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I, A FORCE FIELD FOR ETHANE: INVESTIGATION OF AB INITIO
AND MODEL CONSTANTS, AND CALCULATION OF SECONDARY

ISOTOPE EFFECTS UPON MOLECULAR STRUCTURE

A, Derivation and Description of the Force Field
l. Introduction

It is difficult to derive all quadratic and cubic
force constants for even simple molecules from experimental
data. Methane and ethane may be considered to be fairly
simple molecules; yet some of the methane cubic constants
are not known1 and even the complete set of quadratic con-
stants of the ethane force field is not known accurately.
Experiment offers no simple way to gauge the importance of
several interactions in contributing to an accurate repre-
sentation of the ethane potential surface. Further infor-
mation on both guadratic and higher-order interactions
would be useful in improving so-called model force fields,
which are used to calculate a variety of structural, vibra-
tional, and thermochemical data. In addition, certain
cubic force constants may be used to calculate the second-
ary isotope effect upon the carbon-carbon bond length in
ethane, a piece of information which would be of interest

to structural chemists and which has proven difficult to

determine expcrimentally.2

One approach to determining a complete force field
for ethane is the use of ab initio calculations of the

energies of various molecular conformations. A number of



molecular force fields have been determined using single-
determinant self-consistent field calculations3; such
fields are not completely satisfactory, as the quadratic
constants tend to be too high and the cubic constants too
low. Ilowever, it is possible to use ab initio methods to
compute the energy contribution of any component of the
force field, some of which information has been inacces-
sible experimentally to date. While some computed force
constants may be only semiquantitatively correct, they
provide at least rough guidelines for determining the
importance of certain interactions.

The ability to assess the importance of a given inter-
action will probably become of prime importance in improv-
ing existing model force fields. These ars intended to be
simplified representations of the generalized potential
surface of a given class of molecules (e.g., hydrocarbons,
amines, etc.) which may be used to calculate various
pieces of information about molecules belonging to the
given class. Intensive research into molecular mechanics
over the past few years has led to the formulation of a
number of hydrocarbon force fields4; all of these reproduce
a large body of information to within the order of magni-
tude of the experimental accuracy, but the calculated
values of some items of interest are poor. So far, no
field has shown itself to be clearly superior to the
others. There are a number of different schools of thought

on the best way to construct a model force field; however,



one idea that is held by all is that, ideally, the set of
model force field constants must be completely transferable
within the given class of molecules. This implies that

the components of the model force field must be physically
reasonable separately if the field is to be more than a
mathematical interpolation scheme, valid only for reproduc-
ing those pieces of data which were used in its optimiza-
tion. However, the parameters of many model force fields
tend to be highly correlated, which leaves the physical
significance of the individual parameters somewhat ques-
tionable. In addition, the high parameter correlation can
obscure the possible importance of certain interactions
which have been left out of the force field. The ab initio
force constants may be used both to evaluate the physical
plausibility of certain models embodied in model force
fields and to determine the importance of various inter-
actions, as shown below.

One of the major reasons for computing the ab initio
force field of ethane is to investigate the validity of
including anharmonic repulsive atom-atom terms for 1..3
(geminal) interactions in a hydrocarbon model force field.
Almost all model force fields neglect these; those that do
not (see ref. 4a; also Part II of this thesis) have not
been shown to be clearly superior or inferior to the other
fields in reprocdlucing observed data. Because certain
quadratic interaction constants are formally equivalent

to combinations of first and second derivatives of the



geminal nonbonded potential functions, comparison of the
ab initio interaction constants with the corresponding
constants evaluated from the nonbonded potential functions
can indicate whether the nonbonded functions provide the
proper balance of forces. If it is possible for a well-
balanced set of nonbonded interaction potentials to pro-
vide proper values for a number of quadratic interaction
constants, then a modified Urey-Bradley model force field
may perform as well as a general valence-type model force
field and be more economical of parameters, which is to be
desired. 1In addition, a modified Urey-Bradley model force
field may formally include some anharmonic interactions
which are not usually included in general valence-type
model force fields: if the ab initio values of at least
some anharmonic constants are not negligible and if a
well-balanced set of nonbonded interaction potentials can
reproduce the values of these constants, the modified
Urey-Bradley functional form is to be preferred over the
general valence-type functional form commonly used for
model force fields. Pulay and Meyer have computed the
quadratic force constants of ethane from ab initio data3b:
however, they derived no values for anharmonic constants,
although the deformations that they used are large enough
to show some effects of anharmonicity (Pulay has subse-
quently extracted some cubic constants from the energy
data used in ref. 3b; these have approximately the same

magnitude as those determined previously in the course of
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this research™ )., Because of this, and because of the

fact that Pulay and Meyer used a slightly different basis
set than the one used in this research, it was necessary

to recompute the quadratic constants of the force field.

2. Calculations

The method used to determine the force constants
may be briefly surmarized as follows: the value of the
energy at a number of points on the ethane potential sur-

face was determined via an ab initio method, a form for the

force field was assumz2d, and the best fit of the force
constants to the energy data was obtained using least
squares methods. While this is less efficient than Pulay's
method,3a there was a ready supply of energy data and the
least squares processing required neither vast amounts of
computer time nor great effort to set up. The energies of
appropriate conformations which were supplied by this
laboratory were calculated by Dr. Warren J. Hehre of the
University of California at Irvine using his computer
program GAUSSIAN 705.

Molecular electronic energies were calculated for a
number of deformations along various symmetry coordinates.
The energies were calculated using single determinant ab
initio molecular orbital theory at the split wvalence shell,
4-31G level. Deformation energies, designated below as v,

were obtained for each conformation by subtracting the



electronic energy of the minimum energy structure from the

electronic energy of each conformation. The force field

was then defined by

3 2
V=12 £XF..S.S. + IF,,..S,” + L IF,,.S.°S. . . (1)
i3 137173 g 1ii7i ity iij=i 75

where the Fij' F
the Si are the symmetry coordinates, which are defined in

iii’ and Fiij are the force constants and

Table I. Since the equilibrium structure of ethane is not
known with great precision, the Si were evaluataed relative
to the equilibrium structure suggested by the ab initio
calculations themselves., The approximate equilibrium
structure which had been derived from the calculat’ons was

Toy = 1.083 A, o = 1.529 A, and angle HCC = 107.70°,

The derived C-I bond length is a bit shorter than the
equilibrium bond length in methane, estimated to be 1.085

A by Kuchitsu and Bartell6 and computed to be 1.091 A by

Meyer.3b Electron diffraction studiess'2c imply that the
C-H bond length in methane is 0.003 A shorter than that in
ethane, while 4-31G calculations make the difference 0.002
A, The derived C-C bond length is slightly greater than
the estimated equilibrium length of 1,526 A, which was
derived from the electron diffraction rg value.2c The
derived HCH angle is also slightly larger than its experi-
mental counterpart: the thermal (0° K) average (rz) HCH

angle is estimated to be 107.4°.7 The equilibrium struc-
q

ture derived from the force field after the constants had



Table I, Symmetry coordinates for ethane®

lg:
s, = 6725, (ax; + arg.)
s, = 1272z (a0, + 86,0 -8l (ay; + Ay )]
Sy = AR__
Alu:
Sy =1
Azu:
Sg = 6'1/zzi(Ari - Arg,)
S¢ = 12'1/2[Azi(aei - 58;,)-B] (Ay; = 8y )]
Eu:
s, = 12"1/2{(2Ar1—Ar2-Ar3)-(2Arl.-Ar2.-Ar3.)l
Sg = 12‘1/2[(2A91-A92-A93)—(2ael.-Aez.-Ao3.)]
Sy = 12"1/2[2A¢1—A¢2—Aw3)-(zawl.-awz.-Aw3.)l
Eg:
Sy = 12"1/2[2Arl-Ar2-Ar3)+(2Arl.-Arz.-Ar3.)]
Sy, = 12-1/2[(2A61-A02-A93)+(2A61.-A62.-A93.)l
S12 = 1271210280 0y, =00,) + (200, =80y, =805.) ]
a

A= [2y/(+0 12, B = [2/004v)1Y2, § = 12coszwe/(4-

3siny_), ¥, = equilibrium /HNCC. At v, = 109.4712°,

Yy=A=B-=1,



been fitted to the energy points was only negligibly dif-
ferent from the assumed equilibrium structure: the new

structural parameters were Yoy = 1.0834 A, Ioc

and angle HCIl = 107,7258°, Schwendeman has recommended8

= 1,5289 A,

that theoretical force constants be calculated from experi-
mental rather than theoretical equilibrium structures so
that the effects of anharmonicity upon the quadratic force
constants will be minimized. The quadratic force constants
are equal to the second derivatives of the potential energy
with respect to the given coordinates; for a bond stretch,
the second derivative of the Morse curve is k(1 - 3ax +
+es), where x = r - r_. Since a is around 2 a™l for many
bonds, a shift of the derived r, from the true r, of 0.01
A may alter a force constant by about 6%. Bending force
constants are less sensitive to the precise values used

for the equilibrium structure. While an error of 6% cer-
tainly is not negligible, it is tolerable for the purposes
for which the force field is designed to be used. Also,
since the ab initio equilibrium structure is quite close

to the experimental equilibrium structure (as far as the
latter is known), it would seem prohable that the errors

in the stretching force constants arising from the use of
the ab initio equilibrium structure are less than 6% (this
estimate includes only the error expected to arise from an
incorrect choice of the equilibrium structure). In view

of the well-known shortcomings of ab initio force fields

(alluded to in the Introduction), uncertainties of such



magnitude are not a cause of undue concern. 1In any event,
even if the uncertainties in the interaction constants
were greater than 6%, the ab initio results would still be
more precise than those available from experiment.

The deformations for which molecular energies were
calculated ranged up to 0.056 A for C-H stretches, 0.04 A
for the C-C stretch, and 7° for the bends, which magnitudes
were large enough to show sizeable effects arising from
anharmonicity. The final scheme adopted for the extrac-
tion of the force field from the array of potential ener-
gies was as follows: first, the diagonal force constants
Fii and Fiii (and, for Alg' Fi) were derived by least
squares analyses of the data for deformations along pure
symmetry coordinates, An attempt was made to compensate
for the effects of quartic contributions (which were small)
to the Alg deformation energies by including diagonal
quartic terms, with the values of the Fiiii determined by
giving the ratios Fiiii/Fiii their Morse curve values.
Once the diagonal constants were derived, the interaction
constants were determined from the energies for mixed
deformations. In the case of important quadratic inter-
action constants, which were expected to have good-sized
magnitudes and about which several potential energies
contained information, the energy contribution arising
from the diagonal terms was subtracted from each of the

relevant energy points and the interaction constants were

‘derived by least squares analyses of the enerqgy remainders,
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Table II. Ab Initio Symmetry Force Constants for Ethane
with Estimated Errors due to Round-Off,2

Energy in Mdyne-A.

Symmetry Class Quadratic Anharmonic
Alg Fiq = 5.861(4) Fij11 = —2.086(10)
Fop = 0.754(1) Fyne = 0.081(2)
Fa3 = 4.877(50) Fi33 = =3.909(2)
Fi, = 0.150(4) Fi73 = 0.1446(3)
Fi3 = 0.204(6) Fhoy = =0.262(1)
F,3 = -0.581(1) Fi33 = -1.48(15)
Fh33 = 0.45(2)
Fi133 = 10.9(30)

linear coefficients:

Alg
Fy) = -0,0114(3), F, = -0.0027(1), Fy = 0.0025(4)
A,y Feo = 5.868(6)
Fee = 0.689(1)
Fee = 0.186(1)
Eu F77 = 5,762(6) F8888 = 0.4(3)
F88 = 0.687(1) F9999 = 0.,83(15)
Fgg = 0.605(12)
F,g = =0.195(1)
Fog = 0.093(1)
Fgq = 0.018(8)
Eg F10,10 = 5,675(6) F10'10'10=—1.513(30)
Fll,ll = 0.724(3) F11,11,11=-0'007(5)

F12,12 = 1.001(12) F12'12'12=-0.071(20)

FlO,ll = =0.199(40)
F10,12 = 0.196(49)
Fll,lZ = ~-0,029(20)
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Table II continued.

Symmetry Class Quadratic Anharmonic

Mixed F553 = 0.144(30)
Fog3 = 0.132(30)
F10’10’3=0.160(30)
Fegs = -0.172(6)
Fggy = 0.014(30)
Fgg3 = ~0.466(6)
F11,11,3=0'043‘30)
F12’12'3=—0.456(6)
Faq3 = —0.165(5)
Foge = 0.282(50)
F,gg = —0.173(10)
Fy99 = 0.089(20)
F2’11,11=—0.175(10)

1

2'12'12=0.132(18)

4 Last figure in parentheses corresponds to last decimal

in listed value.
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Cubic interaction constants and small quadratic inter-
action constants about which few of the calculated poten-
tial energies contained information were obtained from
sets of pairs of molecular deformations for which the sums
(or differences) of energies would cancel contributions
from most interactions, isolating the contribution from
the interaction of interest. Differences between the
original energies and those calculated from the derived
force constants were, for the most part, of the order of
the round-off errors in the former values. The derived
force constants, along with their estimated uncertainties
(see below), are given in Table II. Table III lists the
molecular confiqgurations used in the computations, along
with the associated energies and residuals.

There were no immediately available ab initio data
from which the stretch-torsion-torsion constant, F344,

could be evaluated directlv. Illowever, since a number of

ab initio calculationsg'10 indicate that there is an appre-

ciable change in the C-C bond length when ethane moves from
its staggered to its eclipsed conformation, it may be
assumed that F344 is not negligible. When 4-31G methods
were used, the difference SR between minimum energy C-C
bond lengths for eclipsed and staggered ethane {(no other
internal coordinates were allowed to relax) was computed
to be 0.015 A, It was assumed that the C-C bond length

varies with the torsional angle Tt as
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R=R, = (1 - cos3t)8R/2 (2)
or, if t is small,

R - R 9126R/4 (3)

[

The important associated terms in the potential energy are,

for S3 = R - Re and S4 =T,
V(S,,S,) = =+« + 1/2 F..5.%2 + F...5.8.2 4 «o. (4)
3'V4 3373 344¥ 374
from which
daV/3S5., = F_.S. + F S 2
3 3373 34474 (5)
= 0 at minimum Vv
which implies
(S.) = -F,,,S,2/F (6)
3"min 34474 33

Comparing equations (3) and (6) one finds that

Figg = —9F336R/4 (7)

The computed value of F344 is given in Table II.

It is not immediately obvious that the method des-
cribed above is the best way to derive the force field
from the available data, Illowever, a number of different
schemes were tried, and the one described above gave the
smallest residuals and lowest uncertainties overall. One
definite advantage of deriving the force constants using a

series of least squares analyses of subsets of the data,
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as opposed to fitting all of the force constants to all of
the data simultaneously, was that interaction constants
which initially had been assumed to be negligible but
which were not could be spotted fairly easily. Therefore,
the derived values of the force constants cannot be very
heavily influenced by cubic and higher-order interactions
which were erroneously assumed to be unimportant. It was
observed that the values of the bulk of the force constants
seemed independent of the scheme used to extract them from
the molecular energy information. Therefore, it may be
assumed that the force field provides a good representa-
tion of the potential surface as described by the ab initio
enerqgy data.

Because of the method hy which the force constants
were derived, the proper way to determine the uncertainties
in the derived values was not obvious. The processes of
fitting the force constants to the energy data using a
number of different schemes gave rough indications of the
degrees of uncertainty in some of the force constants. In
order to get more information on the magnitudes of the
uncertainties, an error analysis was done assuming that
(1) all of the constants had been fitted to all of the
data simultaneously, and (2) the residuals were random.
Though these conditions were not fulfilled by the fit of
the force field to the data, it was assumed that the anal-
ysis would yield results which could be used along with the

indications of the uncertainties in the force constants
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from the various fitting schemes to give reasonable uncer-
tainty estimates. For the most part, the uncertainties
obtained from the error analysis paralleled those which
would have been estimated from the variation of the force
constants over the various fitting schemes. The estimated

uncertainties are given along with the force constants in

Table IT.

3. Results

As stated before, the force constants are tabula-
ted in Table II. Table IV compares the force field
derived in the course of this research with that of Pulay
and Meyer,Bb the experimental force fields of Hansen and
Dennison11 and Duncan,12 and force constants derived from
two model force fields which were formulated prior to the
determination of the ab initio force field. Table V com-
pares selected cubic constants with the corresponding
quantities computed from nonbonded interaction potentials
used in a modified Urey-Bradley model force field (see
Part II of this thesis).

The model force fields with which certain ab initio
force constants are compared in Tables IV and V represent
twvo rather different approaches to the formulation of model
force fields. The first is the recent "consistent force

field" of Ermer and Lifson,13 while the second is the

modified Urey-Bradley field described in Part II of this
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Table IV, General Valence Force Constants for
C2H6, energy in mdg.
Calculated Experimental
Constant ab initio CFF Steric H&Dd JLD®
Mo? Model®  ModelS
kr 5.767 4,735 - - 5.35 4,810
kR 4.877 4.483 - - 4,57 4.450
krr 0.049 0 0.327 -0.02 0.045
kkR 0.083 0 0.447 0.0 (0)
krr' -0.030 0 0 0.08 -0.036
krr'B 0.013 0 0 -0,04 0.015
kre - kreB -0.197 0 -0.161 -0.11 -0.076 .
krlp -krwﬁ 0.145 0 0.234 -0.04 (0.076)
AkreB - Bkrwﬁ 0.194 0 0.165 -0.52 0.074
AkRe - Bka -0.335 -0.267 -0.359 -0.33 -0.282
kre' - krG'B -0.002 =( 0 -0,02 (0)
krw' - krw'B 0.052 =0 0 -0.17 (0)
Akre'B - Bkrw'B 0.009 =0 0 -0.10 (0)
ke - kee 0.706 0.549 - - 0.62 0.560
kw - kww 0.803 0.672 - - 0.75 0.682
ﬁggk- kfwgzk -0.006 0 0 -0,04 0.008
00 Yy
--AB(kelp + ke¢e)] -0.018 -0.055 0 0.06 -0.012
kee. - kee'e 0.019 =0 0 -0.02 -0.006
kww' - k‘w.B 0.198 0.104 0 0.13 0.139
key, - kewie -0.024 0 0 0.09 0.005
(A kee'B+B k‘w.B
-AB(ka'+k6w'B)] -0.039 -0.035 0 -0.09 -0.,024
a

This work.

interactions.

Reference 13.

Reference 1l1.

e

€ Based solely on geminal

Reference 12.

Constrained to be the negative of the previous value.
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Table V. Selected Anharmonic Force Constants for Ethane
with Estimated Errors due to Round-Off.

(-]
Energy in mda

Force Constant ab initio geminal
MO steric
model

Diagonal Stretch

Fi1n -2.086 (10) - -
F3a3 -3.909 (2) - -
F10,10,10 ~1.513 (30) - -

Diagonal Bend

F 0.081 (2) 0.050

222 (0.069)2
Fll,ll,ll -0.007 (5) -0.014
F12,12,12 -0.071 (20) -0.070

Coupling Fiij
i=stretch,j=3

Fl13 0.1446 (3) -0.578
F553 0.144 (30) -0.578
F.”,3 0.132 (30) -0.578
F10,10,3 0.160 (30) -0.578

i=bend, j=3

F223 -0.262 (1) -0.335
‘F663 -0.172 (6) -0.335
F883 0.014 (30) 0
Fll,11,3 0.043 (30) 0
F12'12'3 -0.456 (6) -0.611

i=torsion,j-3
Fasa3 -0.165 (5) 0
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Table V. Continued.

Force Constant ab initio geminal
MO steric
model
i=bend, j=2
F222 0.0381 (2) 0.050
F266 0.282 (50) 0.149
F,gs -0.173 (10) -0.218
F299 0.089 (20) 0.174
F2,11,11 -0.175 (10) -0.218
F2,12,12 0.132 (18) 0.174
Miscellaneous
F122 - - -0.14
F133 -1.48 (15) -1.92
F1,11,11 - -0.10
Fy33 0.45 (2) 0.94
Fi133 10.9 (30) 2.3
Foggg 0.4 {3) = =
F9999 0.83 (15) - =

This constant also includes vicinal gauche H...H inter-
actions,
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thesis. A "consistent force field," or CFF, is derived by
assuming a functional form for the model force field and
then deriving the parameters by a least squares analysis
of a variety of vibrational, conformational, structural,
and thermochemical data. The form of the CFF examined in
this research is that of a valence force field with addead
interactions; no geminal (l..3) nonbonded interactions are
considered explicitly, but terms which might be considered
to arise from geminal nonbonded interactions are included
in the force field. The modified Urey-Bradley field, on
the other hand, was constructed by combining components
which were separately physically reasonable in order to
approximate the aliphatic hydrocarbon potential surface
described by the force fields of Schachtschneider and
Snyder.14 This model field has been fairly successful in
reproducing experimental data (as has been the CFF). As
implied by the name, the form of the modified Urey-Bradley
field is closely akin to that of the "classical" Urey-
Bradley force field; geminal nonbonded interactions are
included explicitly, using the same nonbonded interaction

potential functions as are used for the 1..4 and more dis-

tant interactions.

The model force field "force constants" displayed in
Tables IV and V were obtained by taking the second and
third derivatives of the model potential surfaces with
regspect to the given symmetry coordinates. For all but
one constant, which is noted, only the contributions from

the derivatives of the geminal nonbonded energies were
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considered. The geminal nonbonded contribution to Fi
2

J

from interaction k1l is 93 vkl/asiasj, while that to Fiij is

a3vkl/asizasj' These derivatives were evaluated numeri-

cally and, in some cases, checked analytically. The com-
parison of the quadratic force constants is given in terms

of those for a general valence force field

2V = EIKk..R.R. (8)
i 137173

Interactions are identified in Figure 1. The relations
governing the transformation of the Fij into the ki‘ are
given in Table VI, Geminal nonbonded components of the

kij were derived from Shimanouchi's Urey-Bradley equa-

tions15 by identifying the Urey-Bradley F' and F with
a¥v k1 k1

51 respectively.
kl

rklavkl/arkl and -

4. Discussion
a. Quadratic Force Constants

Due to the lack of experimental values with which
the ab initio force constants may be properly compared, it
is difficult to judge how well the force field represents
the true ethane potential surface. Some differences
between the force constants derived in this research and
those determined by Pulay and Meyer were to be expected:
different basis sets were used, there were slight differ-
ences in the reference structures adopted, and the deforma-

tions from which Pulay and Meyer derived their quadratic
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Table VI. Transformation of symmetry force constants
to valence force constantsa

kr = 1/6(Fll + Fss + 2F77 + 2F10'10)

kr = F33

Kpp = L/6(Fyy + Fgg = Foqy = T 14)

kKer = 6—1/2""13

Kppr = 1/6(F)y = Fgg = 2F,5 + 2F 4 1)

Keprg = 1/6(Fy) = Fgg + Fuyg = Fpp 10)

Krog Krog = 1/2(Fqg + Fi4 1))

krw "krwe = 1/2(F,q + Fig,12)

AkreB'BkrwB=1/6[21/2(F12+F56"A‘F78+F10,11’+B‘F79+F10,12”

Akpe = By, = 37/2%p, .

