 
three decades ago by Wirtz and c o - w o r k e r ~ ~ . ~  both solute and 
solvent are assummed to be spherical, and c is found to depend 
on the solute-to-solvent ratio of radii, d1)/d2) according to a simple 
formula 

A semiempirical improvement of eq 2 has been introduced very 
r e ~ e n t l y . ~ , ~  

Another relevant approach is that proposed by Edward.6 He 
splits the numerical constant in eq 1 into two contributions as c 
= nCf/fo). The departure from stick boundary conditions is 
gauged, as before, by the factor n < 6. On the other hand, the 
nonsphericity of the solute is accounted for assuming an ellipsoidal 
shape. The factor f/h I 1 is the ratio of the friction coefficient 
for the ellipsoidal solute to the friction coefficient of a sphere 
having the same volume and depends on the shape or axial ratio 
of the ellipsoid.' With r,  obtained from van der Waals volumes, 
and f / f o  estimated from molecular volumes, Edwards regarded 
n as an adjustable parameter, finding values in the range n = 2-5 
for many molecules in carbon tetrachloride. 

Our objection to these treatments, which motivated the present 
study, is that the details of molecular shape are neglected when 
the molecule is represented by a ~ p h e r e ~ - ~  or an ellipsoid of rev- 
olutiom6 A similar problem, realized by Bloomfield et aL8 in the 
analysis of Dl for rigid macromolecules, triggered the development 
of a theoretical formalism enabling the calculation of D, for 
arbitrarily shaped particlese13 (see ref 14-16 for reviews). In that 
treatment, which is based on the Kirkwood-Riseman theory of 
polymer hydrodynamics,17 the salute is modeled as an essembly 
of N small spherical frictional elements, or beads, or radii ri and 
friction coefficient 

Ci = n*q,,ri i = 1, 2, ..., N (3) 

with n = 6 for stick boundary conditions. Hydrodynamic inter- 
action between the elements is accounted for by means of the 
Oseen interaction tensor17 or modifications thereof.10v'5 

~ 
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Ten years ago, Wolynes and Deutch'* proposed that a Kirk- 
wood-Riseman treatment with Oseen interactions and slip 
boundary conditions (n = 4 in eq 3) should be adequate a t  the 
molecular level. This suggests the use of bead models to calculate 
transport properties of small, rigid solutes. The model can be built 
from the molecular structure (bond angles and lengths), replacing 
atoms or minor chemical groups by spherical beads with a friction 
Coefficient given by eq 3 in which ci would be some atomic radius. 
Hydrodynamic interactions would be represented with an 
Oseen-like t e n s ~ r . ' ~ , ~ '  Indeed, this approach has already been 
applied to rotational diffusion coefficients in two early s t u d i e ~ . ' ~ ~ ~ ~  
It is known that rotational diffusion is remarkably more sensitive 
to boundary conditions than translational diffusion. Thus, while 
the translational diffusion coefficient of a sphere increases by a 
factor of 3 / 2  on going from stick to slip behavior, the rotational 
diffusion coefficient grows indefinitely. Then one expects that 
the performance of the hydrodynamic interaction treatment of 
molecular models will be better for translational diffusion. 

It seems pertinent to anticipate one of the conclusions of our 
study: the predictive capability of our treatment for translational 
diffusion of small rigid molecules is similar to that of simpler 
semiempirical  correlation^.^-^ However, aside from the interest 
of the treatment as a truly molecular approach, there is an im- 
portant applicable aspect in the parametrization of the friction 
coefficient of the repeating units in flexible chain  molecule^.^^-^^ 
For instance, the interpretation of dynamic properties of alkane 
chains requires the assignment of an effective friction coefficient 
of the -CH2- groups. In an ad hoc manner, a Stokes law value 
obtained from the covalent radii has been used with success for 
that p ~ r p o s e . ~ ~ , ~ ~  The present study provides a sound criterion 
for such assignments. 

