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Abstract: Geometries of A4X10 molecules (A) C, Si; X ) H, F, Cl, Br, CH3, SiH3) have been optimized at
the HF/6-31G* level as a function of the AAAA dihedral angleω. In addition to the generally known gauche
and trans conformational minima, some have an additional (“ortho”) minimum nearω ) 90°. This appears
only within a certain critical range of sizes of substituents X. It is attributed to a splitting of the ordinary
gauche minimum by 1,4 interactions between substituents, similarly as the twisting of the anti minimum from
180° is attributable to 1,3 interactions. A universal model is proposed to rationalize the appearance and
subsequent disappearance of the ortho minimum as X increases in size. It contains intrinsic barriers described
according to Weinhold, van der Waals interactions described by a Lennard-Jones 6-12 potential, and Coulomb
charge-charge interactions.

Introduction

Conformational properties of flexible linear chains are of
fundamental importance in determining the behavior of organic
molecules and are among the first pieces of information
presented in elementary textbooks of organic chemistry and
polymer science. They are also important for compounds of
elements other than carbon, such as silicon.
It is commonly assumed that saturated linear chains AnX2n+2

are capable of existing in only three distinct stable conformer
forms with respect to rotation around a skeletal A-A bond:
two enantiomeric gauche forms (g+, g-) with AAAA dihedral
anglesω of about 60° (right-handed helix) and-60° (left-
handed helix), and an anti form (a) with ω of 180° 1 (as in
polyethylene2 ). In the anti form, deviations ofω up or down
from 180° occur for substituents X larger than H, and have been
attributed to steric interference between substituents in positions
1 and 3 in the ideally staggered backbone (“1,3 interactions”).
The anti minimum is then split into a pair of enantiomeric
minima (a+, a-), forcing a helical arrangement of the A atoms
in the all-anti form3 (as in poly(tetrafluoroethylene)2).
The existence of a total of four conformers with respect to

rotation around a central A-A bond (g+, g-, a+, a-) is thus
generally considered the norm, although it is recognized that
extremely sterically encumbered structures may display excep-
tional behavior.4 However, at irregular intervals throughout the
past few decades, computational evidence for yet another pair
of conformers, with a minimum nearω ) (90°, has been

reported for some relatively unhindered saturated linear chains,
making for a total of six conformers. Until recently, these
calculations were so approximate that limited significance and/
or generality appears to have been attached to them by their
authors or anyone else [CNDO/2 for (CF2)n,5 MM2 for C4Me106,
MM27 and MNDO/28 for SinH2n+2 and SinMe2n+2]. Numerous
other calculations of linear chain conformations only found the
usual three or four conformers.9a,10 At times, the existence of
only three or four conformers was assumed and geometry
optimization was restricted to limited dihedral angles.11 In a
few cases it was noted that the dihedral angleω computed for
the “gauche” minimum was curiously far from(60° and closer
to (90°.12 Until recently, the only experimental evidence for
the existence of a conformational minimum at(90° that we
are aware of were several unexpected dihedral angles close
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to 90° in the X-ray structure of a macrocyclic compound,
Si16Me32;13 additional examples have since been found in
branched oligosilanes.14

Our interest in the subject stems from efforts to understand
the conformational dependence of the optical properties of
oligosilanes and polysilanes.15 We were initially confirmed in
the usual skeptical attitude toward the possible existence of a
third pair of conformers when our MP2/6-31G** calculations16

for Si4H10 provided no evidence for it, although earlier semiem-
pirical calculations8 affirmed its presence clearly. It seemed to
us that the isolated reports of a third pair were artifacts of crude
computational methods. Although this is so in the case of
Si4H10, we now know that, in general, we were wrong.
A 3-21G* calculation for Si4Me10 at the fully optimized

Hartree-Fock and single-point MP2 levels,17 followed by fully
optimized 6-31G* calculations at both HF and MP2 levels,18

and also a D95+* calculation for C4F10 at the fully optimized
Hartree-Fock level,19 followed by a fully optimized MP2/6-
31G* calculation,20,21 all agreed with those previous more
approximate calculations for (SiMe2)n7,8 and (CF2)n5 chains that
predicted the existence of a third backbone conformer pair (ω
= 90°) in addition to the usual gauche and anti pairs. The
energies of the three conformer pairs were always within 2 or
3 kcal/mol of each other. The MP2/6-31G* results paralleled
the HF/6-31G* results very closely. We then obtained the same
result for C4(CH3)10 at the fully optimized HF/6-31G* level
(mentioned in a footnote in ref 20), in agreement with a prior
MM2 report.6

These ab initio results were not easily dismissed, since the
levels of calculation employed are generally fairly reliable for
molecular conformations, and also since Smith et al.19 showed
that the use of a six-minima torsional potential in the rotational
isomeric state model of polymer properties accounted for the
behavior of poly(tetrafluoroethylene) better than the use of the
standard four-minima potential. An observation20,21 of three
distinct IR spectra of the individual conformers of C4F10 in
nitrogen matrix removed any remaining doubt: at least in some
A4X10 chains, there indeed are three pairs of backbone confor-
mations at comparable energies. The next questions are, why
and when?
Smith et al. suggested19 that the splitting of the expected

“ordinary gauche” pair of minima at(60° into a pair at about
(55° and another at about(90° in C4F10 is due to steric 1,4
interactions (i.e., interactions between substituents located in
backbone positions 1 and 4), and is entirely analogous to the
splitting of theaminimum intoa+ anda- minima, believed to

be due to the above-mentioned 1,3 interactions. Although they
did not consider other chains, this sounds like a general
argument, and it appeared to us that a total of six conformational
minima in the ground-state potential energy surface ought to
be the rule for most if not all molecules of the type A4X10, except
for the smallest substituents X and the longest bond lengths
A-A. At this point, we were truly curious and decided to
perform fully optimized conformational search calculations for
a series of saturated linear chains A4X10.
We were initially rather perplexed by the results, since the

calculations sometimes produced only the usual two pairs of
conformations even for quite large substituents X. As qualitative
understanding of open chain conformations would appear to be
a rather fundamental requirement in elementary stereochemistry,
it appeared desirable to find a very simple model that would
rationalize or perhaps even predict the number of conformations
for an A4X10 chain from elementary properties of the atom A
and the group X without having to resort to an extensive
computer calculation. Presently, we report the results of this
search for the origin of the conformational diversity.
For simplicity, we use the “ortho” (o+, o-) designation for

the third conformer pair, proposed in the experimental study of
C4F10 in recognition of the computed near orthogonality of the
dihedral angleω,20 and not theg+

