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The response of a silicone polymer fragment to external stresses is considered in terms of a mechanochemical
reaction. The quantum chemical realization of the approach is based on a coordinate-of-reaction concept for
the purpose of introducing a mechanochemical internal coordinate (MIC) that specifies a deformational mode.
The related force of response is calculated as the energy gradient along the MIC, while the atomic configuration
is optimized over all of the other coordinates under the MIC constant-pitch elongation. The approach is
applied to a set of linear silicone oligomers Sin with n ) 4, 5, and 10 subjected to uniaxial tension, followed
by the molecule breaking and a postfracture relaxation. Three stages of deformation, differing by structural
transformation, have been detected. The observed peculiarities of the oligomer mechanical behavior are well
attributed to the characteristic modes of vibrational spectra. The oligomer strength and the related Young’s
moduli are obtained. A cooperative radical-driven mechanism of silicone polymer fracture is suggested.

Introduction

Silicone elastomers span a large field of experimental studies
and technical applications,1 while microscopic attempts to
examine their mechanical properties are not known. Thus, the
reasons for the high elasticity of the polymers are discussed
only qualitatively. The quantitative foundations for the chemical
bond scission as well as for the bulk body fracture are fully
obscure. At the same time, a theoretical study of the polymer
behavior under external stress is quite developed. Two ap-
proaches are known to describe the mechanical properties of
the bodies quantitatively. The first one, which might be called
adynamical approach, is based on the calculation of the energy
of elastic deformation of a polymer by evaluating the related
force constants of the body in either a classical physical2 or a
quantum chemical (QCh)3,4 manner. The approach is mainly
aimed at the determination of elastic constants such as Young’s
moduli. In the classical physical manner, it has received a wide
recognition as applied to organic polymers (see ref 2 and
references therein). The otheratomically microscopic approach
was proposed in the early 1970s5 and was aimed at a QCh
consideration of a chemical bond breaking. In this paper, two
seven-member oligomers of polyethylene with different periph-
eral chemical groups subjected to uniaxial tension were con-
sidered. It was the first time that a stress-strain interrelation
had been obtained quantum chemically. Since then, two other
attempts in the QCh manner of such interrelation have been

made with respect to an ethane molecule6 and a solitary Si-O
bond.7 Despite a clearly seen restriction of the first, these results
clearly suggest a doubtless advantage of the QCh approach to
the treatment of the mechanical phenomena. Active development
of quantum chemical tools as well as a steady build-up of
computer facilities have made it possible to come back to the
problem and to raise the question about a transformation of
modern computational chemistry intocomputational mecha-
nochemistry.General concepts of such a transformation have
been considered in ref 8. These concepts applied to the
description of the deformation of a heptane molecule, a fragment
of propylene polymer, and a piece of bulk silica were quite
successful and informative.8

In this paper, the suggested quantum mechanochemical
(QMCh) approach is applied to three linear poly(dimethylsi-
loxane) (PDMS) oligomers Sin described by the general formula

with n ) 4, 5, and 10, subjected to uniaxial tension. An extended
computational experiment has been carried out by using the
QMCh software DYQUAMECH9 that exploits one of the high-
level semiempirical techniques (PM3 in the current study). The
choice of uniaxial tension is not crucial for the approach
suggested, and the preference toward this deformational mode
was only due to its wide application in practice. As was shown,
the approach highlights well the mechanochemical reactions of

(CH3)3 SiO-[(CH3)2SiO]n-2-Si(CH3)3
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the siloxane chain breaking and unambiguously discloses their
character (homo- or heterolytical) with respect to the reaction
products. It provides a researcher with energy-strain, force-
strain, and stress-strain interrelations and conveys the reasons
for high elasticity and elastic behavior of the oligomer as well
as for the stress-strain hysteresis. It also makes an allowance
for the determination of the oligomer strength, Young’s
modulus, and the work of deformation needed for the bond
scission. In comparing calculated and experimental data, a
cooperative radical-driven reaction of a chemical bond breaking
was suggested to be responsible for the bulk silicone polymer
fracture, an extension of a concept widely known for organic
polymeric substances.2,10

The paper is organized as follows. Section 1 describes the
grounds for the quantum mechanochemistry. Atomic reconstruc-
tion at all stages of the deformation of the oligomers subjected
to uniaxial tension is considered in section 2. Products of the
mechanochemical reactions are discussed in section 3. Dynami-
cal characteristics of the oligomers studied are presented in
section 4. Young’s moduli are discussed in section 5. Section
6 concerns the mechanism of the PDMS polymer fracture.
The conclusion summarizes the essentials obtained during the
study.

