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One important aspect of chemistry and biochemistry is 
the elucidation and understanding of the conformational 
properties of small and large molecules. Considerable prog
ress has been made in the development and implementation 
of conformational analysis of organic molecules using a 
wide range of experimental and theoretical techniques. The 
present report is concerned with a new approach to empiri
cal conformational energy calculations,3 developed from the 
concept that molecules should exhibit conformational prop
erties expected from the interactive properties of their con
stituent electrons and nuclei. This approach makes use of an 
empirical potential using electrons and nuclei (EPEN).4,5 

A brief description of EPEN has appeared earlier,4 and 
initial tests5 showed that this approach could reproduce the 
conformational characteristics of several alkanes, alcohols, 
amines, and carbohydrates without the need to resort to 
special add-on energy terms such as intrinsic torsional po
tentials6 to treat interactions between atoms across a bond 
(1-4 interactions), or to special energy functions to treat in
teractions between atoms participating in a hydrogen 
bond.6 It was also possible to compute the lattice constants 
and lattice binding energies of crystals with EPEN, using 
the same parameters;4-5 by considering the lone-pair elec
trons explicitly, EPEN was found to account for both direc
tionality and hydrogen-bond strength in the crystals studied 
to date.4,5 In the present study, EPEN is used to calculate 
the dipole moments and all zero-gradient points on the con
formational energy surfaces of several 1,2-disubstituted 
ethanes. Where possible, the results are compared to experi
mental data and to the results of recent ab initio molecular 
orbital calculations7 on the same molecules. 
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Rigid geometry (fixed bond lengths and bond angles) has 
been used; the only degrees of freedom allowed are the di
hedral angles for rotations about bonds. This approximation 
makes it possible to treat large molecules in a reasonable 
amount of computer time without significant losses of accu
racy; there is experimental and theoretical evidence that 
bond lengths and bond angles in noncyclic molecules re
main remarkably constant in different intermolecular envi
ronments and in different minimum-energy conforma
tions.6,8"16 

In the earlier papers,4,5 we derived the EPEN parameters 
for C, N, and O fragments with approximately tetrahedral 
geometry about the heavy atom, and used these fragments 
and parameters to study the properties of some saturated 
molecules. We apply them here to some 1,2-disubstituted 
ethanes. Work is presently in progress to derive EPEN pa
rameters for other molecular fragments that will be useful 
for the study of unsaturated molecules such as acids, esters, 
ketones, aldehydes, polypeptides, and proteins. 

Empirical Potential Using Electrons and Nuclei (EPEN) 

The derivation and parameterization of EPEN, based on 
the transferability of molecular fragments from one mole
cule to another, has been reported previously,4 and only a 
brief description will be presented here. In the present for
mulation, each molecule is constructed from molecular 
fragments consisting of a single heavy atom (nonhydrogen) 
nucleus, any hydrogen atom nuclei bonded to this nucleus, 
and point charges representing the bonding and lone-pair 
electrons associated with this heavy-atom fragment. 

The operational procedure for assembling a molecule 
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Table I. Standard Experimental Bond Lengths and Bond Angles'* 

Bond lengths Bond angles 

Type 

C-C 
C-N 
C - O 
C-H 
N - H 
0 - H 

Length, A 

1.530" 
1.469<* 
1.425/ 
1.09* 
1.014d 
0.96/ 

Type 

CCC 
CCN 
CCO 
CCH 
CNH 
COH 

Angle, deg 

112c 
112« 
112« 
111» 
112cf 
108.3/ 

a The methyl hydrogen atoms were placed with C3 symmetry 
about their C-C bonds with T(CCH) = 111°. The amino hydrogens 
were placed with T(CNH) = 112° and T(HNH) = 106.7°. Methylene 
hydrogen atoms were placed so as to reflect into each other through 
the bisector of the XCC bond angle, with T(HCH) = 107.9°. * Refer
ence 18. c Reference 19a. d Reference 20. eReference 21. /Refer
ence 22. SReference 23. 