Xrgt = Kegrg = 1/2(-Fyg + Fy4 19)

Kpyt Kpyrg = 1/2(=Fyq + Frg 45)

Akrs'e-nkrw'gzl/ﬁ[21/2(Flz'F56)+A(F78‘F10,11"B(F79‘F10,12”

kg = kgg = L/2(Fgg + Fyy 4,)

Ky = Ky = 1/2{Fgg + Frp 1)

Koy ~ Koy, = 1/2{Fgg + F1y,12)

Azkee+82kww—AB(kew+kewB)=
1/6[2‘F22+F66)'AZ(F88+F11,11"32(F99+F12,12"AB(F89*F11,12”

Kgor ~ kee'8 = 1/2(-Fgg + F1y 11)

Kppr ~ kww'B = 1/2(-Fgq + F1, 1))

Koyt 'kew'B = 1/2(-Fgq + F1; 1)
2

2
A kGB'B + B k¢W'B - AB(ka' + kQW'B

2 2
1/6[2(F22—F66)+A (r88-F11’11)+B (ng-F12,12)+AB(F89-

) =

Fy1,121

A= l2v/e1t2, 8 = 12700012, v < 12c08%_/-

. 2
(4-3sin we).
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force constants were comparable in magnitude to those from
which quadratic and cubic (and in some cases even quartic)
force constants were derived in the course of the present
research, lHNowever, these differences, as may be seen in
Table IV, are quite minor. Certainly the two ab initio
force fields are in closer agreement than are the ab initio
force fields detailed in Table II and the experimental
force fields. As was to be expected, the diagonal quad-
ratic ab initio force constants agree better with the force
constants of Ilansen and Dennison than with those of Duncan,
since Hansen and Dennison made approximate corrections to
the normal mode frequencies in order to remove the effects
of anharmonicity while Duncan did not. The discrepancies
between the ab initio and the experimental force constants
are not too disturbing, since each of the experimental
force fields has its flaws. Very few constraints were
placed on llansen and Dennison's least squares fit of the
potential constants to their corrected frequencies; conse-
quently, the interaction constants contain a fair amount
of scatter. Duncan avoided this problem by imposing a
larger number of constraints, but the zero values assumed
for some constants influenced thz2 values derived for others.
In addition, his constants are contaminated by anharmon-
icity effeccts.

In view of the stated purpose of using the ab initio
force constants to assess various model force fields, the

comparisons of ab initio and model interaction constants
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listed in Table IV are particularly interesting. As can
be seen, those interaction constants which are included in
the CFF agree in sign and in approximate magnitude with
the ab initio constants (those constants listed as "=0" do
not include the effects of nongeminal H..H interactions,
but according to the CFF, these should be small), However,
the CFF assumes zero values for a number of stretch-bend
constants for which the ab initio values are not negli-
gible. Turning to the results from the modified Urey-
Bradley model field, one seecs that while it seems to pro-
vide a fairly good representation of the ab initio stretch-
bend constants, it implies stretch-stretch constants which
are several times as high as the corresponding ab initio
constants., Here, too, one non-neqgligible ab initio inter-
action constant (k¢¢' - kwwé) is assumed to be zero in the
modified Urey-Bradley field.

Possible reasons for the poor performance of the modi-
fied Urey-Bradley model field in reproducing the ab initio
values of the stretch-stretch constants may relate to some
observations which have been made in different contexts.
Urey-Bradley analyseslG have indicated that while halogen-
halogen intramolecular repulsions seem to follow "normal"
classical nonbonded force laws, H...H geminal interactions,
as represented by the Urey-Bradley interaction FH...H-
(ArH...H) » seem to have anomalously low energies (see the

discussion in the Appendix to Part II of this thesis). A

possible explanation for this observation is suggested by
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examination of the general valence force field-type inter-

actions which are contained in the term FH H(ArH H)2.

One of these is the stretch-stretch interaction term,

Ar Arx . It has been suggested17 that geminal nonbonded
CHl CH2

interactions are not the only source of the C-H stretch-
stretch interaction energy, but that another interaction,
designated GAriArj, also contributes to the energy and
indeed makes the dominant contribution for large positive
or negative displacements. It has been speculated17 that
one function of the G interaction is to correct for the
tendency of hydrogens to lose their identity as they
approach the nucleus, forming a pseudo-united atom. Hence,
the geminal nonbonded interaction model implies an increase
in the stretch-stretch interaction energy as the protons
move toward the nucleus, while the G interaction model
implies that the same deformation will cause a decrease in
the stretch-stretch interaction energy. Considering the
functional form of the Urey-Bradley force field, where the
interaction AriArj enters the potential entirely as a
function of the nonbonded interactions, a good-sized H...H
force opposed by a fairly large GAriArj force could easily
produce an FH...H which would be anomalously small, A G
interaction has been suggested for the Urey-Bradley force
field of methane.l7 The importance of the G interaction
is also suggested by model force field calculations. An
interaction GAriArj was introduced into the modified Urey-

Bradlcy model force field in an attempt to improve the
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calculated C-H stretching frequencies (sece the Appendix to
Part II of this thesis). The magnitude of G was determined
by varying the constant so that the splitting of the
experimental C-II stretching frequencies was reproduced;
the final value obtained for G was ~0.28 mdyne/A. When
this G constant value is taken into account, the value of
krr implied by the modified Urey-Bradley model force field
is 0.047 mdyne/A, quite close to the ab initio value of
0.049 mdyne/A., This result indicates that the large dis-
crepancy between the ab initio krR and the modified Urey-
Bradley krR supports the inclusion of a GAriAR interaction

in the modified Urey-Bradley model force field.

b. Cubic Force Constants

All ethane cubic constants may be determined from
ab initio calculations. During the course of this research
only the Fiii (which are nonzero only for g symmetry

coordinates) and the Fiij for which j is an A coordinate

lg
were determined. The Fiii were determined along with the
other diagonal force constants. The Fiij were determined
so that they could be used in determining the secondary
isotope effect upon the C-C bond length, However, compari-
son of these ab initio constants with the corresponding
quantities determined from the modified Urey-Bradley model
force field can offer further insight into possible defi-

ciencies in the Urey-Bradley model force field.

The C-lI and C-C anharmonic terms were of particular
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interest in that they contained some indication as to
whether bonds in polyatomic molecules follow the Morse~like
pattern characterizing diatomic and at least some triatomic
molecules. As has been mentioned before, a Morse curve

can be written as (k/2)(x2 - ax3 + ...) where a is on the
order of 2 A-l for many diatomics. The a values implied
by the values derived for F,,, and F,;; are 1.8 A"l ana

1.7 A-l, respectively. As has been mentioned earlier, it
is widely believed that quadratic force constants from
self-consistent field wavefunctions tend to be high while
cubic constants tend to be low. This would seem to be
borne out by the present research. The calculated a values
are roughly what would be expected for Morse-like bonds,
but a for the C-H bonds is a little lower than estimated

in some previous work: an a value of 1.90 A-l has been
calculated18 from Meyer's methane force field,19 which
includes effects of electron correlation, while Kuchitsu
and Bartell6 estimated an a value of 2.00 A-l from spectro-
scopic and bond energy data.

No established rules for estimating the magnitude of
bending anharmonicities exist. There is evidence that
these are smallzo; therefore, while the structural para-
meters rg and r, are measurably different from each other,
the difference being attributable to bond stretching anhar-
monicity, oy and <oa> are usually taken to be identical,

consistent with the assumption of small bending anharmoni-

cities. The ab initio force field also supports this idea,
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for the computed Fyao is small (see Table II) and of the
magnitude given by the modified Urey-Bradley field (see
Table V). 1In extracting F222 from the model force field,
the contribution from the gauche 1..4 H...H interactions
was computed as well as those from the geminal H...H and
C...H interactions. These were found to be 0.019, - 0.014,
and 0,064 mdyne-A/radz, respectively. Contributions from
l..4 interactions should be smaller for other cubic con-
stants listed.

Examination of the model force field Fiij shows that
these seem to follow the same pattern as did the model
Fij constants: semi-quantitatively, the agreement between
the model and ab initio stretch-bend-bend (and pure bend)
Fiij is good, but the model force field provides a poor

representation of the pure stretching ab initio F.... 1In

iij
view of the improvements induced in the model field by the
introduction of the interaction GAriArj, it seems possible
that the model field would be further improved by the
addition of a stretch-stretch-stretch interaction constant.
However, even though the sign is wrong, the model stretch-
stretch-stretch constants do mimic the corresponding ab
initio constants in that each shows a lack of dependence
upon i. This is consistent with a model in which the
interaction of a given C-H bond with the C-C bond is inde-
pendent of the other C-ll bonds. The same lack of i-depen-

dence is shown by both sets of Fii3 and Fii2 constants

{for the 23 initio constants, this is obscured somewhat
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by normalization artifacts and the effects that would be
expected from the extraction scheme used). Therefore, the
general stretch~-stretch~stretch interaction model built
into the modified Urey-Bradley model force field shows
some similarity to that implied by the ab initio force
field, despite the lack of agreement between the inter-
action constant values from the two different sources.

In assessing the balance of the nonbonded interaction
forces, it is instructive to examine F,n, and Fo6g° These
are the only cubic constants in Table V which depend upon
both C...H and H...H forces. The quantitative agreement
of the model F,,, and Fo66 with the ab initio constants is
rather poor. This would seem to imply that there is room
for improvement in the balance between the H...H and C H

interaction potentials used in the model force field.

B. The Secondary Isotope Effect upon the C-C Bond Length

in Ethane
l. Introduction

Primary isotope effects upon molecular structure
are well understood, and the magnitude of such effects is
well documented. The apparent increase in the length of a
bond when one atom is replaced by a lighter isotope is
generally understood to be caused by the greater amplitude
of vibration of the lighter isotope in the Morse-like

anharmonic potential well. Secondary isotope effects, in
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which isotopic substitution has an effect upon an adjacent
bond, are less well understood. A number of years ago, it

2a,b

was predicted that deuterium substitution into a C-H

bond could cause a decrease in the length of an adjacent
C-X bond because, owing to its smaller amplitude of vibra-
tion, the deuterium atom is "smaller" than the hydrogen
atom and therefore repels the X atom less than does the
hydrogen atom. One reason why such an effect might be
important is its influence on molecular structures derived
from spectroscopic data. It turns out that derived para-
meters can be very sensitive to assumptions about changes
in the bond lengths upon isotopic substitution. Theoreti-
cally, structural parameters of great precision may be
obtained from microwave moments of inertia; therefore, a
firm estimate of the magnitude of the secondary effect is
needed in order that spectroscopists may avoid injecting a
major source of uncertainty into their structural deter-
minations.

Three previous attempts to determine the approximate
magnitude of the secondary isotope effect have been made.
It has proven to be a quantity which is difficult to derive
from experiment. Electron diffraction structure determin-
ations showed that the C-C bond length in CZDG is seemingly
shorter than that in C2H6' but the difference determined
(0.0016 A) was of the same order of magnitude as the uncer-

2c

tainties in the parameters. Microwave studies of CH,X

3
and CD3X show an apparent decrease (on the order of 0.001 a)
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of the C-X bond length in the deuterated species, but the
structural parameters obtained from microwave studies are
difficult to interpret physically. An estimate2a of 0.003
A for the decrease in the C-C bond length in deuteroethane
was made using crude estimateszl of nonbonded interaction
potential functions and the deuterium isotope effect upon
the nonbonded C...H amplitude of vibration in ethane. Aall
of these measurements and calculations suggest a struc-
tural secondary isotope effect of roughly the same order
of magnitude, but the validity of each is open to qguestion.

Therefore, the cubic constants of the ab initio force field

were used to obtain another estimate of the secondary iso-

tope effect.

2. Theory

If the force field is represented as

Vv=1/2 EZF..SiSj + L F..,5.5.5 + ¢, (9)
i

iy 9
then the effects of molecular vibrations on the mean dis-
placements <Si> may be derived by setting <-8V/3Si> equal

to zero.22 The result, through cubic constants, may be

written as
F<S> =§‘_, (10)

where F is the force constant matrix, <8> is the column

matrix whose elements are the displacements of the totally
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symmetric symmetry coordinates from the equilibrium struc-

ture, and Qis the column matrix whose elements are

S, = -3F,..¢<5.% -~ 2L F,, .<5.8.> - I F...<S§.2>. (11)
i iii Pi ipg 1130 iyy 13373

Equations (10) and (11) can be used along with the isotopic
shifts in the mean-square amplitudes to determine the iso-

tope effect upon a given symmetry coordinate, A<Si>. A<S3>

is expressed as

A<53> = A[§t3 - F13<Sl> - F23<S2>]/F33 (12a)

or

A<S.> = (F

-1 -1
3 AU‘l + (F )32Aé«2 + (F 7). A8, (12b)

1
31 33 3

The force constants needed have been calculated as dis-
cussed earlier. The other quantities needed could have
been calculated from the ab initio force field, but a

number of simplifications were made which relate to the

determination of the A<SiSj> and A<Siz>. These were calcu-

lated as follows: the A<Qiz> (the Qi are the normal coordi-
nates), which may be related to the quantities in question,

were obtained from the ethane and deuteroethane normal

12

mode frequencies using the following equation:

2

<% = (h/8ﬂ2vi)coth(hvi/2k'1‘). (13)

The Qi are related to the Si via the L matrix. Rather

than deriving the L matrix from the ab initio force field,
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Duncan's L matrix was used, since the Duncan field and the
ab initio field do not differ enough to make the difference
in L matrices a significant source of error. Values of

A<Siz> and A<Sisj> could be obtained from the values of

<Siz> and <Sisj> computed for ethane and deuteroethane.

3. Calculations and Results

Values of the A<Sisj>, calculated as described
above, are listed in Table VII. Values of Ad , Aé&, and
A3§ are given in Table VIII. The two sets of values given
here are the one obtained from the ab initio cubic con-
stants and the one obtained from the modified Urey-Bradley
model force field cubic constants. As may be seen, all of
the ab initio constants necessary for the evaluation of
Aéi and Aéb were not available; fortunately, the model
force field components (obtained as described above) sug-
gest that neglect of the interactions for which ab initio
constants were not available causes only minor errors in
the computed values. The isotope effects on the structure

of ethane calculated using the ab initio force field are

given in Table IX.

4, Discussion

The computed values of the secondary isotope
effect on the C-C bond length, 0.0015 A at 0° X and 0.0011

A at 298° K, are of the same order of magnitude as previous
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Table VII. Differences Between the Mean-Square Amplitudes

of the Symmetry Coordinates of Protiated and
Deuterated Ethane@

3

107 x A<Sis.>
Symmetry i,Jj 0°K K
Arg ,
CH , 1.67 1.67 A
cei , 5.88 5.70 rad?
ce , 0.06 0.05 a2
LI Y ] "0.28 -0.30 A-rad
e , 0.03 0.03 a2
L3 2'3 _0016 -0008 A_rad
Alu 2
T 4,4 10.0 3.8 rad
A2u 5
cH , 1.73 1.73 A
cCcH , 5.84 5.70 rad?
E, ,
ci 7,7 1.64 1.64 A
HCH 8,8 7.17 7.00 rad?
ccH 9,9 4.33 3.60 rad
E
g 2
CH 10,10 1.66 1.66 A
HCH 11,11 7.36 7.29 rad?
ccH 12,12 3.55 3.43 rad?

& All values except for
matrices in reference 10.

are significant.

A<SZ> are computed from the L
More figures are listed than
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Table IX. Isotope Lffects upon the Structure of Ethane.
Nuantities Listed are for Protiated Minus
Deuterated Calculated from ég Initio Cubic
Constants
. 3
Quantity x 10
0°K 298°K Units
A<Sl> 10.1 10.1 A
A<Sz>a -0.7 -0.8 rad
A<S3> 1.5 1.1 A
A<rCH> 4.4 1.4 A
b
A<A¢CCH> 1.6 0.2 deg

a Neglects
P pcaps =

effects of C-ll stretch and torsion.

2 e 2 2
(BW/BSZ)OA<SZ> + 1/2(3 w/aoz )°A<S2 >.
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measurements and estimates of the effect., This would rein-
force the impression that the magnitude of the secondary
isotope effect on the C-C bond length in ethane is on the
order of 0.002 A. There is some question as to the reli-
ability of the value calculated for the effect from the ab
initio force constants: the fit of the constants to the
energy data was not perfect, leaving some cubic constants
with rather large associated uncertainties, and then there
is the larger question of how good force constants calcu-
lated from ab initio data really are. However, a compari-
son of the primary isotope effect upon the C-H bond length
as calculated from the ab initio constants and as deter-
mined by electron diffraction2C provides some basis for
belief in the reliability of parameters calculated from

the ab initio field. The ab initio value for A<r is

cH’
0.0044 A, while electron diffraction suggests a value (*0)
of 0.0050 ¢+ 0,0006 A, which is similar to the value used
for the deuterium primary isotope effect in microwave
structure determinations. Therefore, while none of the
existing determinations of the secondary isotope effect
are unequivocably reliable, the approximate magnitude of
the effect for ethane is probably pretty well fixed at
0.002 A. Given the precision attainable in structural
parameters obtained from microwave data, some provision
for including secondary isotope effects should be made in

microwave studies.

Because part of the impetus for extracting the ab
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initio ethane force field was the hope that such a field
might provide information which would be helpful in formu-
lating model force fields, it is instructive to compare

the modified Urey-Bradley model field's and the ab initio
field's predictions of various quantities used in calculat-
ing the secondary isotope effect. Such a comparison can
aid in an assessment of the simple physical reason for the
secondary isotope effect given at the beginning of this
section, i.e. the "smaller size" of the deuterium atoms
relative to the hydrogen atoms. It is encouraging to see
that the ab initio and model results are, for the most
part, in at least semiquantitative agreement. The lone
exception to this is the contribution to 95 from the inter-
action of the C-Ill stretch with the C-C stretch. The short-
comings of the model field have been commented upon above;
the poor agreement here is probably another manifestation
of an interaction wich has been left out of the model
field. The agreement between all of the other model and
ab initio contributions is quite good, all things consider-
ed. Due to the model used, the secondary isotope effect

as predicted by the model force field has a steric origin.
The agreement between the various model and ab initio
quantities suggests that the ab initio calculations support

the steric explanation of the secondary isotope effect.,

C. Pinal Remarks

This research has generated information which may
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be used to evaluate and improve model force fields. A
comparison of results from two model force fields and the
ab initio field pointed out deficiencies in both model
fields. As is shown in the Appendix to Part II, adjusting
the modified Urey-Bradley field in the direction indicated
by the ab initio results has improved the field's ability
to reproduce experimental quantities. Therefore, there is
reason to believe that the ab initio force field could be
used to advantage in systematically improving model force
fields. The semiquantitative agreement of many of the
quantities calculated using the modified Urey-Bradley model
force field with the corresponding gquantities calculated
using the ab initio force field is of more than passing
interest: it provides strong support for the intramolecu-
lar interaction model embodied in the model force field.

It may be said that a model which includes anharmonic terms
for geminal interactions may provide at least a qualitative
representation of the true ethane potential surface, inso-
far as the ab initio surface represents the true surface.
This provides some vindication of a seldom~used potential
form, and may possibly stimulate further research into
modified Urey-Bradley model force fields.

Other information also came out of this research. The
approximate magnitude of the secondary isotope effect is
now established; as indicated above, this information will
be important in determining molecular structures from

microwave data and in assessing structures so determined.
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The indications that the effect may have a simple steric

origin are of interest; they may aid in explanations of

other isotope effects. The good overall agreement of the

ab initio force field and quantities calculated from it
with the corresponding experimental quantities augers well
for the future use of ab initio calculations in providing
information which is difficult to obtain from experiment.
Perhaps one of the most important things to come out of
this research is further evidence that ab initio methods

may be used to supplement experimental ones.,
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II. FORMULATION AND TESTING OF A MODIFIED UREY-BRADLEY

MODEL FORCE FIELD AND AN INVESTIGATION OF THE "GAUCHE
HYDROGEN EFFECT"

A. Introduction

Intensive work over the past few years in the field
of "molecular mechanics" has led to the formulation of a
number of model force fields which reproduce experimental
structural information, conformational information, thermo-
chemical data, and (in some cases) vibrational normal mode
frequencies quite well.l However, although most of the
force fields in use at the present time give similar values
for many quantities of interest, the details of parameteri-
zation and even the functional forms of the different
fields are quite dissimilar. Also, different researchers
formulate model force fields using different approaches,
Despite the numerous schemes explored to date, no generally
accepted "correct" way to formulate a model force field
has yet evolved: no field which is clearly superior to
the others has emerged.

Few researchers base force fields upon the Urey-
Bradley force field functional form. Geminal nonbonded
interactions are rarely considered explicitly, but their
effects may be lumped in with the diagonal force and inter-
action constants, as in the general valence force field
functional form. One modified Urey-Bradley field1a (here-

after referred to as MUB~1l) has enjoyed a fair amount of
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success, especially with regard to the calculation of
structural parameters and geometrical isomerization ener-
gies. Consideration of the fact that MUB-1 was almost
totally unoptimized and yet was still fairly successful in
reproducing experimental quantities prompted further
research into model force fields based on the Urey-Bradley
potential model. This research led to the formulation of
a new force field (hereafter referred to as MUB-~2), which
will be described in the following sections.

There are a number of ways in which the parameters of
a model force field can be optimized once the functional
form of the field has been chosen. However, blind opti-
mization of parameters can result in a force field which
is little more than an interpolation scheme, with the
physical significance of the parameters being uncertain at
best. One way to formulate a physically meaningful model
force field is to construct the field from quantities which
have physical significance apart from the field. The goal
of this research was to devise a model force field whose
components meet this criterion. Of course, lack of infor-
mation on many interactions prevents a definitive assess-
ment of the physical reasonability of the representation
of these interactions by a model force field. Faithful
representations of other interactions may be so complex
that introducing them into a model force field would pro-
duce a field so complicated that it would not be generally

useful. The model force field discussed below is a compro-
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mise which strives to retain simplicity while taking advan-
tage of current knowledge. Computations done using this
force field will give some indication of how well certain
simplified representations of intramolecular interactions
can function in a model force field. Then, computations
done with a force field built from separately significant
components may point out those interactions which are left
out of a given model force field but which will improve
the field if included. It is possible that the "missing”
interactions discovered will be transferable to some ex-
tent, and thus information which can improve one model
force field can be used to improve others.

It must be emphasized that the field being reported on
here is only a second approximation to a fully defined and
optimized modified Urey-Bradley model force field. The
results which were obtained using this field have suggested
some changes which may improve the field, as have the ab
initio ethane force field calculations reported on in part
I of this thesis. A preliminary study on incorporating
one of these changes (see Appendix) has shown that the
force field's ability to reproduce certain experimental
quantities can be improved, and other changes will be
tested in the future. Therefore, the utility of the field
described below must be regarded as somewhat transient.
However, MUB-2 reproduces many experimental parameters and
trends satisfactorily, so it is not anticipated that future

changes in the modified Urey-Bradley model force field will
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produce drastic changes in the force field or its behavior.
It is unlikely that the computed values of most of the
quantities which will be reported here will change signifi-
cantly as new modifications are introduced into the force
field.

While a force field may be constructed from elements
which are physically reasonable, attaching physical sig-
nificance to interpretations which are made from calcula-
tions done using the force field should be done cautiously,
if at all. As has been noted, a variety of force fields
with very different details of parameterization give pretty
much the same values for structural parameters, energy dif-
ferences, etc. for a limited class of compounds, and con-
tributions to the final value obtained may not come from
the same source when different force fields are used.
Therefore, basing a physical explanation upon the mathemat-
ical pecularities of one or two force fields is a risky
proposition, especially if the parameters of the fields
were chosen by trial and error. Only when an interpreta-
tion is supported by several force fields with different
details of parameterization is it safe to draw tentative
conclusions.

