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ABSTRACT Detailed spectroscopic and dynamics studies of macromolecules require force fields that not 
only predict structures and thermodynamic quantities correctly but also reliably reproduce, Le., to spectroscopic 
standards, vibrational frequencies. We have developed a methodology for transforming ab initio force fields, 
suitably scaled to experimentally assigned bands, into a molecular mechanics potential energy function that 
retains the original frequency as well as structure and energy predictions. With such inherent spectroscopic 
constraints, we obtain what we call a spectroscopically determined force field (SDFF). We have applied this 
approach to a set of 14 conformers of n-pentane and n-hexane, with the condition that the intrinsic geometry 
and force constant parameters be common to the set. We find that, with a systematically reduced parameter 
set, this SDFF gives very good agreement with experimental data. By virtue of the explicit dependence of 
its second derivatives on conformation, this potential should be transferable to conformers of other large 
molecules of this class and should provide more reliable molecular dynamics simulations than are obtained 
with spectroscopically less accurate potentials. 

Introduction 
Molecular mechanics (MM) force fields have been widely 

developed and used to study structural, energetic, and 
dynamic properties of By representing the 
potential energy, V, of the molecule as a sum of intrinsic 
bonded terms (involving displacements of bonds, angles, 
and dihedral angles from their equilibrium values) and 
explicit nonbonded interactions (van der Waals, electro- 
static, hydrogen-bonding) and parametrizing this function 
from experimental data or ab initio calculations, it has 
been possible to probe detailed aspects of molecular and 
macromolecular conformation and motion. Although some 
basic questions still exist about the assumed decomposition 
of the potential energy into the chosen physical terms, the 
efficacy of this approach seems to depend more on the 
completeness of the energy representation and the accu- 
racy of the geometry, force constant, and nonbonded 
parameters selected in V. 

When we examine the methods that have traditionally 
been used to parametrize the potential from studies of 
small molecules, we find that the main efforts were devoted 
to finding the values of the constants that would reproduce 
structures and thermodynamic properties, such as relative 
conformational energies. For such purposes, a limitation 
mainly to diagonal force constants for bonded terms in V 
was thought to be adequate. Vibrational frequencies, 
which are much more sensitive to the accuracy of the 
potential (at least a t  the minima), initially received 
relatively little attention in defining the potential. Yet 
infrared and Raman frequencies, which are strong deter- 
minants of V, are usually known to within, say, 2 cm-’ and 
therefore -0.006 kcal/mol, whereas energies are often 
uncertain to tenths of a kilocalorie per mole. Although 
some efforts have been made to give more weight to 
frequencies in optimizing the parameters,7’9’14,16,18,22,23 
necessitating the more extensive incorporation of off- 
diagonal bonded terms in V, such data have not been 
incorporated systematicaIIy as the driving force in the 
refinement procedure. 
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We have felt that reliable reproduction of vibrational 
frequencies and eigenvectors should be a prime criterion 
for a satisfactory MM potential function, and we have 
therefore sought to incorporate such constraints into what 
we call a spectroscopically determined force field (SDFF). 
Such a force field not only would provide more accurate 
structural and molecular dynamics (MD) predictions but 
also would be a sound basis for obtaining conformation- 
dependent force constants for normal-mode calculations. 
This is an important requirement in the application of 
vibrational analysis to the study of macromolecular 
structure.24 

Our approach to deriving a SDFF for a given class of 
molecules has the following general features. First, we 
start from a spectroscopic force field that provides an 
accurate description of the normal-mode frequencies and 
eigenvectors of a given structure. Since empirical force 
fields retain a bias in the selection of off-diagonal force 
constants, we choose to work with the ab initio-derived 
constants, which at  least provide a complete description 
of the force field. Such force constants are obtained by 
detailed scaling of the full ab initio force field, based on 
spectroscopic criteria for assigning observed bands. Sec- 
ond, we analytically transform the spectroscopic force field 
into the MM format, a transformation that we have shown 
to be possible.25 This is optimally done with a starting set 
of nonbonded parameters; these, however, can be chosen 
so as to give reasonable values of intrinsic force constants 
and geometries and so that the parameters are maximally 
consistent with other data such as crystal structures and 
energies. We repeat this procedure for all stationary state 
conformers of the molecules in the class being studied. 
For example, for the linear alkanes considered here, we 
obtained scaled ab initio force fields and the equivalent 
MM energy functions for the 4 stable conformers of 
n-pentane and the 10 such conformers of n-hexane. Third, 
in order to achieve maximum transferability of V between 
structures, we optimize the nonbonded parameters wing 
the criterion that the intrinsic force constants and the 
intrinsic geometry parameters should be the same for all 
conformers26 and that the crystal data should still be 
reproduced. Finally, we do a consistent force field (CFF) 
reoptimization of the valence parameters for overall best 
agreement with the ab initio structures, energies, and 
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frequencies. In this latter process we reduce the number 
of force constants, retaining only those that significantly 
affect the frequencies or the structures and for which we 
can find a consistent conformational behavior. 

There are a number of advantages to this approach. 
Most important, it starts out with a theoretically complete 
spectroscopic force field that is determined (via scaling) 
by experimentally assigned bands. As higher level ab initio 
calculations become feasible, this part of the procedure 
becomes increasingly more reliable. Also, by initially 
incorporating all cross terms in the quadratic part of V, 
we avoid the possibility of biasing the nonbonded pa- 
rameters to compensate for an incomplete valence force 
field description. The transformation to a MM energy 
function, of course, inherently maintains frequency agree 
ment, but we also f i id  that the optimization process clearly 
reveals which molecular properties are sensitive to which 
aspects of V. For example, for the linear alkanes the 
relative energies of the conformers are determined pri- 
marily by the partial charges, which themselves have little 
effect on the frequencies, these in turn depending on the 
intrinsic force constants and van der Waals parameters. 
This "decoupling" effect is also helpful in revealing the 
kinds of terms that must be included in V in order to 
obtain reproduction of vibrational frequencies to spec- 
troscopic standards. Finally, we note that in our MM 
function we have used (as in the ab initio force field) a 
nonredundant coordinate basis, thus being able to avoid 
the nonuniqueness inherent in the use of a redundant basis 
and to test the true transferability of the MM parameters. 
Subsequent transformation to a redundant basis of choice 
is always p~ssible,~' although performing MM and MD 
calculations in a nonredundant basis may be a preferable 
alternative. 

In what follows, we describe briefly the nature of the ab 
initio calculations, discuss in some detail the kinds of terms 
in our potential and their dependence on conformation, 
describe the optimization procedure, give the final pa- 
rameters of our force field, and show that its predictions 
of structures, energies, and vibrational frequencies are in 
very good agreement with observation. We conclude that 
the SDFF procedure provides a good systematic way of 
developing a reliable MM potential. 

Calculations 
A b  Initio Force Field. At  the heart of our procedure 

is the availability of spectroscopically scaled ab initio force 
fields for a set of conformers of a given class of molecules. 
In the present case, this set consists of the 4 stable 
conformers of n-pentane and the 10 stable conformers of 
n-hexane. The scale factors are obtained by refinement 
to the well-assigned normal-mode frequencies of all-tram 
(T)-pentane,28,29 and these scale factors are then applied 
to the ab initio force constants of the other conformers. 
Details of the a b  initio calculations are given e l s e ~ h e r e ; ~ ~  
here we present the salient features of the results. 