from molecular fragments requires a knowledge of the mo
lecular geometry and a set of "rules" for positioning the 
bonding and lone-pair electrons of the fragments within the 
molecule. The experimental geometries of the molecules 
(bond lengths and bond angles) are used when available 
(i.e., the positions of both the heavy atoms and hydrogen 
atoms are made to conform to experimental data when the 
molecule is assembled from fragments); if sufficient experi
mental data are not available, "standard" geometries are 
adopted (Table I). Once the molecular geometry has been 
fixed, the bonding and lone-pair electrons are placed; in all 
cases, the intrafragment distances of the electrons from the 
heavy atoms of the fragment are maintained at the corre
sponding distances determined in the studies in which the 
fragments were derived,4 while the angles between the elec
tron point charges are allowed to adapt to the geometry of 
the molecule under study. In particular, the bonding elec
trons are constrained to lie along the bonds they represent, 
the oxygen lone pairs in the R1-O-R2 group are found to be 
60° above and 60° below the plane containing the Ri-O 
and R2-O bonds so as to reflect into each other through the 
bisector of the R1-O-R2 bond angle (i.e., equidistant from 
the two bonds to O), and the nitrogen lone pair in the Ri-
NR2-R3 group is placed along the vector that is the sum of 
unit vectors along the Ri-N, R2-N, and R3-N bonds (i.e., 
as far away as possible from the three bonds to N). If the 
adaptation of the fragment (from the geometry used in the 
derivation of the fragment to the geometry of the molecule 
under study) corresponds to a change of bond angle of more 
than several degrees, then the transferability of the frag
ment to the molecule under study is of questionable validity; 
this is because large changes in geometry are accompanied 
by significant changes in electron distribution.15 Since we 
are dealing with relatively unstrained molecules in this 
study, the adopted geometry of the fragments would not be 
expected to vary much from molecule to molecule; hence, 
the adoption of "standard" geometry should not introduce 
any large artifacts. The EPEN representation of 2-ami-
noethanol in its calculated lowest-energy conformation is 
shown in Figure 1, as an example. The charges on each 
heavy-atom nucleus are taken to be the nuclear charge 
(atomic number) plus the charge on the Is electrons (—2e). 
It was assumed that the Is electrons do not contribute any 
overlap repulsion when measuring either rotational barriers 
or intermolecular interactions. This concept is supported by 
a quantum mechanical study which demonstrated that 
these electrons may be rigorously subtracted from the wave 
function without altering its molecular characteristics.17 

The conformational energy and intermolecular orienta-
tional characteristics are calculated using a pairwise sum
mation over only those interactions that vary with the de-

+ 1 +1 
H ' . ,-2 -2 . . • H 

V 8 -2x"iX-T'A " 

•G-fr-x-x C 

- # • »> Y . 

Figure 1. EPEN representation of the most stable conformer of 2-ami-
noethanol. The O-H—N interaction is shown by the dotted line. The 
hydroxyl proton is directed toward the lone-pair electrons of the amine 
fragment. The positions of the electron point charges are indicated by 
the X's, and the nuclei are represented by their appropriate atomic 
symbols. The charges are in atomic units. 61, B2, and 03 represent the 
dihedral angles varied in the search for zero-gradient points of the 1,2-
disubstituted ethanes. 

grees of freedom under investigation. One of the conse
quences of this procedure is that the two - Ie electron point 
charges in the heavy atom-heavy atom bonds act effectively 
as an electron pair; this occurs because the distance be
tween the two electron point charges (typically «0 .1 A) is 
much less than the distance between either of these point 
charges and the nearest point charge whose interaction with 
the bonding pair is computed. There are three types of in
teractions to be evaluated when using EPEN:4 (i) overlap 
repulsion between electrons of the form, A exp(—Br), (ii) 
coulombic interactions between all charge centers (elec
trons and nuclei) of the form qtqj/r, where qi and qj are the 
charges at two points separated by a distance r, and (iii) 
dispersion and other attraction terms resulting from the in
teraction of fragments (this is taken to be effective between 
heavy atom nuclei only, and is of the form C/r6). The pa
rameters for EPEN have been given in Table 2 of ref 4. 

Approximations Made in the Derivation and Application of 
EPEN 

For all empirical potential energy functions, it is neces
sary to make a number of assumptions and approximations 
in their derivation and application in order to achieve the 
computational speed that makes them (as opposed to ab ini
tio potentials, for example) so attractive. In this section, we 
discuss the principal approximations for EPEN. 

(i) The total interaction energy can be partitioned effec
tively into coulombic, overlap repulsion and R~6 attraction 
components. Although this partitioning is not strictly valid 
(i.e., this partitioning scheme, or any other partitioning 
scheme with rapidly calculable components, has not been 
derived from a rigorous argument starting with the Schro-
dinger equation), nevertheless, experience has shown that 
conformational and intermolecular potential energy sur
faces may be well-represented with a partitioning scheme of 
this sort. Because of the inexact nature of any partitioning 
scheme, physical significance may be attached only to the 
total interaction potential; detailed assignment of the physi
cal origins of each individual component is questionable, 
and should be limited to no more than an approximate esti
mate of the nature of the various components. 

(ii) The coulombic, overlap repulsion and R~6 attraction 
components are effectively pairwise additive. This approxi
mation is a computational necessity for large systems be
cause the explicit evaluation of three-body and higher-order 
interactions would greatly increase the amount of computer 
time required to calculate the potential energy of interac-
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tion for a large system. Because of this approximation, 
EPEN is best classed as an effective pairwise additive po
tential in which the higher-order interactions are accounted 
for in the parameterization. 

(iii) The dielectric constant equals unity. This approxi
mation was made because of the considerable uncertainty in 
the behavior of the dielectric constant over the short dis
tances in which particular intra- and intermolecular inter
actions occur. 