+, g+
- labels proposed by

Smith et al.19

Methods of Calculation

All computations were performed with IBM RS 6000/550 and 590
work stations.
Ab Initio Calculations of Conformer Geometries and Energies.

These used the GAUSSIAN 92 program.22 Calculations for C4X10 and
Si4X10 [X ) H, F, Cl, Br (only C4Br10), CH3()Me), and SiH3] were
done at the HF/6-31G* level.23 HF calculations for C4Br10 used an
effective core potential (ECP).24 Calculations for Si4F10 were also
repeated at the MP2/6-31G* level, and those for C4Cl10 at the HF/6-
311G* level. The results for Si4H10 and Si4Me10 were taken from refs
16 and 18, respectively. Atomic charges were obtained from natural
bond orbital (NBO)25 and Mulliken population analyses.
Geometry optimizations for a series of fixed central dihedral angles

under the assumption ofC2 symmetry yielded potential energy curves.
They were followed by unconstrained optimizations for the minima
found in these curves. Frequency analysis was performed at all fully
optimized geometries, except for C4Br10, Si4(SiH3)10, and the MP2
calculation on Si4F10, where our computational resources were insuf-
ficient.
A C2 symmetry axis was found in each case and the potential energy

curves (Figure 1) thus correspond to minimum energy paths in the
vicinity of potential energy minima. This need not be the case in the
regions of high energy. As first shown by Dewar and Kirschner,26

“chemical hysteresis” may cause a path obtained by gradually changing
the value of one geometrical parameter, while optimizing all the others,
to stray far from the lowest energy path. The computed transition
energies will then be too high. This behavior is suspected in Si4Me10,18
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and we now find it in the one case that was examined in some detail,
C4Me10. Here, the barrier between the ortho and gauche minima appears
to occur atω ) 60° if approached along the bottom of a valley from
largerω values and at 80° if approached along the bottom of a parallel
valley from smallerω values. The two valleys differ in the sense of
rotation of the terminal backbone bonds. The true transition structure
was not located. It seems to lie on the ridge separating the two valleys,
at a dihedral angleω of about 75°, and does not possessC2 symmetry,
i.e., the end groups rotate independently. To obtain this region of the
curve shown in Figure 1, we drove one of the terminal rotation angles
while holdingω constant at 75° and optimizing all other geometrical
variables without symmetry constraints. The true activation energy is
thus lower than shown in Figure 1. The relaxation of theC2 symmetry
constraint may lower the barriers between conformers in the other A4X10

molecules as well, and the exploration of transition states in linear chain
conformational isomerization deserves a separate study.
Although substituent conformations are of limited relevance for our

primary goal, which is an understanding of backbone conformations,
we note that there might in principle be many different local minima
on a A4Me10 hypersurface with nearly identical AAAA dihedral angles
and differently rotated methyl groups. In the highly crowded C4Me10,
where we observe coupled rotation of the methyl groups in the sense
of the previously reported6,33gearing motions, and maybe in Si4(SiH3)10
as well, the appearance of multiple local minima due to methyl rotation
is less likely than in the less crowded Si4Me10. We have not observed
such multiple minima in our ab initio calculations for any of these
molecules, nor in numerous molecular mechanics calculations per-
formed in preliminary searches.
Model Calculations. The potential energy was the sum of (i) the

intrinsic barrier, present even in ethane, (ii) the van der Waals interaction

among the 10 substituents, and (iii) the electrostatic interactions among
the 14 A and X atoms and substituents.

(i) An empirical function was used for the intrinsic part of the barrier.
This function was derived by the Weinhold procedure27 based on the
effects of the deletion of elements in the Fock matrix expressed in the
natural bond orbital basis, as implemented in the NBO part of the
GAUSSIAN 92 program.25 For rotation around the central A-A bond
(angleω, positive for counterclockwise rotation at the closer atom A,
i.e., right-handed AAAA helix), the elements deleted were those
between the two A-X and the A(2)-A(1) bond orbitals on atom 2
and the two A-X and the A(3)-A(4) antibond orbitals on atom 3,
plus the analogous ones between the bond orbitals on atom 3 and
antibond orbitals on atom 2. For rotation around the terminal bonds
(angleφ, zero at the staggered geometry and positive for counterclock-
wise rotation of the terminal groups when viewed from a point located
on the terminal bond axis outside the molecule), the elements deleted
were those between the three A-X bonds on the terminal atoms A(1)
and A(4) with the central A(2)-A(3) antibond and the A-X antibonds
on central atoms A(2) and A(3), respectively, and the analogous ones
between the antibond orbitals on A(1) and A(4) with the bond orbitals
on A(2) and A(3). The intrinsic function was fitted to the forms(C/
2)(1 + cos(3ω)) andC(1 - cos(3φ)) for rotation around the central
bond and simultaneous rotations around both terminal bonds, respec-
tively. A universal valueC ) 4.5 kcal/mol simulated all the ab initio
results semiquantitatively. Only Si4F10 stands apart as the shape of
the intrinsic barrier of its central bond is totally different, and no attempt
was made to fit it to a functional form.