In order to select a reasonable basis set for the 14 
structure and force field calculations, we carried out ab 
initio calculations on TT-pentane at  the HF/6-31G, HF/ 

levels. The fully optimized geometries are very similar 
for all these basis sets, with MP2/6-31G* giving the shortest 
CC bond length (1.527A) and 6-31G the longest (1.531 A), 
the opposite being true for the CH bond lengths (the 
differences generally being about 0.01 A), bond angle 
differences being no more than 0.3O, and dihedral angle 
differences being on average 2 O  (the maximum for one 
being 5"). The relative energies of the conformers are, as 

6-31G*, HF/6-31G**, HF/6-31+G*, and MP2/6-31G* 

expected, significantly different. Since the calculated 
difference between TT and trans-gauche (TG)-pentane 
with the MP2/6-31G* basis set (670 cal/mol) agrees well 
with the experimental result (600 f 100 cal/moP), 
compared to calculated values of 960 cal/mol with 6-31G 
and 1000 cal/mol with 6-31G*, we have used the MP2/ 
6-31G* values as our reference energies. 

The situation with respect to the frequencies is of a 
different nature. In brief, we find that only the 6-31G 
basis set permits satisfactory scaling to give acceptable 
frequencies and eigenvectors over the entire range.30 We 
initially tried scaling all basis sets with either 9 diagonal 
internal coordinate scale factors, these 9 diagonal plus 4 
off-diagonal scale factors, or 12 diagonal local symmetry 
coordinate scale factors. In all cases except for 6-31G and 
MP2/6-31G* we found that well-assignedCH2 wag (at 1365 
cm-') and CH3 symmetric bend (at 1374 cm-l) modes came 
out 20-35 cm-l too high (and sometimes in reversed order, 
even compared to correctly ordered unscaled modes), and/ 
or some CH2 and CH3 rock modes below 900 cm-' were 
15-20 cm-' too high, and/or CCC deformation and skeletal 
torsion modes showed significant discrepancies. While 
the first two problems could be corrected with the MP2/ 
6-31G* basis set and symmetry coordinate scale factors, 
the third could not (deformation modes were in error by 
-30 cm-I). With the 6-31G basis set and local symmetry 
coordinate scale factors, all of these problems were 
corrected and the final root-mean-square discrepancy with 
experimental bands below 1500 cm-l was a respectable 4.9 
cm-', with only one mode in this case having an error as 
large as 11 cm-I. Since we are matching calculated 
harmonic frequencies with observed anharmonic modes, 
this level of agreement can be considered quite satisfactory, 
and we therefore used the 6-31G basis set with the scale 
factors of TT-pentane for the force fields of all conformers. 
When applied to TTT-hexane, for example, well-assigned 
bands below 1500 cm-l were reproduced with a root-mean- 
square error of 4.7 cm-'. 

Spectroscopically Determined Force Field. The 
SDFF that we seek to derive for the linear alkanes is a 
MM potential that should be transferable between the 14 
conformers of n-pentane and n-hexane. Its intrinsic 
geometry parameters and intrinsic force constants together 
with the nonbonded parameters are required to reproduce 
the ab initio geometries and energies as well as the 
vibrational frequencies of the scaled ab initio force fields. 
This result is achievable because it is possible, first, to 
transform analytically the ab initio geometry and force 
field for a given structure into a MM energy function25 
and, second, to optimize the nonbonded parameters under 
the condition of common intrinsic parameters.26 To make 
such a function compatible with all conformers, however, 
we must be sure that all appropriate conformation- 
dependent terms are included in the potential. Our 
insistence on spectroscopic reproducibility has led to 
important insights into new terms that must be included 
in V, and we consider first their incorporation into the 
potential. 

We model the potential energy by the function 

Here the q:s are internal coordinates with reference values 
qio. In the SDFF method the force field is repeatedly 
transformed between Cartesian and internal coordinates, 
and it is therefore necessary to use a set of nonredundant 
valence coordinates. To make it easier to study in detail 
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Figure 1. Structure of 2’2’-pentane, with atom numbering to 
define coordinates of Table I. 

the structure dependence of certain force constants, the 
internal coordinates were made nonredundant simply by 
defining only one torsion coordinate for each CC bond 
and by leaving out one valence angle a t  each C(sp3) group. 
(This is an arbitrary choice, but the force field can always 
be transformed into any other nonredundant (or redun- 
dant) basis.27) Thus, for torsions not involving methyl 
groups, the CCCC dihedral angles were chosen as coor- 
dinates, and for each methyl torsion the CCCH dihedral 
angle closest to 180° was used. As for the angle coordinates, 
the methylene HCH angles were dropped, and in each 
methyl group the HCH angle sharing no CH bond with 
the selected methyl torsion coordinate was dropped. 

Fii and Fij are intrinsic quadratic force constants, which, 
of course, are not equal to the scaled ab initio force 
constants but are obtained after transforming the latter 
set into the format of eq 1. It should be noted that the 
transformation does not depend on using only quadratic 
terms: it is entirely feasible, for example, to replace 
harmonic bond-stretching terms by Morse functions. The 
torsion potential, Vb,, is composed of ordinary cosine 
components 

(2) 

where N is the periodicity and 4 the torsion angle. The 
nonbonded potential, Vnb, contains Lennard-Jones func- 
tions that account for the van der Waals interactions and 
Coulomb terms that describe the electrostatic interactions. 
Test calculations were made with van der Waals 12-6 
potentials, but the results proved to be better using the 
9-6 form. Thus, for the nonbonded potential energy we 
have the following expression 

1 v,, = -V,(l f cos N4)  2 

AiAj B$j QiQj 
CVnb = C y - -  +- (3) 

( i j )  rij rij 4TKCgij 

where rij is the distance between atoms i and i, Ai and Bi 
are respectively the repulsive and attractive van der Waals 
parameters of atom i, Qi and Qj  are the partial charges on 
atoms i and j ,  eo is the permittivity of free space, and K is 
the dielectric constant (taken as 1). As usual, the 
summation runs over all atom pairs in positions 1,4 and 
higher. 

The Fij can be conformation dependent, and we discuss 
now the nature of such terms. As has long been 
the force constant for interaction between two angle 
coordinates that form a dihedral angle is modulated by 
the cosine of the torsion angle. In a spectroscopic force 
field this effect is often blurred by the implicit nonbonded 
interactions, but i t  becomes explicit in MM force fields. 
In the present force field we have three such force 
constants: F(CCC-CCC#2), F(CCC-CCH#2), and F(CCH- 

Table I. Internal Coordinates, Instrinsic Force Constants, 
Reference Geometry, and Nonbonded Parameters  in  SDFF 

for Linear Hydrocarbons 

force ref 
coordinate’ exampleb constantc geometryd 

CM 
MH 
cc 
CH 
CMH 
CMH2 
HMH 
ccc 
CCH 
CCt 

C C C C  
MH-MH 
CH-CH 
CC-CCH 

CC-CCH#P 
CC-CCC 
CC-CCC#2 
CC-CCt 
MH-XMH 

CH-CCX 

CMH-CMHwC 
CMH-CMH2wC 
CMH-HMHwH 
CMH-HMHaC 
HMH-HMHwH 
CCC-CCHwC 
CCC-CCH#2 
CCC-cCC#2 
CCH-CCHwC 
CCH-CCHwH 
CCH-CCHaC 
CCH-CCH#P 
CCH-CCtin’ 