Recently, Allinger and Wertz2 have made the intrigu-
ing suggestion that the instability of a gauche methyl or
methylene conformation relative to the trans conformation
is caused by gauche interactions between the vicinal (1...4)

2,3 hydrogens rather than by the gauche interactions
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between methyl or methylene groups, as has long been
assumed, This viewpoint affords a simple explanation for
several puzzling observations. However, the explanation
of the relative instability of the gauche methyl conforma-
tion in terms of gauche hydrogen interactions is based upon
calculations done with only one force field (which was
parameterized by trial and error), the details of which

are given in the literat:ure.18

Allinger and Wertz stated
that they believed that investigations of n-butane and
methylcyclohexane done with any of the current force fields,
except possibly one of Lifson's,lb would confirm their
hypothesis. Accordingly, trans and gauche n-butane were
investigated using MUB-1. It was found that the gauche
hydrogen interactions contributed only slightly to the

gauche~trans energy difference. 1In order to test the

plausibility of the "gauche hydrogen effect" hypothesis

further, n-butane and methylcyclohexane were investigated
using MUB-2. The results of this investigation are given
below, following the description of the model force field

and the results calculated using it.

B, Formulation of MUB-2
l. General Considerations

As stated above, the potential form of MUB-2 was
based upon that of the Urey-Bradley force field. There

were some modifications and additions made. The expression
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adopted for the potential energy is

= yyl! _ 40,2 g, 3
Viotal = k nb(Tn! + 1/22k2(¢z ¢£’ + l/zik g (0g = @)
i
+ 1/2év (1 + cos3g ) + 1/2§vst( i) (1)

where ng(rn) is the nonbonded potential energy coores-
ponding to the nth nonbonded distance, r. i ¢£ is the lth
internal coordinate (bond length or bond angle), where the
superscript o denotes the reference value of ¢2 and the
superscripg g indicates the "unstrained” value of ¢£; kl is
the force constant for the lth deformation, and a, is the
Morse asymmetry constant for the lth deformation. Vgor is
the appropriate barrier to the hindered internal rotation
described by the dihedral angle Bq. Vit(t,ri) is the
potential energy from the stretch-torsion interaction:; the
stretch-torsion functional form is

i i _ i _ g _
st(T'rCC) = Kst(rCC rcc)(l cos3t), (2)

Vv
where Kst is the stretch-torsion constant, réc is the ith
carbon-carbon bond length, and t is the mean displacement
of the anti dihedral angles around bond i from 180°.

MUB-2 was, in a sense, built around the nonbonded
potential functions. Much attention was paid to making
these physically reasonable. Strictly speaking, pairwise

additive functions of the type used in MUB-2 are incapable
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of giving a proper representation of interatomic forces.
However, they have done a pretty good job in model force
fields to date, and they use few adjustable parameters.
Therefore, pairwise additive nonbonded functions were
retained,

There is more information available for the formula-
tion of the H...H potential function than there is for the
C...H or C,..C functions, so the H...H interaction function
is probably the best determined of the nonbonded poten-
tials. The principal source of information used was Kochan-
ski's treatment of the Hz...Hz system3 by the perturbative
procedure of Musher and Amos. The H,y...H, interaction
energies were computed at four orientations of one molecule
relative to the other and at close intervals over a range
from 4 to 10 a.u. Kochanski tabulates a weighted average

of the energies at the different orientations. The H H

2...
mean interaction energy curve thus generated agrees well

2

with the results of recent molecular beam studies of the

4,5
Hy...H, system.

For the purposes of the present inves-
tigation, it was assumed that the Kochanski interaction
energies could be approximated by pairwise interactions
between nonbonded hydrogens, where the interaction function

took the form of the Buckingham potential:

= - - -6
Vup = Aexp(-ar) Br . (3)

The hydrogens were "foreshortened,"” as suggested by Wil-

liams,6 so that the interaction centers in bond to hydrogen
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atoms are moved a distance A toward the bond center, away
from the protons. Reasonable values of A, a, B, and A
were found by trial and error, the greatest emphasis being
placed on fitting the energies from Kochanski's orienta-
tions I and 1IV.

Figure 1 compares Kochanski's calculated interaction
energies with those given by the H...H Buckingham function
finally obtained. It is obvious that the interatomic
forces cannot be completely accounted for by the model
used; they depend too strongly upon bond orientations.
Values of A, o, B, and A which reproduce the Kochanski
energies for orientations I and IV and those for orienta-
tions II and III at 2 A separations make the atoms far too
repulsive for orientations II and II at 3 A. Also, no
model of the sort proposed can account for the increased
dispersion forces for orientation III. However, the model
of H...H interactions provided by the simple Buckingham
function may be satisfactory for use in model force fields,
and the function itself is probably an improvement over
H...H interaction functions currently in use,

There was no source of information comparable to
Kochanski's calculations from which C...H and C...C inter-
action functions could be extracted. However, information
exists which can be used to set rough bounds on the values
of A, a, and B for the functions: Pitzer and Catalano have

estimated values for the B parameter for both C...H and

7

C...C, Williams has extracted a set of intermolecular
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potential functions from various crystal data,8 Schacht -
schneider and Snyder's,9 Lifson and Warshel's,lo and Shiman-
ouchi'sll values of the F constant are formally equivalent
to (azv(r)/arz)r. A preliminary set of k1 and ¢2 constants
was established, providing a framework within which the
A's, a's, and B's could be varied by trial and error, with-
in the limits suggested by the data listed above, to repro-
duce the experimental values of the CCC angle in n-alkanes
and the n-butane to isobutane isomerization energy. The
values of A, a, and B obtained are listed in Table I, along
with the A, o, B, and A derived for H...H.

Once the final values of the adjustable parameters of
the nonbonded potential functions were obtained, a set of
Urey-Bradley diagonal force constants was derived from
Schachtschneider and Snyder's Urey-Bradley force field,9
using the transformations given in reference 9 (slightly
modified so as to be consistent with the molecular geome-
tries used and to include the actual F', not -.1lF) and
setting the Urey-Bradley nonbonded force constants equal
to the second derivatives of the nonbonded potential func-
tions. This procedure was followed so that the model force
field obtained would be as good a representation of the
Schachtschneider and Snyder hydrocarbon potential surface
as possible, given the constraints placed on the model.

The a parameters for bond stretches were set equal to 2.0
A-l, which value is supported by a number of experiments

on diatomic molecules and which is often used for bond
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anharmonicities. The a parameters for bond angle deforma-

tions were set equal to zero. V

tor’ the barrier to hin-

dered internal rotation, was set equal to 3.1 kcal/mol, in
order that the obseryed eclipsed-staggered energy differ-
ence of 3.0 kcal would be reproduced by the force field
(eclipsed ethane relaxes so that its energy is 0.1 kcal
lower than that of staggered ethane when the barrier to
hindered internal rotation is not considered). There was
no experimental information which could be used to deter-
mine Kst’ since the only indication of the importance of
this interaction came from ab initio calculations.lz’13
In lieu of anything better, Kst was adjusted to reproduce
the approximate magnitude of the C-C bond length difference
for eclipsed and staggered ethane predicted by the ab
initio calculations. Values of all force constants used
in MUB-2 are given in Table II.

All ¢: for angular coordinates were fixed at the tet-
rahedral angle. The value of ¢2 for the C-H bond length
was fixed by requiring that the force field reproduce the

experimental structure of methanel4; once r® was fixed,

CH
a value for rgc was obtained by varying the parameter so
that the force field reproduced the experimental structure
of ethane15 as well as possible. The values of rgH and
rgc were set equal to the experimental C-H bond length in
methane and the experimental C-C bond length in ethane,
respectively. Because anharmonicity of bond angles was

not considered (except as introduced by the nonbonded
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Table I. Constants for the Nonbonded Potential Inter-
action Functions of the Form V = A exp(-oar) -
pr~© (energies yielded in mdyne-A)

Interaction A a B Foreshortening (A) 2
H...H 14.72 3.4 0.3333 0.117
C...l 135.4 3.75 1.076 0.117
C-QQC 502.2 3.75 2.779 - -

a

The hydrogens are foreshortened by a distance A as

explained in the text. The potential functions are for
the foreshortened distances,

Table II. Parameters of MUB-2 Force Field.a

Bond Stretching: vVv(r) = l/2K(r-—r°)2 - 1/2Ka(r-rg)3

Bond K e a 9
C-H 3.85 1.0203 2.0 1.1068
c-C 2,34 1.166 2.0 1.534
Angle Bending: V(8) = 1/2H(gfg°)2
Angle H 8° (radians)
Cc-C-C 0.629 1.91063
C-C-H 0.322 1.91063
H~C-H 0.350 1.21063
. b ?
Torsional: vit) = 1/2 i§1V3 (1+cos31i)

- o
V3 = (2.154x10 2)/9 mdyne - A for any dihedral angle

Stretch-Torsion: V(r,l) = 1/2Kst(r-rg)(l+c0531)

- -2 g _ 2
Kst = -7.125x10 mdyne r°- = 1,534 A

-}
2 All units are such that energies are,in units of mdyne-a,
angles in radians, and distances in Angstrom units.
b

The contribution to the potential energy from a torsion
around a given carbon-carbon bond is taken as the sum of

contributions from all nine dihedral angles across that
bond.
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interaction potentials), no values of ¢g were defined for

the angular coordinates.

2. Specific Considerations

The general guidelines used in constructing MUB-2
have been given in the preceding section. A number of
details which would not have elucidated the formulation
process but which may be of interest to persons who wish to
use MUB-2 are given below.

a. Force Constants

One problem with trying to adjust the con-
stants of a field with the potential form of MUB-2 to fit
the Schachtschneider and Snyder potential surface is that
the description of the surface to be fitted uses many more
adjustable‘parameters than are contained in MUB-2. For
example, the Schachtschneider and Snyder force fields use
different force constants for methyl, methylene, and ter-
tiary C~H stretches, while MUB-2 uses the same force con-
stant for all C-H stretches (it is true that some differen-
tiation in the "acting" or "valence-type" force constants
is introduced by the differences in nonbonded environments
for C-H bonds of different types, but no attempt to corre-
late this differentiation with that observed in the experi-
mental fields has been made). Also, the experimentally
derived force fields contain a number of interactions which
MUB-2 does not, explicitly or hidden in nonbonded inter-

actions. Therefore, the extent to which MUB-2 can act as
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a good representation of the Schachtschneider and Snyder
hydrocarbon potential surface is somewhat limited.

In practice, the force constants for MUB-2 were deter-
mined by averaging the values of the different valence
force constants for a MUB-2 parameter (such as a C-H
stretch), and then transforming these constants to Urey-
Bradley space as described above. This process introduces
a certain amount of latitude into the values of the MUB-2
constants, since the values obtained depend upon how the
valence force constants are averaged., Probably the force
constant values could be somewhat better optimized, but
those in Table II represent a reasonable compromise. In
any event, the characteristics of a modified Urey-Bradley
force field seem to be largely determined by the nonbonded
potential functions. Fairly large changes in the force
constants make little difference in the results obtained
using the force field.

b. Torsional Potential

Both the form of the torsional potential func-
tion and the magnitude of the barrier to hindered internal
rotation in ethane are well established. The magnitude of
vtor was found by minimizing the energies of eclipsed and
staggered ethane and then assuming that the energy differ-
ence between the two is 3 kcal/mol (the often-quoted value
for the height of the ethane barrier). The C-C bond length

of the eclipsed ethane was forced to be longer than the

staggered ethane C~C bond length by the amount predicted by
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ab initio calculations,lz'13 as explained below in the

section on the stretch-torsion interaction. The computed

energy of eclipsed ethane was 0.1 kcal/mol lower than that

of staggered ethane when vtor was set equal to zero; there-
fore, Vtor was set equal to 3.1 kcal/mol, providing the 3
kcal/mol eclipsed-staggered energy difference.

The proper choice of the dihedral angle which speci-
fies the degree of rotation around a given bond is not
immediately obvious. For saturated hydrocarbons, there are
nine dihedral angles across each carbon-carbon bond. Reck-
oning the potential energy from only one of these can cause
a molecule to assume a conformation which is appreciably
different from the one which would be assumed if the energy
were reckoned from another. The most logical way to circum-
vent this problem is to reckon the potential energy from

all nine dihedral angles. The contribution to the energy

from each dihedral angle is then

V(Bq) = (Vtor/la)(l + cos3Bq), (4)

where a factor of 1/9 has been inserted to compensate for
the summation over the nine angles,

Many of the calculations which will be reported here
were done using this so-called nine-torsional model. How-
ever, the computer programs used (see below) precluded the
use of the nine-torsional model on some of the molecules
which were studied. A three-torsional model (potential

reckoned from three carefully chosen dihedral angles) was
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used for some of those molecules which could not be done
nine-torsionally; a one-torsional model was used on those
which exhibited only modest deviations from "zero-point"
(60°, 180°, or 300°) dihedral angles.

c. Stretch-Torsion Interaction

As stated above, a number of ab initio calcu-

lations on the barrier to internal rotation in ethane have
indicated that the C-C bond lengthens appreciably (0.01-
0.02 A) when the molecule assumes an eclipsed conformation.
This degree of lengthening is ten times that which would
be induced by the MUB-2 H...H nonbonded repulsions when
internal rotation occurs. Therefore, the bond lengthening
must be caused by a different type of interaction. The
interaction is necessarily anharmonic and dependent upon
both the C-C bond length and the average dihedral angle
across that bond. Given these conditions, the simplest
form for the interaction is that of equation (2). As
stated above, the value of Kst was obtained by adjusting
the constant to reproduce the magnitude of the C-C bond
lengthening predicted by the ab initio calculations. Since
the different ab initio calculations predicted different
values for the bond length difference, a compromise value
of 0.017 A was used. The value of Kst which reproduced
this change was -7.125 x 10_2 mdyne. This value may be
compared with the value calculated from the ab initio con-

stant F344 determined in part I of this thesis, which was

-7.316 x 10~2 mdyne.
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d. Reference Values

The choice of the tetrahedral angle for the
reference value of all angles was a logical first approxi-
mation; as may be seen from Figures 4 and 5, the nonbonded
forces were of the proper magnitude to reproduce experi-
mental angle values without optimizing the reference angles,
As stated above, the reference values for the bond lengths
were derived by requiring that MUB-2 reproduce the experi-
mental methane and ethane structures as well as possible.
Mathematical considerations dictate that it is possible to
adjust rgn so that the experimental methane structure is
reproduced exactly: the symmetry of the molecule dictates
the tetrahedral angle, and the one remaining experimental
parameter, the bond length, can be fitted to absolute
accuracy with one adjustable parameter of the force field,
rgH. However, it is impossible to fit the experimental
ethane structure exactly, because there are three experi-
mental parameters (rCH' Tocr and aHCC) to be fitted, but
only one force field parameter to be varied (rg ). The
degree of success which the force field has in fitting the
experimental ethane structure provides a measure of the
balance of the forces. The structure of ethane as given
by MUB-2 is r

= 1.,1111 A, oo = 1.5338 A, and « =

CH HCC
111.5116°, while the experimental electron diffraction

structure is ey = 1.1122 + 0,0012 A, Yo

A, and Qe = 111.5 ¢ 0.3°.15'16 The agreement here is

= 1,5340 + 0.0011

good, indicating that the forces are fairly well balanced.
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The so-called unstrained parameters, rgn and rgc, were
set equal to the methane C-H bond length and the ethane C-C
bond length, respectively. This ensures that the effects
of the bond stretching anharmonicity constants will be im-
portant only for those compounds whose bond lengths depart
appreciably from "normal" values. There are some prelimi-
nary indications that this method of including the anhar-

monicity causes the proper range of splittings in the cal-

culated C~H stretching frequencies of tri-t-butylmethane,

C. Computer Programs Used

The computer programs used for potential energy mini-
mization were modifications of DIPSY VI and MOLBD2, both
of which have been described in the literature.1 A few of
the minimizations and all of the frequency calculations
were done using a modification of R, L. Hilderbrandt's
combination potential minimization and frequency calcula-
tion program.l7 The versions of the programs used were
written during the course of this research; the modifica-
tions made were not complex, but were tedious to implement
in some cases. All programs used were extensively checked,
individually and against each other. The Hilderbrandt
program was essentially a vastly improved version of
MOLBD2, but was not developed until most of the research
being reported on here had been completed. In the context

of this section, any remarks made about MOLBD2 may be taken

as applying also to the Hilderbrandt program.,
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Each program has its advantages, which originate from
the choice of the set of parameters which are varied as
the potential energy is minimized. MOLBD2 varies the
Cartesian coordinates of the atoms which compose the mole-
cule, while DIPSY VI varies a user-specified set of "inde-
pendent parameters" which provide a complete, geometri-
cally consistent description of the molecular structure.
MOLBD2 has the advantages of being able to accommodate a
nine-torsional model of hindered internal rotation and of
being able to minimize the energies of cyclic structures.
However, it is costly to operate, and no constraints may be
placed upon the minimization. While DIPSY VI is much
cheaper to run and has provisions whereby a number of con-
straints may be placed upon the molecule, it cannot accom-
modate a nine-torsional model of hindered internal rotation
or minimize the potential energy of a cyclic structure.
Between DIPSY VI and MOLBD2 it was possible to investigate
all of the molecules which were of interest in this re-

search while imposing all desired constraints.

D. Evaluation of MUB-2

MUB-2 must be evaluated on the basis of the accuracy
with which it reproduces experimental results. Although
the field was not optimized to reproduce a large number of
experimental data (all those which were used to devise the

field have been mentioned above), it seems reasonable to
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expect it to do a good job of predicting structures and
isomerization energies, since MUB-1 was fairly successful
in predicting these quantities. However, it was not ex-
pected that MUB-2 would reproduce vibrational frequencies
very well, Schachtschneider and Snyder9 have found that

it is necessary to add a number of interéctions to a simple
Urey-Bradley force field if the field is to reproduce the
experimental frequencies accurately. No attempt has been
made to include these interactions in MUB-~2, and, in addi-
tion, the site-to-site variations of the K's for a given
interaction have not been explicitly included, as discussed
above. Therefore, no comparison between observed and cal~
culated normal mode frequencies will be given here (how-
ever, experimental and calculated frequencies of methane
and ethane are compared in the Appendix). Comparisons of
experimental and calculated structural parameters, isomeri-

zation energies, and rotational barriers are given below.

l. Structural Trends

a. Interpretation of Derived Structures
The bond length reference point parameters
were derived by requiring that the force field fit observed
electron diffraction rg structures. Structural parameters
are determined and reported on a number of different bases;
the most common of these involve equilibrium lengths (re),
thermal average lengths (rg), distances between thermal

average positions (ra), and "spectroscopic" lengths (ro or
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rs). Equilibrium structures are appealing, for their
physical meaning is easy to understand: an equilibrium
structure represents the minimum in the potential energy
surface. Unfortunately, equilibrium structures have been
determined for relatively few molecules, and nearly all of
these are diatomics (the remainder are triatomics). Gas-
phase electron diffraction yields rg structures directly
and with a precision of a few thousandths of an Angstrom
unit, An rg structure has the advantage that the bond
lengths may be related to the equilibrium bond lengths to

a good approximation via

- 2
rg - Ly = (3a/2)9.g ’ (5)

where a is the anharmonicity parameter derived earlier and
lg is the amplitude of vibration of the bond, which is
available from a number of sources, electron diffraction
data among them, So-called r, structurgs may be determined
from electron or X-ray diffraction (though an electron
diffraction r. structure is slightly different from an
X-ray diffraction r, structure); the precision of the
structural parameters obtained is often competitive with
the precision ?f rg parameters. However, the relationship
between r, and ry is not as simple as equation (5), parti-
cularly for X-ray diffraction lengths, though generally r,
lengths are somewhat shorter than rg lengths. The values

determined for "spectroscopic" structural parameters are

often more precise than are those determined from diffrac-
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tion data, but the lengths involved are complex averages
whose physical meaning is unclear. Values of "spectro-
scopic" bond lengths can range from less than the ry to
more than the rg values.

The above considerations suggest that, while molecular
mechanics structures are minimum energy structures, they
are most conveniently keyed to and compared with r struc-
tures. The lengths can be converted readily to equilibrium
lengths, since lg and a are quite constant for a given bond
- type and lg is not very temperature dependent at ordinary
temperatures. Experimental rg structures are available
for a variety of hydrocarbons; therefore, a given model
force field may be extensively tested against experimental
data. Most recent force fields are parameterized so that

their minimum-energy structures correspond to rg structures.

b. Comparison of Calculated and Experimental

Structures

As may be seen, MUB-2 reproduces a variety of
structures well. The comparison between calculated and
experimental structural parameters is summarized in Figures
2-5. Structural parameters calculated using other force
14,18,19

fields are included so that comparisons between

different fields may be made. MUB-2 seems to be superior
to the others (force fields of Schleyer, Allinger, and
Warshel) in predicting structural parameters, Almost all

of the MUB-2 calculated structural parameters are within
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20 of the experimental structural parameters. The most
conspicuous exception is the central bond length in hexa-
methylethane, which is calculated to be 1.554 A but for
which experiment gives a value (*0) of 1.580 + 0,006 A.ZO
The discrepancy between the MUB-2 and experimental values
here is neither alarming nor a compelling indication of
inadequacy in MUB-2, since the field gives fairly good
values for the carbon-carbon bond lengths in tri-t-butyl-
methane, which is more strained than is hexamethylethane.
Considering the difficulty in determining small differences
in bond lengths from electron diffraction data and the
state of the art of error analysis of electron diffraction
determinations of molecular structures, it is possible that
a realistic standard deviation of the hexamethylethane
central bond length is larger than the one reported.