(iv) The localized electron orbitals (bonding, lone pair, 
and inner shell) from molecular orbital theory may be rep
resented as point charges for the calculation of the coulom-
bic component. The localized orbitals are treated as point 
charges so that the coulombic component may be evaluated 
rapidly; the treatment of the orbitals as charge "clouds" 
would require much more computer time. It should be 
noted that the electrons are not treated entirely as point 
charges in EPEN, since the overlap repulsion and the R~6 

attractive components help to simulate the interactions of 
the electron "clouds". 

(v) The molecules have a rigid nuclear geometry (i.e., 
fixed bond lengths and bond angles). This approximation 
has been made to reduce the number of degrees of freedom 
(37V — 6) total, where /V is the number of atoms in the in
teracting system) to a set of manageable size. 

(vi) The crystal lattice constants and compressibilities at 
0 K are determined entirely by the potential energy. In real
ity, the zeropoint vibrational energy affects (usually ex
pands) the crystal lattice. However, to compute the contri
bution of the zeropoint vibrational energy to the observed 
lattice constants properly, the vibrational frequencies would 
have to be calculated as a function of the lattice constants, 
and this calculation would require a great amount of com
puter time. 

(vii) The potential energy function for large molecules 
can be constructed directly from transferable molecular 
fragments. The transferability of molecular fragments is 
based upon the notion that the same chemical moiety in dif
ferent molecules has approximately the same charge distri
bution. The approximation of transferability greatly reduc
es the number of independent parameters to be evaluated 
for the empirical potential, and allows the construction of 
the potential energy functions for many molecules from a 
few molecular fragments. 

In spite of all these approximations, we have shown4-5 

that EPEN adequately approximates both intramolecular 
(conformational) and intermolecular potential energy sur
faces as well as permanent electric dipole moments. In 
order to place these approximations in the proper context, it 
should be kept in mind that approximations of this sort are 
made in the derivation and application of all empirical po
tentials, especially those used for large molecules. 

Geometry and Notation 
The geometries of the 1,2-disubstituted ethanes studied 

here were generated using a "standard" set45 of bond 
lengths and bond angles derived from experiments.18-23 The 
values for the "standard" bond lengths and bond angles are 
given in Table I (see footnote a of Table I for the method 
for placement of hydrogen atoms). 

Although the actual values of the dihedral angles were 
calculated for each rotational isomer (local energy mini
mum) and conformational transition state (at the top of the 
barrier), the usual qualitative description (gauche, trans, 
cis, staggered, and eclipsed) of each conformation has also 
been used. The dihedral angles 0\, 02, and 03 refer to dihe
dral angles for rotation around the X-Ci, C1-C2, and C2-Y 
bonds, respectively (see Figure 1). The symbols T (trans, 02 
« 180°) and G (gauche, 02 ** 60°) are used to describe the 

conformation around the central C-C bond relative to the 
cis position (62 * 0°). The conformations of the hydroxy 1 
and amine fragments (determined by 6\ and #3) are de
scribed by the symbols t (0i or 03 = 180°), g (0, or 03 = 
60°) and g' (0, or A3 = -60°). The position, 0, or 03 = 0°, 
is defined as that dihedral angle in which the hydroxyl pro
ton or amine long-pair electrons lie cis to Ci in the C1C2O 
and C1C2N plane, respectively. The positions of the methyl 
protons are described differently, i.e., as eclipsed (0i or 03 « 
0°) or staggered (0( or 03 « 60°). Rotation about a bond is 
positive when, looking along the bond in the direction X, 
Ci, C2, Y, the distal group rotates clockwise relative to the 
near group. 

Methods 

The conformational space (0i, 02, 03) for the 1,2-disubsti
tuted ethanes studied here was investigated using EPEN.4,5 

A search was made for all the zero-gradient points {dU/dd\ 
= sU/d62 = aU/dBi = 0) by starting from all of the differ
ent combinations of 0°, ±60°, ±120°, and 180° for each 
dihedral angle. The alterations in dihedral angles were then 
directed, using a multidimensional Newton-Raphson proce
dure,24,25 until the zero-gradient point nearest to the start
ing point was located. Second derivatives, a2t//a0,a0y, were 
evaluated numerically, using double precision arithmetic. 
Saddle points, minima, and maxima were identified from 
the signs of the diagonal elements of the diagonalized sec
ond derivative matrix evaluated at each zero-gradient point. 
The entire set of zero-gradient points for all six 1,2-disubsti
tuted ethanes studied here (well over 500 points) was locat
ed in less than 4 min of central processor time on an IBM 
370/168 computer. 