(ii) The Lennard-Jones 6-12 potential28 was used for van der Waals
interactions. The van der Waals radii29 rX

vdW used are collected in
Table 1. We are aware of the ambiguities30 involved in the definition
of rX

vdW but believe that they will not invalidate the model as long as a
consistent set of values is used. A universal proportionality constant
ε ) 0.012 kcal/mol was found to provide a semiquantitative fit with
all the ab initio results.

(iii) Point charge repulsions were used for electrostatic interactions.
ChargeQX ) qX was placed on each substituent X,QA ) -2qX on
central atoms A, andQA ) -3qX on terminal atoms A, withqX equal
to the average value on the 10 substituents from ab initio calculations
by either the Weinhold NBO or Mulliken procedure. Charges on a
polyatomic substituent were collapsed into a point charge at the atom
attached to the chain.

The final expression for energy (in kcal/mol) as a function ofω and
φ was
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Am. Chem. Soc.1967, 89, 4345.

Figure 1. Optimized HF/6-31G* potential energy of A4X10 chains as
a function of the dihedral angleω. C2 symmetry was assumed except
as stated in the text for C4Me10. The dashed MP2/6-31G* curve in Si4F10
is shifted arbitrarily relative to the HF/6-31G* curve.

Table 1. Substituent van der Waals Radii

substituent rvdW (Å)a substituent rvdW (Å)a

H 1.20 Cl 1.75
F 1.47 Br 1.85
Me ∼1.70b SiH3 ∼2.20b

a Reference 29.bCalculated from the geometries of CH3 and SiH3.

ETOT ) EINTR + EvdW + ECOUL

EINTR ) (C/2)(3+ cos(3ω) - 2cos(3φ))

EvdW ) ε ∑
i<j{X}

[(2rX
vdW/ri-j)

12 - (2rX
vdW/ri-j)

6]
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wherei andj run over the substituents X or both over the chain atoms
A and substituents X, as indicated by{X} and {A,X}, respectively,
andri-j is the distance between atomsi andj. With angles in degrees,
distances in Å, charges in elementary units, and energy in kcal/mol,
the values of the constants areC ) 4.5, ε ) 0.012, and 1/4πε0 )
332.064.
In each A4X10 chain, all backbone bond lengthsrA-A were assumed

equal, as were all backbone-to-substituent bond lengthsrA-X. They
were set equal to averages of lengths computed for the anti minimum.
All valence angles were 109.47°. The substituent charge, the van der
Waals radii of the substituents, and therA-A and rA-X bond lengths
were treated as variable parameters. The initial structure had the AAAA
dihedral angleω equal to 180° and the terminal groups staggered (φ

) 0°). Relative energies were then computed as a function of angles
of rotation around the A(2)-A(3) (ω) and the A(1)-A(2) and A(3)-
A(4) (φ) bonds, preserving a 2-fold axis of rotational symmetry.

Results and Discussion

Ab Initio Results for A4X10. Since we needed to obtain
results for a whole series of A4X10 chains, we were limited in
the quality of the calculation that we could perform. We used
the HF/6-31G* approximation, which has a reasonable reputa-
tion as far as geometry optimization for ordinary molecular
structures is concerned,9b and would be expected to give
meaningful results. Intrinsic conformational barriers in simple
hydrocarbon chains have been long known31 to be describable
at the Hartree-Fock level, even though the introduction of
electron correlation does make some difference.32 A comparison
with the MP2/6-31G* level of calculation, which should provide
a better description of nonbonded substituent-substituent
interactions, is available for the potential energy curves of
Si4Me1018 and C4F10.21 In both cases the geometries of all three
conformers are nearly identical at HF and MP2 levels of
calculation, the differences in the calculated potential energy
curves and the relative conformer energies are small, and the
unusual ortho minimum is quite pronounced. A comparison
of HF and MP2 calculations for Si4H10 at the 6-31G** level
also revealed great similarity,16 and the fully optimized HF/6-
31G* results for the conformational minima in the A4X10 series
seem to be qualitatively reliable.
The HF/6-31G* results for C4H10, C4F10, C4Cl10, C4Me10,

C4Br10 (ECP on Br), Si4H10, Si4Me10, Si4F10, Si4Cl10, and
Si4(SiH3)10 are shown in Figure 1 and Table 2 (for numerical
values, see Supporting Information). As anticipated,10 the
curves for the tetrasilanes are flatter than those for the butanes.
Those for C4H10 and Si4H10 have a familiar shape and show
only the expected gauche and anti minima. Most of the others
look strange at first.
First, it is puzzling that the splitting of the gauche minimum

into a g( pair and ano( pair, presumably19 due to steric
interactions of substituents in positions 1 and 4 (Figure 2), does
not follow a simple pattern. In the carbon series, it appears
upon going from an H substituent to F, and more clearly, upon
going to the even larger CH3, but then it disappears in C4Cl10
and C4Br10, although the steric demands of CH3 and Cl are
normally considered to be comparable, and although Br is
definitely larger than CH3. In the silicon series, the splitting
persists throughout, except for the most peculiar case of Si4F10.

Second, asω changes from 0° to 180° (right-handed helix),
the optimal value ofφ changes in a complicated manner (Table
2): For 0° < ω < ∼75°, optimizedφ is negative (-60° < φ <
0°, clockwise rotation of the end groups). The sign of optimized
φ changes atω = 75°, again atω = 120°, then again atω )
180°, etc.
Third, it is noteworthy that the anti minimum is split into

two (a() not only when repulsive interactions between substit-
uents in position pairs 1, 3 and 2, 46,33 could be expected to be
large, as in C4Me10, Si4(SiH3)10, C4Cl10, and especially C4Br10,
but also in Si4Me10 and Si4Cl10, in which these steric interactions
surely are small.
Since the HF results for Si4F10 differed from all others, we

also performed MP2 calculations. A comparison of HF/6-31G*
and MP2/6-31G* results indeed revealed a qualitative difference
(Figure 1), in that a shallow gauche minimum appeared only at
the MP2 level. In this approximation, dispersion forces are
introduced, and more compact forms such as the gauche
conformer are differentially favored16 relative to less compact
forms. We believe that in all the other cases the HF/6-31G*
results are qualitatively correct.
A Heuristic Model for A 4X10. It is natural to assume that

