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The variation of the potential energy and of the valence geometry accom-
panying the elongation and compression of paraffin molecules was cal-
culated. The distribution of the stored elastic energy into the individual
valence coordinates was determined for an all-trans chain and for the
molecules involving the conformational defects. The computations provide
the energy parameters for the conformational transitions induced by the
extension of a chain with the gauche defect and by the compression of the
all-trans molecule. The range of applicability of the Hooke’s law for a single
paraffin chain was established and Young’s moduli determined at various
strains were compared.

PaccunTaHbl H3MeHEeHHs MOTEHIHANbHOM 3HEpruy U BaJICHTHOM reome-
TPHH, COIPOBOXIAIOLIME YIVIMHEHHE U CXXaTHe MoJieky napaduHoB. Pac-
npezeeH!e HAKOIUIEHHON 3J1aCTUYECKOH 3HEPTHH MO OTIEJIbHBIM BaJIEHT-
HbIM KOOpIHHaTaM ObIJIO OmNpeneneHO IS MOJIEKYJ C MCKJIIOYHTEIHHO
mpanc-KoHpUrypanueil Lemd ¥ MOJIEKYJ ¢ KOHGOpMaUMOHHLIMA Aedek-
TaMH. DBBITM paccuMTaHBl 3HEpreTH4YecKHe MapaMeTpbl s KOHGOp-
MaIMOHHBIX IEPEXOHOB, BHI3BAaHHBIX YIUIMHEHHEM HEMH C 20w-ne(hexToM 1
COKpAIIIEHHEM LIETH Y MOJIEKYJI C HCKJIFOUHTEIBLHO mpaHc-KOHGUTrypauuei.
Omnpepened UHTEpBal MPUMEHUMMOCTH 3akoHa ['yka I OOMHOYHOM ma-

paHHOBOH LIEMH, a TAKXKE COMOCTaBJIeHbl 3HAa4YeHUs MonyJyieil SlHra s
pa3HbIX BeJM4uH nedopmaimu.

The recent interest in the description of deformation of paraffinic molecules
originates from two sources. Firstly, the paraffinic compounds are frequently
used in the situations where fairly high deformational fields exist, for example
as lubricants. Secondly, paraffin chains are also the suitable models for the study
of chain deformation of the structurally related synthetic polymers.

At present two theoretical approaches are available for the energetical and
structural characterization of the paraffin deformation, namely, the quantum-
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-chemical [1, 2] or molecular-mechanical [3, 4] computations. For complex
hydrocarbon molecules and macromolecules the molecular mechanics re-
presents the sole sufficiently reliable and economically feasible method of
theoretical chemistry. Molecular mechanics is inherently well suited for the
description of molecular deformation because it expresses [5] the ‘‘strain™
energy of a molecule relative to a ““strainless” reference state even in the absence
of external force. We have used this method in our previous papers [6, 7] dealing
with the mechanism of deformation of macromolecules in the solid state and in
solution from the standpoint of polymer physics. In this paper we concentrate
on the changes of the valence geometry and on the distribution of stored elastic
energy in simple models from the perspective of the structural chemistry. We
have also determined the Young’s elastic modulus of single chains and its
dependence on the strain and the method of evaluation.

Method and model

In molecular mechanics the total potential energy of a molecule is expressed
as a sum of several contributions [5]

V=V+Vo+ V,+ Wy 0))

The energy of bond length deformation is expressed in harmonic approximation
as ¥ = (1/2)k, (r; — r;)’, where r; is the bond length between atoms i and j and
r; is an analogous reference (relaxed) bond length and £, is the bond stretching
force constant. The energy of deformation of bond angles is V=
= (1/2)ke(O®y, — @) where the symbols have the meaning in analogy with the
¥, term. The inherent torsional energy of ethane-like type in the form V, =
= (1/2)% (1 + cos 3¢;) exhibits minima at 180° for the trans (¢) state and in the
vicinity of 60° and 300° for the gauche (g* and g~) states. The term ¥, accounts
for nonbonded interactions of atoms in the molecule. The Boyd’s version of the
method we used [5] was extensively applied in the calculation of conformational
energetics and dynamics of hydrocarbon chain molecules [3—10] and is easily
adaptable for calculation of molecular deformation by an external force.