Quantum Mechanochemical Approach

Grounds for the QMCh approach, suggested by authors, are
described elsewhere.8 The approach states that a fracture is a
mechanochemical reactionproceeding in a loaded body and
resulting in an interatomic bond rupture (scission).11-17 A
similarity between mechanically induced reaction and the first-
type chemical ones, first pointed out by Tobolski and Eyring
50 years ago,18 suggested the use of a well developed QCh
approach of the reaction coordinate19 in the study of atomic
structure transformation under deformation. The main point,
therewith, concerns the coordinate defining. When dealing with
chemical reactions, a reaction coordinate is usually selected
among the internal ones (valence bond, bond angle, or torsion
angle) or a linear combination of them. Similarly,mechano-
chemical internal coordinates(MICs) were introduced8 as
modified internal coordinates defined in such a way as to be
able to specify the considered deformational modes. The MICs
were thus designed to meet the following requirements.

(1) Every MIC is a classifying mark of a deformational mode.
(2) Every MIC is determined in much the same way as the

other internal coordinates except for a set of specifically selected
support atoms.

(3) The MIC relevant to a particular deformational mode is
excluded from the QCh optimization procedure when seeking
the minimum of the total energy.

(4) A response forceis determined as the residual gradient
of the total energy along the selected MIC.

If experimentally the structure deformation is a response of
the application of external forces, computations so far have been
logically inverted; they were aimed at the evaluation of response
forces (forces of resist6,7), while the corresponding MIC changes
in a constant-pitch manner. This logic is dictated by the general
architecture of the conventional QCh software where the force
calculation, namely, the total energy gradient calculation, is the
key procedure.

The QMCh software DYQUAMECH is based on the QCh
software DYQUAMOD20 which exploits advanced semiempiri-
cal QCh methods (MNDO, MNDO/H, AM1, and PM3) and is
very efficient for large clusters calculations (see review21). Three
important innovations were added to the main body of DYQUA-

MOD to create DYQUAMECH: (i) the MIC input algorithm;
(ii) the computation of the total energy gradients both in the
Cartesian and internal coordinates; (iii) the optimization per-
formance in the internal coordinates.

MIC Input Algorithm. Every MIC is determined by a set
of support atom groups. Each group can contain either one
support atom or a few ones depending on which atoms
participate in the mechanical support of the cluster. If a group
is the case, a synchronism in the support atom behavior should
be provided. Formally, this is achieved by inputting support
atoms specifically listed. The MIC type determines the number
of the lists; two lists are needed for uniaxial deformational mode,
three lists for a bending mode, and four lists for a twisting mode.
The first atoms in the lists always determine the MIC itself.
Besides the atoms belonging to the cluster, the lists contain some
fictitious auxiliary atoms which assist in a redetermination of
the support atom coordinates. The latter is aimed at the creation
of identical orthogonal systems of internal coordinates related
to every atom from the list. One of these coordinates becomes
a MIC with respect to the deformational mode considered. The
others are optimized fully independently from the MIC because
the forces aligned along them have no projections on the
MIC.

Force Calculations.The forces, which are the first derivatives
of the electron energyE(R) with respect to the atom coordinates
R in Cartesian coordinates, can be determined analytically
according to the expression22

Here,φ is the electron wave function of the ground state at
fixed nucleus positions,H represents the adiabatic electron
Hamiltonian, andP is the nucleus pulse. When calculating (1),
a quite efficient computational technique suggested by Pulay23

was applied. When the force calculations are complete, the
gradients are redetermined in the system of internal coordinates
in order to proceed further in seeking the total energy minimum
by atomic structure optimization.

Optimization in Internal Coordinates. As is well-known
(see, for instance, ref 24), the structure optimization performed
in the internal coordinates requires much less time due to better
coordinate separation. As a consequence of the coordinate
transformation, the energy gradients are determined as follows:

whereN is the number of atoms, whileRi and Qk are theith
Cartesian and thekth internal coordinates, respectively; the latter
involve a considered MIC as well. The calculation of∂Ri/∂Qk

is carried out by a conventional five-point formula that reduces
the computational time approximately by an order of magnitude
and permits performing the calculations for large cluster systems
on high-speed personal computers.20 The following character-
istics are thus obtained when a computational cycle is completed.