CCH-CCtout’ 
HCH-CCtout’ 
CCt-CCt 

c2c1 
C1H7 
C2C3 
C2H9 
C2ClH7 
C2ClH6 
H6ClH7 
ClC2C3 
ClC2H9 
H6ClC2C3 
ClC2C3C4 
ClC242C3 
ClH6-ClH8 
C2H942H10 
ClC2-ClC2H9 
ClC2-C2ClH6(7,8) 
ClC2-C2C3Hll 
ClC2-ClC2C3 
ClC2-C2C3C4 
C2C3-ClC2C3C4 
ClH642ClH6  
ClH6-H7ClH6 
ClH6-C2ClH7 
C2HWlC2C3 
C2ClH7-C2ClH8 
C2ClH742ClH6 
C2ClH7-H6ClH7 
C2ClH7-H6ClH8 
H6ClH7-H6ClH8 
ClC2C3-ClC2H9 
ClC2C3-C2C3Hll 
ClC2C3-C2C3C4 
ClC2HWlC2H10 
ClC2H943C2H9 
ClC2HW3C2HlO 
C3C2HW2C3Hll 
C2ClH7-H6ClC2C3 
C3C2HWlC2C3C4 
ClC2HWlC2C3C4 
H6ClH7-H6ClC2C3 
c1c2c3c4-C2c3c4c5 

599.4 1.526 
687.9 1.083 
580.2 1.528 
653.7 1.084 
166.1 110.5 
175.7 110.8 
162.1 108.3 
229.3 113.0 
186.6 109.1 
12.2 3-fold 

6.4 
5.8 
7.2 

35.4 

-&le 
28.7 

-14.6e 
-6.0‘ 
20.7 

-23.7 

81.7 
86.5 
87.7 
80.4 
78.0 

103.8 
-18.lg 
-26.08 
84.8 

101.4” 
86.4 

-14.W 
3.6 

4.9 
4.9 

-1.5 

atom Aj l3J @ 
C 177.00 30.51 -0.2;’ -0.3” 
H 25.73 5.00 0.1 

M methyl C. t: torsion. #2: one atom shared (not apex atom), 
cosine modulation. w: two atoms (including apex atom) shared. a: 
one atom (apex atom) shared. See Figure 1. Units: energy in kcal/ 
mol, length in A, angle in rad. Bond lengths in A; bond angles in 
deg. eF’ in eq 5. fGI in eq 8 . 8 P  in eq 4. “Fo in eq 6. ‘The force 
constant is taken to be positive if the following kind of triple product 
is greater than zero (cf. Figure 1): C3C2 X C3C4C3H12. j Coefficients 
in eq 3. In units of the electron charge. For CH2. For CHs. 

CCH#2). (The coordinates are defined in Table I and 
Figure 1.) Thus, for example 

F(ClC2C3-C2C3C4) = I;a(ClC2C3-C2C3C4) 
cos(c1c2c3c4) (4) 

We also found a similar torsion cosine modulation for the 
interaction between an angle and a bond in a configuration 
where the bond shares one of the angle’s end atoms but 
not the apex atom. Two force constants of this type were 
found to be significant, namely, F(CC-CCH#2) and F(CC- 
CCC#2). Thus, for example 

F(ClC2-C2C3C4) = ~(ClC2-C2C3C4) 
cos(c1c2c3c4) (5 )  

Although the cosine modulation does not completely 
explain the conformation dependence of these force 
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approximation from its nonstrained value by multiplying 
by the coefficient A 

1 2 1  A 

A 

'2 124 125 i 2 6  '2 '  178 ' 2 9  '30 

Alpha [degj 

Figure 2. Dependence of P(CCH-CCHwH) on a, the angle 
between the CCH planes of the CC(H)C group: (0) equilibrium 
conformations; (A) nonequilibrium conformations. 

constants, it does so sufficiently well to warrant the 
presence of these force constants in the MM force field. 

A more complicated form of structural dependence was 
found for the angle force constants in the methylene group. 
We noticed that in the sterically strained conformers some 
of the angle-angle interaction force constants were up to 
20 % larger than their average and that some of the diagonal 
angle force constants were up to 10% larger than the 
average. Neglecting to use such larger force constants 
caused frequency errors of up to 50 cm-l in the 1450-cm-' 
region. Attempts were made to attribute this increase to 
anharmonicity in the angle bending potential, but there 
was no clear trend relating the increased force constant 
values to the individual angle deformations. Since such 
large changes in the force constants should also be reflected 
in the geometry, a systematic study was undertaken to 
find out whether the behavior of the force constants could 
be related to changes in the angles between various planes 
in the methylene group. The study revealed that the force 
constant F(CCH-CCHwH) for interaction between two 
CCH angles sharing a CH bond has an almost linear 
dependence on the angle a between the CCH planes 
involved. This is shown in Figure 2.  The data points 
represent all the stable conformations of pentane and 
hexane and three additional nonequilibrium conformations 
of pentane. The solid curve in the figure has the equation 

and was obtained in a least-squares fit to the data points 
from the stable conformations only. If the force constant 
is given in units of kcal/mol.rad2 and the angle is given in 
deg, the constants in eq 6 have the values FO = 101.4 kcal/ 
mol.rad2, a0 = 124.5', C1 = 3.375, and CZ = 0.267. In the 
all-trans configuration a = a0 and F(a) is then equal to 
Fo. It should be noted that the other angle-angle 
interaction force constants in the C-CH2-C group did not 
exhibit such dependence on the angles between the 
respective planes. Nor did we find any other consistent 
pattern for the force constants. However, the values of 
the other force constants can be satisfactorily reproduced 
in every conformation by using coefficients derived from 
eq 6. We found in this connection that, whenever F(a) is 
large, both of the associated diagonals F(CCH) andF(CCC) 
are also large. F(CCH) can be obtained to  a good 

In each C-CHz-C configuration there are two a angles, so 
two coefficients, K ~ ( a 1 )  and K~(az ) ,  are needed to compute 
the values of each pair of CCH force constants. The CCC 
angle force constant of the group is then obtained by 
multiplication of the nonstrained value by the coefficient 

KC(a1,aZ) = [KH(a1) KJ3(a,)11i2 (7b) 
If the coefficients KH and Kc are thought of as correction 
factors associated with the angle coordinates and the 
correction factor for an interaction force constant is then 
the product of the coefficients for the two interacting 
coordinates, all the diagonal and interaction force constants 
come out close enough to their transformed ab initio values 
to give a good frequency agreement. Although the diagnoal 
angle force constants are strongly affected by the non- 
bonded interactions, the interaction force constant F(CCH- 
CCHwH) is not, so the correction factors are virtually 
independent of the nonbonded parameters. 

Interaction between a torsion and its central bond 
represents still another case where the force constant 
depends on the torsion angle. We found this force constant 
to have the form 

FRs = G4 sin N(4 - $o) (8) 
where 4 - 40 is the deformation of the torsion coordinate. 
This has a form different from that proposed by Allingerg 
and by Dinur and Hagler.7 However, eq 8 is in both 
qualitative and quantitative agreement with the trans- 
formed ab initio force fields in which FRI is zero or very 
small whenever the torsion coordinate is a t  an intrinsic 
maximum (or minimum). According to the previously 
suggested f0rme.17,~ the bond-torsion interaction potential 
energy is a t  its (negative) maximum at  the intrinsic torsion 
maxima. 

Cross terms involving torsion coordinates have to receive 
special treatment because a periodic torsion is not even 
approximately quadratic for large deformations from an 
intrinsic minimum. Even for moderate deformations, the 
curvature of a cosine torsion potential differs from that 
of a parabola, which should be taken into account in the 
cross terms of a realistic energy function. For very small 
deformations of a torsion coordinate, however, the torsion 
potential is almost quadratic and the cross terms involving 
it should then behave like ordinary quadratic cross terms. 
Thus, what is needed is a cross-term potential that is 
approximately quadratic for small deformations of a 
participating torsion but that for larger deformations 
correctly accounts for the torsion's nonquadratic curvature 
and for the periodicity. 