Results and Discussion 
Before we compare our calculated conformational energy 

results with the corresponding experimental results,19,26-38 

it is important to consider what energy quantity is calculat
ed using EPEN, and the relationship between this quantity 
and the experimental quantity. The enthalpy difference be
tween conformations a and b, AHa-b, is usually evaluated 
experimentally from the variation with temperature of an 
experimentally observable and conformationally dependent 
property (e.g., the intensity of an infrared-active vibrational 
transition). From the temperature dependence of the prop
erty, an approximate value of A7/a-b is computed. The 
quantity that we have calculated using EPEN is the relative 
conformational potential energy, A£/a_b(rigid), between 
conformations a and b under the assumption of rigid geom
etry (fixed bond lengths and bond angles). In order to cal
culate A//a-b for an isolated molecule (when treating ex
perimental data) from A£/a_b(rigid), the following correc
tion terms must be added to A£/a_b(rigid) (neglecting the 
very small PV term): (i) the change in potential energy as
sociated with the relaxation of the bond lengths and bond 
angles from the "standard" values to the values at the local 
potential energy minimum b for all 37V — 6 internal degrees 
of freedom minus the corresponding quantity for the local 
potential energy minimum a, (ii) the sum of the zeropoint 
vibrational energies for all 37V — 6 vibrational modes of 
conformation b minus the corresponding quantity for con
formation a, and (iii) the difference in thermal excitation 
energy for the 37V — 6 vibrational modes of conformation b 
minus the corresponding quantity for conformation a. It 
must be kept in mind for the following discussion that the 
relative conformational energies in Table II are At/'s, not 
AH's; however, in practice At/a-b(rigid) should be a reason
able approximation to A//a_b. In order to calculate A//a b 
properly, we would need to consider a potential energy 
function with many more degrees of freedom and, hence. 
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Table II. Calculated and Experimental Conformational Energies and Dipole Moments for Disubstituted Ethanes (X-CH2-CH2-Y) 

Molecule 

n-Butane* 
CH3CH2CH2CH3 

Ethylene glycol 
HOCH2CH2OH 

!-Propylamine 
CH3CH2CH2NH2 

1-Propanol 
CH3CH2CH2OH 

2-Aminoethanol 
NH2CH2CH2OH 

Ethylenediamine 
NH2CH2CH2NH2 

«. 
60 
52 
60 
60 

- 1 7 6 
- 4 5 
179 

- 1 8 0 
- 5 2 

-177 
62 
53 
61 
52 
60 
60 
57 
62 
62 
52 
60 
59 

1 
0 

60 
60 

- 5 0 
43 
60 
53 

- 5 4 
- 5 3 

48 
179 
- 5 1 

54 
57 
53 

Calcd 

O2 

180 
65 

121 
0 

53 
54 
51 

180 
- 4 

122 
62 
61 

- 1 7 8 
60 

180 
122 
- 1 
62 
62 
61 

180 
177 
60 

180 
120 

0 
58 
52 
60 

- 1 7 9 
0 

125 
55 
54 
60 

-177 
0 

124 

Dihedral 

<>3 

60 
52 
60 
60 

- 5 4 
75 

179 
180 
179 

-177 
- 5 6 

47 
56 

171 
180 
180 

- 4 5 
178 
63 

- 7 2 
180 
61 

176 
180 
67 

180 
- 4 6 -
- 7 2 

- 1 7 8 
178 
55 

- 6 9 
48 

- 5 5 
63 
54 
57 

180 

angles, deg 

Exptl 

A1 O2 

67.5,c66<* 

G^.' 

64m 

-41P 55P 

641-r 

Conforma-
tiona and 

8 3 barrier 

T 
G 
T - G 
G - G 
tGg' 
g'Gg 
tGt 
tTt 
G - G 
G - T 
Gg' 
Gg 
Tg 
Gt 
Tt 
G - T 
G - G 
Gt 
Gg 
Gg' 
Tt 
Tg 
Methyl-Go 
Methyl-T° 
G - T 
G - G 

-28P g'Gg' 
gGg' 
gGt 
gTt 
G - G 
G - T 
gGg 
tGg' 
g'Gg 
gTg 
G - G 
G - T 

Relative confor
mational energy, 

kcal/mol 

Calcd 

0.00 
0.68 
3.94 

13.74 
0.00 
1.12 
1.64 
3.33 
2.75 
6.86 
0.00 
0.42 
1.01 
1.18 
1.60 
5.50 
7.37 
0.00 
0.58 
0.72 
0.87 
1.28 
3.46. 
4.41 
4.97 
5.44 
0.00 
0.55 
0.55 
2.80 
3.52 
6.45 
0.00 
0.42 
0.44 
2.80 
3.85 
7.50 

Exptl 

0.00« 
0.96e 

3.6-4 .2 / 
6 . U . 7 . 4 / 

0.00'" 

0.29™ 

2.9m 
3.1"» 