It is difficult to evaluate MUB-2's performance in
predicting the puckering amplitude of cyclopentane. When
a general procedure proposed by Pople and Cremer21 is used
to calculate the puckering amplitude from the MUB-2 Carte-
sian coordinates of the carbons, a puckering amplitude of
0.356 is obtained. This may be compared with the electron
diffraction value (calculated on the same basis) of 0,416‘32
However, the molecular model assumed in determining the
experimental structure was subject to several constraints
which were not imposed upon the model used in the force
field calculations. Therefore, there is some question as

to the significance of a comparison between the two values
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of the puckering amplitude, as the value obtained is depen-
dant to a certain extent upon the molecular model assumed.
The average C-C bond length calculated using MUB-2 is a
bit shorter than the experimental bond length, which was
determined using a model in which all C-C bond lengths

were constrained to be equal. The average C...C nonbonded
distance calculated using MUB-2 is longer than the electron
diffraction average (2.453 A vs. 2,444 ¢ 0,0015 A). This
would indicate that the puckering amplitude given by MUB-2
is somewhat smaller than the one which would be implied

by an unconstrained electron diffraction structure, but it
is difficult to say how large the discrepancy would be,

The success of MUB-2 in reproducing the structure of
tri-t-butylmethane, a highly strained molecule, deserves
special attention. The computed and experimental struc-
tural parameter523 are compared in Table III. It may be
noted that, save for one torsional angle, all of the com-
puted parameters are within 20 of the experimental para-
meters. Moreover, the given o are described as "crude
lower limits to be regarded with caution."23

The structure of another highly strained hydrocarbon,
norbornane, was computed using MUB-2, Here the comparisons
of calculated structural parameters with those obtained
from experiment is harder to make, because two recent
electron diffraction studies of norbornane24'25 have yielded
different results for the C-C bond lengths. The MUB-2 para-

meters are closer to the results of Yokoseki and Kuchitsu,
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Table III. Comparison of the Experimental and Calculated

Structural Parameters of Tri-t-butyl Methane

Experimentala Calculated
rg(c-1) 1.111 + 0.003 A 1.109 A
r (C2-C5) 1.548 + 0.002 A 1.545 A
r (C1-C2) 1.611 + 0.005 A 1,602 A
B (C1-C2-C5) 113.0 + 0.2° 112, 8°
a (H-C1-C2) 101.6 + 0.4° 102.0°
vy (C2-C5~-H8) 114,2 + 1.0° 112.9°
At (H1-C1-C2-C5) 10.8 + 0.5° 17.2°
At (Methyl groups) 18.0 + 6° 8.1°

2 The indicated uncertainties are the least squares

standard deviations of the parameters.
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which are usually considered to be the more dependable:

the experimental values for the average C-C length and
bridge CCC angle are 1.549 + 0.001 A and 93.1 * 0.6°, re-
spectively, while the computed values are 1.550 A and
94,5°, The MUB-2 values of the individual C-C bond lengths
differ from the experimental values, but the experimental
values are not firm, as it is difficult to determine small
differences between bond lengths from electron diffraction
intensities. The error estimates of reference 25 reflect
this. The bond lengths determined are 1.560 * 0.024 A

for the ring to bridging carbon-carbon bond, 1.539 + 0.012
A for the secondary to tertiary ring carbon-carbon bond,
and 1.557 £ 0,025 A for the secondary to secondary ring
carbon-carbon bond. The values of these bond lengths
determined using MUB-2 are 1.542 A, 1.550 A, and 1.561 A,
respectively. All computed values are within the limits

of error, and the agreement between the computed and experi-
mental average C-C bond lengths is good, further illustrat-
ing the ability of MUB-2 to give correct values of struc-
tural parameters. Other force fields tend to compute

values of the average norbornane C-C bond length that are

either too short or too 1ong.26

2, Isomerization Energies

a. Rotational Isomerization Energies

The gauche-trans energy difference was com-

puted for several molecules which display this type of
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rotational isomerism. There are some difficulties in com-
paring the calculated with the experimental values, for

the calculated values apply to vibrationless molecules at
0° K, while the experimental values are for vibrating mole-
cules at temperatures above 0° K. It was assumed that
corrections for the temperature differences would be the
same for different rotational isomers of the same compound,
which seems reasonable., It was further assumed that the
zero-point energy differences for rotational isomers are
small. 1In order to test this assumption, the normal mode
vibrational frequencies of rotational isomers of selected
molecules were computed using MUB-2. As stated above,
MUB-2 does not reproduce experimental frequencies very
well; calculated values for normal coordinates composed
largely of angle deformations were in error by as much as
200 cm-l. However, it may be assumed that the gross errors
in the computed frequencies will cancel for rotational
isomers of the same molecule, and therefore that the small
differences in the computed frequencies for different rota-
tional isomers arise from the structural differences. For
this reason, the computed zero-point energy differences

are assumed to be significant. This assumption is rein-
forced by the fact that the computed zero-point energy dif-
ferences are small (less than 100 calories) and have the
same direction (trans lower than gauche) and approximate
magnitude for those molecules which were investigated.

Hence, the results of the frequency calculations support
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the original assumption that the zero-point energy differ-
ences do not make major contributions to the experimental
energy differences for rotational isomers.

Values of the thermodynamic functions may be calcu-
lated from the vibrational frequencies and other informa-
tion, but here there is no reason to assume that the errors
caused by the systematic deviation of the computed frequen-
cies from the experimental frequencies will cancel for
different rotational isomers of the same molecule. Hence,
differences in the vibrational contributions to the thermo-~
dynamic values computed for rotational isomers were not
assumed to be significant.

n-Butane is the simplest molecule which exhibits

gauche-trans rotational isomerism. Electron diffraction

gives a gas-phase value of 630 * 200 cal/mol for AG®

(gauche-trans g—butane),27 while liquid Raman studies yield

a value of 770 * 70 cal/mol for AH® (gauche—trans).28

MUB-2 gives a gauche-trans energy difference of 540 cal/mol

for vibrationless n-butane. The MUB-2 zero-point energy
difference is 90 cal/mol; therefore, the computed value

for the vibrating gauche-trans n-butane energy difference

is 630 cal/mol. The comparison between the computed and

experimental values is good.
Other n-alkanes show similar values for the gauche-

trans energy difference., Liquid Raman studies on n-pentane

and n-hexane indicate that AH° (gauche-trans) for one

gauche conformation is around 500 cal/molza: electron dif-~
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fraction yields a value of AG° (gauche-trans) of around

600 cal/mol for gas-phase n-pentane, n-hexane, and n-

heptane.27 Calculations done using MUB-2 give a 600 cal/

mol gauche-trans energy difference for vibrationless n-

pentane. It would seem, therefore, that MUB=-2 may be
expected to be fairly successful in reproducing the rota-
tional isomerization energies of n-alkanes.

The rotational isomerization energies of two branched
molecules, 2-methylbutane and 2,3 dimethylbutane, were
computed using MUB-2. Raman studies on liquid 2,3 dimethyl-
butane (tetramethylethane) have indicated that the energy
difference (AH°) between the two isomers is less than 200

29

cal/mol. Electron diffraction results imply a AG®

(gauche-trans) of 170 + 200 cal/mol,20 but the associated

uncertainties are fairly large. The energy difference
between vibrationless gauche and trans tetramethylethane
computed using MUB-2 is 277 cal/mol, the trans isomer
having the higher energy. The computed zero-point energy
difference is zero. In view of the uncertainties in the
experimental data, it is hard to evaluate the success of
the force field in this instance. For 2-methylbutane,
Raman studies on the liquid have indicated an energy dif-

29

ference of less than 200 cal/mol, while calculations

using MUB-2 give a gauche-trans energy difference of 489

cal/mol for the vibrationless molecule (the zero-point
energy difference was not calculated). Here the calculated

result seems high, but the value of a comparison between



90

experimental and computed results is diminished by the fact
that the experimental studies were done on the liquid,
while the calculated value is approximate for the hypo-
thetical gas-phase species at 0° K.

When the geometries of 2-methylbutane and tetramethyl-
ethane are considered, the computed energy differences can
be rationalized qualitatively. Gauche tetramethylethane
has three gauche methyl-methyl interactions, while trans
tetramethylethane has only two; however, the gauche isomer
can relieve two of its gauche interactions at the expense
of the third by a rotation around the central C-C bond,
while the trans isomer cannot relieve either of its gauche
interactions by such a rotation. Hence, a destabilization
of the gauche sites in the trans isomer relative to those
in the gauche isomer is to be expected. The opposite sit-

uation is present in 2-methylbutane. Gauche-gauche 2-

methylbutane has two gauche methyl-methyl interactions,

while the gauche-trans isomer has one. Here, however, the
GG isomer can relieve neither gauche interaction via rota-
tion around the central C-C bond, while the GT isomer can
relieve its gauche interaction at the expense of its trans
methyl-methyl interaction by such a rotation. Hence, one

would expect that the gauche-trans energy difference for

2-methylbutane would be larger than the corresponding dif-
ference for tetramethylethane, as was found using MUB-2,
Finally, rotational isomerization energies were calcu-

lated for two cyclic molecules, methylcyclohexane and 1,3
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dimethylcyclohexane. The axial-equatorial methylcyclohex-
ane energy difference has long been of interest to workers
in the field of conformational analysis, and unfortunately
the early idea that the strain energy associated with
gauche methyl conformations is (1) constant, and (2) addi-
tive still has some effect on the current literature per-
taining to methylcyclohexane. The same is true, to a cer-
tain extent, of the literature on 1,3 dimethylcyclohexane.
Therefore, it was a bit difficult to find experimental
results for these molecules which could be used to evaluate
the energies computed using MUB-2. One recent nuclear
magnetic resonance study which appears to be relatively
free from bias indicates that the axial-equatorial energqgy
difference is 1.78 * 0.15 kcal/mol.30 Computations made
using MUB-2 give an axial-equatorial energy difference of
0.954 kcal/mol for the vibrationless molecule, The zero-
point energy difference is 0.08 kcal/mol, which implies a
total computed (axial-equatorial) energy difference of 1.03
kcal/mol, which looks rather low. Axial-equatorial type
energy differences are available for other cyclic mole-
cules, and one of these, 1,3 dimethylcyclohexane, was
investigated using MUB-2. The experimental energy differ-
ence was obtained fairly directly and without recourse to
preconceived notions about conformational energy differ-
ences. The heats of isomerization of gaseous cis 1,3
dimethylcyclohexane and the trans isomer relative to ethyl-

cyclohexane have been obtained from the experimentally
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measured heats of formation. The derived values are -3.11
* 0.22 kcal/mol for the cis isomer and =-1.15 * 0.21 kcal/

3; which implies a trans-cis

mol for the trans isomer,
energy difference of 1.96 ¢ 0.30 kcal/mol. As the measured
"axial-equatorial type" energy differences for 1,2 and 1,4
dimethylcyclohexane are also very close to 1.9 kcal/mol,
the uncertainty in the value for 1,3 dimethylcyclohexane

is probably less than 0.30 kcal/mol. The calculated trans-
cis energy difference for vibrationless 1,3 dimethylcyclo-
hexane is 1.03 kcal/mol, and the zero-point energy differ-
ence is 0,06 kcal/mol; therefore, the total calculated
energy difference is 1.09 kcal/mol. Judging from the
results on the two substituted cyclohexanes, it seems that
MUB-2 may systematically yield values of axial-equatorial
methyl energy differences which are lower than the observed
values.

Summarizing the results of this section, it would seem
that while MUB-2 can be used to compute fairly accurate
values for the rotational isomerization energies of the
n-alkanes, the rotational isomerization energy values com-
puted for branched and cyclic compounds may not be quanti-
tatively correct, although the trends in the computed
values seem to be in accord with the observed trends inso-
far as the few computed values allow one to judge. As
stated above, the computed rotational isomerization ener-
gies for substituted cyclohexanes are probably systemati-

cally low. It is a bit harder to assess the deficiencies
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in the computed values for the branched compounds, as the
experimental values were imprecise and, for the most part,
were not obtained from measurements on gas-phase species.
The failures of MUB-2 in computing quantitatively correct
rotational isomerization energies do not point toward any
one simple deficiency in the force field, but would seem
to be the results of slight imbalances in the forces and

possibly the neglect of some interactions.

b. Geometrical Isomerization Energies

Geometrical isomerization energies were calcu-
lated for a few molecules during the course of the investi-
gation of MUB-2. Owing to considerations discussed in the
section above on rotational isomerization energies, the
computed geometrical isomerization energies are most suit-
ably compared to differences in AH% extrapolated to 0° K
and corrected for zero-point energy differences. Correc-
tions of the experimental values of AH? (t° K) to 0°K are
based on Pitzer's calculation methods for hydrocarbons.32
These methods embody a number of simplifying assumptions
concerning barrier heights and interactions of vibrations,
as well as the seemingly ubiquitous assumption of the con-
stancy and additivity of gauche methyl interactions, which
are somewhat questionable. In addition, errors in the
experimental measurements of the heats of formation must
be considered. Pitzer estimates32 uncertainties of + 0.3

kcal/mol for the n-alkanes and ¢+ 0,7 - # 1.0 (+ 2.0 for
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tetramethylethane) kcal/mol for the branched alkanes. In
view of the sources of uncertainty discussed above, the
estimate of * 0.3 kcal/mol for the uncertainty in the n-
alkane AH% (0° K) seems a bit low; the uncertainty esti-
mates for the branched compounds seem reasonable.

Since the observed isomerization energy of isobutane
was one of the pieces of information used in the deriva-
tion of the nonbonded potential functions, it is not sur-
prising that MUB-2 reproduces this value fairly well. The
computed isomerization energy is 1.30 kcal/mol, as compared
with the corrected experimental value of 1.39 * 0,7 kcal/
mol., The other computed isomerization energies are compared
with the experimental values in Table IV. Some values of
isomerization energies computed with Schleyer's1d and
Allinger'sl8 force fields are included for purposes of com-
parison. It must be pointed out here that the complete
Schleyer and Allinger force fields were not used to calcu-
late the isomerization energies shown in Table IV. Both
Schleyer and Allinger are concerned with reproducing experi-
mental heats of formation at 298° K, which include contri-
butions from thermal effects and zero-point energies. Their
force fields include bond or group increments which are
added to the so-called "steric" energies (which apply to
vibrationless molecules at 0°K) to obtain heats of forma-
tion for the gaseous species at 298° K. The bond or group
increments of the Allinger and Schleyer fields are designed

to account for differences in so-called "chemical binding
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energies" as well as zero-point energy differences. Hence,
the steric energy differences calculated using the Allinger
or Schleyer fields do not reflect the effects of an extra
correction term which each field contains. However, it is
perhaps worth noting that MUB-2, which contains no such
correction term, does a better job than the "uncorrected"
Allinger and Schleyer force fields of computing geometrical
isomerization energies,

All but two of the MUB-2 energies are within the given
uncertainties of the experimental quantities. The values
of the uncertainties shown in Table IV are lower limits,
for these are taken from Pitzer's estimates of the uncer-
tainties in the branched compound values and do not reflect
the effects of uncertainties in the n-alkane values of
AH% (0° K). The poorest agreement between the computed
and experimental values is for 2,2 dimethylbutane and tetra-
methylethane; however, the experimental measurements on
these compounds are quite old, and Pitzer estimated32
fairly high uncertainties in his AH% (0° K) values. The
poor agreement between observed and calculated values for
trans 1,3 dimethylcyclohexane shows the low axial-equa-

torial methyl energy difference given by MUB-2,

3. Rotational Barriers

While the value of the "intrinsic portion" of the

MUB-2 rotational barrier was adjusted so that the observed
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3.0 kcal/mol difference between eclipsed and staggered
ethane would be reproduced by the force field, this does
not guarantee that MUB-2 will reproduce the values of rota-
tional barriers in other molecules. The values which are
computed for various rotational barriers using a given
force field provide some measure of the balance of the
forces within the field and of the validity of the way in
which hindered internal rotation is modelled into the force
field.

The barriers to hindered internal rotation for a few
simple molecules have been calculated using MUB-2. The
calculated values are compared to the experimental ones
and values calculated using other force fields in Table V.
As may be seen, MUB-2 does a fairly good job of reproducing
the experimental barrier values, in spite of the simple way

in which the torsions are modelled into the field.

E. Investigation of the Gauche Hydrogen Hypothesis

The accepted explanation of why trans n-butane has a
lower energy than gauche n-butane is that the gauche
Me...Me interaction, in particular the close 1...6 methyl
hydrogen interaction, destabilizes the gauche conformer,
Allinger's hypothesis2 is that it is gauche n-butane's
extra gauche 1l...4 H...H interaction (gauche n-butane has

three of these interactions while the trans isomer has only

two) which is the principal cause of the destabilization of
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the gauche isomer. Support for the gauche hydrogen hypo-
thesis comes from dissections of the energy difference
between gauche and trans n-butane (see reference 2) com-
puted using the force field of reference 18, However, the
hypothesis was not supported by similar dissections of
energies computed using MUB-1l, so Allinger's assertion
that the gauche hydrogen effect will appear in almost all
popular hydrocarbon force fields is somewhat suspect., The

gauche-trans n-butane energy difference given by MUB-2 was

examined to see what support, if any, calculations done
using MUB-2 lend to the gauche hydrogen hypothesis.

The dissection of the MUB-2 n-butane energy difference
is shown in Table VI. The gauche 1,..4 H...H interaction
energy is not shown, because doing so could be somewhat
misleading: the gauche 1...4 H...H interaction eneragy
might be large individually, but if it is balanced by large
gauche H...Me and Me...Me interactions there is no reason
why it would be a destabilizing force. 1If, on the other
hand, the gauche hydrogen hypothesis is correct and the
gauche 1...4 H...H interaction does contribute heavily to
the destabilization of gauche n-butane relative to trans,
the difference in the sum of all gauche interactions should

contribute a sizeable portion of the gauche-trans energy

difference. As can be seen in Table VI, the gauche inter-
action energy difference is a small part of the total
energy difference. The difference between the bonded

energies is by far the largest contributor, followed by the
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difference in the energies arising from the geminal non-
bonded interactions. These may be totalled to give a
"valence deformation" energy difference of 0.56 kcal/mol,
which is comparable to Allinger's value of 0.43 kcal/mol
for the same quantity. However, the valence deformations
cannot be considered the primary cause of the gauche de-
stabilization. The gauche isomer relaxes its structure
from that of the trans isomer to relieve interactions which
destabilize gauche: these interactions may be regarded as
the true "cause" of the gauche destabilization. The inter-
actions which cause the relaxation cannot be identified
using Table VI; perhaps the easiest way to determine them

is to compare the energies of trans and unrelaxed gauche

n-butane. The unrelaxed gauche isomer was generated by
changing the CCCC dihedral angle of the trans isomer to 60°
without varying any other parameters. The energies of the
gauche and trans H...H, H...Me, and Me...Me interactions
across the central C-C bond are shown in Table VIA for
both isomers. It is true that the gauche 1...4 H...H
interaction energy is higher for the gauche isomer than

for the trans; the gauche isomer has an extra gauche 1...4
H...H interaction. However, the largest contributor to the
energy difference is the Me...Me interaction, as is popu-
larly supposed. The gauche Me...Me interaction may be
relieved by opening the dihedral angle out to greater than
60°, among other relaxation motions; the gauche 1...4

H...H interactions cannot be relieved by small rotations
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Major Contributors to the Gauche-Trans

n-Butane Energy Difference

Energy Source

Enerqgy (kcal/mol)

Bonded

Geminal Nonbonded

Gauche Nonbonded

Trans Nonbonded

0.4304
0.1263
0.0558
0.0730

a

Table VIA,

All differences are gauche isomer-trans isomer,

Energies of Interactions Across Central

C-C Bond of n-Butane (kcal/mol)

Trans Isomer

Gauche Interactions
4 H...Me 1.8489

2H...H 0.6081

Trans Interactions
l Me.-ol'ie _0.2494

2 H...H 0.0558

Gauche Isomer

Gauche Interactions

1 Me...Me 1,7383
2. ..Me 0.7728
3 H...H 1.0342

Trans Interactions

1 H...H 0.0281

2 ll...r‘ie -001490
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around the central C-C bond. The information given in
Table VIA indicates that the Me...Me interaction is the
primary cause of the relaxation of the gauche isomer,
Therefore, computations done with MUB-2 support the tradi-
tional explanation of the relative instability of gauche
n-butane rather than that offered by the gauche hydrogen
hypothesis.

As further support for the gauche hydrogen hypothesis,
Allinger cited2 the case of methylcyclohexane. Apparently,
computations done using the Allinger field showed that a
large part of the axial-equatorial methylcyclohexane energy
difference comes from the increase in the steric energy of
the equatorial hydrogen relative to the axial hydrogen.

In order to provide a fuller evaluation of the gauche hy-
drogen hypothesis, the MUB-2 axial-equatorial energy dif-
ferences for methylcyclohexane and 1,3 dimethylcyclohexane
were examined. Although the axial-equatorial methyl energy
differences calculated using MUB-2 seem to be low systemat-
ically, it is to be expected that some indication of the
gauche hydrogen effect will show up in the enerqgy dis-
sections if the effect is operative in MUB-2. However, as
Tabies VII and VIII show, the steric interactions involving
the tertiary isomer actually stabilize the axial isomer.
For both substituted cyclohexanes, the steric interactions
of the methyl hydrogens at first glance appear to be a
significant factor in the stabilization of the equatorial

isomer, but for 1,3 dimethylcyclohexane the stabilizing
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Table VII. Major Contributors to the Axial-Equatorial
Methylcyclohexane Energy Difference

Energy Source Energy (kcal/mol)?
Bonded 0.87
Geminal Nonbonded 0.19
Methyl Carbon Nonbonded -0.11
Methyl Hydrogen Nonbonded 0.32
Tertiary lydrogen Nonbonded -0.01
Other 1...4 C...C -0,.05
Other 10004 C-o-!i -0.14
Other 1...4 H...H -0.03
2 a11 differences are axial isomer-equatorial isomer.
Table VIII., Major Contributors to the trans-cis 1,3
Dimethylcyclohexane Energy Difference
a
Energy (kcal)
Bonded 0.96
Geminal Nonbonded 0.13
l-Methyl Carbon Nonbonded -0.10
l1-Methyl Hydrogen Nonbonded 0.32
l-Tertiary Hydrogen Nonbonded -0.14
Other 10-04 Co..c -0.04
Other 1.0.4 C.ogl'l _0.06
Ot}].er 1.0-4 11...1[ _0.02
a

All differences are trans isomer-cis isomer.
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influence of the methyl hydrogens is largely balanced by
the destabilizing influences of the methyl carbon and ter-
tiary hydrogen interactions. As was true for n-butane,
the valence deformations contribute the bulk of the energy
difference. Here again it may be said that the axial iso-
mer relaxes to relieve certain nonbonded interactions, and
Tables VII and VIII indicate that the primary cause of the
relaxation is the methyl group-ring interactions.

It is clear, therefore, that calculations done using
MUB-2 do not support the gauche hydrogen hypothesis. As
was pointed out in the Introduction, it is risky to assume
that an interpretation made from calculations done with
only one force field (and that one parameterized by trial
and error) corresponds to a physical effect. Certainly
much stronger evidence than is now available would be
needed to establish the gauche hydrogen effect hypothesis.
The MUB-1 and MUB-2 results suggest that the effect is an
artifact of the Allinger force field. An examination of
the nonbonded interaction forces used in various force
fields lends some support to this view. Forces derived
from nonbonded interaction potentials used in various force
fields are shown in Fiqure 6. While the Allinger C...H
force is ;lose to the consensus value, his H...H and C...C
forces are displaced much less from the C...H force than
are the corresponding forces from other force fields. It
is evident that Allinger's "fat" hydrogens and "skinny"

carbons could lead to the kind of effect that is observed.
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The difference between the Allinger H...H and C...C forces
and those derived from the nonbonded potentials shown in
Figure 6 may be related to the fact that Allinger's non-
bonded functions are derived from Hill's rare-gas atom-atom
interaction potentials, while the other potential functions
shown are derived from information on hydrogen and hydro-
carbons. These facts indicate that Allinger's H...H and

C...C potentials may be less physically reasonable than the

others shown in Figure 6.



10.

11.

12,

13.
14,

15,

16.
17,

REFERENCES

See, for example,
a. E, J. Jacob, H. B. Thompson, and L. S. Bartell,
J. Chem. Phys., 47, 3736 (1967);

b. R. H. Boyd, J. Chem. Phys., 49, 2574 (1968);

c. A, Warshel and S. Lifson, J. Chem. Phys., 53, 582
(1970) ; _

d. E. M. Engler, J. D. Andose, and P. von R. Schleyer,
J. Amer. Chem. Soc., 95, 8005 (1973).

N. L. Allinger and D. H. Wertz, Tetrahedron, 30, 1579
(1974). '_

E. Kochanski, J. Chem. Phys., 58, 5823 (1973),

J. M. Farrar and Y.T. Lee, J. Chem. Phys., 57, 5492
(1972).

M. G. Dondi, U, Valbusa, and G. Scoles, Chem. Phys.
Let., 17, 137 (1972).

D. Williams, J. Chem. Phys., 43, 4424 (1965).

K. S, Pitzer and E. Catalano, J., Amer. Chem. Soc., 78,
4844 (1956).

D. E. Williams, J, Chem. Phys., 45, 3770 (1966).

J. H. Schachtschneider and R. G. Snyder, Spectro-
chimica Acta, 19, 117 (1961).

S. Lifson and A. Warshal, J. Chem. Phys., 49, 5116
(1968).

T. Shimanouchi in Physical Chemistry, An Advanced
Treatise, H. Eyring, D. Henderson, and W. Jost, Lds.,
Academic Press, New York, N.Y., 1970, Volume 4, Ch. 6.