the puzzling behavior predicted by the ab initio calculations
(Figure 1, Table 2) should be understandable in simple terms.
The primary effects suited for an intuitively satisfactory
rationalization are as follows: (i) an intrinsic barrier of the kind
present even in ethane and disilane, (ii) repulsive or attractive
van der Waals interactions between substituents, and (iii)
electrostatic interactions. In the spirit of a search for simple
explanations, we shall assume that these effects are additive.
An A4X10molecule that finds itself at some particular AAAA

dihedral angleω, and is strained as a result of interactions
between the substituents X, will surely relieve some of the strain
by modifying its other dihedral angles, valence angles, and even
bond lengths. To gain simple insight into the origin of the

(31) Payne, P. W.; Allen, L. C. InApplications of Electronic Structure
Theory, Schaefer, H. F., III, Ed.; Plenum: New York, 1977; Vol. 4, p 29.

(32) Allinger, N. L.; Fermann, J. T.; Allen, W. D.; Schaefer, H. F., III
J. Chem. Phys.1997, 106, 5143.

Table 2. HF/6-31G* Optimized Central Dihedral Anglesω and
End Group Rotation Anglesφ in A4X10 Chains (deg)

A4X10 ωg φg ωo φo ωa φa

C4H10 65.4 -3.1 180.0 0.0
Si4H10 67.2 -0.5 180.0 0.0
C4F10 56.1 -9.8 96.1 7.8 169.1 -7.7
Si4F10 133.3 -6.6
Si4F10a 54.9 62.3 121.3 1.8
C4Me10 52.8 -15.3 87.9 14.5 162.8 -15.7
Si4Me10 53.7 -15.3 92.0 7.7 163.5 -12.5
C4Cl10 53.0 -8.2 (90.0)b 6.4 156.7 -9.9
Si4Cl10 55.6 -8.0 95.8 8.6 164.6 -9.7
C4Br10 52.6 -7.6 (90.0)b 8.4 153.7 -9.6
Si4(SiH3)10 53.4 -14.9 90.1 10.7 163.0 -15.0
aMP2/6-31G*.b There is no ortho minimum in these molecules, but

the optimum geometry of the end groups is not staggered atω ) 90°.

Figure 2. A schematic representation of 1,4 interactions at a geometry
intermediate between gauche and ortho conformations. The substituents
labeled with asterisks provide the largest contribution to the van der
Waals repulsion.

ECOUL ) (1/4πε0) ∑
i<j{A,X}

QiQj/ri-j
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number of minima observed, we have however adopted an
approximation in which valence angles are always exactly
tetrahedral and bond lengths are rigid, and only the AX3 end
groups are allowed to rotate away from their staggered position
by an angleφ. This approximation is justified by the fact that
the simple model is not meant to reproduce the ab initio potential
energy curves quantitatively, nor are we trying to reparametrize
molecular mechanics, but are merely attempting to identify the
physical origin of the qualitative shape of the potential energy
curves in terms of the three additive classical effects mentioned
above. Not allowing other modes of motion to relax as we
changeω will accentuate the root causes of changes in strain.
In keeping with the ab initio results for the conformational

minima, we preserve a 2-fold axis of rotational symmetry by
always rotating both end groups equally by an angleφ. The
resulting potential energy surfaces are two-dimensional, plotted
as a function of the central dihedral angleω and the terminal
dihedral angleφ. They were obtained for a series of parameter
values reflecting (i) the nature of the intrinsic barrier as a
function of A and X, (ii) the effective size of X, and (iii) the
charges on A and X.
To make the model universal, we express lengths in units of

the skeletal A-A bond lengthrA-A (Table 3), and ultimately
use a universal intrinsic barrier sizeC ) 4.5 kcal/mol and van
der Waals proportionality constantε ) 0.012 kcal/mol. Sub-
stituent size is reflected in its reduced van der Waals radius
RX
vdW ) rX

vdW/rA-A and in its reduced lateral bond lengthRAX )
rA-X/rA-A. For most substituents, and all those we use,rX

vdW

and rAX, and thus the reduced quantitiesRX
vdW andRAX, are

approximately linearly related (Table 3). In the following, we
refer to both values jointly as the “effective substituent size”.
The question we are posing is, how does the interplay of the

intrinsic barrier, the effective substituent size, and lateral bond
polarity dictate the number of minima on the potential energy
surface and the optimal values ofω andφ? We shall see below
that the variation of the effects of bond polarity as a function
of the dihedral angles is minimal, and we shall therefore discuss
the intrinsic barrier and effective substituent size first.
(i) Intrinsic Barrier. The origin of the intrinsic 3-fold barrier

to rotation in ethane has been rationalized in different ways by
a series of authors,27,34,35and one of these had to be selected
for use in the heuristic model. We decided to adopt an
interpretation that goes back to Mulliken’s36 “secondary hy-
perconjugation” and has been convincingly advocated by
Weinhold.27 This analysis has much intuitive appeal to an

organic chemist since it relates the barrier in ethane to familiar
concepts such as frontier orbital theory and antiperiplanar
interactions. According to this rationalization, staggered ge-
ometries are favored in ethane because they permit a more
favorable stabilizing interaction of the occupiedσCH orbitals of
the methyl group on one end with the emptyσ*CH antibond
orbitals of the methyl group at the other end. The slight transfer
of electron density from bonding to antibondingσCH orbitals is
reflected in the somewhat longer CH bonds in ethane,rg(CH)
) 1.1108 Å,37a compared to methane,rg(CH) ) 1.1068 Å.37b

This interaction also causes a slight variation in the backbone
bond length and in the energy of the bondingσCC orbital as a
function ofω, and this needs to be included in the analysis of
barrier heights.38

