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The aim of the present work is to study the free-radical kinetics of PDMS rubber crosslinking in the
presence of 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) nitroxide. For this purpose a new method based
on the relationship between the kinetics of the macro-radicals coupling [Rcc(t)] was derived from
a fundamental kinetic model and the viscoelastic changes of the complex shear modulus (G0(t)u and G00

(t)u). The kinetic model takes into account the initiator (Dicumyl peroxide in the present study)
decomposition and the trapped PDMS macro-radicals in the presence of a radical scavenger such as
TEMPO. Activation energy Eac and collision frequency factor A0c for the bimolecular termination reaction
coefficient rate kcc have been derived from the anisothermal DSC results according to the Kissinger
method. Furthermore, it was observed that addition of TEMPO nitroxide can boost the initiator efficiency.
The concentration variation of the active PDMS carbon-centred radicals [Rp�(t)]act and the [Rcc(t)] with
reaction time were predicted using this kinetic model. On the other hand, the influence of TEMPO
concentration in formulation ([N]0) and effect of temperature on viscoelastic variations are studied. As
a main result, the rheological modelling shows that this new method accurately predicts the time
variation of complex shear modulus at any temperature and [TEMPO]/[DCP] ratio.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Modelling of crosslinking process has recently received a great
deal of attention [1]. Actually, modelling of the variation of
the viscoelastic properties during crosslinking is of particular
importance from a processing point of view. This modelling
requires in-depth study of chemistry of reaction, kinetic models [2],
molecular structure, and changes in mechanical properties during
crosslinking process [3]. However, free-radical crosslinking of
rubber is a very complex chemical process and no known simula-
tion techniques can directly investigate the changes in physico-
chemical properties of the crosslinked network at molecular scale.

Commonly, a major curing mechanism frequently used for
elastomers is the generation of polymer radicals (through the use of
organic peroxides) that subsequently combine to form carbone
carbon bonds [4]. However, free-radical crosslinking by organic
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peroxide suffers from premature crosslinking at high temperatures,
which is called scorching [5]. Chaudhary et al. [6] showed that the
reaction of carbon-centred radicals with nitroxides and its deriva-
tives can be a novel mean for scorch suppression, cure control and
functionalisation in peroxide crosslinking of polyethylene ther-
moplastic. On the other hand, we investigated in a previous work
[7] the effect of TEMPO in free-radical mechanism of vinyl-PDMS
rubber crosslinking initiated by dicumyl peroxide (DCP) and noted
a remarkable scorch delay by varying the molar ratio [TEMPO]/
[DCP] in the range r ¼ 0 to 2.4. Furthermore, the characterisation of
the network features based on the phenomenological model of
Langley [8] and Dossin and Graessley [9] demonstrated that the
control of the network topology can be achieved by using TEMPO
nitroxide. Nitroxide chemistry has opened a new avenue in the
domain of radical chemistry development for polymers. For
example, Robert [10] patented a process for grafting maleic anhy-
dride onto a thermoplastic polymer in the presence of a nitroxide
such as TEMPO to avoid crosslinking during the grafting operation.
More recently, Esseghir et al. [11] patented a new method of
selecting a nitroxide for use as an inhibitor for free-radical cross-
linking of EPDM elastomer.
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Fig. 1. Controlled free-radical crosslinking mechanism of vinyl-PDMS used in this
simulation.
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The aim of the present work is to introduce a new simple
modelling technique for direct investigation of the variations in
viscoelastic properties during randomly crosslinking process in the
presence of TEMPO. This modelling aims to predict the variation of
complex shear modulus (G0(t)u and G00(t)u) from the kinetics of
macro-radicals coupling. The present study is based on free-radical
crosslinking of PDMS used as a model system as described in our
previous work [7]. Actually, the presence of vinyl functional groups
in the polymer chain enables the free-radical crosslinking of PDMS
[12] with control over crosslink structure.

2. Experimental procedures

2.1. Differential scanning calorimetry (DSC)

Differential scanning calorimeter equipment manufactured by
TA Instruments (Q100 system), equipped with Sealed aluminium
pans, was used to measure the heat of crosslinking reactions. The
mass of the samples ranged from 20 to 23 mg. A sealed empty pan
was used as a reference. The total heats of reactions were obtained
from non-isothermal method (Heating rate: _T ¼ 2:5; 5;10; 15
and 20 �C=min�1). All experiments were performed under
nitrogen purge.