R. M. Stevens, J. Chem, Phys., 52, 1397 (1970).

A, Veillard, Theor. Chim. Acta, 18, 21 (1970).

L. S. Bartell, K. Kuchitsu, and R. J. DeNeui, J.
Chem. Phys., 33, 1254 (1960).

L. S. Bartell and H. K. Higginbotham, J. Chem. Phys.,
42, 851 (1965).

K. Kuchitsu, J. Chem. Phys., 49, 4456 (1968).

My thanks to R. L. Hilderbrandt for making this pro-
gram available to me.

109



110

18. N. L. Allinger et al., J. Amer, Chem. Soc., 93, 1637
(1971) . —

19. A. Warshel, private communication.
20. T. L. Boates, Thesis, Iowa State University, 1966.
21. J. A. Pople and D. H. Cremer, to be published.

22. w. Jl Adams, H. J. Geise' and L. S. Bart811, J. Amer.
Chem. Soc., 92, 5013 (1970).

23. H. B. Burgi and L. S. Bartell, J. Amer. Chem. Soc.,
94, 5236 (1972).

24. J. F. Chiang, C. F. Wilcox, Jr., and S. H. Bauer,
J. Amer. Chem. Soc., 90, 3149 (1968).

25. A, Yokoseki and K. Kuchitsu, Bull. Chem. Soc. Japan,
44, 2356 (1971).

26. O. Ermer, Tetrahedron, 30, 3103 (1974).

27. L. S. Bartell and D. A, Kohl, J. Chem. Phys., 39,
3097 (1963).

28. N, Sheppard and G. J. Szasz, J. Chem. Phys., 17, 86
(1949) .

29. G. J. Gzasz and N. Sheppard, J. Chem, Phys., 17, 93
(1949) .

30. F. A. Anet, private communication.

31, E. J. Prosen, W. H. Johnson, and F. D. Rossini, J.
Res. Nat. Bur., Stds., 39, 173 (1947).

32. K., S. Pitzer, Chem. Rev., 27, 39 (1940).

33. R. S. Mulliken, J. Amer. Chem. Soc., 72, 4493 (1950);
77, 887 (1955).

3. P, Pulay, Mol. Phys., 17, 197 (1969).

35. S, Weiss and G. E. Leroi, J. Chem. Phys., 48, 962
(1968) .

36. H. J. Monkhorst, Chem. Phys. Let., 3, 289 (1969).




Appendix. MUB-2': A Variant of MUB-2 Designed to Fit

Vibrational Frequencies

Although MUB-2 was not designed to reproduce vibra-
tional frequencies with a high degree of accuracy, the
constants were chosen to give a fair representation of the
Schachtschneider and Snyder hydrocarbon potential surface.9
Therefore, the fact that MUB-2 reproduced vibrational fre-
quencies rather poorly was a disappointment, An effort to
change MUB-2 in order to improve its fit of observed vibra-
tional frequencies produced the variant MUB-2', 1In deriv-
ing MUB-2', the areas of MUB-2 which were to be changed and
the size of the changes made were limited, as major changes
in the structures and energies calculated by the two force
fields were not desired. It has been observed that, for a
MUB force field, moderate changes in the force constants
used cause only minor changes in computed structures and
energies; the nonbonded potential functions seem to have
the major influence on both computed structures and ener-
gies. Therefore, the nonbonded potential functions were
not changed. Instead, the contributions to the MUB-2
representation of the Schachtschneider and Snyder potential
surface made by the force constants were examined so that
this portion of the force field could be altered to compute
normal mode frequencies closer to those observed.

As has been noted in Section B above, a number of

simplifications were made in the Schachtschneider and
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Snyder force field when it was used to derive the MUB-2
force constants. The most noteworthy of these were (1) the
neglect of certain interactions explicitly added to the
Schachtschneider and Snyder Urey-Bradley field to improve
the frequency fit, and (2) the averaging of the diagonal
force constants for specific bond types. It was to be
expected that these simplifications would cause some inac-
curacies in the frequencies computed using MUB-2; the con-
cern in this phase of the research was to minimize the
inaccuracies without sacrificing simplicity.

While it is probably not necessary to include all
interactions neglected in MUB-2 to get a satisfactory fit
of the frequencies, some of them must be included. For
instance, it has been shown that the addition of a term
GAriArj improves the Urey-Bradley force field of methane.
Turning to the Schachtschneider and Snyder Urey-Bradley
force field, it may be seen that FH...H is much smaller
than the second derivative of the MUB-2 VH...H' to which it
is formally equivalent. It has been noted before that
reasonable estimates of H...H interaction potentials33
yield second derivatives which are much larger than Urey-
Bradley FH...H constants. Because the MUB-2 VH...H has
been constructed to be physically reasonable, it seems
likely that the low Urey-Bradley Fy. ..z vValue may be the
result of (BZVHH/arﬁH)r and G cancelling each other. If
this is the case, MUB~2 has one obvious deficiency which

will affect the computed frequency values. 1In order to
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remedy this problem, the term GAriArj (for C-H stretches)
was added to the force field. The value of G was deter-
mined by varying the constant so that the magnitude of the
splitting of the C-H stretching frequencies in methane was
approximately reproduced. The value of G thus obtained
was -0,28 mdyne/A. This may be compared with the value of
-0.27 mdyne/A given by Pulay's ab initio methane force
field,32 and the value of -0.28 mdyne/A (methyl C-H) derived
from the Schachtschneider and Snyder Urey-Bradley force
field.’

No other additions to the force field were made. The
force constants were varied to produce as good a fit of the
calculated to the experimental frequencies as was possible,
The C-H stretching force constant was varied so that the
center of gravity of the calculated methane C-H stretching
frequencies was approximately egual to the center of grav-
ity of the experimental C-H stretching frequencies. The
HCH bending constant was varied similarly to reproduce the
experimental center of gravity of the methane HCH bending
frequencies, Next, ethane was examined: the C-C stretch-
ing constant was varied to reproduce the experimental C-C
stretching frequency. Fitting the centers of gravity of
the ethane HCC bending frequencies proved to be somewhat
more difficult; this could not be done (for the upper fre-
quencies) without making the HCC bending constant ridicu-
lously low. The poor fit of the calculated HCC bending

frequencies to the experimental ones is probably a conse-
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Table Al. Parameters of MUB—Z'.a

Bond Stretching: V(r) = 1/2K(r-r°)2-1/2Ka(r-r9) 3

Bond K e . 9
C-H 4.356 1.0303 2.0 1.1068
Cc-C 1.89 1.0795 2.0 1.534
Angle Bending: V(8) = 1/211(_(_3_—_(l°)2
Angle u 8° (radians)
Cc-C-C 0.589 1.91063
C-~-C-H 0.30 1.91063
il-c-H 0.34 1.91063
b 9

Torsional: v(t) = 1/2 f v (l+c°531i)

i=1 3
- -]
V3 = (2.154%x10 2)/9 mdyne - A for any dihedral angle

Stretch-Torsion:b B(r,1) = 1/2Kst(r-rg)(l+c0331)

Ko = -7.125x10"2 mdyne r9 = 1.534

- - - -9 -9
Stretch-Stretch: V(rl,rz) krr(rl rl)(r2 rz)

Bond Types krr rg rg
C-H, C-H -0.28 1.1068 1.1068

a A1l units are such that energies are ingunits of mdyne-

A, angles in radians, and distances in Angstrom units,
(Ssame as for Table II).
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Table A2, Experimental and Calculated Normal Mode

Frequencies of Methane.?2
Experimentalb Calculated Description
3020 3019 F, C-H stretch
2914 2890 Al C-H stretch
1526 1462 E lI-C-H bend
1306 1446 F, H-C-H bend

4 All frequencies in units of cm L.

G. Herzbherg, Infrared and Raman Spectra of Polyatomic
Molecules, 1945, p, 306.

Table A3. Experimental and Calculated Hormal Mode

Frequencies of Ethane.?2
Experimentalb Calculated Description

2974 3004 Eu C-H stretch
2950 2988 Eg C-H stretch
2915 2917 Alg C-ll stretch
2915 2899 A,, C-H stretch
1370 1524 A2u HCC bend
1388 1471 Alg HCC bend
1469 1429 Eg HCHl bend
1460 1428 Eu HCII bend
1190 1110 Eg HCC bend

995 1002 Alg C-C stretch

822 952 Bu HCC bend

279 332 Aju torsion

2 All frequencies in units of cm L.

Reference 9.
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auence of the neglect of a "bond flexibility"™ interaction
(k¢¢' - ka'B in the notation of part I). The calculated
torsional frequency is high, for reasons which are out-

lined below. An energy difference of 3.0 kcal/mol between

eclipsed and staggered ethane was assumed, which is quite

close to the experimental barrier height of 2.93 kcal/

mol,35

which was determined from torsional frequencies.
However, the value of the barrier height used in MUB-2'

was determined by the energy difference between relaxed
staggered ethane and relaxed eclipsed ethane, whereas any
normal coordinate calculation in cffect uses the difference
between relaxed staggered ethane and unrelaxed eclipsed
ethane as the barrier height. There is some indication
from ab initio calculations that the relaxation energy is

around 0,6 kcal/mol,13'36

while MUB~2' calculations make
the difference 0.46 kcal/mol. An increase in the barrier
height of this magnitude produces a large part of the cal-
culated-observed torsional frequency difference.

The force constants and reference lengths used in
MUB-2' are listed in Table Al. The observed and calculated
methane and ethane normal mode frequencies are compared in
Tables A2 and A3. Some portions of the spectra are in good
agreement, while others point out deficiencies in the force
field.

MUB-2' was used to recalculate the energy differences

between gauche and trans n-butane and axial and equatorial

methylcyclohexane, As expected, the differences between
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the rotational isomerization energies calculated using
MUB-2 and MUB-2' were small: MUB-2 yielded 0.540 kcal/mol

for the vibrationless gauche-trans n-butane energy differ-

ence, while MUB-2' gave 0.482 kcal/mol for the same quan-
tity. The vibrationless axial-equatorial methylcyclohexane
energy difference was calculated to be 0.954 kcal/mol using
MUB-2, and 0.932 kcal/mol using MUB-2', Vibrational cor-
rections were also made. Boydld has pointed out that good
values of thermodynamic functions may be calculated from
computed vibrational spectra which have the correct centers
of gravity for groups of frequencies but which may not show
the proper splittings. Because frequencies computed using
MUB-2' meet this criterion for the most part, the differ-
ences between thermodynamic guantities calculated using
MUB-2' may be assumed to be significant. The vibrational
corrections alluded to here are the sums of the differ-

ences in the zero-point energies and in the quantities

(AH598 - AHS). These vibrational contributions raised the

gauche-trans energy difference for n-butane to 0.50 kcal/
mol and the axial-equatorial energy difference for methyl-
cyclohexane to 0.98 kcal/mol.

As was expected, differences between the structures
calculated using MUB-2 and MUB-2' were minimal. The larg-
est structural parameter differences observed were 0.001 A
for bond lengths and 0.1° for bond angles.

MUB-2' was used to calculate a series of Zero-point

energy differences, which are compared with the experi-
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mental values in Table A4. Though the zero-point energies
calculated using MUB-2' are systematically high, due to
deficiencies in the model force field, the agreement of the
computed with the experimental zero-point energy differ-
ences is semiquantitative,

It is to be hoped that MUB-2' will provide further

insights into features which will improve future MUB force

fields.
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Table A4. Computed and Experimental Zero-Point

Energy pDifferences,?

Experimentalb Computed
n-butane 0.0 0.0¢-
isobutane 0.24 0.24
n-pentane 0.0~ 0.0¢c-
isopentane 6.71 0.21
neopentane 1.02 0.72
n-hexane 0.0+ 0.0+--
2,2 dimethylbutane 0.83 0.63

2 a11 enerqgy differences are in kcal/mol, and represent
the differences between the energies of the n-alkane and
the isomer.

b The experimental zero-point energies from which the dif-
ferences were obtained are listed in Table IV.



III1. GAS-PHASE ELECTRON DIFFRACTION DETERMINATIONS OF THE

STRUCTURES OF n-ALKANES: n-BUTANE AND n-HEXADECANE

A, Determination of the Structure of n-Butane

1. Introduction
This study was done primarily to acquaint the
researcher with the procedures for determining molecular
structures from electron diffraction data. n-Butane is

the smallest n-alkane to exhibit gauche-trans rotational

isomerism, and as such could serve as a prototype for the
n-hexadecane structural determination, which is detailed
in part B of this section. Many of the principles learned
during the course of the n-butane study were carried over
into the n-hexadecane study.

The experimental data of W. F. Bradford1 were used.
An earlier structural refinement processing these data2
with a more or less automated computer procedure gave the
value of the gauche dihedral angle as 54° and the value of
the trans fraction as 40%. Though the associated uncer-
tainties are fairly large, these results are somewhat dis-
turbing, for they depart from the results of previous

3,4

studies. Chemical intuition suggests that the value of

the gauche dihedral angle should be slightly larger than
60° {(at which value the energy contribution from hindered
internal rotation is generally considered to be at a mini-
mum) in order to relieve the repulsive energy of the

Me...Me interaction. The 40% value for the trans fraction,

120
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under the conditions of the experiment,2 suggests a value

for AG® (gauche-trans) of 160 cal/mol, as compared with the

other measured values of AG®° for _r_x_—butanea'4 and other
gfalkanes,6 all of which are around 600 cal/mol. Both the
gauche dihedral angle and the trans fraction are parameters
which can be dependent upon the way in which the intensity
data are analyzed. Certain systematic discrepancies
between the calculated and observed intensities were possi-
ble factors in producing the above anomalies. It was
deemed desirable to see if a second analysis of the dif-
fraction data which relied more upon operator judgement
and less upon preprogrammed procedures for data analysis

would yield the same results as the first.

2., Experimental
The recording of the diffraction patterns and pre-
liminary analysis of the data are described in reference 2,
The analysis described below used the three different sets
of interpolated (to integral g values) experimental level-

led intensities obtained by Bradford.1

3. Analysis of Data
a. Molecular Model Used
Bradford's model for n-butane was not used.
A new model which consisted of a complete trans and a com-
plete gauche isomer was devised. Con and C, symmetries
were maintained for the trans and gauche isomers, respec-

tively. The molecular model used is shown in Figure 1.
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Figure 1. Molecular Model Used for n-Butane,
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Figure 1.
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All C-C bond distances and CCC bond angles were assumed to
'be equivalent, as were all C-H bonded distances. All HCC
angles were not constrained to be equivalent: the model
used gave two distinct geminal C...H distances, 4...9 and
3...9, but the values of the HCC angle which these implied
differed by only a few tenths of a degree. Only one value
of the HCC angle was refined. This gave four independent
parameters, The gauche dihedral angle was the fifth.
Following Bradford's experience,2 which suggested that the
value of the twist angle of the gauche methyl group could
not be determined from the intensity data with any pre-
cision, the twist angle was not varied but was set at
-2.5°, which value was suggested by MUB-2 calculations.
Five amplitudes were allowed to vary: these were the
bonded C-H and C-C, the geminal C...H and C...C, and the
l...4 gauche C...C. The earlier investigation had shown
that the 1...4 trans and gauche amplitudes tended to be

highly correlated with the trans fraction, so the 1...4
trans C...C amplitude was fixed, as were all others not
mentioned above. The values of the fixed amplitudes and
the shrinkages used for the various distances are given in

Table I. The asymmetry constants for all internuclear

distances were set equal to 2.0 A™L,
The trans fraction was determined from information
gained by minimizing a number of different structures with

different values of the trans fraction, as described below.
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b. Processing of the Intensity Data

The data consisted of a set of reduced molecu-
lar intensities, interpolated to integral q (q = 10s/7),
for each of the three camera distances. Initially, the
different data sets were treated separately. The two r3
data sets were subjected to least squares analyses to
derive computer-fitted backgrounds and obtain preliminary
indications of the best value of the trans fraction. The
computer backgrounds and the derived structural parameters
were used to compute correlation backgrounds for both data
sets. New backgrounds were then drawn by hand, using the
criteria that a background should be smooth and should
"split" the correlation background as evenly as possible.
Least squares analyses were done on the data sets using
the new backgrounds, and, using the indices of resolution
[R = Mexp(s)/Mcalc(s)] so determined, the r3 data were
blended, yielding a smooth molecular intensity function
over the range s = 3.14 to s = 39,58 (g = 10 to q = 126).
A set of structural parameters was derived from the blended
intensities. The r2 intensity data were subjected to
least squares analysis with the structural parameters
fixed at the values derived from the blended r3 data so
that a computer fitted background could be derived. A
correlation background was computed for the r2 data, and
a new background was hand-drawn through the data, using
the same criteria described earlier. A least squares

analysis of the r2 data was done, using the new background
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with the structural parameters fixed at the values obtained
from the blended r3 data, in order to derive the index of
resolution for use in the blending., All of the data were
then blended, with care taken to ensure that the intensity
data from the different camera distances joined smoothly.
The resulting molecular intensity function ranged from s =
2.51 to s = 39.58 (gq = 8 to q = 126). A set of structural
parameters was derived from the blended data. The para-
meters were used to compute new correlation backgrounds,
and new hand backgrounds were drawn for all data sets.

The new indices of resolution were obtained, and the data
were reblended, with the smoothness of the joins of inten-
sity data from different sets having improved. The indices
of resolution for the 2l-cm r2 and the 21- and 1ll-cm r3
data were 0.737, 0.861, and 0.964, respectively.

The early analyses of the individual data sets done
in the course of this research had indicated that the best
value of the trans fraction was between 50 and 60%. There-
fore, the trans fraction was set to either 50 or 60%
throughout the derivation of the individual backgrounds
and the determination of the indices of resolution which
were used in the blending process.

Weighting proportional to 52 was used throughout the
process of background refinement and data blending. As was
true of Bradford's analysis, the optimal weighting appeared

2

to be between s and s”, but the s-weighted residuals

appeared to he more uniformly distributed than did the
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sl/z-weighted residuals, so 52 weighting was used through-
out the initial treatment of the data. It is expected
that an analysis using s weighting would be more sensitive
to the values of the trans fraction and the gauche dihedral
angle, for most of the information about these two para-
meters is contained in the intensity at small S values.
Hence, an s-weighted as well as an sz-weighted analysis of
the blended intensity data was performed. Results of the
different least squares analyses are discussed below.

A succession of least squares analyses of the blended
intensity data was performed with different values of the
trans fraction. The value of the fraction had only a minor
influence on the values obtained for the independent para-
meters. The parameters which exhibited the greatest depen-
dence upon the trans fraction value were the gauche dihe-
dral angle and the gauche 1...4 C...C nonbonded amplitude,
but the variations of these parameters with the trans
fraction were of the same order as ¢ for each parameter
and so cannot be considered to be significant. The values
obtained for o(I) were, of course, dependent upon the
trans fraction, and this dependence was taken as the cri-
terion for determining the best value of the trans frac-
tion. The o(I)/<I> were plotted versus the trans fraction
values, and a parabola was fitted to the points. The
value of the trans fraction at the vertex of the parabola
was taken as the best value.

The best value of the trans fraction was obtained for
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both the s- and sz-weighted least squares analyses done
using the molecular model described above. In addition,
the best value of the trans fraction was determined for a
slight variant of the molecular model. This model varied
from the one described earlier only in that the CCC angle
in the gauche isomer was fixed to be greater than the trans
CCC angle by a constant increment. The value of the incre-
ment was set equal to the MUB-2 prediction of the differ-
ence between the gauche and trans n-butane CCC angles,
which was 1.5°. A series of sz-weighted least squares
analyses of the blended intensity data was performed with
the molecular model variant described above. The change
from the original model produced only insignificant changes

in the values obtained for the other independent para-

meters.

4, Results

The values determined for the independent para-
meters and the estimated uncertainties in the derived
values are shown in Table II. The correlation matrix for
the independent parameters is tabulated in Table IIIX.
Figure 2 shows the weighted blended molecular intensity
curve. The radial distribution function is shown in Fig-
ure 3. The molecular model used for the determination of
the values given in Tables II and III and the figures
shown was the model without any differentiation of CCC

angles. Weighting proportional to s2 was used, and the
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Table I. Distances, Amplitudes, and Shrinkages Adopted
for the n-Butane Structure Determination
Atom #1 Atom {#2 Amplitude Shrinkage
2 4 a 0.
4 3 a 0.0073
19 17 a 0.0137
3 5 0.0722 0.0265
10 2 a 0.
12 2 Z 0.0105
9 4 0.0059
27 19 0.33 -0.0194
25 1l8 0.18 0.0099
9 5 0.14 0.0070
21 19 0,10 0.0070
14 2 0.15 0.0099
31 16 0,17 0.00%9
25 19 0.33 0.0300
20 19 0.18 0.0283
26 18 0.19 0.0366
6 4 0.10 0.0298
26 19 N.19 0.0458
8 5 0.18 0.0352
13 3 0.12 0.0469
11 12 0.13 0.006G5
13 14 0.13 0.0029
20 26 0.18 0.0065
27 31 0.34 -0.1029
11 13 0.18 0.0065
20 22 0.18 0.0017
21 26 0.18 0.0149
21 27 0.13 0.0090
8 9 0.13 0.0059
20 25 0.13 0.0064
21 22 0.18 0.0008
23 25 0.28 -0.0244
10 15 0.22 -0.0291
27 29 0.47 -0.0033
20 27 0.19 0.0308
11 15 0.18 0.0203
21 25 0.19 0.0285
10 11 0.18 0.0289
9 15 0.22 0.0203
23 27 0.13 0.0308
20 29 0.27 0.0375
27 30 0.29 0.0375
21 30 0.14 0.0375
22 27 0.19 0.0375
25 29 D.42 0.0600
25 30 0,35 0.0356
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Table I continued.

Atom #1 Atom #2 Amplitude Shrinkage
22 26 0.14 0.0356
6 11 0.19 0.0375
8 14 0.20 0.0356
8 15 0.28 0.0654
8 13 0.23 0.0480
6 13 0.14 0.0779
a

Value determined from structure analysis. See Table II.

Table II. Values of the Independent Parameters for

n-Butane (q2 weighting, trans fraction = 55%)

Parameter Value 30
C~-C length 1.531 A 0.001
C-H length | 1.117 A 0.003
HCC angle 111.0° 0.5
CCC angle 113.8° 0.4
gauche CCCC torsion 64.9° 2.9
C-C bonded amplitude 0.0531 (0.051)2 0.0015
C-H bonded amplitude 0.0805 (0.079)2 0.0028
l1...3 C...C amplitude 0.0700 (0.071)2 0.0040
1...3 C...H amplitude 0.1088 (0.109)2 0.0054
l...4 C...C (gauche) 0.1214 (0,172)°2 0.0053

The 1...4 C...C trans amplitude was fixed at 0.0722, the
value obtained from Bradford's normal coordinate study
of n-butane.