0.00P 

X- . -Y 

distance, A 

Calcd 

3.90 
3.08 
3.64 
2.68 
2.85 
2.86 
2.84 
3.71 
2.60 
3.48 
3.01 
3.01 
3.84 
2.99 
3.84 
3.60 
2.65 
3.00 
2.99 
2.98 
3.80 
3.80 
2.98 
3.80 
3.55 
2.64 
2.92 
2.86 
2.94 
3.75 
2.61 
3.53 
2.92 
2.91 
2.97 
3.79 
2.63 
3.56 

Exptl 

2.97/ 

2.81P 

Dipc 

Calcd 

0.00 
0.05 
0.03 
0.06 
2.6 
2.6 
2.7 
0.0 
3.3 
1.3 
1.5 
1.4 
1.4 
1.4 
1.4 
1.4 
1.5 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
1.8 
2.9 
1.7 
1.4 
1.4 
2.2 
2.0 
0.3 
2.3 
2.2 
2.3 
1.3 
2.5 

ile moment, D 

Exptl 

2.3* 

1.2' 

1.56-1.67W." 

3.05P 

1.94* 

"The conformation of methyl groups is always near staggered (Ie1 lor Ie3I= 60°), except when the methyl rotational barrier is being cal
culated, and is not listed explicitly in this table. The symbol a — b designates the barrier to rotation in going from conformer a to conformer 
b; the dihedral angles reported are for the conformational transition state with the lowest value of U between a and b. b The results reported 
here for «-butane differ slightly from those in ref 4, since experimental geometry was used in ref 4, but standard geometry (Table I) was used 
here, c Reference 19a. d Reference 19b. e Reference 26. /Reference 27. S Reference 28. h The experimental conformation is reported to be 
gauche (e « 60°) without a specific value of 8 2 being given. 'References 29-31. /Reference 29. k Reference 32. 'Reference 33. m Reference 
34. "Reference 35. ° Barrier for methyl rotation. P Reference 36. <? Reference 37. r Reference 38. 

many more parameters than appear in EPEN; for the ex
ample of n-butane, we have considered only three degrees of 
freedom (the three torsional degrees of freedom, 8\, 82, and 
83) while there are actually 3(14) - 6 = 36 internal degrees 
of freedom. Correction terms (i) to (iii) apply to isolated 
molecules; in a liquid or solid environment, the enthalpy dif
ferences between local conformational energy minima and 
heights of barriers between minima can be affected signifi
cantly depending upon the strength of the interaction be
tween the molecule and its environment. It is important to 
note that, in using empirical potentials, the inclusion of all 
degrees of freedom for a large molecule would make it im
possible to search for all of the possible minimum-energy 
conformations, and it is unlikely that enough experimental 
information exists to develop accurate parameters for a po
tential function that includes all degrees of freedom. 

The results of the EPEN calculations of the 1,2-disubsti-
tuted ethanes are presented in Table II. The positions of 
some of the zero-gradient points (specified by 8\, S2, and 83) 
which are relevant to experimental measurements, the dis
tance between the heavy-atom nuclei of fragments X and Y, 
the relative potential energy of the conformation (normal

ized to zero for the lowest energy conformer for each mole
cule), and the calculated dipole moment of each molecule 
are reported. Although there are many zero-gradient points 
for each molecule, only the minima and a selection of others 
(saddle points) which correspond to the lowest rotational 
barriers between minima have been reported in Table II. 
The others are not reported here but can be computed easily 
by those readers interested in (multiple) transition states. It 
is a general result of these calculations that the conforma
tions of the X and Y fragments in local energy minima de
viate from the 8\ = 83 = ±60° conformations whenever 82 is 
removed from 180°. It should be emphasized that small 
variations of 82 away from the gauche and trans positions 
can lower the energy of a particular conformation signifi
cantly; therefore, it is not a good procedure to study the 
conformational energy surface using a 60° grid.7'10 When 
hydrogen-bonding interactions occur between X and Y, the 
calculated values of both 6\ and 83 deviate by up to 14° 
from the ±60° conformations, while the calculated value of 
B2 is lower than 60° (as low as 53° for ethylene glycol). 
Agreement between the experimental and the calculated di
pole moments is very good considering that the calculated 

Journal of the American Chemical Society / 98:1 / January 7, 1976 



27 

dipole moment depends on geometry, conformation (i.e., 6\, 
62, and #3), relative populations of conformational states 
(statistical weights), and electron distribution. The sensitiv
ity of the dipole moment to the positions of the point charg
es may be appreciated by noting that the calculated dipole 
moment changes by as much as 0.1 D if an electron pair is 
translated by only 0.01 A. A discussion of the results for the 
individual molecules is given below. The calculated confor
mational properties are compared to experimental values 
and to the results of other calculations on the same mole
cule, where available. 