2.2. Rheological measurements

The rheological experiments were carried out on a rheometrics
mechanical spectrometer (RMS800) using a parallel-plate geom-
etry (R ¼ 12.5 mm). The parallel-plate systemwas preheated at the
temperature of the experiment. Then, the sample was put between
the plates once the temperature of regulation was reached. The
rheological kinetics of crosslinking were measured in real time at
only one pulsation (u ¼ 1 rad s�1) and at different temperatures
T ¼ 160, 180 and 200 �C. At the end of this crosslinking process,
a frequency sweep experiment (10�2 < u rad s�1 < 102) was per-
formed on the same sample at the same temperature to determine
the equilibrium modulus ðGe ¼ lim

u/0
G0ðuÞÞ.

Dynamic measurements during the non-isothermal conditions
(Heating rate: _T ¼ 2:5; 5;10; 15 and 20 �C=min�1) were used
to comparewith the DSC kinetics results. In all experiments, sample
response linearity with respect to strain amplitude was verified,
and nitrogen gas was used to prevent thermal oxidation. In this
type of experiment, we assumed that DCP and TEMPO were
perfectly dispersed in molten polymer at a molecular scale
(homogeneous conditions of reaction).

3. Kinetic modelling

3.1. Mechanism assumptions

Free-radical crosslinking is a process of chemically producing
network by creation of carbon to carbon crosslinking bond between
polymer chains. PDMS that contain vinyl groups can be crosslinking
by dialkyl peroxides such as dicumyl peroxide. The different steps
of this chemical mechanism are shown in Fig. 1. The initiation step
in peroxide-induced crosslinking is the thermal decomposition of
the initiator to give two cumyloxyl free-radicals (reaction (1)). In
the case of vinyl-PDMS, the radical addition predominates over
abstraction route [13]. Therefore, next step is the addition of
cumyloxyl radicals to a double bond of the polymer molecule
(reaction (2)). The polymer radicals hence produced are quite
reactive, so they combine to other polymer radicals to form
a covalent carbonecarbon crosslinks (reaction (4)) [4]. Neverthe-
less, we revealed in our last study [7] that in the presence of
inhibitor molecule like TEMPO nitroxide, the polymer radicals are
rapidly trapped by a grafting reaction before they are able to form
crosslink. As shown in reaction (3), primary and secondary
alkoxyamines (eCeOeNe) was formed between the nitroxyl and
carbon-centred radicals (inactive PDMS macro-radical).

From a modelling point of view, several assumptions are
necessary to reduce the number of parameters in the kinetic
modelling of this complex crosslinking process:

1. The peroxide and nitroxide molecules are homogeneously
distributed in the polymer. Furthermore, the reactions are not
diffusion controlled [14]; so, the reaction rates for DCP
decomposition and PDMS crosslinking were assumed constant
during the course of reaction.

2. All cumyloxyl free-radicals produced from DCP decomposition
have the same dissociation energy.

3. The reactivity of cumyloxyl free-radicals on the vinyl function
of the PDMS is supposed to be constant.

4. The side reactions [7] coming from DCP molecules decompo-
sition are negligible,

5. Inhibition involving primary radicals is negligible; i.e. TEMPO is
capable of reacting and destroying only PDMS carbon-centred
radicals,

6. Side reactions in the presence of TEMPO nitroxide, such as
degradation of PDMS [7] are negligible.
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According to these assumptions, the experimental results are
then analysed by the simplified reactions scheme as described in
Fig. 1.
h
R�p
3.2. Kinetic equations

According to Fig. 1, the initiation stepmay include the formation
of initiated radicals and its reaction with pendent vinyl groups.
Where RO� represents the cumyloxyl radicals (primary radicals) and
kd is the coefficient rate for the initiator decomposition, which
governs the previous process. The factor 2 refers to the formation of
two free-radicals for each decomposedmolecule of initiator. For the
first order kinetics, the rate of initiator decomposition can be
expressed as [15]:

d½DCP�
dt

¼ �kd½DCPðtÞ� (1)

Where kd can be simply derived from an empirical Arrhenius law:

kd ¼ A0expð � Ea=RTÞ (2)

Where A0 represents the collision frequency factor and Ea is the
activation energy for the initiator decomposition reaction, with:
A0 ¼ 7.47 � 1015 s�1 and Ea ¼ 153.5 kJ mol�1 for DCP [16].

Reordering the above equation and integrating between the
time at which the initiator is added t ¼ 0 and the testing time t; we
obtain:

½DCPðtÞ� ¼ ½DCP�0expð�kdtÞ (3)

Where [DCP]0 is the initial concentration of DCP at t ¼ 0. In the
present study, [DCP]0 ¼ 36 � 10�3 mol L�1. [DCP(t)] represents the
residual concentration of the initiator at a reaction time t.