It is quite possible that one of the other interpretations of the
ethane barrier, such as the electrostatic description in terms of
cumulative atomic multipole moments,39 would work just as
well, and there is a degree of arbitrariness in the choice we
made.
We have computed the magnitude of theσCH - σ*CH stabiliz-

ing interaction as a function ofω for all of our A4X10molecules,
assuming perfectly staggered end groups AX3 (φ ) 0°), and
found that in all cases except Si4F10 it has approximately the
same functional form as in ethane,(C/2)(1+ cos(3ω)), and only
the constantC varies from about 2 kcal/mol for C4F10 to about
5 kcal/mol in C4Me10 and about 6 kcal/mol in C4H10, C4Cl10
and C4Br10 (Figure 4). It thus appears that the original NBO
analysis27 of the way in which the natural bond orbital
interactions vary as a function ofω applies generally. The large
decrease ofC from C-C bonds to Si-Si bonds is easily
understood. Only the vicinal overlap of the p components of
the bond and antibond orbitals contributes significantly to
angular variation of the interaction, and its importance drops
rapidly as one proceeds down the column of the periodic table.
For tin and lead, the intrinsic barriers should be minute.
The Special Case of Si4F10. The unique very flat HF/6-

31G* potential energy curve of Si4F10, with a single shallow
minimum at 130° (Figure 1), resembles the familiar curve for
H2O2.40 The latter is usually considered to be dominated by
interactions of the two oxygen lone pairs that have localπ
symmetry. Their nonbonded interactions are minimized atω
) 90° and maximized at 0° and 180°. The effect is believed
to be further modified by the secondary effect of electrostatic
repulsions between the positively charged H atoms, which are
largest forω ) 0° and decrease gradually toward 180°, causing
the barrier atω ) 0° to be higher than that at 180°, and shifting
the minimum from 90° to 113.7°.40 Indeed, the minimum in
H2S2, with its long SS bond and less polar SH bonds, lies at
88.7°.40

(33) Anderson, J. E. InThe Chemistry of Alkanes and Cycloalkanes;
Patai, S., Rappaport, C., Eds.; Wiley: New York, 1992; p 95.

(34) Wilson, E. B., Jr.AdV. Chem. Phys.1959, 2, 367. Radom, L.; Hehre,
W. J.; Pople, J. A.J. Am. Chem. Soc.1972, 94, 2371. Lowe, J. P.Science
1973, 179, 527. Orville-Thomas, W. J., Ed.Internal Rotation in Molecules,
Wiley: New York, 1974. Houk, K. N.; Rondan, N. G.; Brown, F. K.;
Jorgensen, W. L.; Madura, J. D.; Spellmayer, C. D.J. Am. Chem. Soc.
1983, 105, 5981.

(35) Strasburger, K.; Sokalski, W. A.Chem. Phys. Lett.1994, 221, 129.
(36) Mulliken, R. S.J. Chem. Phys.1939, 7, 339. Mulliken, R. S.; Rieke,

C. A.; Brown, W. G.J. Am. Chem. Soc.1941, 63, 41.
(37) Landolt, H.; Bo¨rnstein, R.Zahlenwerte und Funktionen aus Natur-

wissenschaften und Technik, Gruppe II, Atom- und Moleku¨ lphysik; Vol. 7,
Strukturdaten freier mehratomiger Molekeln; Hellwege, K.-H., Ed.;
Springer-Verlag: Berlin, Heidelberg, New York, 1976; (a) p 196, (b) p
147.

(38) Guo, D.; Goodman, L.J. Phys. Chem.1996, 100, 12540.
(39) Sokalski, W. A.; Lai, J.; Luo, N.; Sun, S.; Shibata, M.; Ornstein,

R.; Rein, R.Int. J. Quantum Chem., Quantum Biol. Symp.1991, 18, 61.
(40) Pelz, G.; Yamada, K. M. T.; Winnewisser, G.J. Mol. Spectrosc.

1993, 159, 507 and references therein.

Table 3. Charges, Reduced van der Waals Radii, and Reduced
Lateral Bond Lengths in A4X10 Moleculesa

A4X10 RX
vdW RAX rA-A (Å) rA-X (Å) qX (au)b qX (au)c

C4H10 0.78c 0.71 1.53 1.09 +0.16 +0.20
Si4H10 0.51 0.63 2.36 1.48 -0.15 -0.18
C4F10 0.95 0.86 1.54 1.32 -0.34 -0.40
Si4F10 0.63 0.67 2.34 1.57 -0.47 -0.68
C4Me10 1.04 0.95 1.64 1.55 0.00 +0.01d
Si4Me10 0.72 0.81 2.36 1.90 -0.35 -0.45d
C4Cl10 1.07 1.09 1.63 1.78 +0.10 +0.06
Si4Cl10 0.74 0.86 2.37 2.05 -0.24 -0.39
C4Br10 1.13 1.20 1.64 1.96 +0.03 +0.15
Si4(SiH3)10 0.92 0.99 2.40 2.37 +0.11 +0.08d

a Bond lengths and atomic charges are average values taken from
calculations at the geometry of the anti minimum of each individual
A4X10 molecule.b Total charges on X from Mulliken population
analysis.c Total charges on X from natural hybrid orbital population
analysis.d Total charge on all atoms of the substituent.
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Not surprisingly, the NBO analysis revealed that the
σSi-Si - σ*Si-F interactions in Si4F10are far more stabilizing than
theσSi-Si - σ*Si-Si interaction. The former interaction is stron-
gest atω ) 60° and determines the shape of the potential curve.
The latter interaction is maximized at 180° but even then is so
weak that it fails to induce a minimum in the curve shown in
Figure 5. Finally, the addition of the effects of electrostatic
repulsion, unusually large in this case, shifts the minimum in
Si4F10 to about 130° in the HF calculation (Figure 1).
At the MP2/6-31G* level, however, the picture for Si4F10