Methods 
The theory used to calculate hydrodynamic properties of rigid 

models composed of spherical elements is described e l s e ~ h e r e ~ ~ - ~ ~ , * ~  
and we just present here a brief outline. From the Cartesian 
coordinates of the N elements and their friction coefficients, ci, 
we set up a 3 N  X 3 N  interaction (or diffusion) matrix which is 
next inverted. The inverse matrix is partitioned into 3 X 3 blocks 
from which we obtain, as simple combinations, the translational 
friction tensor, the rotational friction tensor, and the frictional 
coupling tensor, which are all of dimension 3 X 3. From them 
we build a 6 X 6 resistance matrix which is inverted to obtain a 
6 X 6 diffusion matrix. This is partitioned into four 3 X 3 blocks: 
the translational diffusion tensor, D,, the rotational diffusion tensor, 
the diffusion coupling tensor, and the transpose of the latter. D, 
is origin-dependent, and therefore the value so obtained corre- 
sponds to the origin of the Cartesian system used to express the 
element coordinates. The physically meaningful result for D, is 
the one at the so-called center of diffusion. This center is located, 
and D, is reevaluated at it, by using relationships between the three 
diffusion tensors. Finally, the translational diffusion coefficient, 
D,, is evaluated as the mean of the diagonal values of D,: 

(4) 

The atomic coordinates are obtained from bond angles and bond 
lengths. Precise data are used when they are available.26 Oth- 
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TABLE I: Values of l(r0. (em's-') for Several Solute/SolveRt/Temwrature Svstems" 
experimental calculated* 

solute/solvent (temp, K) D, rep 4 (f= 1) D, v=  2 / 3 )  A", D, @,, = 0.79) 
methane/carbon tetrachloride (273) 2.04 (0) 0.66 1.86 (-9) 
methanejcarbon tetrachloride (298) 
methane/methanol (298) 
methane/acetone (298) 
methane/benzene (298) 
methanol/carbon tetrachloride (298) 
methanol/benzene (298) 
carbon tetrafluoride/carbon tetrachloride (298) 
ethanol/carbon tetrachloride (298) 
ethanol/benzene (298) 
ethanol/benzene (3 13) 
iodine/carbon tetrachloride (298) 
iodine/benzene (298) 
idoine/ n- hexane (298) 
iodine/n-heptane (298) 
carbon tetrachloride/carbon tetrachloride (298) 
carbon tetrachloride/methanol (283) 
carbon tetrachloride/methanol (298) 
carbon tetrachloride/methanol (3 13) 
carbon tetrachloride/ethanoI (298) 
carbon tetrachloride/acetone (283) 
carbon tetrachloride/acetone (298) 
carbon tetrachloride/benzene (298) 
carbon tetrachloride/toluene (298) 
carbon tetrachlorideln-hexane (298) 
carbon tetrachlorideln-heptane (298) 
benzene/methanol (3 13) 
benzene/acetone (298) 
phenol/carbon tetrachloride (298) 
bromobenzene/ methanol (28 8) 
N,N-dimethylacetamide/carbon tetrachloride (298) 
carbon tetrabromide/carbon tetrachloride (298) 
p-dibromobenzene/methanol (298) 
naphthalene/carbon tetrachloride (298) 
biphenyl/carbon tetrachloride (298) 
biphenyl/methanol (298) 
biphenyl/benzene (298) 
biphenyl-benzene (308) 
anthracene/carbon tetrachloride (298) 
hexachlorobenzene/carbon tetrachloride (298) 

2.05 
2.89 
4.55 
7.25 
4.86 
2.61 
4.67 
2.04 
1.95 
2.93 
3.74 
1.50 
2.13 
4.05 
3.42 
1.30 
1.76 
2.25 
2.85 
1 S O  
2.81 
3.60 
1.95 
2.18 
3.87 
3.17 
3.15 
4.17 
1.37 
1.75 
1.23 
1.07 
1.55 
1.20 
1.07 
1.89 
1.56 
1.85 
1.03 
0.92 

29 
29 
30 
30 
30 
29 
29 
29 
29 
29 
29 

6 
29 
29 
29 
30 
30 
29, 30 
30 
29, 30 
30 
30 
30 
29 
29 
29 

4 
4, 29 

29 
4 

29 
6 
4 

29 
29 
4 

29 
29 
29 
29 

1.65 (-19) 
2.64 (-8) 
4.37 (-4) 
7.56 (4) 
3.95 (-19) 
2.16 (-17) 
4.10 (-13) 
1.64 (-20) 
1.74 (-10) 
2.60 (-1 1) 
3.28 (-12) 
1.36 (-9) 
2.03 (-5) 
4.18 (3) 
3.20 (-7) 
1.21 (-7) 
1.51 (-14) 
2.00 (-1 1) 
2.52 (-1 1) 
1.01 (-32) 
2.92 (4) 
3.47 (-4) 

3.73 (-4) 

1.81 (-7) 
1.97 (-10) 