The coefficient rate of reaction (2), ka, is in the range of 106 to 107

L mol�1 s�1 [17] which is high enough as compared with kd (2.3 �
10�3 s�1 at T ¼ 160 �C); so it can be supposed that the primary
radicals produced in reaction (1) at a time t can be transformed
immediately and completely into PDMS carbon-centred radicals in
reaction (2). Moreover, in the presence of inhibitor like TEMPO, we
showed [7], that the polymeric radicals are rapidly trapped by
a grafting reaction before they are able to form crosslinks.
Assuming that TEMPO is an efficient radical scavenger, i.e. TEMPO is
capable of reacting with polymer macro-radicals only; its decom-
position rate can be expressed as following:

d½N�
dt

¼ �kn
h
R�pðtÞ

i
act

½NðtÞ� (4)

Where [N(t)] is TEMPO concentration, kn is the coefficient rate of
reaction (3), [Rp�(t)]act is active PDMS carbon-centred radicals’
concentration and kn is the coefficient rate of side reaction between
the primary initiator radicals and TEMPO.

In addition, assuming bimolecular combination of backbone
radicals [18], the rate of chain recombination (or crosslinking rate)
described by reaction (4) is calculated according to the following
equation:

d
h
R�pðtÞ

i
act

dt
¼ 2

d½RccðtÞ�
dt

¼ �kcc
h
R�pðtÞ

i2
act

(5)

Where kcc is the rate of the disappearance of active PDMS macro-
radicals by bimolecular termination and [Rcc(t)] is the concentra-
tion of crosslink covalent bonds.

According to the crosslinking mechanism in Fig. 1, the increases
rate of active PDMS macro-radicals in the presence of TEMPO can
be expressed as:
d
h
R�pðtÞ

i
act

h
�

i h
�

i2

dt

¼ 2f kd½DCPðtÞ��kn RpðtÞ act
½NðtÞ��kcc RpðtÞ act

(6)

The parameter f in Eq. (6) is called the efficiency of initiator [19].
Moreover, we assumed that during scorch phase the bimolec-

ular termination of PDMS macro-radicals is totally quenched
(kcc([Rp�(t)]act)2¼ 0), so [Rp�(t)]act and constant; and therefore quasi-
steady-state approximation (QSSA) [20] is applied to Eq. (6)
(d[Rp�(t)]act/dt ¼ 0):

d½N�
dt

¼ �kn
h
R�pðtÞ

i
act

½NðtÞ� ¼ �2fkd½DCPðtÞ� (7)

By substituting Eq. (3) into Eq. (7), it can be shown that the rate of
inhibitor consumption is independent of the time variation of its
concentration:

d½N�
dt

¼ �2fkd½DCP�0expð�kdtÞ (8)

By integrating Eq. (8) with the initial conditions ([N(t ¼ 0)] ¼ s�
[N]0); the nitroxide concentration obeys the following equation:

½NðtÞ� ¼ �
s� ½N�0

�� 2f ½DCP�0½1� expð�kdtÞ� (9)

The parameter s in Eq. (9) is called the efficiency of nitroxide
(TEMPO). It is defined as:

s ¼ ½CeOeN�formed
½N�0

(10)

Therefore, we can define scorch time (tr) as the time at witch
[N(t ¼ tr)] ¼ 0. Accordingly and using Eq. (9), we obtain:

tr ¼ � 1
kd
ln
�
1� ½N�0

2a½DCP�0

�
(11)

With (a ¼ f/s) is the initiator and inhibitor efficiency ratio. After
depletion of the inhibitor ([N(t � tr)] ¼ 0), active PDMS macro-
radicals can combine and the crosslinking reaction occurs. Under
such conditions and according to Eq. (6), [Rp�(t)]act increases at
a rate of:

d
h
R�pðtÞ

i
act

dt
¼ 2fkd½DCPðtÞ� � kcc

h
R�pðtÞ

i2
act

(12)

After initiation, the active macro-radicals concentration decreases
according to the termination rate law (Eq. (5)). According to Eq.
(12), the rate of active radical is not constant over the crosslinking
process. Consequently, the steady-state principle does not hold true
(d[Rp�(t)]act/dt s 0). In order to find the time-dependent concen-
tration [Rp�(t)]act, the non-linear differential Eq. (12) was integrated
with the initial value of [Rp�(t ¼ tr)]act ¼ 0 to finally obtain for t � tr:

h
R�pðtÞ

i
act

¼
(�

2fkd½DCPðtÞ�
kcc

�1=2

� tanh
h
ð2fkcckd½DCPðtÞ�Þ1=2ðt � trÞ

i)
ð13Þ

Following this and by substituting Eq. (3) into Eq. (13), the general
kinetic law for [Rp�(t)]act is then derived:

ðtÞ
i
act

¼
�h2fkd½DCP�0expð�kdtÞ

kcc

i1=2

�tanh
h�
2fkcckd½DCP�0expð�kdtÞ

�1=2ðt�trÞ
i)

(14)



Fig. 2. Dependence of the initiator efficiency and scorch time on TEMPO concentration.
T ¼ 160 �C. a) The linear lines are the best fit of experimental data according to Eq. (19)
(c1 ¼ 5.2 and a0 ¼ 0.69) and Eq. (20) (c2 ¼ 2.34 and f0 ¼ 0.31). Here ‘a’ is Efficiency ratio
and ‘f ’ is initiator efficiency. b) Comparison of computed and experimental values of the
scorch time: Dashed line: a ¼ f/s according to Eq. (19); Dotted line a ¼ constant ¼ f0/s0.

Table 1
Comparison between the experimental and calculated values of scorch time,
efficiency of TEMPO and initiator.

[N]0
(10�3 mol L�1)

r tr,exp
(min)

tr,cal
(min)

a ¼ f/s f [Rcc] mol
m�3

ma mol
m�3

0 0 0 0 0.689 0.31 11.1 10.1
43 1.2 7.2 7.7 0.926 0.417 5.07 5.6
58 1.6 13 12.2 0.966 0.435 2.96 4
65 1.8 14.1 15.3 1.029 0.463 1.97 2.6
72 2.0 16.9 20.4 1.078 0.485 1.02 1.6

NB: [Rcc] is the total concentration of crosslinked bonds when the reaction is
completed.
Initial concentration of DCP: [DCP]0 ¼ 36 � 10�3 mol L�1 and T ¼ 160 �C.

a Is retrieved from Ref. [7].
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Finally, using the mass conservation, the concentration of chemical
bonds [Rcc(t)] is determined as:

½RccðtÞ� ¼ 1=2
�h

R�pðtÞ
i
tot

�
h
R�pðtÞ

i
act

�
(15)

With [Rp�(t)]tot is the concentration of the total macro-radicals
generated without taking account the competition between initi-
ation and chains recombination reactions. Integrating Eq. (12)
between tr and t with kcc([Rp�(t)]act)2 ¼ 0 gives:h
R�pðtÞ

i
tot

¼ 2f ½DCP�0ðexpð�kdtrÞ � expð�kdtÞÞ (16)

By substituting Eq. (16) and (14) into Eq. (15), the kinetic model for
this controlled crosslinking reaction and hence for the network
growth prediction at the molecular scale can be expressed as
following:

½RccðtÞ� ¼
�	

2f ½DCP�0ðexpð�kdtrÞ�expð�kdtÞÞ



�
�
2fkd½DCP�0expð�kdtÞ

kcc

�1=2

�tanh
h�
2fkcckd½DCP�0expð�kdtÞ

�1=2ðt� trÞ
i)

(17)

4. Results and discussion

4.1. Effect of TEMPO on the initiator efficiency

The scorch time (tr) is also defined as the time at which the
active polymer macro-radicals suddenly increase. From a visco-
elastic point of view, the scorch time is defined [7] as the time at
which the storagemodulus suddenly increases (See ahead in Fig. 9).
The Eq. (11) was derived from the assumption that the efficiency f of
initiator is constant, regardless of the other crosslinking conditions.
However, f can be affected by the crosslinking conditions such as
temperature, crosslinking density and concentration of initiator
and/or inhibitor [21]. Reordering Eq. (11), we express the variation
of the initiator and inhibitor efficiency ratio (a ¼ f/s) vs [N]0 and
[DCP]0:

a ¼ ½N�0
2½DCP�0½1� expð�kdtrÞ�

(18)

Fig. 2a shows the dependence of a on [N]0 from the experimental
variation of tr at T ¼ 160 �C. The results shown in Fig. 2a prove that
a is not constant but linear-dependent on the amount of TEMPO.
Consequently, the linear extrapolation of the values obtained for r¼
1.2, 1.6, 1.8 and 2 (see Table 1) allows us to determine the depen-
dence of a on the initial concentration of TEMPO:

a ¼ c1 � ½N�0þa0 (19)