(1) The atomic structure of the loaded body at any stage of
the deformation including bond scission and post-breaking
relaxation. Post-breaking fragments can be easily analyzed
therewith by just specifying them as the products of either
homolytic or heterolytic reaction.

(2) A complete set of dynamical characteristics of the
deformation performed which are expressed in terms of energy-
elongation, force-elongation, and stress-strain interrelations.

dE
dR

) 〈φ|∂H
∂R|φ〉 + 2〈∂φ∂R|H|φ〉 + 2〈∂φ∂P|H|φ〉dP

dR
(1)

∂E

∂Qk

) ∑
i)1

3N ∂E

∂Ri

∂Ri

∂Qk

(2)
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Analysis of the relevant curves highlights the mechanical
behavior of the loaded body at all stages of the deformation
considered.

(3) Mechanical characteristics of the body determining its
strength (the maximal stress value); the work needed for the
deformation performed, including chemical bond scission; and
the Young’s modulus describing the body behavior in the elastic
deformation regime.

4. Vibrational spectrum of the body at any stage of the
deformation.

In what follows, the first three above-listed topics will be
presented with respect to three silicone oligomers. The calcula-
tions were performed on a two-processor PentiumPro PC.

Response of Atomic Configuration to Uniaxial Tension

Figure 1 shows a scheme of loading examined in the study.
According to a conventional experimental setup where one end
of the loaded body is fixed and the other is loaded by a weight,
the uniaxial-tension MIC selected for the QMCh study connects
a fixed end of the oligomer molecule (A) with a moving one
(B). The MIC elongation proceeds in a pitch-constant way with
the pitch value of 0.3 Å. A full optimization of the atomic

structure of oligomer molecules is carried out at each step of
the elongation excluding the MIC only.

Figures 2 and 3 present sets of successive steps for the
deformation of the Si5 and Si10 oligomers from the starting
unloaded structure until the relaxed one when one of the Si-O
bonds of the backbone siloxane chain is broken. As is clearly
seen from the figures, in both cases the deformation proceeds
as a three-stage process where the stages can be conditionally
attributed totorsion-angle(stage 1),bond-angle(stage 2), and
Valence-bond(stage 3)deformations, respectively. The former
deformation occurs when the MIC is lengthened from 6 to 9 Å
for the Si5 molecule and from 6 to 12 Å for the Si10 one. It
causes mainly a reorientation of methyl units with respect to
the backbone siloxane chain followed by a minor changing in
the bond angles O-Si-O and Si-O-Si. The bond angle
deformation (the MIC length is in the regions of 9-12 Å and
12-20 Å for the Si5 and Si10 oligomers, respectively) concerns
changes in the backbone bond angles Si-O-Si. As was said
above, the calculations were performed using the PM3 QCh
technique, which usually simulates the equilibrated value of the
angle in the range 130-150°.25 The tensile deformation
stimulates an increase of the angle up to 180° that causes a
vividly seen straightening of the siloxane chains of both
molecules. Then starts the third stage, involving the stretching
of valence bonds. This is well illustrated by Figure 4, which
shows the change in the lengths of the Si5 (and/or Si10)
molecule Si-O bonds under the deformation. Actually, in the
deformation regions, allocated to stages 1 and 2, the bonds
remain practically unchanged. However, when the MIC length
reaches 12 Å, a clearly seen quasilinear elongation of all bonds
occurs. The bonds behave quite similarly, therewith. When the
MIC length comes up to 15 Å, the breaking of bond 8 takes
place. Afterward, bond 7 shortens noticeably while other bonds
approach the equilibrated value.

Since every mechanical deformation is thought to be vibra-
tion-involving,2 the suggested division should have a direct
resemblance to the relevant vibrational spectrum of the molecule.
Figure 5 presents the distribution of squared frequencies of
vibrations related to the siloxane chain of the Si5 molecule,
which defines the distribution of the related force constants26

to a great extent. As seen from the figure, in full accordance
with the above classification, the weakest bending vibrations
of the Si-O-Si, O-Si-C, and C-Si-C angles and torsion
vibrations are related to the methyl units which open the list
and are followed by the bending vibrations of the O-Si-O
type. The stretching vibrations of the Si-0 bonds complete the
list. Because of the obvious resemblance between the energy
scale succession of the main dynamic characteristics of the
species and its mechanical behavior, a qualitative prediction of
the latter can be suggested by analyzing the properly assigned
vibrational spectrum.