changes, and shallow minima are present at 55° and 121°. We
believe that the new gauche minimum at 55° is due to attractive
van der Waals forces, which are ignored in the HF calculation.
These forces normally play a minor role in A4X10 compounds,
because the intersubstituent distances are such that the repulsive
part of the Lennard-Jones potential applies, and the HF
approximation is sufficient. In Si4F10 the reduced bond length
RAX is so small that the attractive part of the potential applies,
and the HF approximation is inadequate. Clearly, the unique
intrinsic barrier, the small reduced substituent bond length, and
the high polarity of its bonds set Si4F10 apart from all the other
A4X10 molecules that we have investigated.
(ii) Van der Waals Repulsions. Terminal Groups Stag-

gered. Figure 4A shows the contribution of van der Waals

interactions between the substituents X to the total energy as a
function ofω, computed using the simple model with staggered
AX3 end groups (φ ) 0°). In C4H10, Si4H10, and Si4F10, the
effective substituent size is small enough for this contribution
to be very small at all angles (these results are not shown). In
the other A4X10molecules, this contribution provides an energy
barrier atω ) 60°, and analysis of the individual pairwise
interactions shows that it is due to 1,4 interactions, as antici-
pated.19

The origin of these interactions is readily visualized. Given
tetrahedral angles, atω ) 60° the four backbone atoms and
two of the substituents at positions 1 and 4 form a perfect six-
membered ring in the chair conformation (Figure 2). If the
bonds carrying the substituents have unit length like those in
the backbone, the reduced distance between the interacting 1,4
substituents is unity also, obviously much shorter than the
optimal nonbonded distance 2RX

vdW. As expected, the size of
the barrier at 60° increases with the increasing size of the
substituent as measured byRAX andRX

vdW. The 1,3 interac-
tions19,33are negligible, and a similar barrier is not observed to
occur atω ) 180° (Figure 4).
Figure 4B exemplifies the sum of the contributions from the

intrinsic and the van der Waals interactions, using an arbitrary
but typical value ofC ) 4.5 kcal/mol for the former. Atω )
60°, a broad well provided by the former is split by a narrower
peak provided by the latter, and the gauche and ortho minima
result as anticipated.19 Together, the intrinsic and the van der
Waals contributions thus account for the presence ofg(, and
o( minima. They appear to suggest that these minima exist
for all substituents X whose size is above a critical value. This
disagrees with the ab initio results (Figure 1), according to which
an excessive increase in substituent size removes the o(
minimum.
Even for quite large substituents, the introduction of van der

Waals interactions makes little difference in the vicinity ofω
) 180°. The splitting of the anti minimum to positions just

Figure 3. Ab initio computed intrinsic central rotational barriers in
A4X10. The upper right corner shows the (C/2)(1 + cos(3ω)) model
curve.

Figure 4. Model calculation: Potential energy of A4X10 as a function
of the dihedral angleω, at constantφ ) 0°: (A) van der Waals
contribution only; (B) sum of van der Waals and intrinsic contributions.
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Figure 5. Model calculation: Sum of van der Waals and intrinsic (C ) 4.5 kcal/mol) contributions to the potential energy of A4X10 as a function of dihedral angleω and end group rotation angleφ, reduced
van der Waals radiusRX

vdW, and the reduced bond lengthRAX. In drawings along the diagonal, the fat line indicates the optimal reaction path. For labels on axes, see the lower left corner.
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below 180° and just above 180° thus cannot be explained by
this simplest approach, in which the end groups are forced to
remain staggered.
Terminal Group Rotation. To understand the factors that

control the splitting of the gauche minimum into two, we
examined the role of the rotation of the terminal AX3 groups
(dihedral angleφ), whose importance has been well recog-
nized.6,19,33 According to the ab initio results (Table 2), these
groups are not perfectly staggered in most of the A4X10

conformational minima. They are twisted counterclockwise in
the region of the ortho minimum (o+), between the transition
state that leads to the gauche form and the one that leads to the
anti form, and clockwise in the regions of the gauche (g+) and
twisted anti (a+) minima. The twist directions are inverted for
theg-, o- anda- minima (0° g ω g -180°). Asω increases
in a A4X10 molecule with 6 minima, the sense of end group
rotation thus reverses each time the molecule passes through a
transition state that separates conformers. In the compounds
with 4 minima, C4Cl10 and C4Br10, the sense of twisting changes
as if the transition states defining the ortho minimum were still
present.
Figure 5 shows a series of plots of energy calculated from

the simple model as a function of both the central AAAA
dihedral angleω from 0° to 180° (results for 0° g ω g -180°
follow from symmetry), and the angleφ, related to the terminal
AAAX dihedral angle, fromφ ) 0° (staggered) toφ ) 60°
(counterclockwise rotation, eclipsed) orφ ) -60° (clockwise
rotation, eclipsed). The individual plots in Figure 5 differ in
effective substituent size as defined byRX

vdW andRAX (Table
3). The energy contains additive contributions from van der
Waals interactions, from the intrinsic barrier at the central bond,
(C/2)(1 + cos(3ω)), and from the intrinsic barriers at the two
terminal bonds, which add up toC(1 - cos(3φ)).
Instead of the simple one-dimensional representation of the

conformational isomerization path implied in Figure 4, in Figure
5 we consider a path represented by a curve of minimal energy
that winds its way over theω,φ plane and connects the minimum
at theω ) 0° edge with the minimum at theω ) 180° edge for
each choice ofRX

vdW andRAX.
Since we assume rigid rotation, while the real molecule

relieves some strain by adjusting bond lengths and valence
angles, strong interactions already occur for smaller effective
substituent sizes in the model than they do in reality. This does
not reduce the utility of the plots for a discussion of the origin
of trends in the conformational effects of substituent size, and
merely means that the effective substituent size, i.e., the values
of RAX and RX

vdW, need to be taken smaller than would be
expected from standard tables; e.g., instead of taking the proper
values ofRCCl ) 1.08 andRCl