2.84 (-10) 
2.91 (-7) 
4.00 (-4) 
1.30 (-5) 
1.65 (-6) 
1.33 (8) 
1.08 (0) 
1.44 (-7) 
1.10 (-8) 
0.98 (-9) 
1.62 (-14) 
1.46 (-6) 
1.72 (-7) 
0.93 (-10) 
0.88 (-5) 

3.30 (13) 
5.43 (19) 
9.40 (30) 
4.90 (1) 
2.62 (0) 
4.95 ( 6 )  
2.05 (0) 
2.06 (6) 
3.07 (5) 
3.88 (4) 
1.81 (21) 
2.71 (27) 
5.60 (38) 
4.25 (24) 
1.51 (16) 
1.88 (7) 
2.50 (1 1) 
3.15 (10) 

3.64 (29) 
4.33 (20) 
2.26 (16) 
2.45 (12) 
4.65 (20) 
3.55 (12) 
3.34 (6) 
4.57 ( IO)  
1.48 (9) 
1.48 (8) 
1.51 (23) 
1.35 (25) 
1.72 (11) 
1.23 (3) 
1.09 ( I )  
1.80 (5) 
1.63 (5) 
1.91 (4) 

1.03 (12) 

1.26 (-15) 

1.02 (0) 

0.83 
0.92 

0.66 
0.67 
0.74 
0.66 
0.75 
0.73 
0.72 
0.86 
0.92 

0.90 
0.86 
0.74 
0.82 
0.80 
0.50 

0.93 
0.86 
0.82 
0.92 
0.82 
0.78 
0.86 
0.82 
0.84 

> I  

> I  

> I  

> I  
> I  

0.84 
0.73 
0.70 
0.57 
0.76 
0.75 
0.67 
0.85 

mean 0.79 

2.98 (3) 
4.90 (8) 

4.46 (-8) 
2.42 (-7) 

1.86 (-9) 
1.90 (-2) 
2.84 (-3) 
3.62 (-3) 
1.60 (7) 
2.38 (12) 

3.76 ( I O )  
1.38 (6) 

2.28 ( 1 )  
2.88 (1) 

4.54 (-3) 

1.72 (-2) 

3.96 (10) 
2.06 (5) 
2.24 (3) 
4.24 ( I O )  
3.24 (2) 

4.30 (3) 
1.40 (2) 
1.80 (3) 

3.12 (-1) 

1.60 (3) 
1.16 (3) 
1.03 (-4) 

1.52 (-2) 
1.82 (-2) 
0.98 (-4) 
0.96 (4) 

'Experimental values are taken from the indicated reference. Theoretical values are computed from covalent radii with the indicated value off in 
eq 6. *The values given in parentheses are the percent deviation of the calculated results from the experimental data. cReference is made to previous 
compilations where the original reference can be found. 

erwise, typical values of length and angles taken from textbooks 
can be used. In this regard we note that uncertainties of a few 
hundredth of one angstrom, or a few degrees, are irrelevant since 
their influence in the calculated D, is much smaller than the 
uncertainties in the experimental data used in the comparison. 

The assignment of a frictional coefficient Ci to each atom re- 
quires two choices. For computational convenience, we rewrite 
eq 3 as 

5;. = 6~700i (5) 

ui = fri (6)  

where ui is an effective radius given by 

and f = n/6 is a numerical factor which can take the valuesf= 
1 and f = 2/3 for stick and slip boundary conditions, respectively. 
This is the first choice to be made. We have carried out calcu- 
lations for these two limiting values finding, as described later, 
that an intermediate behavior would be more realistic. Then, the 
calculations were repeated for a number of values offranging 
between 2 / 3  and I ,  regarding f as a parameter to be adjusted 
against experimental data. The second choice concerns the atomic 
radii, ri. We have used alternatively covalent radii2' and atomic 
van der Waals radii.' In the next section the results for both cases 
will be presented separately. 

~ 

(27) Pauling, L. The Nature of the  Chemical Bond; Cornell University 
Press. Ithaca, NY, 1942 

The solvent viscosity, qo, needed in eq 5 ,  was taken from or 
interpolated from handbook tables.28 

In order to make the comparison with experimental data as 
statistically significant as possible, we have compiled experimental 
data of D, from number of sources (see Table I). 