Values in parentheses are from Bradford's normal coordi-
nate study of n-butane.
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Table III. Correlation Matrix (zero-order) for the

Independent Parameters (n-butane, q2
weighting, trans fraction = 55%)
1 2 3 4 5 6

1 1

2 0.05 1

3 -0.20 -0.31 1

4 -0.39 -0.01 0.16 1

5 0.03 0.05 -0.22 0.14 1

6 0.07 0.13 -0.11 0.0001 0.05 1

7 0.05 0.1l6 -0.11 0.004 0.05 0.37
8 0.03 0.06 -0.15 -0.02 0.08 0.17
9 0.002 0.03 0.05 0.16 0.03 0.20
10 -0.01 0.002 0.05 0.01 -0.12 -0.01
11 0.07 0.20 ~0.16 0.01 0.08 0.68

7 8 9 10 11

7 1

8 0.14 1

9 0.16 0.004 1
10 -0.01 -0.02 -0,0006 1
11 0.55 0.25 0.30 -0.01 1

The order of the parameters is

1. rg(CC) 5. t(CCcce) 9. zu(l,3 C...H)
2. rg(cu) 6. ¢ (cC) 10. 2 [1,4C...c(6)]
3. Hcc 7. & (cH) 11. R

4. ,CcC 8. £,(1,3 c...C)

The zero-order standard deviations of the parameters are

1. 4.3 x 1074 5. 9.7 x 107} 9. 1.8 x 1073
2. 9.3 x 1074 6. 4.9 x 10”2 10. 1.8 x 102
3. 1.7 x 107t 7. 9.3 x 1074 11. 9.3 x 1073
4. 1.3 x 1071 8. 1.4 x 1073
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trans fraction assumed was 55% (60% for the radial distri-
bution curve).

A plot of the various values of o(I)/<I> obtained
from the s-weighted least squares analyses versus per cent
trans is shown in Figure 4. The parabola which was fitted
to the points is also shown. The vertex of the parabola
is at 53.5%. Values of the trans fraction yielded by the
two sets of E?-weighted analyses were 57.0% (model without
CCC angle differentiation) and 60.7% (model with CCC angle
differentiation). The uncertainty in the optimum trans
fraction arising from the fit of the parabolae to the
0 (I)/<I> points was minimal (less than 0.5%) for the 53.5%
and 57.0% values but was * 4% for the 60.7% value. As will

be discussed below, the value for the trans fraction was

taken to be (*g) 55 % 5%,

5. Discussion

The values obtained for the structural parameters
are in the range which one would expect based on other
structural studies of rl-alkanes.5 The C-C bond length
seems a bit short, but the difference between the value
determined here and the average value of a C-C bond length
in n-alkanes given in reference 5 is not significant. The
gauche dihedral angle has opened out to more than 60°, in
accordance with the rather simple model of hindered inter-
nal rotation given in the Introduction. The n-butane

structure determined during the course of this research is
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Figure 4. Standard Deviation of the Intensity as a

Function of the trans Fraction for

Q—Butane .
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in fairly good agreement with one determined a number of

Years ago. 3

The fact that three different values of the trans
fraction were determined from the three sets of least
squares analyses is not a cause for concern, for the dif-
ference between the values obtained is not statistically
significant. One fact which must be remembered in assess-
ing the different trans fraction values is that the deriva-
tion of the backgrounds and the blending of the intensity
data were done using the model without CCC angle differen-
tiation and with 52 weighting. As is discussed below, the
backgrounds used and the way in which the intensity data
are blended can affect the values derived for the gauche
dihedral angle and the trans fraction. Therefore, some
uncertainty in the best value of the fraction arises from
whatever bias the background derivation and blending pro-
cesses place on the final molecular intensity function
determined from the experimental data. However, the pre-
liminary least squares analyses of the separate data sets
gave values for the gauche dihedral angle and the trans
fraction which were close to the final values obtained.
The small differences between the values obtained for the
trans fraction from the three sets of least squares analy-
ses may be due to slight biases in the molecular intensity
function.

The choice of 55% for the trans fraction represents a

compromise among the different values obtained. Both setss
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of sz-weighted analyses yielded rather shallow parabolae,
and the fit of the parabola to the o(I)/<I> points for the
differentiated CCC angle model was not good. The s-
weighted analyses gave a deeper parabola, and, as is dis-
cussed above, it is expected that s-weighted analyses will
be more sensitive to the value chosen for the trans frac-
tion than will sz-weighted analyses. However, 32 weighting
gave a more even distribution of weighted residuals than
did s weighting, and, as noted above, s2 weighting was
used in the derivation of the blended molecular intensity
function. The value of 55% adopted for the trans fraction
is an average of the s- and sz-weighted undifferentiated
CCC angle model values. The * 5% uncertainty was obtained
from the o(I)/<I> versus per cent trans curve for the s-
weighted analyses as follows. The standard deviation ozof
a given parameter 62 may be found from

~

ag,. (6

18 +0,) =0 (8,01 + [B,,(B7Y),,/(n-m]}, (1)

where cI(az) is the minimum value of the standard deviation
of the intensity, 01(31 + oz) is the standard deviation of
the intensity when parameter 92 has been displaced from its
least squares value 82 by one standard deviation, n is the
number of intensity points, m is the number of independent
parameters which are derived from the data, and B is equal
to A'WA, where A is the design matrix and W is the weight
matrix. Of course, the method of analysis used did not

1

provide values of B,, and (B~

Y] )22 for the trans fraction



139

parameter, but work in this area7 suggests that a plausible

-1
value for BQL(B

is three. Hence, three was used for Bll(B-l)zz in equa-

)zz, in the absence of a firmer estimate,

tion (1) above, and the value of 01(92 + 02) obtained
indicated that the estimated standard deviation for the
trans fraction is * 5%, A 55% trans, 45% gauche model

implies a gauche-trans free energy different (AG®°) of 510

cal/mol, slightly lower than the previous estimate of 630
cal/mol,3 but well within the uncertainty in the value.

The uncertainty in AG® implied by the * 5% uncertainty in
the value of the trans fraction is + 110 cal/mol. However,
the value of AG® is dependent upon the temperature of the
sample when it encounters the electron beam, which cannot
be measured. Therefore, a more realistic estimate of the
standard deviation of AG® is probably * 130 cal/mol.

The results of the structural analysis discussed here
depart from those of Bradford only for the gauche dihedral
angle and the trans fraction. The values for these two
parameters reported here are within 30 of Bradford's values,
and so the differences between them should not be considered
to be significant, Both studies determined a value of 0,86
ppt for the minimum o(I)/<I> when s? weighting was used.
When s weighting was used, the minimum o(I)/<I> determined
in the course of the present study was slightly lower than
that found by Bradford. It may be noted that the range of
Bradford's molecular intensity function was s = 3.14 to

s = 39.58 (@ = 10 to q = 126), while the range of the



140

molecular intensity function used in this analysis was

8 = 2,51 to s = 39.58 (g = 8 to g = 126). The systematic
discrepancies between the calculated and observed intensi-
ties corresponding to the 3.9 A distance in Bradford's
study have been appreciably reduced in the present analy-
sis. It is possible that the parameters derived by this
analysis provide a "better" representation of the inten-
sity data than do Bradford's, though the statistical cri-
teria for judging "goodness of fit" do not suggest sub-
stantial differences between the two studies. A compari-
son of the results of the two studies does show that fhe
values obtained for the gauche dihedral angle and the
trans fraction depend upon the backgrounds and the way

in which the separate intensity data sets are blended.

B. Determination of the Structure of n-Hexadecane

1. Introduction

n-Hexadecane is a straight-chain alkane, C16H34.

The structures of a number of simpler straight-chain
alkanes, n-butane, n-pentane, n-hexane, and n-heptane,
have been determined using electron diffraction methods >~

The values determined for the C-C bond length and the

gauche-trans free energy difference6 were the same (to

within experimental error) for all of the n-alkanes named
above. However, n-hexadecane is much larger than any

n-alkane whose structure has been investigated by gas-
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phase electron diffraction methods previously, and it is
possible that the uniformity of C~C bond lengths and gauche-
trans free energy differences displayed by the smaller
n-alkanes may not extend to such a large molecule. Given
the number of conformations which, in theory, n-hexadecane
may assume, it is possible that interactions which are
separated by a large number of atoms (1...7, 1...8, etc.)
and whose effects upon molecular structure are generally
considered to be negligible may correspond to fairly short
interatomic distances and thus may have an appreciable
influence upon the structure after all. Alternatively,
widely separated atoms may influence each other indirectly
through a series of short-range interactions. Differences
between the n-hexadecane structural parameters and those
of the smaller n-alkanes may provide information about the
effects of so-called long-range interactions on molecular
structure.

n-Hexadecane is also of interest in that it may be
considered to be a "mini-polymer" having a chemical compo-
sition homologous to that of polymethylene. Therefore, it
may be possible to use the derived n-hexadecane structural
parameters to gain some information about the conformation
of polymethylene. The characteristic ratio, which may be
considered to be a measure of the extension of a polymer,
may be calculated using information from the n-hexadecane
structure determination and information calculated using

MUB-2. Results of such calculations will be reported and
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discussed below.

2. Experimental

A sample of n-hexadecane with a stated purity of
99 mole percent was obtained from Aldrich Chemical Company
and was used without further purification. The sample was
transferred to a heated nozzle similar to one described in
the 1iterature8 and the air introduced during the loading
process was pumped off. The nozzle was heated to 150° C to
provide a sample temperature of 15 torr. Data were ob-
tained at the 21-, 11-, and 7-cm camera distances through
a radius cubed (r3) sector and at the 21-cm camera distance
through a radius squared (rz) sector. Experimental condi-
tions are summarized in Table IV. The diffraction patterns
were recorded on 4 x S5 in Kodak electron image plates,
The plates were developed in Kodak HRP developer (diluted
1:4 with 3.8 gm/gal benzotriazole added) for five minutes
at 68° F with agitation provided by a one-second burst of
nitrogen every six seconds. Voltages proportional to the
light transmitted through the diffraction pattern were
measured at 0.125 mm intervals across the full diameter of
the plate with a modified Sinclair Smith recording micro-
photometer. The plates were spun at an integral number of
revolutions per reading (3 Hz) to average over grain irreg-
ularities in the emulsions. The unusable center voltages
from each plate were discarded and the remaining voltage

values from the two halves of the plate were averaged.
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3. Analysis of Data

a. Determination of Molecular Intensities

The averaged voltage values were converted to

absorbances using the relation

A = -1oglol(v - VO)/(VIOO - Vo)lo (2)

where V is the measured voltage, V100 is the voltage corre-
sponding to the intensity transmitted through a clear por-
tion of the plate, and VO is the voltage when no light is
transmitted through the plate. The absorbances were then

converted to relative intensities, E, by2

2

E = A(lL + 0.116a + 0.017a% + 0.00312a3). (3)

Five apparently flawless plates were selected from those
taken at the 21- and ll-cm camera distances. Four plates
were selected from those taken at the 7-cm camera distance.
The intensity values for each group of plates were averaged
together. The resulting data set for each camera distance
was interpolated to integral q values [q = 40/wsin(6/2)]
using a five-point-five-term Lagrangian scheme,

The experimental levelled intensities were obtained
by dividing the experimental intensity values for each
camera distance by the theoretical atomic intensity func-
tion. This function was determined using the partial wave

elastic and inelastic scattering factors of Schafer, Yates,

and Bonham.9



145

b. Molecular Model Used

n-lHexadecane is such a large molecule that a
number of simplifications must be made in formulating a
model which is simple enough to be used in the analysis of
the intensity data. The n-hexadecane model may be con-
sidered analogous to the model used for n-butane in that
it is assumed that both trans and gauche sites occur in the
molecule. However, the n-hexadecane problem is complicated
by the fact that the rotational confiquration of a series
of bonds must be considered when the molecular description
is devised. For instance, two adjacent carbon-carbon bonds

in the interior of an alkane chain may show a trans-trans,

Erans-gauche, or gauche-gauche configuration. Three inter-

ior carbon-carbon bonds in a row may exhibit any of seven-
teen rotational confiqurations, and so on. Theoretically,
n-hexadecane can exist in well over a million different
conformations. Then, of course, a given gauche dihedral
angle will have a value which depends upon the conformation
of the nearby groups, as will the trans. The lengths of

the C-C and C-H bonds, as well as the values of the CCC and
HCC angles, may be expected to take on slightly different
values in different parts of the molecule. Therefore, there
are two problems which must be made manageable when formu-
lating a model for n-hexadecane: the proliferation of
independent parameters, and the huge number of nonbonded
distances which arise from the large number of conformations

accessible to the molecule.
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The first problem is more easily dealt with than the
second. The differences in individual bond lengths and
angles are not such that they can be determined from the
electron diffraction intensity data, so a single parameter
was adopted to represent each of the bond angles and
lengths. Some preliminary work showed that the use of a
large number of gauche dihedral angle parameters in the
molecular description led to dihedral angle values which
were extremely unstable. Therefore, one independent para-
meter was used to describe all gauche dihedral angles. All
trans angles were fixed at 180° (shrinkage corrections were
made) . All methylene groups were assumed to possess local
sz symmetry. It was further assumed that the energy of a
configuration containing a multiple number x of gauche
sites was equal to x times the energy of a single gauche
site (i.e., Eog = ZEG, etc.). These approximations reduced
the problem to the determination of two bond lengths, two
bond angles, one dihedral angle, and the ratio of gauche
to trans sites.

Obviously, if the n-hexadecane problem is to be tract-
able, all possible atom-atom distances cannot be considered.
Fortunately, many possible distances are long and broad in
distribution and therefore make only minor contributions
to the intensity. These may be dropped from consideration.
For C...C, no distance from any interaction greater than
l...7 was considered. Since the shortest 1l...7 C...C dis-

tance was 5.3 A and had a low multiplicity and a large
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amplitude of vibration, it seems justified to neglect dis-
tances further than 1...7. No distance from any C...H or
H...H interaction farther than l...5 was considered.

Though o0 (I) would have been improved if distances arising
from longer-range interactions had been considered, the
improvement would have been small, judging from observa-
tions made during the course of the analysis, and of margi-
nal benefit. The distances which were considered permitted
the structural parameters of the molecule to be determined
with a reasonably high precision. A model which allowed
the explicit specification of all C...C distances through
l...7 and all C...H and H...H distances through 1...5 was
devised. Multiplicities (the number of times an inter-
atomic distance of a given type occurs in the molecular
model assumed) of the C...C distances were obtained from

assumed values of AG® (gauche-trans) as follows. The

multiplicities of the various 1...7 distances were deter-
mined from the ratio of gauche-containing conformations to
the all-trans conformation, which is dependent upon AG®°

according to the relationship.

% gauche cont./% all-trans = M exp(-nAG°/RT), (4)

where M is the number of ways in which a given gauche-con-
taining configuration may occur in a chain (for example,
the conformation TGTG may occur in eight different ways)
and n is the number of gauche sites which that configura-

. . + - .
tion contains. No gauche =-gauche sites were considered
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to occur; models show that this configuration is badly
sterically hindered, and MUB-2 calculations on n-nonane

indicate that a gauche+-ggpche- conformation lies 3 kcal

above a gguche+-gauche+ conformation. The M values used

in equation (4) for the various 1...7 distances were the
multiplicities of the various heptane conformations given
in reference 6. Due to the disallowance of the gauche+-
gauche- conformation, it was expedient to determine the
multiplicities of the 1,..6, 1...5, and 1...4 C...C dis~
tances from the percentages of the various 1...7 configura-
tions rather than from the percentages of each configura-
tion computed from equation (4), since the value of M for
a certain local configuration is dependent upon the larger
configuration in which the local one is situated. The
C...H and H...H distance multiplicities were computed using
the multiplicities of the various rotational confiqurations.
A total of fifty-four distances was considered by the
final model.

The molecular model described above may be objected

to on the grounds that the exclusion of gauche+-gauche~

conformations means that determining the multiplicities of
the 1...7 C...C distances from equation (4) is invalid.
Strictly speaking, this is true: a rigorous model would
have all C...C distances reckoned from the multiplicities
of the 1l...16 C...C configurations, which would Le computed
using equation (4). HNeedless to say, implementing such a

model would be highly impractical. It is estimated that
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the method of calculating the various C...C distance multi-
plicities which was actually used imparts an error of less
than 3% in the value of the gauche fraction which is asso-
ciated with a given value of AG°. As will be shown below,
this is less than the uncertainty in the value determined
for the gauche fraction. The assumption that the energy
of a gauche conformation is site-independent (which MUB-2
calculations indicate is not the case) probably introduces
at least as large an error into the C...C distance multi-
pPlicities as does the approximate method of calculating
them which was described above.

The amplitudes of all of the distances could not be
varied simultaneously. The bonded C-C, C-II amplitudes,
the 1...3 C...C and C...H amplitudes, and the 1...4 gauche
C...C amplitude were considered to be independent para-
meters which were varied along with the previously speci-
fied independent structural parameters. Seven other ampli-~
tudes were specified: 1...4 trans C...C, 1...5 and greater
¢...¢, 1...4 and 1.,.5 C...H, and 1...3, l...4, and 1...5
H...H. These amplitude parameters were not varied along
with the independent parameters, but were intended to be
minimum values for the amplitudes of the individual dis-
tances. A constant to be added to the minimum value para-
meter was specified for each distance. The first set of
these constants which was used was derived from the ampli-
tude differences used for analogous n-butane distances,

while the second set used was derived from Mastryukov's
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Table V. Distances, Shrinkages, and Additive Amplitude
Constants Adopted for n-llexadecane

] . Amplitude
Distance Shrinkage Constant @

C-C bonded (1.541) 0. b 0.
C...C geminal (2.59) 0.0073) 0.
C...C gauche (3.27) 0.0137 0.
C...C trans  (3.98) 0.04003 0.
C...C TF  (5.19) 0.0470% 0.04
C...C GT (4.66) 0.04005 0.06
C...C GG (4.15) 0.0265 0.08
C...C TTT (6.54) 0.06109 0.10
C...C TTG (5.69) 0.0520% 0.08
C...C GGT (5.29) 0.0470% 0.14
C...C GIG(I) (5.03) 0.0450% 0.10
C...C GTG(II) (5.69) 0.0450% 0.10
C...C TGT (6.13) 0.0560d 0.12
C...C GGG (5.34) 0.0470% 0.14
C...C TTTT (7.78) 0.0750 0.15
C...C TTTG (7.09) 0.0670% 0.15
C...C TTGT (7.09) 0.0670d 0.15
C...C TTGG (6.43) 0.0580% 0.15
C...C GTTG(I) (6.37) 0.0520 0.14
C.e..C GITG(II) (5.79) 0.0520% 0.14
C...C TGTG (6.57) o.oslod 0.15
C...C TGGT (6.37) 0.0520d 0.14
C...C TGGG (6.47) 0.0470 0.14
C...C GTGG  (5.23) 0.0580 0.18
C...C GGGG  (6.41) 0.0470 0.16
C-H bonded (1.13) 0. b 0.
C...Il geminal (2,21) 0.0059 0.
C...H 1...4 trans (2.83) 0.0100¢ 0.
(2.83) c...H 1...4 gauche(l) 0.0100¢ 0.
(2.82) C...H 1...4 gzaaﬁacz) 0.01oo§ 0.
(3.55) C...H 1...4 233356(3) -0.0194 0.12
C...H 1,..4 %EEH;I (3.53) 0.0325° 0.01
(4.28) c...Il 1...5 TTT, GTT 0.0400°¢ 0.14
(4.28) C...il 1...5 TTG, GTG 0.0400° 0.14
(4.78) C...H 1...5 TTG, GTG 0.0325% 0.15
C...H 1...5 TGT (2.93) 0.0325° 0.06
C...H 1...5 TGT (3.63) 0.0325% 0.08
(4.14) C...H 1...5 GGT, GGG 0.0325% 0.09
(2.93) C...H 1...5 GGT, GGG 0.0325° 0.06
C...H 1...5 GGT (3.63) 0.0325% 0.08
C...H 1...5 GGT (2.93) 0.0325° 0.06
(4.24) C...H 1...5 methyl G 0.0400°% 0.095
(4.76) C...H 1...5 methyl T o.o47o§ 0.15
l...H geminal (1,73) 0.0065 0.




Table V continued,

All H...ll amplitude constants were zero. The value of
0.0070 was used for all 1...4 H...H shrinkages, while
0.0200 was used for all 1...5 H...H shrinkages.

The Mastrukov amplitude constants are listed,

These shrinkages were taken from Bradford's n-butane
values,

This shrinkage was empirically adjusted.

These shrinkages were extrapolated roughly from Brad-
ford's 300°C n-butane values, estimating the dependence

of the shrinkage values on the distances and neglecting
the temperature dependence.

These shrinkages were averages of the n-butane shrinkages
for these distances.
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scheme for computing C...C and C...H ampli.tudes.10 The
results of the least squares analyses showed no dependence
upon the difference set used. The "fixed" C...C, 1l...4
C...H, and 1...3 H...H amplitudes were allowed to vary
once a good structure for a given value of AG®° had been
determined, but were never varied in concert with the other
independent parameters. The values of the shrinkages used
for the various internuclear distances were extrapolated
roughly from those determined for n-butane by Bradford.2
Shrinkages and amplitude increments used for the distances
are given in Table V. Morse asymmetry constants of 2.0

Al were used for all distances.

c. Processing of the Intensity Data

Initially, the data sets from the different
camera distances were treated separately. First, before
any least squares fits of the intensity were done using
the model described above, a least squares fit of the 2l1-cm
r3 data was done using a model which contained no inter-
nuclear distances greater than 1l...4. The purpose of this
procedure was to get some idea of the value of the gauche
percentage before doing a lot of work with the more compli-
cated molecular model. Preliminary indications were that
the gauche fraction was between 40 and 60%, and was probh-
ably close to 50%. Least squares fits of the intensity

data were done using a slight variant of the more compli-

cated model described above and a gauche fraction of 45 or
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50%. As a first approximation, computer-fitted backgrounds
were derived for each of the three r3 data sets, These
backgrounds and the derived structural parameters were

used to compute correlation backgfounds for each data set.
New backgrounds were then drawn by hand, using the criteria
that a background should be smooth and should "split" the
correlation background as evenly as possible. New least
squares analyses were done using the newly-derived back-
grounds, and the r3 data were blended, yielding a smooth
molecular intensity function over the range s = 3.14 to

S = 46.81 (q = 10 to g = 149). A set of independent para-
meters was derived from the blended intensities. The r2
intensity data was subjected to least squares analysis
with the independent parameters fixed at the values derived
from the blended r3 data so that a preliminary background
could be derived. A correlation background for the r2
data was computed, and a new background was hand-drawn
through the data, using the same criteria given earlier.
All of the data were then blended, with care taken to en-
sure that intensity data from different camera distances
joined smoothly. The resulting molecular intensity func-
tion ranged from s = 2.20 to s = 46.81 (q = 7 to q = 149).
A new set of structural parameters was derived from the
blended data. These parameters were used to compute new
correlation backgrounds for all of the individual data
sets. New backgrounds were then drawn by hand for all

data sets except the 7-cm camera distance set. The data
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were reblended, with the smoothness of the joins of inten-

sity data from different sets somewhat improved. The in-
dices of résolution, R = MexP(s)/Mcalc(s), for the 2l-cm

r? and the 21-, 11-, and 7-cm r3 data were 0.973, 0.907,

0.958, and 0.868, respectively.