Consider a cross term involving a quadratic coordinate 
q and a torsion coordinate 4 of periodicity N. The criteria 
mentioned above are satisfied for deformations up to AT/ 
2N if the interaction potential energy is written as 

V,Q = F,& - q,)g(4) (9a) 
where 

In eq 9b, 40 is the nearest intrinsic minimum of the torsion 
potential and s is the sign of (4 - 40). The form of the 
function g(4) is analogous to the case of a quadratic 
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coordinate. For a quadratic coordinate q the diagonal 
potential energy term is V,, = (1/2)F,(q - qd2 .  For a 
cosine torsion potential the “diagonal” term can be written 

LF~2($)  2 (10) 

where VN is the intrinsic barrier height, and F+ is the 
torsion’s intrinsic force constant a t  $0. It is also easy to 
see that, for small deformations,g($) = $ - $0. This follows 
directly from eq 9b if cos N($ - $0) is replaced by the 
Taylor expansion 1 -l/@($ - $01~. 

Thus, for torsion deformations smaller than or equal to 
&?r/2N, eq 9a,b should give a reasonable description of 
the interaction potential energy. For still larger defor- 
mations, however, the potential energy becomes discon- 
tinuous unless certain modifications are made. This is 
seen as follows. Suppose that q - qo > 0. If $ is deformed 
in the positive direction to = $0 + d N  (top of the barrier), 
the interaction potential energy according to eq 9a,b is 
2F,& - qo)/N. On the other hand, if the torsion coordinate 
starts out from the next intrinsic minimum, i.e., $0’ = $0 
+ 27r/N, and is deformed in the negative direction to $ = 
$0’ - d N ,  the torsion coordinate arrives a t  exactly the 
same value as when i t  was deformed in the positive 
direction from $0, but now the interaction potential energy 
is -W,& - qo)/N, making the potential energy discon- 
tinuous a t  $ = $0 + a/N. 

In order to correct this, the following modifications must 
be made when the torsion deformation is larger than &T/ 

2N. First, the sign of the interaction force constant must 
be changed, and, second, the deformation of the torsion 
coordinate must be measured from the nearest intrinsic 
maximum instead of the nearest intrinsic minimum; that 
is, $0 in eq 9b must be replaced by = $0 + s?r/N. The 
sign factor in eq 9b must then also be replaced by s’ = -s. 
If these substitutions are made, the interaction potential 
energy is zero a t  $ = $0 f T/N and is everywhere 
continuous. Such behavior of the interaction energy is 
analogous to the case of two interacting quadratic coor- 
dinates, because near an intrinsic maximum the torsion 
potential resembles a parabola of negative curvature. This 
is also in agreement with the behavior of the force constants 
F(CCH-CCtout) and F(CCH-CCtin), which were indeed 
found to have changed their signs in the cis and 120° 
conformations of pentane. 

The angle-torsion cross terms are also fairly important. 
Their effect on the frequencies is 15-30 cm-I in the 1250- 
and 1460-cm-’ regions, and in the deformed hexane 
conformers they affect torsion angles by several degrees 
and carry a potential energy of up to 0.5 kcal/mol. 

The Vtor,tor terms in eq 1 behave like Vq,tor with the 
exception that the special treatment described above must 
now be applied to both interacting coordinates. 

Optimization of Spectroscopically Determined 
Force Field Parameters. The optimized nonbonded 
parameters in the SDFF were developed as follows. A 
significance test was fiist run on the force constant matrices 
in order to determine which elements are important to 
the vibrational frequencies. Geometrically equivalent 
parameters were then combined into groups, and the 
groups containing parameters significantly affected by the 
nonbonded interactions were included in the optimization. 
Altogether, 43 such groups were used (33 force constants 
and 10 reference geometry parameters). In the 4 con- 
formers of pentane and 10 conformers of hexane this 
comprised a total of 3797 data points. The torsion force 

constants and intrinsic minima were also included, except 
for the strongly deformed torsion angles in the highest 
energy conformation of pentane and the three highest 
energy conformations of hexane. The intrinsic equilibrium 
angles of these torsions were left out of the fit because the 
SDFF transformation does not handle them correctly. 
However, the force constants were included as a separate 
group (CCtdef), since all the strongly deformed torsion 
coordinates in the studied molecules are in the range 94- 
96O (+ or -1 and therefore should have about the same 
local force constant (second derivative). Although only 
part of the complete valence force field was explicitly used 
in the goodness-of-fit function, no force constants were 
dropped a t  this stage, and in the computation of the 
reference geometry parameters the full force constant 
matrices were used. 

Early test calculations showed that the repulsive and 
attractive van der Waals parameters of the two different 
atoms defined (carbon and hydrogen) could not be 
optimized simultaneously, the reason being that the Ai’s 
and Bi’s are strongly correlated and that the valence 
parameters are much more sensitive to the Ai’s than to the 
Bi’s in the SDFF transformation. We therefore decided 
to optimize the repulsive parameters using the SDFF 
procedure and to optimize the attractive parameters to 
crystal structure and lattice energy data using the CFF 
m e t h o d . 5 ~ ~ ~ ~ ~ ~  This was done in a cycle of alternating SDFF 
and CFF optimizations. As initial values for the param- 
eters of the van der Waals interactions we took the 
Lennard-Jones 9-6 parameters given by Ermer and 
L i f ~ o n . ~ ~  Atom-centered point charges were kept fixed at  
the values given in Discover (Version 2.7.0, Biosym 
Technologies Inc., March 19911, i.e., +O.le for hydrogen 
and -0.3e and -0.2e for methyl and methylene carbons, 
respectively. From the initial Ermer-Lifson values, the 
repulsive parameters were first optimized using the SDFF 
procedure. The attractive parameters were then optimized 
to crystal data of ethane and pentane keeping the new 
repulsive parameters fixed. The optimized Bi’s were 
thereafter fed back into the SDFF calculation, and the 
Ai)s were reoptimized. This cycle was repeated until no 
significant changes resulted in the van der Waals param- 
eters. 

The optimization of the van der Waals parameters also 
yielded the pertinent values for the complete sets of valence 
force constants and reference geometry parameters that 
reproduce the ab initio Hessians and structures of each 
molecule. Although it is possible, a t  least in principle, to 
include the complete valence force field in the MM energy 
function, inclusion of very small cross terms is not required 
for most purposes. In practice, it is also difficult to find 
a consistent pattern for how small non-nearest-neighbor 
interaction force constants change with conformation. 
Primarily for the latter reason, the number of interaction 
force constants was reduced to include only those that 
clearly are important to the vibrational frequencies or the 
structures. Using the average values of the selected valence 
parameters, the ab initio structures, frequencies, and 
relative energies and barriers were all reasonably well 
reproduced. No CFF optimization to structures or energies 
was therefore made, with the exception that the trans- 
formed value, -12.1 kcal/mol.radA, of the bond-torsion 
force constant F(CC-CCt) was replaced by the value -6.0 
kcal/mol.rad.A, since otherwise it turned out to increase 
the affected CC bond lengths too much. This force 
constant has no effect on the vibrational frequencies, which 
were calculated with a root-mean-square deviation of 8.9 
cm-l. However, a subsequent CFF optimization to the 
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Table 111. Comparison of Geometries for Some 
Conformers of n-Pentane and n-Hexane from SDFF and 