As follows from Figure 4, all Si-O bonds behave quite
similarly, excepting a particular one to be broken. This also
follows from Figure 6 where the length change for every bond
during the deformation at stage 3 is shown more obviously.
Since the value of 1.65 Å, which is close to the equilibrated
one, was taken as a reference point in Figure 6, the figure
demonstrates the total elongation acquired by every bond during
the deformation. As seen, all bonds are regularly strained in
average, despite only the end bond 8 being loaded so that the
total elongation of the MIC is distributed over all bonds
uniformly enough. The bond break occurs when the relative
elongation approaches 13%. Similar data are obtained for the
Si10 oligomer as well. At the same time, the inner bonds 4 and

Figure 1. Scheme of uniaxial tensile loading. (a) A standard scheme
of loading at uniaxial deformation. (c and b) Definition of the uniaxial
tensile MIC for the Si5 and Si10 oligomer molecules, respectively,
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5, which are the most strained, are not broken, but the end bond
8, which is much less strained, is subjected to rupture.

To check whether a pitch value of 0.3 Å might cause the
observed effect, calculations have been restarted at the step
preceding the bond rupture with a lower pitch of 0.03 Å. The
break of the same bond 8 has occurred after six steps. Again,
restarting calculations immediately before the bond break with
a still lower pitch of 0.003 Å, a rupture of bond 8 has been
obtained after four steps. This means that some other reasons
are responsible for the selection of the bond to be broken.
Among the latter, one should take into account the heat of
formation of the final products. Calculations have shown that
the value is less by about 2 kcal/mol when final products
correspond to the molecule division by a 1:4 silicon fraction
instead of a 2:3 one.

Products of the Mechanochemical Reaction

The reaction products formed when a Si-O bond is broken
are shown in Figure 7. The case related to the loading scheme
shown in Figure 1b is presented in Figure 7a. As seen from the
figure, the reaction results in the formation of two stable

noncharged fragments

To look if the result depends on the location of the bond
subjected to breaking, a scheme of the Si5 molecule loading
has been redesigned. The corresponding MIC connects the same
fixed atom A as shown in Figure 1b but with another moving
atom C (see insert in Figure 7). Under these conditions the inner
bond 6 is broken (see Figure 7b). The breaking is followed by
the formation of two intermediate noncharged fragments

Figure 2. Successive steps of the Si5 molecule deformation.N numbers the steps with 0.3 Å pitch.
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of head-end composition, which repeats those shown above and
is completed by the formation of two stable molecules (see
Figure 7c)

Therefore, the broken chain ends are stabilized by the hydroxyl
and methylene groups, respectively.

While the electronic properties of molecular fragments from
(R3) are quite transparent, there is a need to find an adequate
quantitative description of the scission fragments (R1) and (R2).
A detailed consideration for the Si4 oligomer has been
performed, and the relevant results are given in Table 1 for
silicon and oxygen atoms of the molecular siloxane chain. The
atom numbering corresponds to a successive position of the
atoms in the chain. The results presented are easily generalized
for all members of the Sin oligomer family.

The data given in the table gives the following quantities.
Column 3 presents the atomic charges expressed as

Here, n0 determines the number of the valence electrons of
the atoms whilePνν

R and Pνν
â correspond to the diagonal ele-

ments of the electron density matrices forR and â spins.28

Atom spin density listed in column 4 is defined as the differ-
ence

The quantity characterizing a bonding between atomsµ and
ν is described by the Wiberg’s bond index (WBI)29 expressed
as

The quantity is very useful to highlight atoms that are bonded
to the given one. A sum of the WBIs over all atoms bonded to

Figure 3. Successive steps of the Si10 molecule deformation. N numbers the steps with 0.3 Å pitch.

Figure 4. Deformation of the Si-O bonds of the Si5 molecule under
uniaxial tension. The bond numbering is given in the inserted molecular
structure.

Figure 5. Density of the squared vibrational frequencies of the Si5
molecule.26

eν ) n0 - (Pνν
R + Pνν

â ) (3)

{Sp}ν ) Pνν
R - Pνν

â (4)

Wµν ) (Pµν
R + Pµν

â )2 (5)
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the given one (data in column 5 of Table 1)

is of a particular interest in determining the number of valence
electrons of the atom participating in the interatomic bonding
thus describing itscoordination saturation30 or effectiVe Va-
lency.31 The upper limit of the latter approachesn0, and its
deviation from this value (see column 6 of Table 1), namely,

if available, can be considered a latent valency or in accordance
with30 an index of freeValencyof the atom which highlights a
potential chemical activity of the latter.