The calculations were carried out for hexadecane in three forms (Fig. 1), for
the extended zig-zag conformation, for a molecule with the gauche defect
formed by the torsion by angle ¢; and for a molecule which involves the two
gauche @, and g, defects of opposite sign coupledin a kink ...g*tg~ The single
gauche defects are frequently assumed in the interpretation of liquid-state
properties of chain molecules whereas the kink defect is believed to be a
characteristics of the solid state. The external stretching force was simulated in
all three cases by an additional deformational term in eqn (/) ¥, = (1/2)k.,
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(h* — h)* where k., is the parameter, #° is the preset distance of the terminal
carbon atoms C-1 and C-16 in the molecule and 4 is an analogous distance after
optimization by the Newton—Raphson method. The extra deformational term
serves only as a constraint at optimization and does not contribute to the total
potential energy V' The chain elongation (strain) is € = (h — hy)/h, where h; is
the distance of end-carbon atoms in an undeformed molecule. For the all-trans
molecule, in addition to stretching, the compression by the forced reduction of
the distance of end-atoms was investigated, too.

) v\/\/\/\/\/\ —

Fig. 1. Hexadecane chain (a) in the all-trans form, (b) with a gauche defect and (c) with a kink defect.

Results and discussion

One of the obvious questions to address in the study of chain deformation
relates to the applicability of Hooke’s law fy = EA ¢ to individual chains, where
fi is the deformation force, E is the Young’s modulus in unilateral elongation
and A, is the cross-sectional area of an undeformed chain. For the deformation
energy this law gives

V =(1/2)EhyA, & (2)

In accordance with this equation we plotted in Fig. 2 the potential energy as
a function of square of strain for all four investigated models. It is seen that only
the deformation of the zig-zag chain obeys the Hooke’s law in the whole range
of strain studied up to 5 %. The quadratic dependence of energy on strain for
the all-trans chain could be expected since the bond angle and the bond length
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deformations are expressed in eqn (/) in the harmonic approximation. Torsional
contribution is zero in this case and the term V,,, decreasing with the increase
of ¢ as the unfavourable repulsion of neighbour nonbonded atoms is reduced,
is also apparently a quadratic functicn of ¢

Distribution of stored elastic energy

The detailed analysis of the changes of the valence geometry with defor-
mation showed the linear increase of the CC bond lengths and CCC bond angles
with £ and only a minor change in the CH bond lengths. The widening of the
CCC bond angles by the chain stretching brings about a slight change of the
orbital hybridization on carbon atoms, which results in the reduction of the
CCH and HCH bond angles. In other words, the effective “thickness”™ of the
zig-zag ribbon is reduced by its stretching. The both modes, the deformation of
bond lengths and of bond angles contribute about equally to the total stored
deformation energy V and to the overall chain strain &.

In a chain involving one or more bonds in the gauche state a part of
mechanical energy due to stretching is allocated into the torsional mode. The
equilibrium gauche torsion angle ¢ = 66° increases gradually with the increase
of €. The elongation of molecule by this mechanism is the prevailing contribu-
tion to the overall strain ¢ in molecules involving a torsional defect. Since the
torsional contribution ¥, seems not to be a quadratic function of &, it brings
about the deviation of curves in Fig. 2 from straight lines at small strains (up
to 1.5 %).

v T T
kJ mol”
,‘l‘
50 /x/ =
x
/
‘0 - —
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4
rx.‘
Fig. 2. Variation of the potential energy V with the
q square of strain for the structures: all-trans (O),
20 . . 7 with a gauche defect (®), with a kink defect (x),
0.000 0.001 0.002 €? for the compression of all-trans unit (A).
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The torsional mode is relatively soft and thus in a chain with the gauche
defect its contribution to the stored energy (Fig. 3) is minor at small strain. In
addition to the ¢, angle, the deviations of @, and ¢, angles from the trans
position, which are for example —9° and —6° at 2 % strain, also contribute to
the term V. In the previous paper [7] we documented the conspicuous changes
which occur in the valence geometry of deformed chain in the vicinity of the
gauche defect. The changes of bond angles, bond lengths, and torsion angles
induced by stretching gradually dampened when moving away from the defect
along the chain and the odd-even alternation was observed. The more facile
deformability of the CCC bond angles in the vicinity of the torsional defect also
contributes to the predominance of the ¥, term over the }/ term in Fig. 3.

v T T T T T T
kJ mol ™"
20 -

Fig. 3. Decomposition of the potential en-
ergy V according to eqn (/) for a chain with
a gauche defect. Total energy V (x), the
term V, (®), the term ¥, (O), the term ¥/ (O),
and the term Vj (A). A hypothetical region
of small deformation of the all-trans form is ) | L0 L |