Ab Initio Calculations 

Pentane 

TT GG' 
HFI MP21 HFI MP21 

paramete9 SDFF 6-31G 6-31G* SDFF 6-31G 6-31G* 

c1c2 1.532 1.531 1.527 1.531 1.532 1.527 
C2C3 1.534 1.533 1.527 1.538 1.538 1.531 
c 3 c 4  1.534 1.533 1.527 1.543 1.544 1.538 
c 4 c 5  1.532 1.531 1.527 1.533 1.534 1.529 
ClC2C3 112.8 113.0 112.8 115.9 115.6 115.0 
C2C3C4 113.4 113.4 113.4 116.3 115.8 115.0 
C3C4C5 112.8 113.0 112.8 114.5 114.8 114.3 
HClC2C3 180.0 180.0 180.0 174.1 174.4 174.8 
ClC2C3C4 180.0 180.0 180.0 61.4 62.8 60.7 
C2C3C4C5 180.0 180.0 180.0 -90.4 -93.5 -94.2 
C3C4C5H 180.0 180.0 180.0 178.6 -179.4 180.0 

Hexane 

GGG TGG' 
HFI MP21 HFI MP21 

paramete9 SDFF 6-31G 6-31G* SDFF 6-31G 6-31G* 

c1c2  1.532 1.532 1.527 1.531 1.532 1.527 
C2C3 1.537 1.537 1.531 1.534 1.534 1.527 
c3c4  1.539 1.538 1.532 1.539 1.538 1.532 
c4c5  1.537 1.537 1.531 1.543 1.545 1.538 
C5C6 1.532 1.532 1.527 1.533 1.534 1.529 
ClC2C3 114.5 114.2 113.7 112.2 112.4 112.2 
C2C3C4 116.2 115.8 114.9 116.2 115.7 115.6 
C3C4C5 116.2 115.8 114.9 116.3 115.5 115.1 
C4C5C6 114.5 114.2 113.7 114.5 114.5 114.3 
HClC2C3 177.1 175.1 175.1 178.9 179.6 179.4 
ClC2C3C4 62.3 61.7 59.4 174.3 175.2 174.6 
C2C3C4C5 60.2 59.6 56.7 60.6 63.9 61.0 
C3C4C5C6 62.3 61.7 59.4 -90.0 -96.4 -93.6 
C4C5C6H 177.1 175.1 175.1 178.6 -179.9 180.0 

GGG' GG'G 
HFI MP21 HFI MP21 

paramete9 SDFF 6-31G 6-31G* SDFF 6-31G 6-31G* 

c1c2 1.532 1.532 1.527 1.532 1.534 1.529 
C2C3 1.536 1.537 1.530 1.542 1.544 1.537 
c3c4  1.540 1.540 1.533 1.541 1.540 1.534 
c 4 c 5  1.543 1.544 1.537 1.542 1.544 1.537 
C5C6 1.532 1.534 1.529 1.532 1.534 1.529 
ClC2C3 114.5 114.1 113.7 114.4 114.6 114.3 
C2C3C4 117.6 116.9 116.7 117.7 117.1 117.0 
C3C4C5 116.5 115.5 115.3 117.7 117.1 117.0 
C4C5C6 114.9 114.9 114.9 114.4 114.6 114.3 

ClC2C3C4 62.4 64.9 62.2 91.0 93.9 91.3 
C2C3C4C5 63.9 65.1 63.1 -60.5 -65.8 -62.0 
C3C4C5C6 -89.7 -95.6 -91.6 91.0 93.9 91.2 
C4C5C6H 179.9 -178.4 -177.6 -177.9 179.8 179.9 

HClC2C3 178.0 176.3 176.3 -177.9 179.9 180.0 

a Bond lengths in A; bond angles in deg. 

somewhat from the obvious ones (see Table 111, but in the 
final MM force field the true periodicity is, of course, used. 
The computed torsion angles are therefore less directly 
dependent on the SDFF reference geometry but are to a 
very large extent determined by the nonbonded interac- 
tions. This is especially true for the strongly deformed 
torsion coordinates (the ones near 90') since they were 
not included in the fit of the nonbonds. The good 
agreement between the SDFF and ab initio torsion angles 
is therefore an indication, together with the reproduced 
crystal data, that the Lennard-Jones 9-6 potential, and 
the parameters optimized in this work, give a good 
description of the true van der Waals interactions. 

The relative energies of the stable conformers of pentane 
and hexane are compared in Table IV, where we give the 
component contributions and relative energies a t  the 

Table 11. Ab Initio Geometries and SDFF Reference 
Geometry Parameters and Their Ranges for Conformers of 

n-Pentane and n-Hexane 
ab inito SDFF para- 

meteP mean min max stdevb mean min max s t d e ~  
CM 
MH 
cc 
CH 
CMH 
CMH2 
HMH 
ccc 
CCH 
CCt 

1.532 1.531 1.534 
1.085 1.082 1.086 
1.537 1.533 1.545 
1.087 1.085 1.089 
111.3 110.5 112.3 
111.0 110.6 111.3 
107.7 107.4 107.8 
114.4 112.4 117.1 
109.0 106.8 110.2 
-0.4 -7.7 7.3 

0.001 
0.001 
0.003 
0.001 
0.5 
0.2 
0.1 
1.2 
0.6 
3.8 

1.526 
1.083 
1.528 
1.084 
110.5 
110.8 
108.3 
113.0 
109.1 
-0.5 

1.526 1.528 
1.079 1.085 
1.526 1.534 
1.081 1.086 
110.0 111.0 
110.5 111.0 
108.2 108.6 
111.9 113.9 
108.3 110.1 
-4.8 6.2 

0.001 
0.001 
0.002 
0.001 
0.2 
0.1 
0.1 
0.5 
0.3 
1.7 

a M methyl C. Bond lengths in& bond angles in deg. Standard 
deviation. 

frequencies was done for some of the force constants in 
order to compensate for the many omitted cross terms. 
The force constants then changed very little, but the root- 
mean square deviation dropped to 6.9 cm-'. 

Results 
The optimization procedure described above led to a 

reasonable reduction in the ab initio force constant set 
(1035 for n-pentane conformers and 1485 for n-hexane 
conformers) to a common set of 35 diagonal and off- 
diagonal intrinsic quadratic force constants. These plus 
the 14 geometry, nonbonded, and partial charge param- 
eters define our SDFF. The definitions of the nonredun- 
dant coordinates are given in Table I, together with the 
final intrinsic geometry parameters, force constants, and 
nonbonded parameters. 

The values and ranges of the ab initio and SDFF 
reference geometry parameters for all the conformers of 
n-pentane and n-hexane are given in Table 11. The 
computed reference geometry parameters are consistent 
with the MM model. The non-methyl CC reference bond 
lengths have a standard deviation of 0.002 A from the 
mean value of 1.528 A, the largest deviation being 0.006 
A. Similarly, the computed reference values for the CCC 
angles have a standard deviation of 0.5" from the mean 
value of 113.0°, and there are no deviations larger than 
1.1' while in the a b  initio structures the CCC angles cover 
a range of 4.7". The computed torsion reference angles 
are more scattered and have a standard deviation of 1.7O 
from the fixed values given by the periodicity (i60" or 
MOO), and the deviations range from -4.8" to +6.2O. In 
comparison, the ab initio torsion angles have a standard 
deviation of 3.8" from the intrinsic minima, the differences 
ranging from -7.7" to +7.3O. 