/i-Butane. EPEN is a reasonably reliable tool for the cal
culation of the conformational properties of acyclic hydro
carbons.4,5 The most stable conformation of n-butane4 was 
calculated with EPEN to be at B2 = 180° (trans) with 
staggered end methyl groups. The calculated value of 82 for 
the w-butane conformation near the gauche minimum is 
65°, which is close to the experimental values (67.5 ± 
1.1° 19a and 66 ± 1° 19b). The calculated trans-gauche en
ergy difference (0.68 kcal/mol) is also in approximate 
agreement with the latest experimental estimate of 0.96 
kcal/mol.26 While the calculated trans-gauche barrier (3.94 
kcal/mol) is in the experimental range27 of 3.6-4.2 kcal/ 
mol, the calculated value of the G -* G barrier (Table II) is 
13.7 kcal/mol, which is much higher than the range mea
sured experimentally, viz., 6.128 to 7.427 kcal/mol. The re
sults of Radom et al.,7 using ab initio molecular orbital 
theory, indicate that flexible geometry must be used before 
satisfactory agreement between experiment and theory can 
be obtained for the height of the cis barrier. Although the 
empirical calculations of Engler et al.8 (using flexible geom
etry) give a reasonable gauche-gauche barrier (5.8 kcal/ 
mol), the results of Allinger et al.10 indicate that their own 
approach (also using flexible geometry) gives too small a 
barrier for the G —• G transition (4.55 kcal/mol). A com
parison of the EPEN results4,5 for acyclic hydrocarbons 
with those of other empirical methods8,10'39 shows that 
EPEN (which was derived for many types of molecules) 
performs overall just as well as the potentials designed spe
cifically for use with hydrocarbons. 

Ethylene Glycol (Ethane-1,2-diol). The most stable form 
of ethylene glycol located using EPEN has a gauche (G) 
conformation around the C-C bond. This is in agreement 
with experimental studies by electron diffraction,29 in
frared,30 and Raman31 spectroscopy, where the gauche 
form is reported to be the most stable. The electron diffrac
tion study of Bastiansen29 indicated that the O—O distance 
is 2.97 A; however, calculations using EPEN resulted in a 
minimum at an O—O distance of 2.85 A. Considering the 
more recent experimental studies on 2-aminoethanol36 and 
ethylenediamine,37 where the N - O and N - N distances are 
2.81 and 2.88 A, respectively, it might be expected (by ex
trapolation) that the true O—O distance at the minimum of 
the potential energy surface would be less than the value re
ported by Bastiansen.29 However, the intramolecular O—O 
separation measured by Bastiansen for ethylene glycol29 is 
very similar to the intermolecular O—O distance reported 
for the water dimer (2.98 A),40 where the interactions 
which control the orientation of the water molecules are 
quite similar to those in ethylene glycol. In both cases, the 
experimentally determined structures may represent aver
ages, with contributions from excited librational states 
which lie considerably above the bottom of the potential 
well because of librational zeropoint energy; thus, the O—O 
distance would be slightly larger than in the conformation 
at the minimum of the potential well.41 Other, theoretical 
studies have also indicated that the gauche conformer 
should be the most stable.7,42 Recent studies by Raman 
spectroscopy31 and NMR43 have indicated the presence of 

both gauche and trans conformers in the liquid phase, with 
the gauche conformer having the greater population. The 
experimentally reported enthalpy difference between the 
trans and gauche conformers in the pure liquid is «0.7 kcal/ 
mol,31,43 whereas the energy difference between the trans 
(T) and gauche (G) conformers calculated by EPEN for an 
isolated molecule is 3.33 kcal/mol [cf. ref 7, where AJ7T-G 
= 2.01 kcal/mol, and ref 42, where AUr-a = 123 kcal/ 
mol]. Intermolecular interactions (e.g., competing hydro
gen-bonded networks in the liquid) would be expected to 
favor the trans conformer considerably.42 While EPEN and 
the ab initio molecular orbital7 calculations on ethylene gly
col indicate that the hydroxyl protons in the most stable 
trans (T) conformer are trans (t) to the C-C bond (as in the 
analogous case, ethanol, where the trans (t) conformation is 
observed23), the other empirical calculation42 predicts that 
the gauche (g) conformation would be preferred for these 
protons. The dipole moment calculated using EPEN (2.6 
D) is in good agreement with the observed value (~2.3 D,32 

for the liquid). 
1-Propylamine. The most stable conformation of !-pro

pylamine was calculated to have a gauche (G) conforma
tion around the central C-C bond. Experimentally gauche 
(G) and trans (T) conformers are observed in both the liq
uid44 and vapor45 states, although there are no quantitative 
data that indicate which conformer is more stable. The five 
most stable conformers predicted by EPEN are those sug
gested by Scott45 to be present, from a vibrational analysis 
of 1-propylamine. The three most stable conformations, 
Gg', Gg, and Tg (where the amine lone-pair electrons are 
gauche to the central C-C bond), are consistent with the 
preferred gauche (g) conformation of ethylamine.21,45 The 
ab initio calculations7 on this molecule indicated that Tg 
was more stable than Gg' by 0.11 kcal/mol, although the 
large grids used for selecting values of 6\, 62, and #3 in the 
calculation quite likely introduced error into this value. The 
experimental dipole moment has been reported33 as 1.2 D 
(which is presumed to apply to a mixture of the G and T 
conformers), and the calculated value (with G and T having 
almost identical dipole moments of 1.5 and 1.4 D, respec
tively) is in good agreement with this. 