Results and Discussion 
Results from Covalent Radii. Table I lists a number of lit- 

erature experimental values of D, along with the values calculated 
by using covalent radii for ri and three choices for the factor f 
in eq 6. We observe that forf = 1 (stick boundary conditions) 
the calculated D, is systematically lower than the experimental 
value, while for f=  2/3  (slip boundary conditions) they are sys- 
tematically higher. This disagreement is reasonable since the two 
values off correspond to limiting behaviors. 

The most important observations drawn from Table I is that 
in all but seven of the 40 systems considered, the experimental 
D, is bracketed by the theoretical values for stick and slip behavior. 
We conclude therefore that our treatment combining molecular 
structure, covalent radii, and Kirkwood-Riseman calculations is 

(28) West, R. C., Ed. CRC Handbook of Chemistry and Physics, 59th ed.; 

(29) Longsworth, L. G. In American Institute of Physics Handbook; Gray, 

(30) Evans, D. F.; Tominaga, T.; Davis, H. T. J .  Chem. Phys. 1981. 74,  

CRC Press: West Palm Beach, FL, 1978. 

D. E., Ed.; McGraw-Hill: New York, 1972. 
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' f  
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Figure 1. D, calculated from covalent radii plotted vs. the boundary- 
condition parameter f for several systems. The discontinuous lines in- 
dicate the interpolation of the experimental datum to obtain A,,. 

adequate for small molecules if one accepts that the hydrodynamic 
behavior is intermediate between the stick and slip limits. 

Regarding f as an adjustable parameter, Dt was evaluated for 
each system as a function off. Some examples of the variation 
with f are displayed in Figure 1. Interpolating in such graphs 
we obtain for each system the valueJ,,, that reproduces the ex- 
perimental 0,. The resulting values are given in Table I. Nearly 
all of them fall in the physically meaningful range, 2/3-l. It would 
be desirable to find relationships or correlations between f and 
some characteristic of the solute/solvent system (like the size of 
the solvent, for instance). However, no clear trends are detected 
in Table I; on the contrary, the values off seem to be scattered 
more or less randomly. This can be due to remaining deficiencies 
in the hydrodynamic treatment and to the somewhat inadequate 
choice of covalent radii to represent the size of the atoms. Another 
source of discrepancy comes exclusively from the experimental 
data, because small errors in the experimental D, have an ap- 
preciable influence in A,,,. 

Since the fluctuations in& are due to experimental errors and 
physical facts that are out of reach of our treatment, we decided 
to average them out, taking the average for 33 systems x,, = 0.79 (7) 
as representative of all of them. According to eq 3, 5 ,  and 6, this 
average corresponds to n 5 ,  which indicates a typically in- 
termediate hydrodynamic behavior. In the last column of Table 
I we present the theoretical values of D, obtained with the 0.79 
factor, and their percent deviation from the experimental values. 
We see that in nearly all the cases the deviation is smaller than 
10%. The root-mean-squared deviation is about 5%. Thus, the 
predictive capability of our treatment with covalent radii and the 
adjustedx,, = 0.79 is rather good and compares well with that 
of our theoretical or semiempirical correlations (for examples see 
the works of Chen et al.49s931). 

Results from van der Waals Radii. From the pioneering work 
of Edward6 we known that an adequate measure of the hydro- 

(31) Chen, S. H.; Evans, D. F.; Davis, H. T. AIChE J .  1983, 29, 640. 

0.5 1 

LD 
0 

I bromobenrene/ McOH 
0- 

lIIIII.IIII 
0 0.5 1 

0 0.5 1 

3 hexachlorobenzene/CCI4 t 

0 0.5 1 

Figure 2. Plot of D,, calculated from van der Waals radii for several 
systems vs. the boundary-condition parameterf, showing the singularities. 
The arrows indicate the experimental values. 

dynamic radius of a diffusing entity is the van der Waals volume. 
Thus, atomic van der Waals radii could be more suitable for ri 
in eq 6 than covalent radii. The use of van der Waals radii, 
however, introduces a problem in our Kirkwood-Riseman cal- 
culation: for most molecules, the spherical elements of radii ui 
overlap even iff is quite smaller than 1. Rotne and Prager32 
derived a hydrodynamic interaction tensor for two identical 
overlapping spheres, but the interaction tensor for unequal 
overlapping spheres is unknown. 