Some of the SDFF energy-minimized structures are 
compared with the ab initio structures in Table 111. The 
agreement is good, with the SDFF CC bond lengths within 
0.002 A, the CCC bond angles within lo, and the CC torsion 
angles within 6' of the corresponding HF/6-31G values. 
The MM bond lengths and bond angles depend largely on 
the reference geometry parameters, which were obtained 
in the SDFF transformation from the HF/6-31G structures 
and force fields. Even if a discrepancy were present in the 
nonbonded parameters, the transformation would try to 
change the reference geometry so as to make the complete 
energy function still yield the ab  initio geometry. It is 
therefore not surprising that the bonds and angles are 
close to the HF/6-31G values. The torsions, on the other 
hand, have a fixed periodicity and thus always have the 
same "reference angles". The SDFF transformation 
actually produces reference torsion angles that differ 
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Table IV. Relative Energies of Canformers of nPentane 
and n-Hexane 

SDFF (Hartree-Fock)* 

SDFF for Macromolecules. 1 6837 

conformef VaC Vbrd V d  V$ re1 SDFF (CFFP MP2h 
~~ ~ ~~ 

Pentane 
T T  0.16 0.00 1.98 5.31 0.00 0.00 0.00 
TG 0.21 0.15 2.00 5.79 0.70 0.69 0.67 
GG 0.36 0.11 1.91 6.44 1.37 1.34 1.09 
GG' 0.39 1.72 1.93 6.50 3.09 2.89 3.19 

Hexane 
TTT 0.20 0.00 2.44 5.36 0.00 0.00 0.00 
TTG 0.25 0.14 2.45 5.85 0.69 0.68 0.63 
TGT 0.26 0.16 2.47 5.72 0.60 0.59 0.64 
TGG 0.41 0.11 2.34 6.34 1.21 1.19 1.03 
GTG 0.28 0.37 2.43 6.34 1.41 1.37 1.23 
GTG' 0.33 0.29 2.49 6.32 1.43 1.40 1.41 
GGG 0.54 0.11 2.24 6.95 1.84 1.80 1.42 
G'GT 0.41 1.92 2.42 6.26 3.00 2.69 3.06 
GGG' 0.57 1.93 2.18 6.96 3.63 3.34 3.57 
GG'G 0.66 3.45 2.22 6.99 5.33 4.85 5.70 

T trans (4 % 180'). G :  gauche (6 L= 60'). G': gauche' (4 
-60'). SDFF energy (in kcal/mol) calculated at HartreeFock 
minimum structure (with CFF-optimized parameters). Valence 
energy (see eq 1). Torsion energy (see eq 2). e van der Waals energy 
(see eq 3). f Coulomb energy (see eq 3). SDFF energy (in kcal/mol) 
calculated at CFF-minimized geometries. Ab initio energy (in kcal/ 
mol) calculated with the MP2/6-31G* basis set. 

30 90 150 
TORSION ANGLE 

210 

-120 -60 0 so 
TORSION ANGLE 

Figure 3. Comparison of ab initio (*) and SDFF (0) barriers 
of n-pentane. (a) TT (180", 180') to T G  (180°, -60"). (b) CG 
(-60°, -60') to GG' (-60°, - -90'; or -SOo, - -60'). 
Hartree-Fock, the CFF-minimized, and the MP2-mini- 
mized structures. The TT -. TG and GG - GG' barriers 
of pentane are graphically compared in parts a and b of 
Figure 3, respectively. (Note that the two minima in Figure 
3b correspond to the equivalent GG' and G'G structures.) 
There is a fair agreement between the SDFF and MP2/ 
6-31G* energies. There are a few large differences, such 
as the pentane barrier height in the cis conformation which 
is 12% smaller than the MP2 barrier, and the relative 
energy of the GGG conformer of hexane which is calculated 
27 % higher than the MP2 energy. These are significant 
differences that cannot be ignored. We believe, however, 
that they are mainly due to the charges. The charges 

Table V. SDFF Structures. and Lattice Energies" of 
Crystal Structures of Ethane, nBentane, and n-Hexane 

molecule a b c a @ y  
ethane calcd 4.306 5.534 5.588 90.0 89.9 90.0 

expC 4.226 5.623 5.845 90.0 90.4 90.0 
n-pentane calcd 4.13 8.690 14.852 90.0 90.0 90.0 

expe 4.10 9.076 14.859 90.0 90.0 90.0 
n-hexane calcd 4.14 4.45 8.61 96.9 88.4 102.6 

e x p  4.17 4.70 8.57 96.6 87.2 105.0 

E 
-4.42 
-5.26d 

-10.4 
-1l.lf 
-12.4 
-13.2h 

Unit cell lengths in A; unit cell angles in deg. b In kcal/mol. 
Reference 35. Reference 32. e Reference 36. f Reference 38.8 Ref- 

erence 37. Reference 39. 

strongly affect the relative energies and are in some cases 
probably in error. In GG-pentane, for example, the MM 
relative energy of 1.34 kcal/mol is 23% off the MP2/6- 
31G* value of 1.09 kcal/mol, but the contribution from 
the chargesis as large as 1.13 kcal/mol. Similarly, in GGG- 
hexane, which has a MM relative energy of 1.80 kcal/mol, 
as much as 1.60 kcal/mol comes from the charges, the MP2/ 
6-31G* energy being only 1.42 kcal/mol. On the other 
hand, in cases where the charge interactions are less 
significant the relative energies are in excellent agreement 
with ab initio. For instance, in the 120° (top of the barrier) 
conformation of pentane where the charges contribute only 
0.14 kcal/mol, the MM barrier height is 3.45 kcal/mol and 
the MP2/6-31G* barrier is 3.37 kcal/mol. In fact, the entire 
TT -. TG barrier is not much affected by the charges and 
is very well reproduced in the MM calculation. A few test 
calculations were made in which different charges were 
tried out. We then found that, if the charges on all the 
hydrogen atoms are increased to +0.115e, and the carbon 
charges are correspondingly changed to -0.230e and 
-0.345e for methylene and methyl carbons, respectively, 
the cis barrier that is now too low improves by -0.5 kcal/ 
mol but the relative energies that are already too high 
become even larger. Thus, no clear net improvement 
results from increasing (or decreasing) the point charges 
across the board. This may suggest that the charges 
depend on conformation or that atomic point charges are 
not sufficient to describe the electrostatic interactions. In 
the present study, we did not set out to find optimal 
electrostatic interactions, since they only seem to have a 
small (indirect) effect on the SDFF quantities that are 
currently our main interest, namely, the force constants, 
the intrinsic geometry, and the van der Waals parameters. 

The computed and experimental crystal structures of 
and hexane?' and their lattice en- 

ergies,32*38*39 are given in Table V. The hexane crystal 
data were not used in the optimization but were computed 
as a check. 