Where, a0 ¼ 0.69 and c1 ¼ 5.2 (mol�1 L).
According to Eq. (19) and initial conditions ([DCP]0 ¼ 36 � 10�3

mol L�1 and f0 ¼ 0.31 [7] for r ¼ 0 (TEMPO free)), the inhibitor
efficiency s must be equal to 0.45. Subsequently, from Eq. (19) and
with the calculated value for s, the dependence of f on the initial
concentration of TEMPO can be predicted by the following equation:

f ¼ c2 � ½N�0þf0 (20)

Where, f0 ¼ 0.31 and c2 ¼ 2.34 mol�1 L.
As a result, Fig. 2a shows that initiator efficiency increases from

0.31 to 0.485 with [N]0 (TEMPO concentration, see Table 1). This
result is in agreementwith the experiment results of Zhang and Ray
[22]. Indeed, these authors proved that addition of stable radicals
can boost the initiator efficiency.

Moreover, Fig. 2b shows the TEMPO concentration dependence
of tr at T ¼ 160 �C. The experimental results do not agree well with
the linear relation of tr vs [N]0; i.e., the experimental scorch time is
higher than the predicted one from of Eq. (11) (with f ¼ f0, s0 ¼ 0.21
according to our previous work [7]). However, Fig. 2b shows that
the predicted times tr are in close agreement with experimental
results using Eq. (11) with a ¼ f/s as defined in Eq. (19).

4.2. Determination of kcc using anisothermal DSC data

During crosslinking reaction the long chains of polymer
chemically crosslink. Each covalent CeC bond formed between the



Fig. 4. Comparison of the variation of the storage modulus and enthalpy of the
reaction (r ¼ 1.2) under anisothermal condition ¼ 2.5 �C min�1.
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macromolecular chains of polymer releases a quantum of energy.
One of the methods mostly used in the literature to determine
enthalpy and kinetic parameters of this crosslinking reaction is
thermal analysis by differential scanning calorimetry (DSC) at
anisothermal mode [23]. The dynamic mode allowed us to estimate
kcc as a function of temperature. Indeed, reaction rate depends on
time and temperature. Kissinger [24] was one of the first
researchers who evaluated the kinetic parameters of a chemical
reaction from the anisothermal DSC using peak temperature-
heating rate data, with the following equation:

ln
�
_T=T2peak

�
¼ Eac

R

 
1

Tpeak

!
� ln

�
A0cR
Eac

�
(21)

Where _T is heating rate and R is the ideal gas constant. The kinetic
parameter A0c represents collision frequency factor and Eac is
activation energy for the bimolecular termination reaction (cross-
linking reaction). Kissinger’s method assumes that the maximum
reaction rate occurs at peak temperatures (Tpeak). Therefore, by
plotting lnð _T=T2

peakÞ versus 1/Tpeak according to Eq. (21), Eac can be
then obtained from the slope of the corresponding straight line and
A0c corresponds to the ordinate at origin.

The anisothermal DSC scans of (PDMS/DCP/TEMPO) curing
system at different amount of TEMPO (r ¼ 0, 1.2, 1.6, 1.8 and 2) are
shown in Fig. 3. Confirming our last original results with isothermal
mode [7], these dynamic DSC kinetics allowed us to separate
exothermic peak of CeC bonds creation from the other reactions
like the homolytic decomposition of the initiator (DCP) and its
addition on the polymer chains. Furthermore, the addition of
TEMPO in the PDMS/DCP system results in a secondary exothermic
peak, as shown in Fig. 3. This peak is assigned to CeC bonds crea-
tion. This hypothesis is validated by comparison of the rheological
and DSC results in anisothermal mode for r ¼ 1.2 as shown in Fig. 4.
The end of the inhibition phase is observed by both techniques, i.e.,
strong variation of the complex shear modulus and evidence of
a second exothermic peak. As a result, this peak temperature
corresponds exactly to the network formation through the chem-
ical crosslink reaction between PDMS polymer chains.

Experimentally, the peak temperature of the termination reac-
tion shifts to higher temperatures with increasing the heating rate.