1-Propanol. The Gt conformer of 1-propanol was calcu
lated to be 0.87 kcal/mol more stable than the Tt conform
er. This small energy difference suggests that both should 
be found experimentally, and indeed microwave spectro
scopic evidence34 indicates that both conformers are 
present. The results obtained by EPEN are very similar to 
those from the ab initio calculations by Radom et al.,7 al
though the energy difference between the T and G conform
ers predicted by the ab initio method is only 0.18 kcal/mol. 
Experimentally,34 the enthalpy difference was reported to 
be 0.29 ±0.15 kcal/mol. The barriers to rotation of the 
methyl group in the T and G conformers were reported34 as 
3.1 and 2.9 kcal/mol, respectively. The calculated values 
for these barriers using EPEN were 4.4 kcal/mol for the 
trans (T) conformer and 3.5 kcal/mol for the gauche (G) 
conformer. The experimental value for 82 in the G conform
er was reported34 to be 64° while the calculated value for 
this dihedral angle is 62°. The dipole moment of 1-propanol 
has been reported to be in the range 1.56-1.67 D,34,35 and 
the value calculated by EPEN (1.8 D) is in good agreement 
(see Table II). 

2-AminoethanoI. The most stable EPEN conformer of 2-
aminoethanol was g'Gg'; however, two other gauche con
formers within 0.55 kcal/mol of the global minimum were 
also found, viz., gGg' and gGt. The most stable conforma
tion of 2-aminoethanol has an O-H—N hydrogen bond 
(Figure 1), and the most stable conformations with N - H -
O hydrogen bonds (gGg' and gGt) are approximately 0.6 
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kcal/mol less stable. This result is in agreement with the 
microwave36 studies on this molecule. The microwave re
sults indicate that 0, = -41° , B2 = 55°, and B3 = -28° , 
and this conformation is analogous to the lowest energy 
conformation found by EPEN (0, = -50°, B2 = 58°, B3 = 
-46°). The experimental36 O - N distance (2.81 A) and di-
pole moment (3.05 D) reported for the most stable con-
former of 2-aminoethanol agree well with the corresponding 
values from the EPEN calculation (2.92 A and 2.9 D, re
spectively). Penn and Curl36 developed a point charge 
model specifically for the calculation of the low-energy con-
formers and dipole moments of 2-aminoethanol. The results 
of their calculations are also in reasonable agreement with 
the microwave results. Infrared investigations have reported 
that both the gauche (G) and trans (T) conformers of 2-
aminoethanol exist in dilute solutions (0.11-1.0%) in tetra-
chloroethylene.46 The conclusion about the existence of 
both G and T conformers was made on the basis of the de
tection of infrared absorption bands for "free" and "hydro
gen-bonded" NH2 and OH groups. From the relative inten
sities of the "free" and "hydrogen-bonded" bands, Krueger 
and Metee46 have suggested that the trans (T) conformer is 
more stable than the gauche (G), in contrast to the micro
wave results.36 However, at least three gauche conformers 
appear to be stable, both by the EPEN calculations and by 
the ab initio calculations of Radom et al.7 and, while the 
OH group is the hydrogen-bond donor in one of these, the 
NH2 group is the donor in the other two (G) conformations. 
Thus, one would expect to find a mixture of both "free" and 
"hydrogen-bonded" modes in the vibrational spectra for 
both the NH2 and OH groups in the gauche (G) conforma
tion;46 this would greatly complicate the interpretation of 
the ir spectrum in terms of a conformational equilibrium 
between gauche (G) and trans (T) conformers. The results 
of the EPEN calculations, and of the ab initio calculations 
of Radom et al.,7 indicate that only gauche (G) conformers 
are likely to be detected in the vapor state and in dilute so
lution in nonpolar solvents. 

Ethylenediamine. The most stable EPEN conformation of 
ethylenediamine was (hydrogen bonded) gauche (G) with 
respect to the central C-C bond. This is in agreement with 
the results of an electron-diffraction study37'38 where B2 was 
found to be 64°. Three low-energy gauche (G) conforma
tions were located using EPEN, viz., gGg, tGg', and g'Gg; 
the average N - N distance for these conformers is 2.92 A, 
which is close to the N - N distance observed experimental
ly37 for ethylenediamine. Since the experiment gives the 
N - N distance, and B2 is a derived value which depends on 
several interatomic distances, the comparison of the N - N 
distances is a more valid one. The calculated dipole moment 
is sensitive to the orientation of the amine fragments. The 
gGg conformer has a small dipole moment (0.3 D) but the 
dipole moments of the other two low-energy conformers 
tGg' and g'Gg (2.3 and 2.2 D, respectively) are close to the 
experimentally observed dipole moment for ethylenedi
amine (1.94 D).32 