The ranges of some of the MM force constants that 
resulted from the SDFF transformations from ab initio 
for all the conformers of pentane and hexane are presented 
in Table VI. As is seen from this table, the SDFF force 
constants do not show large deviations among the studied 
conformers. It is interesting to compare these force 
constants with the scaled ab initio values. The ranges of 
the corresponding ab initio force constants are also shown 
in Table VI. The transformed force constants are generally 
smaller than the ab initio values. As expected, the angle 
bending force constants are those that changed the most. 
One of the biggest differences occurs for the CCC angle 
force constant. In the scaled ab initio force field it ranges 
from 252.8 to 311.6 and has a standard deviation of 16.3 
from the mean value of 273.9 kcal/mol.rad2. In the SDFF, 
on the other hand, it is between 220.3 and 233.7, with a 
standard deviation of only 3.5 from the mean value of 
229.3 kcal/mol.rad2. Another force constant that changed 
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Table VI. Variations of Some Ab Znitio and SDFF 
Force Constants 
ab initio SDFFb 

force st st 
constanta meanc min max de@ meanc min max de@ 

ccc 
CCH 
CCt 
CCtdef 
cc-cc 
CC-CCH 
CC-CCHP2 
CC-CCC 
CC-CCC#2 
CC-CCt 
CCC-CCHwC 
CCC-CCH#2 
CCC-CCC#2 
CCH-CCHwC 
CCH-CCHwH 
CCHCCHaC 
CCHCCH#2 
CCt-CCt 

273.9 252.8 311.6 16.3 229.3 220.3 233.7 
196.1 186.7 218.9 6.0 185.3 180.9 189.2 
16.5 12.5 37.4 4.4 12.2 9.5 18.2 
29.8 22.0 38.9 8.5 2.9 0.3 4.1 
17.9 14.5 22.7 2.5 6.4 4.5 7.9 
40.4 36.4 48.4 2.3 35.4 30.0 42.0 
0.3 -4.8 6.1 3.6 -8.1 -16.3 -2.7 

48.7 37.5 58.9 5.5 28.7 20.9 33.7 
18.3 8.5 44.3 6.8 -14.6 -21.7 -8.3 
-0.5 -9.2 5.7 7.9 -12.1 -13.2 -10.9 

108.8 99.2 124.7 5.4 103.8 98.9 107.8 
1.8 -7.8 18.7 9.1 -18.1 -26.4 -13.2 

18.3 8.5 44.3 6.8 -26.0 -36.0 -22.8 
89.6 81.9 100.1 3.9 86.3 84.3 88.9 

106.0 96.8 126.9 7.1 101.1 98.7 103.2 
90.8 83.7 101.1 3.8 87.5 85.7 89.6 
2.4 -6.3 16.8 8.8 -12.9 -17.3 -7.4 

-2.8 -5.4 9.8 2.7 -1.1 -1.9 4.6 

3.5 
1.6 
1.5 
1.6 
0.8 
1.9 
2.9 
3.0 
4.5 
1.1 
1.4 
2.1 
2.7 
0.8 
1.1 
0.7 
1.9 
1.2 

a See Table I and Figure 1 for definitions of coordinates. CCtdef: 
force constant in conformers with highly deformed torsion angles. 
b Before CFF optimization. Units: energy in kcal/mol, length in A, 
and angle in rad. Standard deviation. 

radically in the SDFF transformation was CCtdef, which 
pertains to the strongly deformed torsion coordinates. 
CCtdef is not a real force constant or MM parameter but 
describes the local curvature of the intrinsic torsion 
potential a t  the actual geometry. In the transformation, 
CCtdef changed from 29.8 to 2.9 kcal/mol-rad2 (average 
values). The transformed values are very small, as they 
should be, since the second derivatives of the cosine torsion 
potential are also small at the torsion angles in question. 

The vibrational frequencies are in excellent agreement 
with the scaled HF/6-31G values. The root-mean-square 
frequency deviation for all 720 frequencies is 6.9 cm-', 
with 462 frequencies (64%) being within f5 cm-l of the 
ab initio values and 635 frequencies (88%) being within 
A10 cm-l. There are 9 frequencies that are off by 20-25 
cm-l. These are partly due to the fact that we have omitted 
all angle-angle interactions between coordinates that do 
not share a bond or the apex atom. Although some of 
these longer range interaction force constants are large 
enough to affect the frequencies to some degree, they have 
not been included in the MM force field because they 
depend on the structure in a nonobvious way. However, 
in any simplified valence force field, where hundreds of 
interaction force constants have been left out and average 
values are used for the remaining ones, a few larger 
frequency deviations are only to be expected, since some 
of the omitted or modified force constants are bound to 
affect some frequencies in the same direction, thus causing 
an accumulation of error. For 2'2'-pentane, the root-mean- 
square error of the SDFF with respect to the observed 
frequencies below 1500 cm-1 is 10.3 cm-l (the standard 
deviation is 7.1 cm-'1, with two frequencies being in the 
25-30-cm-l range. The comparable root-mean-square 
error for 2'2'2'-hexane is 10.7 cm-' (with a standard 
deviation of 7.2 cm-l). This is to be compared, for example, 
to root-mean-square errors of 30.6 cm-' for an early MM 
functionm (although this might be improved by subsequent 
inclusion of vibrational frequencies in the optimization22) 
and at least 90.1 cm-l for the AMBER, 82.6 cm-l for the 
CHARMM, and 30.0 cm-' for the Discover potential 
functions (based on a sequential matching of assigned 
bands,29 since symmetry species were not available). The 
MM3 potential gives a root-mean-square error of -50 

Table VII. Observed, Ab Znitio, and SDFF Frequencies of 
Some n-Hexane Conformers 

1383- 1378 
1369 1376 
1370 1357 
1353 1349 
1307 1311 
1307 1307 
1301 1300 
1280 1281 
1242 1252 
1225 1228 
1179 1184 
1143 1151 
1067 1069 
1064 1068 
1041 1043 
1008 1007 
996 997 
898 894 
898 893 
886 877 
798 794 
735 734 
721 723 
467 467 
370 365 
303 298 
256 257 
241 245 

154 
133 
101 
77 

a See ref 30. 

~~ ~~~~ ~ 

1376 1378 1377 1380 1380 1379 
1374 1378 1377 
1354 1359 1362 
1344 1343 1343 
1324 1343 1341 
1321 1314 1318 
1311 1293 1293 
1274 1287 1287 
1272 1252 1250 
1230 1224 1223 
1209 1167 1164 
1132 1136 1142 
1061 1088 1094 
1057 1056 1059 
1038 1042 1038 
1008 1004 1009 
1002 951 950 
902 903 908 
896 869 863 
874 869 861 
797 772 775 
729 758 766 
705 725 724 
473 488 492 
368 387 
292 304 
260 302 
249 244 
151 201 
125 139 
106 113 
77 50 

1378 
1360 
1349 
1339 
1337 
1291 
1273 
1245 
1222 
1158 
1148 
1091 
1062 
1051 
1019 
944 
927 
856 
854 
761 
756 
733 
500 
389 
302 
295 
253 
201 
136 
113 
52 

1377 
1356 
1343 
1342 
1338 
1288 
1274 
1262 
1220 
1157 
1127 
1119 
1056 
1040 
1018 
958 
920 
874 
821 
787 
754 
713 
449 
385 
336 
288 
230 
225 
140 
123 
82 

1374 
1361 
1351 
1334 
1326 
1276 
1273 
1240 
1226 
1148 
1140 
1118 
1053 
1049 
1009 
955 
904 
870 
832 
790 
757 
728 
466 
375 
325 
287 
238 
233 
138 
126 
91 

cm-l for molecules in this class.40 In Table VI1 we compare 
some of the SDFF frequencies of three conformers of 
n-hexane with the ab initio values and with observed 
bands. The conformational dependence is well charac- 
terized, and thus, in spite of the omission of so many 
interaction force constants, our SDFF gives a very rea- 
sonable reproduction of vibrational frequencies. 