As seen from the table, the atomic characteristics of the
unloaded Si4 molecule are as expected. The charge distribution
over the atoms shows that there are two groups, each of two
atoms, of positively charged silicon atoms. The charge value
within each group is practically constant and differs by about
0.19 au for different groups. The finding is naturally explained
by the related atom’s surroundings. While inner atoms 3 and 5
are connected with two oxygen atoms and two methyl units
each, the closest neighborhood of the end atoms 1 and 7 involves
three methyl groups and a single oxygen atom. As for the
oxygen atoms’ charges, their values are practically constant
along the siloxane chain. As must be expected, the atomic spin
density is zero. The summary WBIs are close to 4 and to 2 for
silicon and oxygen atoms, respectively, so that values of the
free valency indices from column 6 are quite small. Quite similar
results were obtained for the Si5 and Si10 oligomers in the
closed-shell approximation.

When the molecule is broken, drastic changes occurred within
the electronic characteristics of atoms 6 (O) and 7 (Si) belonging
to the broken Si-O bond. Their charge decrease constitutes 37%
and 54% of the initial values, respectively. However, the most
pronounced is the appearance of the equal-to-unity spin density
at both atoms and the decrease of the summary WBIs by unity
as well. Consequently, the free valency indices appear equal to
unity at both atoms. As has been pointed out for the first time
in ref 32, the free index appearance, which indicates a lifted
chemical activity of the atoms involved, is ultimately connected
with nonzero spin density. The latter is undoubtedly connected
with nonpaired electrons that, in turn, is a conventional
distinctive characteristic of a radical state. Therefore, the two
last lines in Table 1 characterize the fragments of the Si4

molecule formed after a bond breaking as radicals. On the other
hand, they cover the data, which as a whole can be regarded as
a quantitative certificate specifying the radical state in general.
According to the latter, any radical is characterized by lowering
the charge of the atom involved by an absolute value, by an
equal-to-unity spin density, and by a close-to-unity free valency
index for the atom that is connected by excluding one of its
electrons from the bonding with the other atoms.

Coming back to the discussion of the mechanochemical
reaction occurring in PDMS oligomers when a bond of the
backbone siloxane chain is broken, one can conclude that
reaction equations (R1) and (R2) describe a homolytic mechan-
ochemical reaction when radicals are the final products. This
finding correlates with the radical character of organic polymers
fracture that is well-known2 as well as with a statement that in
the majority of dielectric materials the fracture occurs as a result
of a radical mechanochemical reaction.33

Dynamic Characteristics of the Deformation

The dynamic characteristics of the deformation performed
involve a set of curves related to energy-elongation, force-
elongation, and stress-strain interrelations. Figure 8 shows the
first one presented as a dependence of the oligomer heat of
formation on the MIC length. As seen from the figure, all three
oligomers behave quite similarly. The energy-elongation curves
exhibit two regions with remarkably different behavior. The first
region is characterized by a practically unchanged energy, while
the MIC length increases approximately twice with respect to
the initial value. The second region starts with a close-to-
parabola increase in the energy and a period of elastic deforma-
tion, which is followed by a clearly seen saturation in the energy
inherent to the plastic deformation. A bond rupture that, in turn,
is accompanied by an abrupt falling of the energy then
accomplishes the latter.

The behavior is consistent with the structural transformation
of the molecules discussed in details in section 2. The nearly
constant-energy region is related to the deformation of the
torsion and bond angles. The deformation occurring in the elastic
region is connected with the elongation of the Si-O valence
bonds.

Most pronouncedly the result discussed above is seen in
Figure 9a, where force-elongation interrelations are presented.
As previously, the dependence follows the same pattern for all
three molecules and reveals two different regions. Being a
derivative curve, the force-elongation dependence exhibits the
nearly constant energy behavior discussed above in more detail.
Actually, the energy constancy is maintained only on average.
Discretely spread forces, small by value, accompany some
changes in the molecular structure when the MIC is elongated.
These very molecular configurations corresponding to the related
peaks on the considered force-MIC-elongation curves are
presented in Figures 2 and 3. It should be noted as well that
the weak force appearance coincides with a small nonzero
changing in the bond length in the MIC length range of 6-12
Å shown for the Si5 molecule in Figure 4.