vdW ) 1.10, we need to take an
effective value of aboutRCCl = RCl

vdW = 1.0 to approximate the
ab initio result.
The Gauche and Ortho Minima. To understand the role

of the rotation of the end groups in the ortho and gauche minima,
we refer to Figure 2, in which the A4X10 molecule is shown
with staggered end groups, at (ω,φ) ) (60°,0°). The substituents
on A(4) and A(1) responsible for the repulsive 1,4 interaction
(see Figure 4) are marked with an asterisk. Their separation
can be increased and the 1,4 interaction strain can be relieved
at the expense of a loss of perfect staggering at the terminal
bonds. Achieving this by clockwise rotation of AX3 groups
around the terminal A-A bonds amounts to optimizing the
geometry of the gauche minimum (right-handed helix, 0° e ω
e 70°, Figure 6A). Doing it by counterclockwise rotation of
the AX3 groups results in the optimization of the geometry of

the ortho minimum (ω = 80-90°, Figure 6B). The clockwise
rotation of the AX3 groups from the perfectly staggered position
in the gauche form of the right-handed helix (φ < 0) and their
counterclockwise rotation in its ortho form (φ> 0) are hallmarks
of these minima. The simultaneous rotation of both end groups
by φ preservesC2 symmetry.
Next, we return to Figure 5 and start with the smallest

substituents, located in the lower left corner (RAX + RX
vdW e

1.4, Table 3). The minimum energy isomerization path is not
affected by van der Waals repulsions between substituents at
all and goes only through the gauche and anti minima, both at
φ ) 0°. Rotation of the terminal groups away from the
staggered arrangement to either positive or negative values of
φ increases the energy because of intrinsic barriers at both
terminal bonds. IfRAX + RX

vdW > 1.4, increasing 1,4 interac-
tions cause a twisting of the end groups from the staggered
arrangement, as can be seen forRAX ) RX

vdW ) 0.8. At this
point, the surface still contains only a gauche minimum atω =
60°, with φ < 0°, an anti minimum atω ) 180°, and no ortho
minimum.
As noted above, repulsive van der Waals interactions are also

absent in Si4F10, but Figure 5 is not applicable, because this
special case has a different intrinsic barrier function.
Going to the next group of compounds, C4F10, Si4Me10,

C4Me10, Si4Cl10, and Si4(SiH3)10, the effective substituent size
is increased enough that the sumRAX + RX

vdW exceeds 1.5 but
is still smaller than 1.9. As the effective substituent size
increases, a high-energy ridge due to 1,4 interactions gradually
develops in the potential energy surface and protrudes from the
point (ω,φ) ) (0°,60°) toward the center point of the plot
(90°,0°). In doing so, it displaces the minimum energy
isomerization path further to negative values ofφ in the region
of the gauche minimum. At the same time, increasing 1,3
interactions introduce additional hills into the surface at (ω,φ)
) (120°, 60°) and (120°,-60°), displacing the minimum energy
path toward positive values ofφ nearω ) 90° and toward
negative ones atω g 120°. As the valuesRX

vdW ) RAX ) 0.9
are reached, the above-mentioned ridge merges with the hill
that grew at (ω,φ) ) (120°,-60°), creating a barrier that
separates the original gauche minimum into an ortho and a
gauche minimum. This is the barrier that so clearly appeared
in Figure 4 atω ) 60°. These compounds have six confor-
mational minima.
Additional increase in effective substituent size (RX

vdW +
RAX g 2.0) leads to further increase of the hills and ridges in

Figure 6. Gauche (A) and ortho (B) geometry of A4X10.
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the potential energy surface. The ridge due to 1,4 interactions,
which started from the point (ω,φ) ) (0°,60°), and the hill due
to 1,3 interactions, which grew at (ω,φ) ) (120°,60°), start to
obliterate the ortho minimum and make it disappear whenRAX
and RX

vdW approach unity. The valley that contained this
minimum then spills its content into the wide well that contains
the anti minimum. This is the reason for the presence of only
four minima in C4Cl10 and C4Br10. A closer examination of
Figure 1 indeed reveals a shoulder atω ) 100° for C4Cl10. The
unusual flat region betweenω ) 90° and 120° presumably is
the remnant of the former ortho minimum. In C4Br10 the
reduced substituent size has increased sufficiently that even the
last hint of an ortho minimum has vanished. For such large
substituents the barrier that separates the gauche valley from
the unified ortho+ anti valley is massive, and passage over its
lowest point difficult. The minimum energy path is displaced
toward negative values ofφ, except in the region of 75° e ω
e 120°, where memory of the ortho valley survives andφ is
positive.
The methyl group can decrease its effective van der Waals

radius by meshing with other methyl groups in a gearing
motion6,33and effectively has a smallerRAX value than chlorine,
which does not have this option (Table 3). Apparently, the
effective size of the methyl groups lies just below the critical
limit, so C4Me10 still has all six minima. C4Cl10 is located just
above the critical value, at which the ortho minimum is lost.
We conclude that the existence of the ortho minimum is

precarious and is dictated by two critical effective substituent
sizes. As X increases upon going from the lower left to the
upper right in Figure 5, the gauche minimum first splits into a
gauche and an ortho minimum, and then the ortho minimum
disappears by merging with the anti minimum.
The Anti Minimum. Due to significant 1,3 interactions, for

very large substituents the energy surface is warped betweenω
) 170 to 180° andφ ) 0 to -60° (Figure 5) and develops a
well at (ω,φ) = (170°,-10°). Thus, atRAX = RX

vdW = 1.1, the
anti minimum splits and moves from (ω,φ) ) (180°,0°) to (ω,φ)
= (170°,-10°). In this region of geometries steric interactions
are relatively weak. It is reasonable to assume that there are
no great distortions from the ideal geometry with tetrahedral
angles, and theRX