shown by dotted line. ] 2 4 6 €/%

The distribution of the stored elastic energy in a chain with the kink displays
the similar features as shown already in Fig. 3 for the gauche chain. Obviously,
the individual terms in eqn (/) can be further decomposed to find the contribu-
tion of each of r;, @, and ¢, valence coordinates. For example, in an undeformed
chain with the kink, the CC bonds located within the defect have about the same
bond lengths, however, considerably higher than the remaining CC bond in the
chain. The stretching of chain elongates mainly the C-3C-4 and C-5C-6 bonds
subjected to torsion and to much less degree the C-4C-5 bond as seen for
example from their lengths 156.0, 155.9, and 155.2 pm at 5 % strain, respective-
ly. This result may suggest that the two “outer” bonds in the kink are the
weakest link in a chain, liable to the scission at higher strains. Overall, the
structural data for the deformation of chains with torsional defects show the
partial delocalization of the defect and its coupling with the adjoining parts of
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the chain. Hence, the summation of properties of ““defect’” and “all-trans” parts
in evaluation of the properties of the whole chain can serve just as a first
approximation. It also turned out in accord with the previous reports [3, 4, 6,
7] that the presence of the ‘‘soft™ torsional variable in a chain does not mean
that the response of ““hard™ parameters r; and @, to the stress can be neglected.

Stress-induced conformational interconversions

By stretching the chain with the gauche defect to about 5 %, the torsion angle
@, increases abruptly and the molecule transforms to the all-trans conformation
with the concomitant decrease of the potential energy. The maximum elastic
energy stored in the gauche chain relative to the undeformed state is dencted as
the activation energy AV* and the strain at the transition as ¢, (Table 1). At the
transition point, the further conservation of the gauche chain destabilized by the
energy stored in the deformed valence coordinates is unfavourable and the
accumulated energy is released. This mechanism of dissipation of the stored
elastic energy is believed to play an important role in the mechanical deforma-
tions of the oriented polymer fibres by drawing [11].

Table |
The characteristics of the deformational behaviour of n-hexadecane. E and E, are the Young’s

moduli determined from Fig. 2 and from eqn (3) for 1 % strain, respectively, AV¥ is the activation
energy of strain-induced gauche-trans transition occurring at strain g,

Chain E/GPa E,/GPa AV*/kJmol ™" &%
all-trans 200.4 192.2¢ — —
all-trans® — 65.8 37.5¢ 8.5
with gauche defect 70.1 55.5 18.7 5.1
with kink defect 110.5 84.2¢ 28.2¢ 5.1¢

a) Ref. [6]; b) compressional deformation; ¢) barrier of transition trans-gauche.

The similar stress-induced gauche-trans conformational transition was obser-
ved earlier [6] for a chain with the kink defect and data are listed in Table 1. It
should be pointed out that the activation energy of transition depends on the
chain length. The gauche-trans barrier in an isolated undeformed alkane chain
is about 8.2kJmol~' [10] and the remaining part in AV* is mainly due to the
energy stored in the valence parameters of the all-rrans part and is proportional
to the number of methylene groups. The subsequent stretching of the chain after
the transition obeys again the Hookean energetics of the zig-zag unit. Fig. 3
shows that the length of the undeformed all-trans chain is actually reached at
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4 % strain and the transition might occur already at this point. Seemingly the
region between 4 and 5.1 % strain corresponds to the energy “‘oversaturation”
of deformed molecule.

In addition to the stretching, we have also investigated the energetics of
compression (bending) of an all-frans chain due to the gradual drawing the
end-carbon atoms closer from their equilibrium distance in an undeformed
chain. The resulting energetic curve is shown in Fig. 4 and for comparison it also
includes the data for the uniaxial extension. A marked asymmetry of the
deformational potential for the two modes of deformation is evident. The same
data plotted in coordinates of Fig. 2 show that the compressional deformation
of the all-frans unit cannot be described by the Hooke’s law.
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Fig. 4. The energy of deformation of the - ~
all-trans segment in extension and in com- | | 1 | | | L]
pression. -8 -4 0 €/%

The chain compression is accompanied by a gradual buckling of the origin-
ally rod-like molecule by two mechanisms. The chain distortion can be achieved
by a small change of the all torsion angles from 180° and in our case this
mechanism operates at small strains only. The other possibility to distort a chain
relies on variations of the bond angles since the zig-zag unit is planar only when
the two neighbour skeletal bond angles are identical. The molecule jumps to this
mechanism of buckling at compressional strain of about 4 % when the torsional
deformational energy reaches a high value. At small strain the torsional term ¥,
is small, for example the deviation of one torsion angle from ideal 180° position
to 170° requires about 0.59 kJmol~' assuming the value 8.8 kJ mol~' for ¥
parame:.er in the ¥, term [5]. However, since there are 15 possible C—C torsional
axes in hexadecane, when all torsion angles are distorted by 10°, the torsional
term could be as much as 8.85kJmol~'. For the + 20° and + 30° distortions,
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the torsional term could be 33.0 and 66.0kJ mol~', respectively, and the de-
formation of bond angles may become more favourable.