The elastic region is presented by a linear dependence of the
force from the MIC elongation. Approximating the intersection
with the abscissa, the curves indicate reference MIC lengths,
l0, which correspond to the start of the linear dependence,
depicting the beginning of the elastic deformation. Thel0 values
thus determined will be used later when defining strain values
in the region. The forces of response, corresponding to the elastic
region, are shown in Figure 9b versus the strain of the MIC,ε,
whereε ) (L- l0 )/L. The maximum of the triangle-like bands
determines the calculated limit of the force of response,Fmax,

Figure 6. MIC elongation distributed over the Si-O backbone
bonds of the Si5 molecule. The arrow indicates the growth of the step
number.

Wν ) ∑
µ

Wµν (6)

Iν ) n0 - Wν (7)
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for the studied molecules. The area under these bands determines
the work, Adef, needed for the elongation of all Si-O bonds
and the breaking of one of them. The corresponding values of
the limit force and the work are presented in Table 2. As seen
from Figure 9 and Table 2, a tendency for the continuous
decrease of the force is observed when the oligomer molecule
size increases, while the corresponding work behaves oppositely.

In the practice of mechanical experiments, stress-strain
interrelation is much more habitual. The corresponding curves
for the considered molecules, whose starting points coincide
with the beginning of the elastic deformation region, are depicted
in Figure 10. The stress is determined as the response force
shown in Figure 9b divided by the molecule’s cross sectional
area. The latter value for the oligomers is taken to be constant

and equal to 1.182× 105 m2/mol (the cross section is considered
to be a circle of 5 Å in diameter). The maximum values of the
stress, characterizing the strength of the related oligomer
backbone,σmax, are given in Table 2. As seen from the table,
the calculated oligomer strength constitutes 50-35 GPa.
Experimentally, the only data related to technical silicone
rubber34 give the value of∼0.01 GPa that is less than the
calculated one by 4 orders of magnitude. The reasons for such
a drastic discrepancy will be discussed later.

Concluding, Figure 11 presents a general picture of the
processes accompanying the PDMS oligomer deformation
expressed via the dependence of the force of response versus a
relative elongation of the MIC,L/L0, whereL0 is the starting
length value of the MIC. As seen in Figure 11a, the deformation
starts and develops at the beginning as a rubber-like high-
elasticity state, which is successively followed by elastic and
plastic states. Then, the bond breaking occurs which introduces

Figure 7. Products of the mechanochemical reaction of a Si-O bond breaking. (a) Loading scheme see in Figure 1b. (b) Loading scheme is shown
in the insert, the products formed just after the bond breaking. (c) The same as in (b), but after relaxation.

TABLE 1: Atomic Characteristics at a Si-O Bond Break
(Si4 Molecule)27

NN atom charge spin density
sum over

Wiberg’s coeff
free valency

index

Unloaded Molecule
1 Si 0.64572 0 3.82118 0.17882
2 O -0.54664 0 2.05719 -0.05719
3 Si 0.83811 0 3.72894 0.27106
4 O -0.54791 0 2.06706 -0.06706
5 Si 0.83729 0 3.73185 0.26815
6 O -0.54690 0 2.05832 -0.05832
7 Si 0.65205 0 3.81552 0.18448

Molecule after Breaking
1 Si 0.64739 0.00012 3.81862 0.18138
2 O -0.53777 -0.00004 2.06212 -0.06212
3 Si 0.83361 0.00262 3.73258 0.26742
4 O -0.54458 0.00736 2.07398 -0.07398
5 Si 0.83317 0.13955 3.72999 0.27001
6 O* -0.34427 -0.97822 1.04708 0.95292
7 Si* 0.29654 1.07241 2.98015 1.01985

Figure 8. Heat of formation of the Si4, Si5, and Si10 molecules
subjected to tensile deformation.
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the postbreaking state governed by the behavior of the formed
radicals. Following from earlier statements, conformational
changing of the molecule, which concerns the changes of the
torsion and bond angles, causes the rubber-like state. Therefore,
the high-elasticity behavior of the PDMS elastomers is actually
connected with their high conformational ability, which was
intuitively implied previously.35 And this is the very point where
silicone polymers differ from more rigid, say, organic counter-
parts. As for the elastic and plastic states, the elongation of
chemical bonds determines those characteristics. In these
regions, both silicone and organic polymers must behave quite
similarly.

The high conformational ability of the PDMS oligomers
dictates as well a peculiar behavior of the force-elongation
hysteresis that is clearly seen in the elastic region. As shown in
Figure 11b, a peculiarly oscillating curve is observed instead
of a monotonic linear one when the MIC elongation is inverted
at point A. The oscillations are evidently due to the conforma-
tional changing of the molecule structure, which creates this
complicated hysteresis shape. The hysteresis is usually attributed
to the internal friction in a loaded body.36 As shown above, the
conformational changes are responsible for the friction.