vdW andRAX values are realistic. Thus, in the
cases of C4Me10, C4Cl10, and C4Br10, and marginally C4F10, we
can explain the origin of the split anti minimum in terms of 1,3
van der Waals repulsions. However, the ab initio calculations
predict a split anti minimum even in many less hindered
compounds, such as Si4Cl10 and Si4Me10, and the simple model
does not.
A related puzzle is the twisting6,33 of the end groups away

from perfect staggering in the anti minimum valley. This is
clearly obtained in the ab initio results not only for the largest
substituents, but also for those withRX

vdW andRAX values for
which Figure 5 does not suggest any deviations fromφ ) 0°.
This could be understood as one way to relieve the steric 1,3
repulsions, and perhaps Allinger et al.30were right in suggesting
that van der Waals radii are substantially larger than is normally
assumed. But even in Si4F10, where steric 1,3 repulsions can
hardly be invoked, the end groups are twisted away from a
perfectly staggered geometry whenω is fixed at 160° and the
other degrees of freedom are relaxed. It seems to us that direct
1,3 steric interactions can be only partially responsible for the
twisting of end groups in molecules with moderate or largeRAX
andRX

vdW values, and that there must be an additional reason
for this quite prevalent phenomenon. We suspect that it is

related to nonadditivity of the orbital interactions that are
responsible for intrinsic barriers (cf. Supporting Information).
(iii) Electrostatic Interactions. Figure 7 shows the elec-

trostatic repulsion energy as a function of the dihedral angles
ω andφ for a series of reduced bond lengthsRAX. The AX
bonds carry opposite chargesqX ) (0.2 e at each end. For
other values ofqX (Table 3), the interaction energy scales as
q.2 For an AA bond length of 1.0 Å, the vertical scale is in
kilocalories per mole; for other AA bond lengthsr, it scales as
1/r.
One could take issue with some of the charges calculated,

either by the Mulliken or Weinhold methods. Thus, in C4Cl10,
the chlorine atoms are calculated to carry positive charges, and
the carbon atoms are negatively charged. This might be a
problem of an inadequate basis set,41 and these calculations were
therefore repeated at the 6-311G* level. However, although
the magnitudes of the charges were reduced somewhat, no
significant changes in the potential energy curve or the intrinsic
barrier resulted.
For realistic bond length ratios and bond dipoles, the

electrostatic interaction energy does not depend on dihedral
angles in a way conducive to producing minima or barriers in

(41) Jug, K.; Köster, A. M. Int. J. Quantum Chem.1993, 48, 295.

Figure 7. Model calculation: Electrostatic contribution to the potential
energy of A4X10 chains as a function of dihedral angleω, end group
rotation angleφ, and the reduced bond lengthRAX. Left: Electrostatic
interaction alone. Right: Electrostatic interaction plus intrinsic barrier
(C ) 4.5 kcal/mol). For labels on axes, see the lower left corner and
text.
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the potential energy surface. Even in the most polar case, Si4F10
[qF(Mulliken) = -0.47e, qF(NBO) ) -0.68e, RAX ) 0.67],
the electrostatic repulsion energy is a roughly linear function
of ω and is nearly constant with respect to the end group rotation
φ (Figure 7). All our investigations of the electrostatic
contributions to the barriers suggest that they are not essential
for the understanding of conformational properties of A4X10

chains. This is not surprising, considering the weak 1/r
dependence of the electrostatic potential on distance.
Beyond the Simple Model. Additive intrinsic barriers, van

der Waals interactions, and electrostatic interactions, combined
with rigid rotations, account quite satisfactorily for the splitting
of the gauche minimum as a function of substituent size, and
the model has thus accomplished its main purpose. It has
however accounted less well for the more familiar weak splitting
of the anti minimum and for the twisting of the end groups.
Although it leaves little doubt that 1,3 van der Waals interactions
are responsible for these phenomena when X is large, both occur
for smaller substituents than expected. Perhaps the commonly
used van der Waals radii are too small,30 but it appears likely
that the discrepancy has additional causes, such as more subtle
properties of intrinsic barriers and geometrical changes during
the rotations. After all, although in an infinite chain the intrinsic
barriers would be the same for all AA bonds, in an A4X10

molecule the central and the terminal bonds are clearly different
and do not have identical intrinsic barrier heights. Even in an
infinite chain, the intrinsic barriers do not have 3-fold symmetry
since the AX and AA bonds are inequivalent. The additivity
of the intrinsic barriers is questionable, since in the Weinhold
picture two donor orbitals competing for a single acceptor orbital
will not be twice as successful as a single donor orbital
interacting with a single acceptor orbital.
In Supporting Information we propose that van der Waals

repulsions have a double effect on the rotational isomerization
pathway of an A4X10 molecule. A bigger substituent causes
higher repulsions directly, and it also induces valence angle
changes that affect hybridization and modify the intrinsic barrier.
Thus, van der Waals repulsions could force a splitting of the
anti minimum even when the substituent size is relatively
moderate.

Conclusions

With the sole exception of Si4F10, the main conformational
properties of the A4X10 molecules studied can be understood
in terms of the intrinsic barrier as defined by Weinhold’s
procedure, and of standard van der Waals radii. The often
ignored splitting of the gauche minimum into gauche and ortho
is general. It is confirmed to be due to 1,4 van der Waals
interactions as previously proposed, but is now predicted to
appear only for a certain range of substituent sizes (RX

vdW and
RAX between 0.8 and 1.0 in units of backbone bond length).
The twisting of the anti minimum away from 180° (i.e., its
splitting) is due to 1,3 van der Waals interactions as previously
believed, but appears already at smaller substituent sizes than
expected. There could be several reasons for this and one is
examined briefly in the Supporting Information. It suggests
that even relatively small changes in valence angles induced
by the 1,3 interactions amplify the steric effect of the substituents
by affecting hybridization on the backbone atoms and thus
flattening the intrinsic barriers that favor perfect staggering.
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