Conclusions 
Conformational analysis of acyclic saturated hydrocar

bons, alcohols, and amines using EPEN generally leads to 
reliable predictions of the lowest energy structure and bar
rier positions. However, there is a tendency to overestimate 
the height of cis barriers in systems where there is crowding 
in the cis position; in reality, the crowding would be relieved 
by opening up bond angles, but these are frozen in EPEN. 
The dipole moments of these molecules also appear to be 
well-represented by EPEN. When interpreting the results, 
no attempt has been made to analyze the stabilizing or de
stabilizing interactions within any given conformation in 

terms of the components of EPEN. These types of interpre
tations would reflect only the artificial partitioning of the 
total energy into the components of EPEN (coulombic, 
overlap repulsion, and R~b attraction). At best a qualitative 
estimate could be obtained, but the significance of any 
quantitative importance attributed to individual terms of an 
empirical potential is dubious. It should be possible to use 
EPEN for calculations on the low-energy conformers of 
much larger molecules and to expect reliable results. In all 
cases where intramolecular hydrogen bonds (conformations 
in which two heavy-atom nuclei are bridged by a hydrogen 
atom) were likely to occur, they were located using EPEN, 
and these always resulted in a stabilization of the gauche 
(G) relative to the trans (T) conformations. The EPEN po
tential predicts the approximate gas-phase properties of 
these molecules at O0K. The results should be corrected for 
contributions from conformational equilibria before de
tailed comparisons are made to experimental results ob
tained at higher temperature. However, the correlation be
tween the calculated and experimental conformations 
suggests that useful information can be obtained even be
fore a full quantum statistical mechanics treatment is in
voked. 

It should be emphasized that we have found the positions 
of the minima and rotational barriers in B\, B2, B3 space 
(within ±1°) for the EPEN potential of these disubstituted 
ethanes. Our procedure differs significantly from the usual 
procedures for calculations of this type using molecular or
bital (MO) theory or empirical potentials. In particular, the 
standard way to carry out the calculations using MO theory 
is to estimate the positions of the minima and then vary at 
most one degree of freedom to refine the position of the 
minimum, and the barrier positions are located in the same 
way; with empirical potentials, the minima are usually lo
cated by varying all degrees of freedom (as we have done) 
but typically the barrier positions are either estimated or re
fined by varying at most one degree of freedom. The proce
dure adopted for MO calculations is dictated by the compu
tational expense; because the computational expense is 
much less for empirical potential calculations, we recom
mend that the procedure that we have adopted here or a 
similar procedure be used to locate positions for the rota
tional barriers (within ±1°). In general, the barriers for a 
molecule with two or more coupled rotors can be quite com
plex, depending on the extent of the coupling. 

It is important to point out why we have not calculated 
the statistical weights of the various conformations for each 
molecule. Strictly speaking, without considering every in
ternal mode, the statistical weights could not be calculated 
rigorously using either classical or quantum statistical me
chanics. It is not proper to consider only a small set of inter
nal degrees of freedom (such as B\, O2, and B3) in the calcu
lation of the statistical weight because, in reality, these 
modes are coupled (sometimes strongly) by both kinetic and 
potential energy to the arbitrarily frozen modes. Faced with 
the practical fact that, for a large system of many atoms, 
the computations required to consider all internal modes re
quire a prohibitively large amount of computer time, the 
approximation is usually made that the coupling of the tor
sional modes to the rest of the internal modes (bond angle 
bends and bond stretches) is usually small because torsions 
are much easier (energetically) for the molecule to undergo 
than are bond angle bends and bond stretches. Once the ap
proximation is made to treat torsional modes only, another 
practical fact, viz., that the G matrix47 for torsional modes 
is very difficult to construct for an arbitrary large molecule, 
leads to use of classical statistical mechanics rather than 
quantum statistical mechanics to avoid the use of the G ma
trix by the separation of the kinetic and potential energy 
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(this separation is not possible in quantum statistical me
chanics). For the small molecules studied here, especially 
those with hydrogen-bonded conformations, the modes in
volving torsions of terminal hydrogens in hydrogen-bonded 
arrangements would be expected to have torsional vibra
tional energy level separations that are not small compared 
to kT at room temperature. It follows that the use of classi
cal statistical mechanics is not valid for these conformations 
and could result in poor approximations to the statistical 
weights. 

With the extension of EPEN to unsaturated molecules 
(now in progress), it is anticipated that it will then be appli
cable to large molecules such as proteins, within reasonable 
amounts of computing time. The technique has already 
been applied successfully to intermolecular interactions in 
crystals, and is now being used to treat systems of molecules 
(such as those involved in determining the effect of solva
tion on conformation). EPEN has also been applied suc
cessfully to a study of the structures, energetics, and dy
namics of water clusters.48 
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