The vibrational spectrum can also provide a sensitive 
test of the nonbonded part of the force field through an 
examination of the low-frequency crystal lattice vibrations. 
These may be an even better indicator than the experi- 
mental lattice energies, which are obtained after theoretical 
corrections to the heats of evaporation and In 
Table VI11 we present the low-frequency results of a crystal 
normal-mode calculations on triclinic n-hexane3' using our 
SDFF and the 0 K minimized structure (Table V). These 
are compared with Raman (20 KI4l and inelastic neutron 
scattering (9 K)42 data and with calculations by oth- 
ers?141,43944 Our predictions of the three lowest-lying 
librational modes are better than the others except for 
Brunel and D o w s , ~ ~  in whose calculation the influence of 
the three lowest internal modes was accounted for by 
mixing through their frequency parameters. The SDFF 
predictions of the higher crystal frequencies are also quite 
reasonable, in view of the difference of the SDFF with 
respect to the ab  initio isolated chain frequencies, the 
(unknown) difference between the 0 and 9 K crystal 
structures, the possible effects of anharmonicity,44 and 
the density-of-states representation of the inelastic neutron 
scattering spectrum. Another, more demanding, test is 
provided by crystalline n-pentane, which has four mol- 
ecules per unit cell36 and therefore has translational as 
well as librational lattice modes. In Figure 4 we compare 
the mass-weighted squared hydrogen atom eigenvectors 
from a crystal normal-mode calculation (0 K structure) 
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Table VIII. Low-Frequency Modes of 0 K Crystalline a-Hexane 

INS" Rb v(A1)~ v(SDFF)d v(SDFF)d v ( W u e  dW)f v(BDIb v(TASD)t 
55 53 64 49 55 59 66 
71 74 68 51 33 71 80 
93 81 90 14 76 89 100 
105 I1 I1 100 114 
124 101 106 135 150 
142 133 125 148 161 
182 174 154 151 171 189 
241 252 245 249 251 210 
256 257 260 277 216 
303 312 298 292 322 
310 374 365 368 378 
461 461 413 481 
Reference 41. * Reference 40. Reference 30. This work. e Reference 39. f Reference 43. g Reference 42. 

v(obs) isolated chain CWStal 

U % I  

Figure 4. Comparison of inelastic neutron scattering peaks of 
9 K n-~entane'~ with mass-weighted squared hydrogen atom 
eigenvectors from SDFF crystal normal-mode calculation of 
optimized (0 K) structure. 

with the neutron scattering data.42 The agreement is 
generally quite good, except for the discrepancy between 
the calculated -294-cm-1 modes and observed 259-cm-' 
peak (which may be due to the particular dispersion curve 
for this mode). These results thus indicate that we have 
refined a very satisfactory (if not yet perfect) nonbonded 
potential. 

Discussion 
The SDFF method constitutes an alternative to other 

force field developing s c h e m e ~ ~ ? ~ ~  that rely on molecular 
data derived from ab initio calculations. An advantage of 
the SDFF procedure is that it offers a convenient self- 
consistent way to obtain both van der Waals parameters 
and valence parameters that are refined for spectroscopic 
accuracy. Since the method does not employ any least- 
squares fitting to ab initio potential energy surfaces or 
derivatives but makes a direct transformation of these 
into MM quantities, correlations between the valence 
parameters or between the van der Waals and the valence 
parameters are not a problem, and the computed valence 
parameters are not 'contaminated" by the nonbonded 
interactions. In fact, the implicit relations between these 
two types of parameters are what is utilized in the 
optimization of the nonbonds. Fortunately, the charges 
do not significantly affect the valence parameters and do 
not have to be optimized simultaneously with the van der 
Waals parameters. Further, only energy-minimized struc- 
tures are needed in the calculations, although nonequi- 
librium conformations can be used for checking purposes. 
This increases the reliability of the SDFF energy function 
because the ab initio second derivatives used in the 
transformation can be properly scaled. 

The results produced by the application of the SDFF 
method derived in this work are in good, although not 
perfect, agreement with ab initio and (where available) 
experimental data. Some of the larger discrepancies 
concern the relative energies. For the stable conformers 
that have too low SDFF relative energies, we found that 
significantly better agreement with the MP2/6-31G* values 
was obtained when the energies were computed (without 
minimizing) a t  the HF/6-31G geometries. For example, 
the three highest conformations of hexane then have SDFF 
energies of 3.00,3.63, and 5.33 kcal/mol, respectively. This 
shows that the too low energies are to a large extent caused 
by the (small) differences between the SDFF and ab initio 
minimized structures. The too low barrier at the cis 
configuration of pentane, however, is due to other reasons. 
Deficiencies in the charges were previously mentioned as 
a possible explanation. A higher barrier could also be 
obtained by introducing additional torsion terms. At  least 
l-fold and 2-fold torsion terms would be theoretically 

However, the barrier between the TT and TG 
conformers of pentane is well reproduced with the 3-fold 
terms only, which indicates that the mentioned extra terms 
would not suffice and that the final torsion potential would 
become fairly complicated. Therefore, and because of the 
uncertainty regarding the charges, we have used only the 
3-fold torsion terms. Similar conclusions were also drawn 
by Smith and Karplusl' in a recent computdional study 
of some organic molecules. 

Another way of improving the energies, as well as other 
results, could be to alter the form of the van der Waals 
potential. The parameters that we have derived here are 
optimal for the Lennard-Jones 9-6 form (with regard to 
the ab initio HF/6-31G force fields and structures), and 
like Dinur and Hagler7 we found that the 9-6 function is 
better than the 12-6 form. However, test calculations 
showed that a Lennard-Jones 8-6 potential might be still 
better for the purpose of reproducing the ab initio relative 
energies and structures. Buckingham potentials were not 
tested but would probably yield comparable results. Thus, 
the question of the ultimate form of the van der Waals 
potential remains open. 

Despite the above problems, our SDFF gives better 
predictions than other MM potentials. In Table IX we 
compare the torsion angles and energies of pentane 
conformers predicted from ab initio, SDFF, and two 
current MM potentials-those of MM3g and Discover. We 
see that the latter, while predicting fairly well the 
undeformed torsion angles, does poorly, in distinction to 
the SDFF, in predicting the highly deformed torsion. The 
energies of all the conformers are predicted high by the 
MM functions (and would be significantly higher for GG' 
if calculated at  the correct geometry), whereas the SDFF 
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Table IX. Comparisons o f  Torsion Angles and Energies of 
Pentane Conformers from Ab Initio, SDFF, MM3, and 

Biosym Potentials 
conformer HF/6-31G MP2/6-31G* SDFF MM3" Discoverb 

TG r l  176.6 

GG 71 62.0 
72 61.7 

GG' 71 62.8 
r2 -93.5 

T2 66.5 

TG 0.96 
GG 1.80 
GG' 3.81 

a Reference 9. * CFF 91. 

Torsions 
176.0 
63.8 
59.3 
59.3 
60.7 

-94.2 
Energies 

0.67 
1.09 
3.19 

177.6 
65.6 
63.1 
63.1 
61.4 

-90.4 

0.67 
1.34 
2.82 

178 
65 
62 
62 

77 66 
-78 -a2 

0.86 0.89 
1.62 1.69 
3.51 3.42 

energies are closer to the MP2 values. Of course, the SDFF 
provides a much better frequency agreement than do the 
other MM potentials. 

In conclusion, we find that the SDFF procedure is not 
only realizable but that it provides a MM force field that 
is superior in predicting structures, energies, and vibra- 
tional frequencies than previous potentials. It should, 
therefore, also be more reliable for molecular dynamics 
calculations of long alkane chains. Such applications to 
polymer chains will be dealt with in forthcoming publi- 
cations. 
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