The further increase of compression to about of 8.5 % strain brings about the
drop of energy due to the formation of the gauche defect at the CC bond located
fourth from the chain end. The stored elastic energy is thus released again by the
conformation interconversion, this time however in the opposite, trans-gauche
direction. The remaining torsion angles relax to 180° and also the bond angles
and bond lengths return to the equilibrium values. The compressional transition
can be compared with the inverse process due to stretching shown in Fig. 3 even
if the latter data refer to the transition at the third bond from the chain end. The
comparison of data (Table 1) shows the large difference in the barrier AV* and
strain g, for these two processes indicating the existence of the large hysteresis
in the path of mechanically-induced conformational transitions.

Chain modulus

For all the four cases of deformation studied we have also evaluated the
Young’s modulus. The exact value of modulus is however dependent to some
degree on the procedure used in its determination. For example, the choice of
cross-sectional area 4, is unambiguous just for the all-rrans form where the
crystallographic value of about 0.18 nm” is used. Due to the absence of other
data this value is used also for the chains containing conformational defects,
where a slightly higher value should be anticipated.

The Young’s modulus of the chain E can be evaluated using eqn (2), from the
linear part of curves shown in Fig. 2 and the results are listed in Table 1. The
modulus can be calculated also directly from the stretching force f; proportional
to the distance of the C-1 and C-16 atoms / or to the difference & — h,. The force
[+, corresponding to the extra (deformational) term we have used, is given as
fox = ke, (F — h) and represents the retractive force which brings the preset end
atom distance 4° to the value /4 reached after optimization. The corresponding
expression for the modulus is

E = k. (I* — h)/eA, (3)

and its value for a given structure is the same regardless of using the stretching
force f or retraction force f,.

The numerical procedure was used to calculate the moduli in nonlinear parts
of curves shown in Fig. 2 and Table 1 lists the values E, corresponding to 1 %
strain; their comparison with E values documents a fairly large variation of the
chain modulus with the strain. The numerical procedure enables the determina-
tion of the chain modulus at any strain, it suffers, however, from the drawback
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of exaggerated sensitivity of results to the error in the computed difference
h* — h which has to be known with the precision of pm [6]. In the language of
energy hypersurfaces, the calculations of the modulus require the exact localiza-
tion of minima and their curvature (second derivative of energy). This stipula-
tion is hard to be satisfied in paraffin-like molecules where energy minima based
on eqn (/) are unconspicuous and form the large shallow regions. Therefore, the
graphical determination of the modulus should be preferred for the practical
reasons even if that procedure does not provide the initial modulus (¢—0).

The calculated moduli correspond to the force acting in the direction of the
line connecting the end carbon atoms of the chain. Even for the all-frans form
this direction is not exactly colinear with the long axis of molecule. The devia-
tion is more noticeable for chains with conformational defects. As concerns the
modulus the main factor is the mutual orientation of the acting force and of the
torsional axis, for example the bond C-3C-4 or C-5C-6 in Fig. 1. If the orienta-
tion of the force and the torsional axis is identical, a minimal value of modulus
results. On the other hand, in situations where the force acts almost perpen-
dicularly on the axis of torsion as in our case, the modulus attains a fairly large
value.

The data from Table 1 suggest that an introduction of a kink or a gauche
defect into the chain considerably diminishes its modulus, to about one half or
one third of value of the zig-zag unit, respectively. Such a relative measure of
the effect of defect on the modulus should be preferred over the absolute values.
The absolute values of the calculated chain modulus for polymethylene chains
differ considerably depending on the method used and are in the range of about
200 to 400 GPa [1—3]. Our calculations (Table 1) suggest that the Boyd parame-
trization of molecular mechanics gives the modulus in the lower limit of the
above range. Recently, the modulus 267 GPa was reported [4] for the paraffinic
zig-zag using the Boyd’s method with an unspecified modification of the original
parameters, presumably in the Vg term. Very few information is available on the
modulus of chains with conformational defects. An unrealistically high modulus
245 GPa was calculated [12] for the three-bond kink defect assuming a strictly
symmetrical (i.e. ¢; = — @) deformation of torsion angles. Using the Boyd’s
method Reneker and Mazur [13] calculated moduli in the range from 30 to
70 GPa for several six- or seven-bond crystallographic defects characterized by
the full reentry of the chain ends into lattice points of the original all-zrans chain.

Similarly to the modulus, the distribution of stored elastic energy into in-
dividual valence coordinates depends to some degree on the parameters of the
method. However, the different parametrization of the molecular force-field
yielded the similar distribution of the stored energy in the all-trans form [14] as
our results. Nevertheless, the future developments of the reliable force-fields in
molecular mechanics would certainly benefit by the inclusion of the stress-strain
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properties of single molecules into the process of selection and fitting of pa-
rameters.
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