This is probably because the reaction takes place very rapidly at
higher curing temperatures. More precisely, the dependence of
lnð _T=T2peakÞ on (1/Tpeak) is plotted and the linear variation of Tpeak
with the heating rate is observed to be in agreement with the
Kissinger assumption based on the linear relation between peak
temperature and heating rate. Consequently, Eac and A0c were
Fig. 3. DSC curves showing the total heat of crosslinking reaction obtained for various
values of r at a heating rate of 2.5 �C min�1. Where r ¼ [TEMPO]/[DCP].
calculated according to Eq. (21). The dependence of kcc on the
temperature can be expressed using the Arrhenius law:

kcc ¼ A0cexp
�
� Eac=RT

�
(22)

Where, A0c ¼ 2.68 � 1010 s�1 and Eac ¼ 87,300 J mol�1.
4.3. Kinetics of chemical network growth

The influence of the experimental conditions ([DCP]0, [N]0,
a and T) on the crosslinking reaction kinetics and network growth
has been studied at the molecular scale according to this newly
developed kinetic model. Note that in the following part Eqs. (19)
and (20) were used to derive a and f respectively for use in Eqs.
(14), (16) and (17).

According to Eq. (14) (T ¼ 160 �C), the time-concentration
variation of active PDMS carbon-centred radicals [Rp�(t)]act is
plotted in Fig. 5a. Without TEMPO (r ¼ 0), the initiation reaction
occurs instantaneously and PDMS macro-radicals concentration
increases to an optimal value followed by continuous decrease as
the termination reaction is faster than initiation. In the presence of
TEMPO, scorch time is highlighted and increases with increasing
TEMPO concentration (i.e. the ratio r). From a modelling point of
view, the active chains are created and instantaneously inactivated
by TEMPO addition reaction during this inhibition phase. The
residual concentration of DCP after the complete consumption of
TEMPO can initiate other polymers chains so that the generation of
[Rp�(t)]act can be observed as shown in Fig. 5a.

On the other hand, the optimal [Rp�(t)]act values for t > tr
decrease with increasing the initial TEMPO concentration. Actually,
this result was expected from our previous work [7]. We proved
that the crosslinking delayed action in the presence of TEMPO is the
result of trapped carbon-centred polymer radicals by nitroxides.
Furthermore, TEMPO interacts with the macro-radicals from vinyl-
PDMS during scorch phase to produce non-reactive species.
Consequently, the bimolecular termination reaction is completely
prevented ([Rp�(t< tr)]act¼ 0). Once TEMPO has completely reacted,
the macro-radicals coupling (crosslink formation) starts in respect
of the residual concentration [Rp�(t > tr)]act.

To show the key effect of TEMPO on the curing process, Fig. 5b
compares the concentration variation of the crosslinking covalent
bonds [Rcc(t)] with the reaction time (according to Eq. (17) at
T ¼ 160 �C) for different initial concentrations of TEMPO. It can be
clearly seen how TEMPO influences the scorch time, the cross-
linking reaction rate and final concentration of crosslinking bonds
([Rcc]).



Fig. 5. Time dependence of PDMS crosslinking reaction for various values of
r ¼ [TEMPO]/[DCP]. T ¼ 160 �C; [DCP]0 ¼ 36 � 10�3 mol L�1. a) Variation of active
carbon-centred radicals. b) Variation of crosslinked bonds concentration versus
crosslinking time. c) Variation of crosslinking rate.

Fig. 6. Dependence of the final concentrations of crosslinking bonds, [Rcc], and total
macro-radicals, [Rp�]tot on the initial concentration of TEMPO at T ¼ 160 �C.
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During the inhibition stage, TEMPO inactivate the primary
PDMS macro-radicals and prevent the radical coupling [Rcc(t < tr)]
¼ 0. Therefore, if we accept that TEMPO is completely consumed
during the scorch period and that the crosslinking reaction does not
begin until TEMPO is totally consumed, the bimolecular termina-
tion reaction starts but it slows down due to lower concentration of
initiator. Kinetically, the reduction in the concentration of active
PDMS macro-radicals shown in Fig. 5a by TEMPO slows down the
crosslinking rate (d[Rcc(t)]/dt) according to Eq. (5). According to
these results, Fig. 5b demonstrated that TEMPO is a very powerful
inhibitor for free-radical crosslinking of PDMS and that the
crosslinking kinetics are entirely in agreement with the scheme in
Fig. 1.