Young’s Moduli of PDMS Oligomers

As is well-known from the dynamic theory,2 in the harmonic
approximation the energy of elastic deformation is expressed
as

whereε depicts the strain,V0 describes the molecular volume
involved in the deformation, andE is the related Young’s
modulus. The energyW(ε) is determined, consequently, as the
difference between two values of the heat of formation related
to the current and reference values of the MIC,

Figure 12 showsW(ε) curves related to the studied molecules.
When plotting, the referencel0 values were taken as the
corresponding points of intersection of the approximated linear
dependencies of the force-elongation curves in Figure 9. As
seen from the figure, the presented curves look actually like
parabolic ones in a large region ofε that allows an approxima-
tion by exact parabolas by using the least-squares fitting to

Figure 9. Force of response of the Si4, Si5, and Si10 molecules
subjected to tensile deformation. (a) Total view. (b) Elastic region.

Figure 10. Stress-strain curves of the Si4, Si5, and Si10 molecules.

TABLE 2: Calculated Mechanical Characteristics for the
PDMS Oligomers

E, Gpa

oligomer Fmax, kJ/mol A Adef, kJ/mol σmax, GPa “w” “ σ”

Si4 495 894 42 296 230
Si5 533 1098 45 297 228
Si10 435 1473 37 213 157

Figure 11. Generalized picture of the PDMS oligomer deformation.
(a) Classification of the deformational process. (b) Force-strain
hysteresis.

W(ε) ) 1/2V0Eε
2 (8)

W(ε) ) ∆H(L) - ∆H(l0) (9)

11362 J. Phys. Chem. A, Vol. 103, No. 51, 1999 Nikitina et al.



determine the corresponding Young’s moduli. Thus, obtained
E values are listed in Table 2 and marked by a subscript “w”.
The molecular volume was determined therewith asV0 ) S* l0,
where S is the above-mentioned area of the molecule cross
section of 1.182× 105 m2/mol andl0 is the MIC length at the
start of the elastic region.

Besides the energy of the elastic deformation, stress-strain
curves following the law ofσ ) Eε are another, more convenient
source for the determination of Young’s moduli. The related
stress-strain curves are shown in Figure 10. As previously,
when plotting, the above-described referencel0 values were used
to determine the coordinate origin. As seen from the figure,
the curves are well approximated by straight lines in a large
region of theε values. The lines’ slopes determine the Young’s
moduli directly. The values thus obtained and marked by a
subscript “σ” are listed in Table 2. As seen from the table, the
discrepancy betweenEW andEσ is about 30%, which is quite a
coincidence in the values if one takes into account the difference
in the approximation procedures applied. An experimentally
known value for the Young’s modulus of technical silicone
rubber is 0.001 GPa,34 which is less than the calculated one by
about 5 orders of magnitude. The reasons for such behavior
will be discussed in the next section.

Mechanism of PDMS Polymer Fracture

Data presented in Table 2 differ from the experimental values
of both the oligomer strengths and Young’s moduli by many
orders of magnitude. The situation is fully analogous with that
occurring for organic polymers.2 Table 3 displays data on some
technical species where a many-order discrepancy for the
Young’s moduli is evidently seen. On the other hand, when
the Young modulus for, say, polyethylene, is measured for a
monocrystalline whisker,37 the difference between the calculated
and measured values does not exceed 20%.3,38 To explain this
dramatic situation, Zhurkov et al. suggested a radical-driven
mechanism for the organic polymer fracture10 occurring in
amorphous species. Schematically, the suggested mechanism
is shown in Figure 13a. The deformation-induced scission of a
C-C bond causes a formation of two radicals with a piloting
methylene group for each. The pilot groups provoke the scission
of two next C-C bonds belonging to neighboring chains, which
is followed by the formation of two new methylene groups,

while the previous ones are terminated by the formation of two
stable methyl and vinyl end groups. NMR and IR studies have
revealed that the number of radicals and terminated groups differ
by 3-4 orders of magnitude thus showing that a pair of radicals
initiates the scission of 103-104 bonds.

Since C-C and Si-O bonds are quite similar from the
dynamical viewpoint,39 it seems to be reasonable to extend the
above mechanism over PDMS polymers as well. As mentioned
earlier, when a Si-O bond is broken, two radicals with piloting
oxygen and silicon atoms are formed (see (R1)). When the first
of them meets a neighboring siloxane chain,

a stimulated passing of a hydrogen atom from the methyl group
of the chain to the radical occurs so that the initiating radical is
stabilized by the hydroxyl end group while a methylene radical
is implanted in the chain body.