A succession of least squares analyses of the blended
intensity data was performed with different values of AG®
assumed. The value chosen for AG° had only a minor in-
fluence upon the independent parameters. The parameters
which were influenced most strongly were the gauche dihe-
dral angle and the gauche 1...4 C...C nonbonded amplitude,
but the effects were of the order of o, and so are not
significant. However, o(l) was dependent upon AG®, and

was used as the criterion which determined the best value

of AG° and therefore of the gauche/trans ratio. The values

of 0(I)/<I> obtained using the different AG® values were
plotted versus AG°, and a parabola was passed through the
points. The value of AG° at the vertex was taken as the
best value. This value of AG® was used with equation (4)
to determine the relative percentages of the various 1...7
C...C distances, and the fraction of gauche sites was
determined from the multiplicities of the 1...7 configura-
tions.

Weights proportional to s were used throughout the
least squares analyses. The sl/z-weighted residuals were
evenly distributed throughout the data space, indicating

that a weight matrix proportional to s was the proper one
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to use. The weighted residuals appeared to be somewhat
less correlated than has been the case in many electron

diffraction structure studies.

4, Results

The values determined for the independent para-
meters are shown along with their estimated uncertainties
(30) in Table VI. The two sets of uncertainties shown
correspond to the o's determined from the zero order error
matrix (the usual o values reported) and the o's deter-
mined from the "bona fide" error matrix as defined by
Bartell and Anashkin.11 The bona fide ¢'s include the
effects of an approximate correction for the correlation
of the weighted residuals. An autocorrelation study was
done on the weighted residuals which yielded a Y value of
2.7 A. The usual value of y seems to be around 1 A, so it
appears that, formally, the weighted residuals for n-hexa-
decane are correlated over a shorter range of scattering
angles than are many sets of weighted intensity residuals.
However, examination of the least squares residuals reveals
that while the residuals appear to be randomly distributed
throughout some portions of s space, their distribution
throughout most of s space is no more random than is the
pattern of least squares residuals observed in most elec-

tron diffraction studies. Therefore, it seems likely that

the high value of y may be accidental, an artifact of the
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Table VI. vValues of the Independent Parameters for
n-Hexadecane (AG® = 296 cal/mol)
Parameter Value 3°zero order 3°"bona
fide"
o
C-C bond length 1.541 A +0.002 *0.004
o
C-H bond length 1.130 A +0.005 +0.008
CCC angle 114.6° +0.4 +0.6
HCH angle 99,6° +3.3 +4.4
auche CCCC
glﬁearal angle 71.5° +4.4 *4 .4
C-C bonded amp 0.0562 +0.0025 +0,0055
C-H bonded amp 0.0845 +0.0056 +0.0101
l...3 C...C amp 0.0849 +0.0062 +0.0109
l...3 C...H amp 0.1154 +0.0077 +0.0114
l...4 C...C gauche
amp 0.2023 +0.0460 +0.0507
Index of resolution 0.9865 +0.0295 +0.0431

0(1)/<I> = 0.0018

Table VII. Values of the Fixed® Amplitudes for
n-liexadecane (AG® = 296 cal/mol)

Amplitude Value
l...3 H...H 0.21223
other (>1...) C...C 0.12789
l1...4 C...H 0.18362
l...5 C...H 0.22900
l...4 H...H 0.32703
l1...5 H...H 0.52463
l...4 C...C (trans) 0.10239

2 These amplitudes were not varied with the independent
parameters. Once a structure had heen obtained for a
given value of AG®, the independent parameters were fixed

and the C...C, 1...3, H...lI, and 1...4 C-H amplitudes
were varied.
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assumption that the important part of the autocorrelation
curve has only one component, and that perhaps vy = 1A might
be a better representation of the correlation of a signifi-
cant component of the least squares residuals than Y = 2.7
A. Accordingly, vy = 1 A was used in the relationships to
compute the bona fide error matrix. The values of the
fixed average amplitudes are given in Table VII. The corre-
lation matrix for the independent parameters is tabulated
in Table VIII. The values shown in Tables VI, VII, and
VIII were determined assuming AG° = 296 cal/mol, which was
quite close to the value of 260 cal/mol which was found to
give the best fit of the intensity data., Figure 5 shows
the blended molecular intensity function and residuals
while Figure 6 shows the corresponding radial distribution
curve, again for AG® = 296 cal/mol.

A plot of the various values of 0(I)/<I> versus AG°
is shown in Figure 7. The parabola which was fitted to
the points is also shown. The vertex of the parabola is
at AG® = 260 cal/mol. This value of AG® implies a gauche
fraction of 47.7% (given the molecular model used) . The
uncertainty in AG® was determined using equation (1) and

the parabola shown in Figure 7. A factor of three was used

1

for BEL(B- )11. The uncertainty (o) in AG® is determined

to be * 260 cal/mol, which implies an uncertainty (*o) of

* 6% in the value of the gauche fraction.
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. Correlation Matrix (zero-order) for the

Independent Parameters of n-Hexadecane

O 0 3 O U b W N

-
= O

O 0 9 & U1 b W N -

-
-~ o

1.
0.07
~0.48
0.22
0.03
0.11
0.10
0.05
0.02
-0.09
0.15

1.

0.08
-0.10

0.37

C-C bond length
C-H bond length

CCC angle
HCH angle

2

1.
0.
0.41
-0.05
-0.02
0.09
0.
0.01
-0.05
0.03

1.
-0.07
0.18

3

1.
-0.34
0.02
~0.04
-0.04
-0.06
0.10
0.06
-0.06

10

1.
-0.26

o g O

9.

auche CCCC dihedral 10.
angle

11.

4 5 6 7
l-
-0.07 1.
0.17 0.02 1.
0.15 0. 0.19 1.
0.23 0.15 0.22 0.13
-0.01 -0.04 0.10 0.06
-0.19 0.09 -0.15 -0.10
0.34 0.02 0.59 0.35
11
1.

C-C bonded amplitude

C-H bonded amplitude

l...3 C...C amplitude

l...3 C...H amplitude

l...4 C...C gauche amplitude
Index of resolution
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Table VIII continued.

The zero-order standard deviations of the parameters are

1. 6.5 x 1074 7. 1.8 x 1073
2. 1.7 x 1073 8, 2.0 x 1073
3. 1.3 x 1070 9. 2.5 x 1073
4, 5,9 x 1071 10, 1.5 x 102
5. 1.4 11. 9.4 x 1073
6. 7.8 x 10”4

q This is the standard deviation of half of the HCH angle.
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5. Discussion

As may be seen, the values determined for the n-
hexadecane bond lengths in the course of this study are
longer than the n-alkane bond lengths determined in a pre-
vious study.5 There are good reasons to believe that the
apparent increases in the bond lengths are real rather
than effects of experimental errors or the particular mole-
cular model used. All three sets of r3 data, which were
subjected to least squares analysis separately, indicated
that the n-hexadecane bond lengths were longer than those
of the shorter n-alkanes. The wavelength of the electrons
used was checked by measuring the distance between lines of
electron diffraction patterns of zinc oxide and was found
to be within 0.1% of the computed value of the wavelength
for 40 kV electrons, 0.06015 A. Finally, a second series
of 21-cm r3 plates were taken roughly three months after
the first set. Analysis of this data yielded long bond
lengths also, the increase in length over the bond lengths
in the shorter n-alkanes being indistinguishable from that
yielded by the other data sets. In short, the experimental
equipment was operating properly, and the results obtained
were reproducible.

That the increases in the bond lengths are artifacts
of the molecular model used in the least squares analyses
is highly unlikely. First, bond lengths do not depend upon
the details of the molecular model used, as parameters such

as the torsional angle may. Second, a number of different
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molecular models was used in the data analysis before the
model which was finally used was devised. Analyses done
using the different models showed virtually no differences
in the values obtained for the bond lengths. Hence, it
may be concluded that the long bond lengths are not the
result of a subtle bias in the handling of the data.

Neither are the bond length increases the result of
the higher than customary sample temperature. Of course,
it is impossible to determine the true temperature of the
gas sample which diffracts the electrons because the amount
of cooling of the gas upon expansion is unknown, but it is
probable that the final temperature of the n-hexadecane
sample is substantially higher than that of the shorter
n-alkanes, because the initial temperature of the n-hexa-
decane sample was 150° C while that of the shorter n-
alkanes was 32° C. If this were indeed the case and if the
higher temperature had a sizeable effect upon the r_bond
length values determined, the bonded C-H and C-C ampli-
tudes of vibration should be larger for n-hexadecane than
they are for the shorter n-alkanes, for rg is larger than
r, (which is not temperature dependent) by approximately
(3/2) a12. However, the C-C amplitude for E—hexadecané is
within o of the average value for the shorter n-alkanes,
while the n-hexadecane C-H amplitude is within 20 of the
shorter n-alkane average value. These differences will
not cause rg differences of the magnitude observed.

The increase in the C-I bond length is not a firm



167

value, for the uncertainty in the C-H bond length value is

comparatively high. The value of %bona fide LIS

therefore, using Cruickshanks®' criterion that differences

* 0.003 A;

in derived parameters of less than 30 are not significant,
the C-H bond length in n-hexadecane may be considered to be
only marginally longer than the C-H bond lengths in shorter
n-alkanes. However, if the increase is real, two possible
explanations for it present themselves. The n-hexadecane
C-H bond length should be close to the value appropriate
for an n-alkane methylene C-H bond, for the n-hexadecane
molecule has twenty-eight methylene hydrogens and six
methyl hydrogens. The n-hexadecane structure study pro-
vides the first good indication of the value of the n-
alkane methylene C-il bond length, for n-heptane, the long-
est n-alkane for which an electron diffraction structure
has been published, has only ten methylene to six methyl
hydrogens. It is interesting to note that the average C-H
bond length in the series n-butane to n~heptane does appear
to increase, though the size of the increase is not signi~
ficant (the value of 1.108 A for the n-butane C-H bond
length given by reference 5 is probably low; part A of this
section gives a value of 1.117 + 0.001 A). Taking another
tack, examination of the n-hexadecane results shows that
the geminal H...H distance is quite short, being shorter
than the corresponding distance in the other n-alkanes by
nearly 0.1 A. The uncertainty in the distance is fairly

large, but the decrease appears to pe significant. The
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molecule will probably relax in some way to relieve the
increased H...H repulsions. Experience with model force
fields suggests that the HCH angle should open out before
the C-H bonds would stretch, but is possible that the same
forces which closed the HCH angle down in the first place
are stronger than the forces which must be overcome if the
C-H bond is to stretch. Therefore, it is possible that an
increase in the C-H bond length is caused by the relax-
ation of the molecule to relieve geminal H...H repulsions.
Rationalizing the length of the C-C bond is somewhat
more difficult, but there are indications that the n-alkane
C-C bond length might be expected to increase as the chain
gets longer. First, there is the fact that the n-hexa-
decane C-C bond length corresponds to the methylene-methyl-
ene C-C bond length. n-llexadecane has thirteen methylene-
methylene C-C bonds and two methyl-methylene C-C bonds;
n-heptane has four of the former to two of the latter.
Ab initio calculations indicate that a methyl-methylene
C-C bond is longer than a methyl-methyl C-C bond; 4-31G
calculations on ethane and propane make the difference
about 0.001 * 0.001 A, while STO-3G (a method somewhat
less accurate than 4-31G) calculations make the difference
0.003 *+ 0.001 A.'? sTO-3G calculations on n-butane indi-
cate that the trans and gauche methylene-methylene C-C
bonds are longer than the propane methyl-methylene bond by
about 0.004 * 0.002 and 0.006 * 0.002 A, respectively.l2

Given the difference in the 4-31G and STO-3C results
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listed above, it is obvious that the differences between
the STO-3G methylene-methylene and methyl-methylene C~C
bond lengths given above cannot be considered to be quan-
titatively reliable, but they do provide an indication
that the methylene-methylene bond is longer than the
methyl-methylene bond. The shorter n-alkane C-C bond
lengths do not show a measurable increase as the chain
length increases, but the experiments are not recent and
the associated uncertainties are fairly large. Structural
studies on cyclic alkanes would be expected to show methyl-
ene-methylene C-C bond lengths, so some of these were
examined. The most recent study of cyclohexane,13 which
is an average of results from two laboratories, gives an

r, C-C bond length of (#g) 1.536 + 0,002 A. A study of

g
cyclodecane14 gives an rg C-C bond length of 1,545 * 0,0015

A (¢ 20). Cyclodecane is strained, whereas cyclohexane is
not, for cyclodecane has a number of close H...H nonbonded
distances. However, examination of molecular models sug-
gests that cyclodecane can relieve these by internal rota-
tion about various C-C bonds much more easily than by
stretching C-C bonds. Of course, since there is evidence
that internal rotation and bond stretching interact signi-
ficantly, the torsional deformation would be expected to
cause some increase in the C-C bond length. The magnitude
of the torsionally-caused stretching is difficult to deter-

mine with a high degree of certainty, for it is postulated

to be dependent upon the dihedral angles, and cyclodecane
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consists of a number of different conformers, which makes
specifying the dihedral angles rather difficult. However,
dihedral angles given for the boat-chair-boat conformation,
which a combined electron diffraction-molecular mechanics
study14 indicates is the predominant species, imply an
average torsional lengthening of 0.003 A if the 4-31G esti-
mate of the increase in the C-C bond length in eclipsed

ethane (0.015 A) is used for SR in the expression
AR = 1/26R(1 + cos3Tt), (5)

where AR is the change in the bond length and t is the
dihedral angle. The cyclodecane C-C bond length corrected
for the effects of torsional lengthening is thus 1.542 #
0.0015 A, very close to the C-C bond length determined for
n-hexadecane.

Molecular mechanics calculations were done for some
longer n-alkanes using the force field MUB-2, which was
described in part II of this thesis. It may be remembered
the MUB-2 did an excellent job of reproducing trends in
structural parameters. Therefore, it may be expected that
most bond length differences calculated using MUB-2 are
probably quantitatively significant. Due to considerations
of simplicity and the expense of computer time, calcula-
tions were not done on the n-hexadecane molecule. Instead,
sites consisting of two adjacent C-C bonds located well

within the chain of methylene-methylene C-C bonds in the

molecules n-octane and n-nonane were examined, Trans-
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trans, trans-gauche, and gauche-gauche sites were chosen.

The average C-C lengths for the three sites were 1,5362 A,
1.5371 A, and 1.5369 A, respectively. Using the percent-
ages appropriate for a 47.7% gauche model, the above values
imply an average bond length of 1.5368 A. The average
methylene-methylene bond length calculated for the shorter
n-alkanes (butane and pentane) was between 1.534 and 1.535
A (the methyl-methylene bond length calculated for n-pro-
pane was 1.533 A). Calculations done using MUB-2 would,
therefore, seem to predict a lengthening of the average C-C
bond as the chain is lengthcned. It must be noted that the
magnitude of the lengthening suggested by the results given
above does not contain the possible effects of so-called
long-range interactions which occur over fairly short non-
bonded distances, for all conformations outside of the site
of interest were assigned to be trans and therefore the
n-alkane molecules examined in the course of the molecular
mechanics calculations did not bend back upon themselves,
Some of the n-hexadecane conformers present in the dif-
fraction sample will be twisted so that one portion of the
molecule will bend back upon another. The bonds may length-
en further to relieve strain brought about by the addi-
tional close nonbonded interactions present in such a
conformation. Judging from the results and considerations
detailed above, the MUB-2 calculations suggest a value of

the n-hexadecane bond length which is similar to the one

obtained from experiment.
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The gauche-trans free energy difference determined
for n-hexadecane is somewhat smaller than that determined
for other x_x_ralkanes.6 However, the uncertainties in all
AG® values determined by electron diffraction are high, so
the differences between the values of AG® determined for
the various n-alkanes are not significant. The value of
AG® determined for n-hexadecane will be discussed further

in the section below on the characteristic ratio of poly-

methylene.

6. Calculation of the Characteristic Ratio of Poly-
methylene
a. Introduction

The characteristic ratio of a polymer is de-

fined as <r2

>o/n12, where <r2>° is the mean-square dis-
tance between the two ends of the polymer chain, corrected
for the effects of excluded volume; n is the number of
segments which the polymer chain contains; and 1l is the
length of each segment. The ratio above becomes a con-
stant for a given polymer type once the chains, whose
individual conformations are distributed over the conforma-
tional states which the Polymer molecule may assume, reach
a certain length. It may be seen that the characteristic

ratio is, in a sense, a measure of the degree of extension

of the average polymer molecule. Values of the character-
istic ratio may be computed from the results of measure-
ment of the light scattered by polymer solutions. Of
course, the value of the characteristic ratio is deter-

mined by the conformations of the polymer molecules,
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which are dependent upon the solvent and the temperature of
the solution. Most measurements of the characteristic
ratio are made at the 9-point, which corresponds to that
solution composition and temperature where the polymer
favors neither solvent nor self contacts. Therefore, the
conformation which a polymer assumes in a 8-solvent is its
lowest free energy conformation in the bulk.

The characteristic ratio may also be computed using
the structural parameters of the polymer and the free
energy differences between various conformations. However,
these quantities are not known. The approach, therefore,
has been to use the characteristic ratio to evaluate var-
ious combinations of structural parameters and conforma-
tional energies, since the ratio is not dependent upon just
one of these quantities. Recasonable estimates of the quan-
tities needed for the characteristic ratio calculation have
been taken from various structural studies, including a
number on molecules in the gas phase.

Abe, Jernigan, and Flory15 have calculated the poly-
methylene characteristic ratio using data obtained from
gas-phase structural studies of small alkanes and from a
simple model force field which was parameterized (by trial

and error) to fit the assumed small alkane gauche-trans

free energy difference of 500 cal/mol. The n-hexadecane
structure study provides the parameters of a molecule which
may be expected to be more like polymethylene than will

small n-alkanes. Also, MUB-2 is a more firmly established
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force field than the field used in reference 15, so the
conformational energy differences calculated using MUB-2
are probably more trustworthy than those given in reference
15. Therefore, the n-hexadecane structure study and MUB-2
are sources of "better" parameters for the calculation of
the characteristic ratio than were available to Abe, Jern-
igan, and Flory. Of course, the use of the structural
parameters and conformational energy differences of n-
alkanes which are appropriate for the gas-phase species for
the calculation of the polymethylene characteristic ratio
is valid only if neither long-range intramolecular nor
intermolecular interactions induce sizeable changes in the
structural parameters or energy differences. The calcula-
tion of the characteristic ratio using the n-hexadecane

and MUB-2 data may provide some idea of the role of both
types of interaction mentioned above in determining the

conformation of polymethylene.

b. Theory

Two sets of relationships from which the char-
acteristic ratio may be computed are given in reference 15.
One of these is good for chains of any length, while the
other is good for infinite chains only. The second set of
relationships, that derived by Hoeve,16 was used because
(1) it was simpler than the first, and (2) there was no
explicit dependence upon the bond length. This dependence

could be a source of confusion, since the type of bond
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et Tyr Or a host of others) to be used is

length (rg, r
unclear. The differences between the values of the differ-
ent types of bond and torsional angles are generally as-
sumed to be small, so the ambiguity about which type of
angle is to be used does not provide any difficulties. The

value of the characteristic ratio was computed using the

following expression:

2

(x> /me?y ) =1+ (205" x B |ITI(E,, -

@ x ez x B Y (6)

where E, is the three-dimensional identity matrix (§3S is
the 3s-dimensional identity matrix), and "A x B" means
"take the direct product of A and B." The U matrix is

defined as

1l o o
U = o ow ’ (7)
aw a

where a = exp(-Eg/RT) (Eg is the free energy difference
between the gauche and trans conformations) and w =

exp(-Eg + g—/RT) (Eg + q” is the free energy difference
between a gguche+-gauche- conformation and a gauche+-g§uche+

- - *
or gauche -gauche conformation). X is the eigenrow of u

corresponding to the maximum eigenvalue A, and X is the

corresponding eigencolumn. The ||T|| matrix is defined as
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E(l)
Tl = (2, |, (8)
T(r)

where r is the number of rotational states and the E(i)

are defined as

cosei 51nei 0
(i)

T = s:.nej_cosct::.L -coseicos¢i 51n¢i ’ (9)

sinB.sin¢, =~ . Si . -
i ¢1 c059151n¢1 cos¢i

where ei is the supplement of the bond angle and ¢i the
displacement of the dihedral angle from trans for the ith

rotational state. Of the quantities needed for the calcu-

. 2 2 .
lation of (<r >o/n1 ) Eg, the Bi, and the ¢i are avail-
able from the structural study of n-hexadecane, Eg + g"

was obtained from molecular mechanics calculations of the

. + + + -
energles of gauche -gauche and gauche’ -gauche” n-nonane

using the force field MUB-2.

Of course, the values of the parameters necessary for
the calculation of the characteristic ratio will show var-
iations from site to site within the molecule. However,
average values of the parameters are all that are available,
and indeed, average values must be assumed if the calcula-
tion is to be tractable. Simple three-state calculations
of the characteristic ratio héve been successful before.

Also, the dependence of the calculated value of (<r2>o/
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n12)m upon the values of both Eg and the gauche ¢; is
approximately linear over a fairly large range, and the
dependence of the characteristic ratio upon the values of
Eg+g- and Oi are fairly weak. Therefore, assumption of
average values for the parameters should cause only minor

uncertainties in the computed value of the characteristic

ratio.

C. Results and Discussion

The MUB-2 calculations indicate that, for
isomers having two adjacent gauche sites located in the

. + -
center of an n-nonane chain, the gauche” -gauche™ rotamer

will have an energy 3.0 kcal/mol above that of the gauche+-
gauche+ rotamer. Of course, there are many possible ways

to locate a gauche+—gguche_ site within a long chain; some

of these may have a value of Eg+g- which is less than 3

kcal/mol, but others will have Eg+g- greater than 3 kcal/

mol. Also, MUB-2 calculations on n-pentane give a value
of 3.4 kcal/mol for Eg+g—. Therefore, 3 kcal/mol may be
taken as a rcasonable approximation of the value of E + -
as predicted by MUB-2. The characteristic ratio was com-
puted using equation (7) with Eg = 260 cal/mol, Bi = 65.5°,
¢; = 0°, * 108.5°, and Eg+g— = 3
implied by the n-hexadecane structure study and the MUB-2

kcal/mol, the values

results., The value obtained for the characteristic ratio
was 9.1, which may be compared with the experimental value

of 6.8 ¢ 0.3.17 Of course, the parameters obtained from

p
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the electron diffraction data have some uncertainty asso-
ciated with them. Reference 16 shows that a decrease in
the value of Eg or an increase in the gauche ¢i value will
decrease the computed value of the characteristic ratio.
Therefore, Eg was decreased and the gauche ¢i increased by

roughly the standard deviations of each of these para-
2

meters, and values of (<r >o/nlz)0° were computed for the
new sets of conformational parameters, The values E = o,
ei = 65,5°, ¢i = 0°, + 108.5° and Eg+g- = 3 kcal/mol gave
a characteristic ratio of 8.65, while the values E = 260
cal/mol, Bi = 65.5°, ¢i = 0°, * 110.3°, and Eg+g- = 3 kcal/
mol gave a value of 8.75. Since little, if any, correla-
tion between the values of Eg and ¢i was evidenced during
the course of the electron diffraction structure analysis,
the above data implies that the standard deviation (%o) of
the computed value of the characteristic ratio is * 0.6.
The computed value of the characteristic ratio is a
bit difficult to interpret. 1It is within 40 of the experi-
mental value, so, according to Cruickshanks' criterion, it
might be said that the difference between the computed and
experimental values is marginally significant. However,
such a conclusion would ignore the fact that the value
given for the uncertainty in the computed value of the
characteristic ratio is not well determined, since the
uncertainties in the value of Eg and Bi are not well deter-
mined. Subjective considerétions would probably lead one

to have some confidence in the value given for Eg- the
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percentage of gauche sites, which is dependent upon the

gauche-trans free enerqy difference, showed little if any
dependence upon the large number of molecular models which
were tested before the model finally used (that described
above) was devised. However, the value of the gauche dihe-
dral angle was dependent upon the model used (though the
dependence was not strong--the value of the gauche ¢i was
always less than 113°). The valuec of ¢ which comes out of
the least squares analysis does not contain any of the
dependence of the gauche ¢i upon the molecular model.
Also, recent work7 suggests that the o obtained from con-
ventional least squares analyses may constitute uncertainty
estimates which are too small, especially for parameters
like dihedral angles, which are strongly dependent upon a
small portion of the experimental data. Also, the value of
Eg g used in the calculation has been assumed to have zero
uncertainty, which certainly is not the case. Therefore,
the difference between the experimental and computed values
of the characteristic ratio cannot be considered to be
significant. Hence, the results of this research suggest
that so-called long range interactions and effects arising
from the state of aggregation of polymethylene do not play
a dominant role in determining its conformation.