Anyhow, we overlooked the overlaps using the same interaction 
tensor as in the case of covalent radii. The resulting values of 
D, were found to be deviate very much from the experimental 
results, for both f = 1 and f = 2/3 .  Figure 2 shows the variation 
of the calculated D, with f in some examples. In the meaningful 
range off, the behavior of D, looks erratic. This behavior is known 
in the hydrodynamic theory of polymers, and its reason is a sin- 
gularity in the interaction of diffusion matrix (see Methods) that 
takes place when Oseen-type interaction tensors are used beyond 
their validity.33 

It is thus evident that the values calculated from van der Waals 
radii are incorrect in the physically meaningful range off. Van 
der Waals radii seem to be more realistic for hydrodynamic 
calculations than covalent radii, but confirmation of this needs 
previous theoretical development of the interaction tensor for 
unequal overlapping spheres. 

Conclusions 
We have shown that translational diffusion coefficients of rigid 

molecules can be calculated from their structure, using as input 
data bond lengths, bond angles, and covalent radii. The Kirk- 
wood-Riseman treatment usual in polymer hydrodynamics per- 
forms correctly for hydrodynamic models which reproduce with 
detail the molecular structure. The fact that values calculated 
for the two limiting hydrodynamic behaviors bracket well the 

(32) Rotne, J.; Prager, S. J .  Chem. Phys. 1969, 50, 4831. 
(33) Zwanzig, R.; Kiefer, J.;  Weis, G .  H. Proc. Nutl .  Acud. Sci. U.S.A. 

1968, 60, 381.  
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experimental value indicates that covalent radii are, at least, 
adequate for theoretical prediction. 

With the intermediate parameterf = 0.79, the calculated values 
agree within a few percent with experimental data. The agreement 
is similar to that found for other procedures like those of Edward6 
and Chen and C h e r ~ . ~  For just predictive purposes, such procedures 
can be preferred owing to their simplicity, but it is clear from our 

J .  Phys. Chem. 1987, 91, 3616-3620 

work that a more detailed molecular approach is also feasible. 
This approach may be the only one, for instance, in the case of 
highly flexible molecules. 
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The rotational barrier about the C-C bond of 1,2-dichloroethane has been calculated by using several basis sets (4-31G, 
6-3 1G*, 6-31+G*, and 6-31 ++G**) and including electron correlation. Corrections for zero-point energy differences, and 
the differences in enthalpy change from 0 to 298 K, were made by using the calculated geometries and vibrational frequencies. 
The trans/gauche energy difference was found to be 1.39 kcal/mol as compared to the observed value, 1.1 i 0.1 kcal/mol. 
The intramolecular interactions in the several rotamers are discussed. The trans/gauche energy difference for 1,2-difluoroethane 
also was calculated (MP3/6-31 l++G**) and was found to be 0.76 kcal/mol favoring the gauche conformer, again in good 
agreement with the experimental value of 0.57 i 0.09 kcal/mol. The trend in trans/gauche energy differences in the series 
n-butane, 1,2-dichloroethane, 1,2-difluoroethane is noted. 

Rotational barriers are an important component of any attempt 
to understand the conformations of organic compounds.' We 
have presented the results of theoretical studies of barriers to 
rotation adjacent to double bonds,*q3 and more recently we have 
begun a study of the more general problem of rotation about single 
bonds which are not adjacent to unsaturated centers. We now 
present the results of a study of 1,2-dichloroethane and related 
dihalides. 

This molecule is historically of great importance in confor- 
mational analysis since it was the first case in which gauche 
conformers were observed, and hindrance to internal rotation was 
dem~nst ra ted .~  Despite its importance, until recently there had 
been only one theoretical study of its rotational barrier.5 In- 
tramolecular interactions involving halogens are of interest in 
connection with molecular modeling, and both Meyer and Al- 
linger6,' have developed methods for including halogens in mo- 
lecular mechanics procedures. Such attempts are, however, 
hampered by a lack of detailed thermochemical data for these 
compounds. Another difficulty presented by the halides results 
from the observation that the chlorine-chlorine nonbonded in- 
teraction potential is markedly anisotropic.s Detailed theoretical 
calculations on the nature of the rotational barrier in 1,2-di- 
chloroethane might be of considerable assistance in developing 
appropriate intramolecular interaction potentials for chlorine. 

In 1985, Radom et al. presented the results of a series of 
calculations concerning the trans/gauche energy difference using 
increasingly more flexible basis sets.9 The calculated energy 
difference ranged from 1.9 to 2.0 kcal/mol whereas the experi- 
mental value is 1 . I  h 0.1 kcal/mol.I0 Although the calculated 

(1) Long, D. A. J .  Mol. Spectrosc. 1985, 126, 9. Hirota, E. Ibid. 1985, 
126, 25. Mizushima, S. Structures of Molecules and Internal Rotation; 
Academic Press: New York, 1954. 