According to Fig. 5c, the rate of the crosslinking reaction d[Rcc(t)]/
dt predicted from Eq. (5) may be very low initially. These results
explain the difference between kinetics of [Rp�(t)]tot, [Rp�(t)]act and
[Rcc(t)] at the beginning of the macro-radicals coupling phase. It
should be noted that kd¼ 2.3� 10�3 s�1 and kcc¼ 0.8 L mol�1 s�1 at
T ¼ 160 �C, and the slow kinetic start of the chains recombination
may be the result of the competition between the initiation and the
bimolecular termination reactions. Thereafter, d[Rcc(t)]/dt gradually
increases to amaximum rate before decreasingwith the decrease of
[Rp�(t)]act at the end of crosslinking phase. Interestingly, we obtain
the maximal values of [Rcc] ¼ 0.5 � [Rp�]tot at the end of the
numerical computations (see Table 1), such as [Rp�]tot ¼ 22.2 10�3

mol L�1 and [Rcc] ¼ 11.1 10�3 mol L�1 for r ¼ 0 at T ¼ 160 �C.
Furthermore, the comparison of the predicted final [Rcc], i.e.

when the reaction is completed, with our last results of m (density of
chemical crosslink bonds) [7] computed by using Pearson and
Graessley model (presented in Table 1) shows a very satisfactory
agreement which validates our kinetic hypothesis. On the other
hand, the dependence of the computed final concentrations of
crosslinking bonds [Rcc] and total macro-radicals [Rp�]tot versus [N]0
at T¼ 160 �C is shown in Fig. 6. It can be observed that optimal values
of [Rp�]tot and [Rcc] are linearly dependent on the initial TEMPO
concentration. According to linear extrapolation of [Rcc], the total
amount of TEMPO necessary to totally prevent the crosslinking
reaction ([Rcc] ¼ 0) is then equal to 79 � 10�3 mol L�1. Translating
this value in terms of [TEMPO]/[DCP] ratio leads to r ¼ 2.2. This
result is in agreement with the value observed from rheological
measurement r ¼ 2.4 for which no crosslinking reaction was
observed. In addition, these numerical results confirm our predic-
tion using the DSC technique in the last experimental work [7].

Finally, it can be concluded from the variation of kd and kcc with
temperature that our model is able to predict the variation of
[Rcc(t)] (including inhibition time) for any temperatures and any
ratio. However, this temperature dependence is not plotted here for
brevity and clarity. The temperature dependence will be checked in
the next part on the variation the viscoelastic properties versus
time for different values of r.

4.4. Rheo-kinetic modelling

The main objective of this work is to predict the changes in
viscoelastic properties of PDMS during a free-radical crosslinking
process controlled by the addition of TEMPO. We have established



Fig. 8. Modelling of the time variations of storage modulus for different ratios: r ¼ 0,
1.2, 1.8, 2 (T ¼ 160 �C). Solid curves are obtained from simulations, while patterned
lines are drawn from experimental data.
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in the previous part that the kinetic model is capable to predict
peroxide decomposition [DCP(t)], active PDMS carbon-centred
radicals [Rp�(t)]act, and crosslink formation [Rcc(t)]. Then, rheo-
kinetic modelling aims to predict the time variations of the
complex shear modulus (G0(t)u and G00(t)u). This can be achieved
from the variation in crosslinking bonds formation [Rcc(t)] derived
from Eq. (17). However, at present we cannot theoretically predict
the relationship between complex shear modulus and [Rcc(t)];
except when the reaction is completed (prediction of the equilib-
rium modulus). As far as we know, such kind of work for free-
radical crosslinking process has never been reported in the
literature from the standpoint of quantitative analysis. We solved
this task by carrying out some experiments of crosslinking with
different initial concentrations of DCP and TEMPO at T ¼ 160 �C.
Furthermore, combining Eq. (17) (kinetic model) and the experi-
mental variation of complex shear modulus with the reaction time,
we can experimentally express the variation of complex shear
modulus versus radical coupling [Rcc(t)] through a master curve.

From a numerical point of view, kinetic model was implemented
through Matlab software. Fig. 7 plots the variation of the complex
shear modulus versus the crosslinking bonds concentration [Rcc(t)]
for r¼ 1.2 at T¼ 160 �C, by using experimental variation of complex
shear modulus and kinetic equation (17). We used this curve as
a reference and the time dependence of complex shear modulus
was predicted for any temperature and any initial DCP or TEMPO
concentrations.

Fig. 8 shows the prediction of storagemodulusG0(t)u for different
[TEMPO]/[DCP] ratio at T ¼ 160 �C. As expected, the addition of
TEMPO results in the increase of the predicted scorch time tr. In
addition, all simulations exhibit a plateau after a long period of time
which expresses the completion of crosslinking reaction. The
frequency sweep experiment proved that this plateau is the equi-
libriummodulus Ge. However, it is clear that the time needed by the
modulus to reach a plateau gets longer as TEMPO concentration
increases. Furthermore, it can be seen that the rheo-kinetic model
predicts a decrease in equilibrium storage modulus (Ge) as TEMPO
input increases. As far as we know, such kind of results has never
been reported in the literature from a quantitative viewpoint.