One aspect of the results which looked somewhat puz-
zling was the failure of this research to produce a calcu-
lated value of the characteristic ratio which was closer

to the experimental one than was that calculated by Abe,
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Jernigan, and Flory in reference 15. Using the same three
state model employed in this research, they calculated a
value of 7.6 for the characteristic ratio, though one would
expect that the sources of their parameters would provide
poorer data for polymethylene than would the sources used
in the present work. However, a change of a few (less than
ten) degrees in the gauche dihedral angle, which, if not
within the actual uncertainty in the electron diffraction
parameter, could certainly occur upon the transition from
a hypothetical gaseous to solid phase, would bring the
computed value of the characteristic ratio down to the
value of the experimental one. The characteristic ratio
value calculated in reference 15 is smaller than the one
calculated in this research because the reference 15 values
of the gauche ¢i and Eg+g- are larger and smaller, respec-
tively, than the values assumed in this research. The un-
certainty in the gauche ¢i has already been discussed. It
has been pointed out that the value of 3 kcal/mol for Eg+g-
is only an estimate for the excess energy of a gauche+-
gauche- site in a gas-phase molecule; the effects of con-
densation could casily alter the value of Eg+g— by several
hundred calories.

The calculations detailed in reference 15 strongly
suggest that if the polymethylene gauche dihedral angle is
greater than 60°, as chemical intuition would suggest, E
must be less than 500 cal/mol (if a reasonable value is

assumed for Eg+g-). In this connection, the value of AG®
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(gauche-trans) determined for n-hexadecane is quite inter-

esting. As has been noted above, the value of 260 cal/mol
determined for AG® in the course of the n-hexadecane struc-
ture study is smaller than the AG®° values derived for
smaller n-alkanes, all of which were reported to be around
600 cal/mol. If it is assumed that the entropy difference
between single gauche and trans conformations is small,

the gauche-trans energy difference seems to be fairly inde-

pendent of the phase of the sample: liquid Raman studies18

of the shorter n-alkanes give a value for AH (gauche-trans)

of 500 cal/mol for most molecules studied. Therefore, data
on the smaller n-alkanes suggests that Eg for polymethylene
in a 8-solvent should be around 500 cal/mol. However, the
n-hexadecane results suggest that the value may be somewhat
smaller. The uncertainty in the value of AG° determined
for n-hexadecane is high, so the indications that the poly-
methylene Eg may be lower than what would be expected from
the short n-alkane data are only tentative. Still, the
n-hexadecane results do provide some suggestion that a
gauche dihedral angle greater than 60° and a low value of

E_ may provide a correct account of the value of the char-

g
acteristic ratio of polymethylene.



10.
11.

1z,
13.
14.

15.

l6.
17.

18.

REFERENCES

W. F. Bradford, private communication.

W. F. Bradford, Thesis, The University of Michigan,
1975,

R. A. Bonham and L. S. Bartell, J. Amer, Chem. Soc.,
ﬂiv 3491 (1959).

K. Kuchitsu, Bull. Chem. Soc. Japan, 32, 748 (1959).

R. A. Bonham, L., S. Bartell, and D. A. Kohl, J. Amer.
Chem. Soc., 81, 4765 (1959).

L. S. Bartell and D. A. Kohl, J. Chem. Phys., 39, 3097
(1963).

L. 5. Bartell, private communication.

I. Hargittai, J. Hernadi, M. Kolonito, G. Schultz,
Rev. Sci. Instruments, 42, 546 (1971).

L. Schafer, A, C. Yates, and R. A. Bonham, J. Chem.
Phys., 55, 3055 (1971).

V. Mastryukov, private communication.

L. S. Bartell and M., G. Anashkin, J. Mol. Struc., 17,
193 (1973).

W. J. Hehre, private communication.

O. Bastiansen et al., J. Mol. Struc., 18, 163 (1973),

R. L. Hilderbrandt, J. D. Weiser, and L. K. Montgomery,
J. Amer. Chem. Soc., 95, 8598 (1973).

A. Abe, R. L. Jernigan, and P. J. Flory, J. Amer. Chem.

Soc., B8, 631 (1966).

C. A. J. Hoeve, J. Chem. Phys., 35, 1266 (1961).

R. Chiang, J. Phys. Chem., 69, 1645 (1965).

N, Sheppard and G. J. Szasz, J. Chem. Phys., 17, 86
(1949) .

182



APPENDIX I

Experimental Levelled Intensity and Background Intensity

Functions for n-Butane

Of the 21-cm r2 sector data set, the points from s =

2.513 to s = 6.912 were used to obtain the final blended
intensity.

Of the 21-cm r3 sector data set, the points from s =

4.398 to s = 21.049 were used to obtain the final blended
intensity.

Of the 1ll-cm r3 sector data set, the points from s =

14,451 to s = 39.584 were used to obtain the final blended
intensity.
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Table I. Experimental Levelled Intensity and Background
Values for the 21-cm Camera Distance, r2 Sector

S I(s) IB(s) s I(s) IB(S)
1.885 1.6906 1.2623 7.226 1.6787 1.6938
2.199 1.2077 1.28009 7.540 1.6851 1.7054
2.513 1.185 1.3042 7.854 1.7069 1.7165
2.827 1.22382 1.3342 8.163 1.7384 1.7275
3.142 1.2771 1.3764 8.482 1.7631 1.73384
3.456 1.2960 1.4290 8.796 11,7777 1.7491
3.770 1.2951 1.4773 9.111 1.7914 1.7596
4,084 1.3152 1.5146 9.425 1.8005 1.7705
4,398 1.3854 1.5457 9.739 1.7957 1.7813
4,712 1.4953 1.5719 10.053 1,7750 1.7919
5.027 1.6125 1.59245 10.367 1,7473 1.8025
5.341 1.7015 1.6136 10.681 1.7265 1.8129
5.655 1.7446 1.6305 10.996 1.7223 1.8232
5.969 1.7430 1.6450 11.310 1.7429 1.8337
6.283 1.7262 1.6584 11.624 1.7823 1.8442
6.597 1.7079 1.6707 11.938 1.8351 1.854¢
6.912 1.6323 1.6825
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Table II. Experimental Levelled Intensity and Background
Values for the 21-cm Camera Distance, r3 Sector
s I(s) IB(s) s I(s) IB(s)
3.142 1.4131 1.5093 13,823 2.0550 2.0247
3.456 1.4503 1.6026 14,137 2.0164 2.0270
3.770 1.4334 1.6806 14,451 1.9980 2.0290
4,084 1.4683 1.7413 14,765 1.9904 2,0311
4,398 1.5620 1.7873 15,080 1.9828 2.0331
4,712 1.7248 1.8227 15.394 1.9723 2.0349
5.027 1.8881 1.8507 15,708 1.9659 2.0366
5.341 2,0093 1.8722 16,022 1.9753 2.0380
5.655 2.0525 1.8897 16.336 1.9972 2.0395
5.969 2,0470 1.9054 16.650 2.0263 2,0410
6.283 2.0160 1.9192 16.965 2.0596 2.0427
6.597 1.9793 1.9313 17.279 2.0916 2.0443
6.912 1.9453 1.9420 17.593 2.1141 2.0463
7.226 1.9241 1.9515 17.907 2.1180 2.0485
7.540 1.9294 1.9598 18,221 2.1010 2.0510
7.854 1.9560 1.9673 18.535 2.0698 2.0534
8.168 1.9915 1.9736 18.850 2.0387 2,0563
8.482 2.0174 1.9793 19,164 2.0207 2,0593
8.796 2.0297 1.9842 19,478 2.0200 2.0627
9.111 2.0368 1.9886 19,792 2.0301 2.0662
9.425 2.0341 1.9924 20,106 2.0477 2.0697
9.739 2,0156 1.9959 20,420 2.0675 2.0740
10.053 1.9763 1.9990 20,735 2.0817 2.0783
10.367 1.9280 2.0016 21,049 2.0976 2.0825
10.681 1.8890 2.0040 21.363 2.1102 2.0868
10.996 1.8731 2.0062
11.310 1.8900 2.0084
11.624 1.9370 2.0103
11.938 2.0019 2,0123
12,252 2.0705 2.0142
12.566 2.1243 2.,0162
12.881 2.1484 2.0182
13.195 2.1428 2.0202
13.509 2.1051 2.0225
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Table III. Experimental Levelled Intensity and Background

Values for the ll-cm Camera Distance,
r3 Sector

s I(s) Iz(s) S I(s) Ig(s)
8.168 5.0506 5.0095 18.850 4,8043 4,.8420
8.482 5.1054 5.0041 19.164 4,7463 4,8379
8.796 5.1152 4.,9988 19,478 4,7324 4.8338
9.111 5.1382 4.9935 19.792 4,7496 4.8297
9.425 5.1290 4,9882 20.106 44,7797 4.8258
9.739 5.0514 4,9829 20.420 4,8104 4.8219

10.053 4,9186 4,.9776 20.735 4,.8332 4,8181
10.367 4,7762 4,9724 21.049 4,8502 4.8144
10.681 4,6527 4,9672 21.363 4.8525 4.8108
10.996 4.5839 4,.9620 21.677 4,8445 4,8073
11.310 4.6212 4,9568 21.991 44,8321 4,8039
11.624 4,7462 4,9517 22,305 4,8174 4,8006
11.938 4,9231 4,9465 22.619 4,7998 4,7975
12,252 5.1037 4.9414 22.934 4,7756 4.7944
12.566 5.2418 4.9363 23.248 4,.7466 4,7915
12.881 5.3084 4,9313 23.562 4,7269 4.7886
13.195 5.2728 4,9262 23.876 4,7256 4,7859
13.509 5.1578 4,9212 24,190 4,7457 4,7834
13.823 5.0087 4,9162 24,504 4,7783 4,7810
14,137 4.,8865 4,9113 24,819 4,8086 4.7787
14.451 4,8209 4.9064 25,133 4,8263 4.7766
14,765 4,7921 4,9015 25,447 4.8325 4,.7746
15.080 4,7586 4.8967 25,761 4,.8246 4,7728
15.394 4.7183 4.8918 26.075 4.8041 4,7712
15,708 4,6911 4,8871 26.389 4,7758 4.7697
16.022 4,7075 4,8823 26,704 4.7509 4.7684
16.336 4,7592 4.8777 27.018 4,7331 4.7673
l6.650 4,8313 4.8730 27.332 4,7229 4.7664
16.965 4,9134 4.8684 27,646 4.7237 4,7657

17.279 4.9864 4.8639 27.960 4.7265 4,7652
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Table IXII continued.

s I(s) I (s) s I(s) I (s)
17.593 5.0412 4.8594 28.274 4.7340 4.7649
17.907 5.0473 4,8550 28.588 4.7481 4.7648
18.221 4.9931 4.8506 28.903 4.7679 4.7650
18.535 4.8993 4.8463 29,217 7.7899 4.7653
29,531 4.8065 4.7659 34.872 4.8231 4.8196
29,845 4.8124 4.7668 35.186 4.8219 4.8257
30.159 4.8081 4.7679 35.500 4.8201 4.8322
30.473 4.7958 4.7692 35.814 4.8223 4.8392
30.788 4.7812 4.7709 36.128 4.8289 4.8465
31.102 4.7658 4.7728 36.442 4.8400 4.8543
31.416 4.7539 4.7749 36.757 4.8537 4.8625
31.730 4.7507 4.7774 37.071 4.8687 4.8711
32.044 4.7562 4.7801 37.385 4.8825 4.8802
32.358 4.7686 4.7832 37.699 4.8941 4.8897
32.673 4.7830 4.7866 38.013 4.9068 4.8996
32.987 4,7953 4.7903 38.327 4.9197 4.9101
33.301 4.8065 4.7943 38.642 4.9315 4.9210
33.615 4.8153 4.7986 38.956 4.9389 4.9324
33.929 4.82]12 4.8033 39.270 4.9437 4.9444
34.243 4.8224 4.8084 39.584 4.9557 4.9568

34,558 4.8229 4.8138




APPENDIX II

Experimental Levelled Intensity and Background Intensity

Functions for n-Hexadecane

Of the 21-cm r2 sector data set, the points from s =

2.199 to s = 9.425 were used to obtain the final blended
intensity.

Of the 21l-cm r3 sector data set, the points from s =

6.597 to s - 18.850 were used to obtain the final blended
intensity.

Of the 1ll-cm r3 sector data set, the points from s =

13.195 to s = 40.212 were used to obtain the final blended
intensity.

Of the 7-cm r3 sector data set, the points from s =

39.584 to s = 46.810 were used to obtain the final blended
intensity,
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Table I. Experimental Levelled Intensity and Background
Values for the 21-cm Carcra Distance, r2 Sector
s I(s) IB(s) s I(s) IB(s)
2.199 0.8552 0.9964 6.597 1.4007 1.4162
2.513 0.8931 1.0428 6.912 1.3641 1.4248
2.827 1.0208 1.0913 7.226 1.3522 1.4320
3.142 1.0693 1.1440 7.540 1.3713 1.4385
3.456 1.0417 1.1956 7.854 1.4207 1.4442
3.770 1.0188 1.2393 8.168 1.4726 1.4492
4,084 1.0358 1.2744 8.482 1.5012 1.4537
4,398 1.1154 1.3023 8.796 1.5054 1.4579
4,712 1.2798 1.3267 9.111 1.5028 1.4621
5.027 1.4714 1.3470 9.425 1.5112 1.4662
5.341 1.5701 1.3648 9,739 1.5273 1.4699
5.655 1.5582 1.3805 10,053 1.5093 1.4734
5.969 1.4984 1.3944 10,367 1.4410 1.4771
6.283 1.4460 1.4063 10.681 1.3776 1.4807
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Table II. Experimental Levelled Intensity and Background
Values for the 21-cm Camera Distance, r3 Sector

s I(s) IB(s) s I(s) IB(s)
3.456 1.6024 1.8194 10.367 1.9089 1.9629
3.770 1.5616 1.8948 10.681 1.8289 1.9617
4,084 1.5893 1.9356 10.996 1.7966 1.9609
4,398 1.7055 1.9617 11.310 1.8166 1.9604
4,712 1.9329 1,9793 11.624 1.8690 1.9604
5.027 2.1625 1.9919 11.938 1.9420 1.9606
5.341 2.2769 2,0008 12,252 2,0234 1.9608
5.655 2,2470 2,0067 12,556 2.0916 1.9610
5.969 2,1575 2,0103 12.881 2.1167 1.9612
6.283 2,0620 2,0117 13.195 2.0901 1.9614
6.597 1.9874 2.0111 13.509 2,0341 1.9616
6.912 1.9279 2.0092 13.823 1.9747 1.9616
7.226 1.9009 2.0059 14.137 1.9351 1.9615
7.540 1.9189 2.0017 14.451 1.9177 1.9614
7.854 1.9663 1.9966 14.765 1.9181 1.9615
8.168 2.0189 1.9912 15.080 1.9101 1.9617
8.482 2.0467 1.9855 15.394 1.8942 1.9620
8.796 2.03%8 1.9799 15.708 1.8897 1.9629
9.111 2.0250 1.9750 16.022 1.9048 1.9639
9.425 2.0267 1.9706 16.336 1.9340 1.9650
9,739 2,0297 1.9670 16.650 1.9577 1.9662

10.053 1.9931 1.9646 16.965 2.0033 1.9680
17.279 2.0330 1.9700 19.164 1.9377 1.9879
17.593 2.0492 1.9724 19.478 1.9448 1.9914
17,307 2.0435 1.9751 19,792 1.9623 1.9947
18.22]1 2.0137 1.9780 20.106 1.9811 1.9979
18.535 1.9759 1.9812 20.420 1.9966 2.0012

18.850 1.9477 1.9844
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Table III. Experimental Levelled Intensity and Background

Values for 1ll-cm Camera Distance, r3 Sector

s I(s) IB(s) s I(s) IB(s)
9,425 4.3314 4.2166 19.478 4,0519 4.1421
9,739 4.3648 4.2161 19.792 4.0750 4,1394

10.053 4,2815 4.2158 20.106 4.1026 44,1367
10.367 4.0836 4.2151 20.420 4.,1352 4.1340
10.681 3.9040 4,2144 20.735 4.1589 4.1315
10.996 3.8480 4.2137 21.049 4.1727 4,1288
11.310 3.8978 4,2129 21,363 4,1732 4,1264
11.624 4.0206 4.2119 21.677 4,.1662 4.1239
11,938 4.1944 4.2108 21.991 4.1525 4.1214
12,252 4,3787 4,2095 22,305 4.1356 4.1187
12.566 4,.5250 4.2081 22,619 4.1081 4.1159
12.881 4,5675 4.2064 22.934 4.0799 4,1133
13.195 4.4977 4.2044 23.248 4.0548 4.,1107
13.509 4,3652 4.2022 23.562 4.0422 4.1083
13.823 4.2298 4.1997 23.876 4.0592 4.1057
14.137 4.1313 4.1969 24.190 4,0842 4.1031
14.451 4.0914 4.1941 24.504 4.1158 4,1006
14,765 4.0865 4.1912 24.819 4.1372 4,0981
15.080 4.0597 4.1879 25.133 4,1437 4,0956
15.394 4.0192 4,1845 25.447 4.1431 4.0932
15,708 4.0033 4.1812 25.761 4.1296 4,0909
16.022 4,0346 4.1777 26.075 4,1062 4.,0888
16.336 4.0967 4.1742 26.389 4.0791 4.0868
16.650 4.1662 4.1706 26.704 4.0610 4,0847
16.965 4,2395 4.1671 27.019 4.0481 4.0828
17.279 4.3025 4.1636 27.332 4.0364 4.0809
17,593 4.3385 4.1601 27.646 4.0369 4.0791
17.907 4.3106 4.1568 27,960 4.0421 4.0776
18.221 4.2305 4,.1537 28.274 4.0485 4.0762
18,535 4.1401 4,1507 28.588 4.0682 4,0747
18.850 4.0681 4.1478 28.903 4.0844 4.0736
19.164 4.0375 4.1448 29,217 4.0957 4.0725
29,531 4.0996 4,0716 35.186 4.0548 4.0685
29,845 4.0978 4.0707 35.500 4.0502 4,0687
30.159 4,0884 4.0699 35,814 4.0491 4.0689
30.473 4.0761 4.0693 36.128 4.0553 4.0691
30.778 4.0619 4,0688 36.442 4.0601 4,0693
31.102 4.0477 4.0684 36.757 4.0655 4.0696
31.416 4,0410 4.0861 37.071 4.0716 14,0699
31.730 4.0429 4.0679 37.385 4.0770 4.0702
32,044 4.0498 4,0678 37.699 4.0822 4,0705
32,358 4.0566 4.0678 38.013 4.0801 4,0709
32.673 4,0661 4.0678 38.327 4.0771 4,0714

32,987 4.0750 4,0678 38.642 4.0748 4.0719
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Table III continued.

s I(s) IB(s) s I(s) IB(s)
33,301 41.0801 4,0679 38,956 4.0725 4,0723
33.615 4,0850 4.0680 39.270 4,0620 4.0728
33.929 4.0843 4.0681 39.584 4,0655 4.0732
34.243 4.0858 4.0681 39.898 4,0742 4.0737
34.558 4.0729 14,0682 40.212 4.0819 4,0742

34.872 4.0639 4,0683




193

Table IV. Experimental Levelled Intensity and Background
Values for 7-cm Camera Distance, r3 Sector

s I(s) In(s) s I(s) I5(s)
18.850 0,2454 0.2498 24,819 0.2418 0.2395
19.164 0.2433 0.2492 25.133 0.2421 0.2390
19.478 0,.2434 0.2487 25,447 0.2414 0.2384
19.792 0.2445 0.2482 25,761 0.2402 0.2378
20,106 0.2462 0.2476 26.075 0.2385 0.2372
20.420 0.2473 0.2471 26,389 0.2367 0.2366
20,735 0.2477 0.2466 26.704 0.2349 3.2360
21,049 0.2476 0.2460 27.019 0.2336 0.2354
21.363 0.2482 0.2455 27.332 0.2327 0.2348
21.677 0.2473 0.2450 27.646 0.2321 0.2342
21.991 0.2458 0.2445 27.960 0.2317 0.2336
22,305 0.2441 0.2439 28,274 0,.2320 0.2329
22,619 0.2425 0.2434 28,588 0.2324 0.2323
22,934. 0.2403 0.2428 28.903 0.2327 0.2316
23.248 0.2391 0.2423 29,217 0.2326 0.2310
23.562 0.2385 0.2417 29.531 0.2322 0.2303
23,876 0.2389 0.2412 29.845 0.2314 0.2296
24,190 0.2399 0.2407 30.159 0,2303 0.2289
24,504 0.2401 0.2401 30.473 0.2285 0.2282
30,778 0.2273 0.2275 39.270 0.2055 0.2060
31.102 0.2260 0.2268 39.584 0.,2047 0.2051
31.416 0.,2248 0.2261 39.898 0.2039 0.2043
31.730 0.2241 0.2254 40.212 0.2029 0.2034
32,044 0.2237 0.2246 40.527 0.2025 0.2026
32.358 0.2234 0.2239 40.841 0.2019 0.2017
32,673 0.2234 0.2231 41,155 0.2010 0.2009
32.987 0.2231 0.2224 41.469 0.2002 0.2000
33.301 0.2226 0.2216 41,783 0.1996 0.1992
33.615 0.2218 0.2208 42,097 0.1984 0.1983
33.929 0.2204 0.2201 42,412 0.1977 0.1975
34,243 0.2199 0.2193 42,726 0.1972 0.1967

34,558 0.2186 0.2185 43.040 0.1960 0.1959
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Table IV continued.

s I(s) I,(s) s I(s) I(s)
34.872 0.2175 0.2177 43,354 0.1950 0.1950
35.186 0.2162 0.2169 43,668 0.1939 0.1942
35.500 0.2155 0.2161 43.982 0.1932 0.1934
35.814 0.2143 0.2153 44,296 0.1924 0.192¢6
36.128 0.2136 0.2144 44,610 0.1920 0.19219
36.442 0.2134 0.2136 44,925 0.1916 0.1911
36.757 0.2126 0.2128 45,239 0.1908 0.1903
37.071 0.2125 0.2119 45,553 0.1900 0.1896
37.385 0.2116 0.2111 45.867 0.1887 0.1889
37.699 0.2108 0.2102 46.181 0.1878 0.1882
38.013 0.2093 0.2094 46.496 0.1871 0.1875
38.327 0.2088 0.2086 46.810 0.1869 0.1868
38.642 0.2079 0.2077

38.956 0.2066 0.2068