(2) Wiberg, K. B.; Martin, E. J .  J .  Am. Chem. Soc. 1985, 107, 5053. 
(3) Wiberg, K. B. J .  Am. Chem. SOC. 1986, 108, 5817. 
(4) Morino, Y .  J .  Mol. Spectrosc. 1985, 126, 1. 
( 5 )  Kveseth, K. Acta Chem. Scand., Ser. A 1978, A32, 51. 
(6) Meyer, A. Y.; Allinger, N. L.; Yuh, Y .  Isr. J .  Chem. 1980, 20, 57. 
(7) Meyer, A. Y .  J .  Comput. Chem. 1981, 2, 384. J .  Chem. Soc., Perkin 

Trans. 2 1982, 1199. 
(8) Wheeler, G. L.; Colson, S. D. J .  Chem. Phys. 1976, 65, 1227. Mu- 

nowitz, M. G.; Wheeler, G .  L.; Colson, S.  D. Mol. Phys. 1977, 34, 1727. 
Price, S. L.; Stone, A. J .  Mol. Phys. 1982, 47, 1457. 

(9) Radom, L.; Baker, J.; Gill, P. M. W.; Nobes, R. H.; Riggs, N.  V. J .  
Mol. Srruct. 1985. 126. 271-291. 

TABLE I: Structures of 1,Z-Dichloroethane Conformers" 
conformer 

trans gauche A B 
4-31G* 

rcc 1.499 1.500 1.513 1.527 
1.891 1.873 rcc1 

rCH 1.072 

LCCCl 107.4 116.8 
iCCH 1 13.04 

{ it)) iiigk !;io) 1.0736 

3 iiiii iipi! :GO, 110.89 
T(CICCCI) 180.0 72.18 117.2 0.0 

6-31G* 
rcc 1.516 1 . 5 1 5  1.533 1.547 

reel 1.792 1.786 1.792 1.781 

rCH 1.079 

(1.531 f 0.006) 

(1.790 f 0.004) 
1.080 (t) 1.0760 (e) 1.0780 

1.078 (9) 1.0782 (s) 
112.9 112.1 117.4 

109.0 (t) 11 1.63 (e) 109.35 

111.4 (g) 110.86 (s) 

(1.112 * 0.010) 

LCCCl 109.40 

LCCH 1 1 1.44 
(109.0 f 0.4) 

(113.2 f 2.6) 

70.85b 119.6 0.0 r(CICCC1) 180.0 

Units: lengths in A, angles in degrees. The observed geometry is 
given in parentheses. bElectron diffraction gives 72.4 f 3.1° (ref 10). 

values are not in error by a large amount, they still are not 
satisfactory for barrier calculations. 

(10) The first study of the rotational barrier which made use of heat 
capacity, entropy, and dipole moment data gave 1.34 kcal/mol as the trans- 
gauche energy difference. (Gwinn, W. D.; Pitzer, K. S.  J .  Chem. Phys. 1948, 
16, 303.) Electron diffraction studies (Kveseth, K. Acta Chem. Scand., Ser. 
A 1974, A28, 482. Kveseth, K. Ibid. 1975, A29, 307. Kveseth, K. Ibid. 1978, 
,432, 51.) gave a trans-gauche energy difference of 1.05 f 0.10 kcal/mol, and 
the temperature dependence of IR-band intensities gave 1.10 & 0.05 (Bern- 
stein, H. J. J .  Chem. Phys. 1949, 17, 258); other studies of infrared band 
intensities (Tanabe, K. Spectrochim. Acta, Part A 1972, A28, 407) gave 1.09 
f 0.06 and 1.15 & 0.15 kcal/mol (Pentin, Y. A,; Tatevskii, V. M. Dokl. Akad. 
Nauk. SSSR 1956,108, 290.). Photoelectron spectroscopy (Can, T. H.; Peel, 
J. B.; Willett, G. D. J .  Chem. SOC., Faraday Trans. 1977, 965) gave 1.0 f 
0.2 kcal/mol. Mizushima et al. found the energy difference to be 1.03 
kcal/mol by gas-phase IR, but 1.21 kcal/mol by a study of the temperature 
dependence of the dipole moment (Mizushima, S.; Watanabe, I.; Simanouti, 
T.: Yamaguchi, S. J .  Chem. Phys. 1949, 17, 591.). 
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