However, Fig. 8 shows that the model slightly overestimates the
equilibrium storage modulus for r ¼ 1.8 and 2. This result can be
explained by the fact that the Rheo-kineticmodel overestimates the
effect of physicals entanglements for lower equilibrium storage
modulus. Actually the time variation of complex shear modulus for
Fig. 7. Variation of the complex shear modulus versus the effective concentration of
crosslinking bonds [Rcc] at T ¼ 160 �C. This curve was used as reference for modelling
developments.
r ¼ 1.2 was used as reference curve. So the rheological model
includes the trapped physical entanglements. Nevertheless, the
probability of such trapping is expected to decreasewith decreasing
the crosslinking density; whereas the model takes into account
a constant probability whatever the final crosslinking density.
Moreover, Fig. 8 shows a slowly decrease in the experimental
storagemodulus at the earlier stage of reaction. This phenomenon is
Fig. 9. Modelling of the time variation of the complex shear modulus for different
[TEMPO]/[DCP] ratios (T ¼ 160 �C Solid curves are obtained from simulations, while
patterned lines are drawn from experimental data. a) r ¼ 0 and r ¼ 2.0. b) r ¼ 1.8 and
r ¼ 2.4.



Fig. 10. Modelling of the time variation of the storage modulus for different temper-
atures at r ¼ [TEMPO]/[DCP] ¼ 1.6. Solid curves are obtained from simulations, while
patterned lines are drawn from experimental data.
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clearly shown for r ¼ 2. This significant decrease in complex
modulus may be attributed to PDMS degradation in the presence of
TEMPO nitroxide. This behaviour cannot be predicted here because
the complex degradationmechanism (detailed in our previouswork
[7]) was not investigated in the present kinetic model.

Comparison of the predicted storage and loss modulus with
rheometer data for different [TEMPO]/[DCP] ratios at T ¼ 160 �C is
shown in Fig. 9a and b. From a qualitative point of view, the
viscoelastic variation of G0(t)u and G00(t)u was remarkably predicted
by the rheo-kinetic model. Interestingly, Fig. 9b shows that at
higher amount of TEMPO (r ¼ 2.4), the rheo-kinetic model pre-
dicted that the crosslinking reaction was totally prevented.

Finally, Fig. 10 shows that the rheo-kinetic model predicts well
the variation of storage modulus versus time at different temper-
atures (T ¼ 160, 180, and 200 �C) for r ¼ 1.6. As experimentally
observed, the rheo-kinetic model predicts that the scorch time
decreases with the increase in temperature. For example, themodel
predicts that tr shifted from 12.2 min at 160 �C to 2.2 min at 180 �C
and crosslinking becomes ‘instantaneous’ at 200 �C. Finally, as
expected from our hypothesis, the model predicts that the equi-
librium modulus does not depend on the temperature. This
behaviour is not observed for the experimental variation due to
side reactions which can occur at higher temperatures (T > 170 �C)
according to Mskani et al. [15].

5. Conclusion

In this study, a new rheological modelling method was devel-
oped to predict the variation of complex shear modulus for PDMS
network formation under free-radical crosslinking reaction
controlled by TEMPO. This newmethod is based on the relationship
between the kinetics of macro-radicals coupling [Rcc(t)] derived
from a fundamental kinetic model and the viscoelastic variation of
complex shear modulus (G0(t)u and G00(t)u). Owing to the
complexity of crosslinking chemistry, a simplified reactions scheme
was used to establish the fundamental kinetic model.

First of all, a kinetic model was derived in order to predict the
crosslinking process including decomposition of peroxide [DCP(t)],
active PDMS carbon-centred radicals [Rp�(t)]act creation, inhibition
reaction time tr and the crosslinking bonds formation [Rcc(t)]. The
influence of formulation conditions such as ([DCP]0, [TEMPO]/[DCP]
and Temperature) on the crosslinking reaction kinetics and
network growth, has been studied at the molecular scale according
to this kinetic model. It was observed that the addition of TEMPO
nitroxide can boost the initiator efficiency. On the other hand, the
Kissinger DSC method was used to calculate the activation energy
Eac (87,300 J mol�1) and the collision frequency factor A0c (2.68 �
1010 s�1) for the bimolecular termination reaction rate kcc.

Finally, the rheological modelling shows that this new method
precisely predicts the time variation of the complex shear modulus
at any temperature and [TEMPO]/[DCP] ratio. Although this
modelling has been developed for PDMS rubber, it can easily be
extended to any rubber crosslinking via radical chemistry in the
presence of nitroxide.
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