The radical provokes the break of a Si-O bond so that a stable
molecular fragment with the methylene terminating end group
is formed, while the other fragment is again an oxygen-piloting
radical.

Similarly, the reaction piloted by aSi*-headed radical looks
like the following:

and again two molecular fragments terminated by the methylene
and hydroxyl end groups are formed, and a newSi*-headed
piloting radical is formed.

The suggested mechanism of the PDMS polymer fracture
requires a convincing confirmation that can be done, in
particular, by IR spectroscopy which can reliably fix the
vibrations of the methylene and hydroxyl groups as in the case
of the methyl and vinyl end groups of organic polymers.2 At
the same time, the suggestion throws light on a possible reason
for the PDMS reinforcement by filling it with disperse silica.
The matter is that any action preventing the spreading of the
above fracture reaction will lead to the reinforcement. On the
other hand, the reaction proceeds most favorably when there
are conditions promoting conformational motions that stick the
neighboring chains together for the reaction to proceed. Any
full or partial immobilization of the polymers, such as crystal-

Figure 12. Energy of the elastic deformation of the Si4, Si5, and Si10
molecules.

TABLE 3: Mechanical Characteristics of Organic Polymers

polymer σmax, GPa E, Gpa

polyethylene calcd2 316
expt36 0.020 0.002

polyamide calcd2 170
expt36 0.160 3.500
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lization or adsorption, will undoubtedly stop the reaction, which
will result in strengthening the material.40

Conclusion

The paper presents results of a quantum mechanochemical
study of a series of poly(dimethylsiloxane) oligomers subjected
to uniaxial tension. The study is based on the introduction of a
particularly specified mechanical internal coordinate (MIC)
which describes the deformational mode. The calculations have
been done following the coordinate-of-reaction concept per-
formed in a total-energy minimization at every step of the
constant-pitch elongation of the MIC. The residual total-energy
gradient along the MIC is attributed to the force of response.
The fact that the calculations were performed in internal
coordinates has given a superior possibility to connect a physical
deformation with intimate properties of the molecules studied.

Three linear PDMS oligomers Si4, Si5, and Si10 have been
studied. An atomic reconstruction of their structures completed
by a Si-O bond rupture has been traced at all stages of the
deformation. A common behavior of all three species has been
observed. Three stages of deformation differing by a structural
transformation have been detected. As occurred, the conforma-
tional transformation in the molecular structure caused by
changing either torsion (stage 1) or bond (stage 2) angles is
responsible for the deformation resulting in about doubling of
the initial MIC length. Both stages practically require no energy.
The stages are followed by a chemical bond stretching (stage
3) resulting in a Si-O bond rupture due to a mechanically
stimulated reaction. The main losses of the energy are connected
with this stage.

The reaction products just formed have been analyzed from
the electronic property viewpoint. As occurred, two noncharged
molecular fragments headed by nonsaturated oxygen and silicon
atoms have been produced whether an interior or an end Si-O
bond is broken. The heading atoms possess an equal-to-unity
spin density that convincingly points out their radical nature.

The observed structural deformational stages have been
analyzed from the energetic viewpoint. Energy-strain, force-
strain, and stress-strain interrelation have been studied. As

mentioned, the conformation-driven stages 1 and 2 are charac-
terized by close to zero energetic parameters. Stage 3 caused
by chemical bonds elongation involves elastic and plastic regions
of deformation as well as the molecule breaking. Analyzing the
energy-strain and stress-strain interrelations, the limiting
values of the oligomer strength as well as their Young’s moduli
have been determined. A tendency to decrease in the values
when the molecule size increases has been observed. It was
shown that the conformation-driven stages of deformation are
responsible for the high-elasticity or rubber-like state of the
oligomers as well for the inner friction causing a peculiar stress-
strain hysteresis.

Comparing the calculated and experimental data for the
oligomer strength and Youngs' moduli, a many-order inconsis-
tency has been exhibited similarly to that known for organic
polymers. The finding has stimulated to suggest the Zhurkov’s
et al. radical-driven mechanism of the polymer fracture, accepted
for organic species, to be extended for silicone species as well.
The mechanism throws light into the reinforcement of the latter
by filling them with highly disperse silica. The polymer
immobilization caused by adsorption might stop the fracture
reaction, thus reinforcing the material.
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