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ABSTRACT: Ring-opening metathesis polymerization (ROMP)
of norbornenyl-functionalized castor oil has been evaluated using
small-amplitude oscillatory shear flow experiments as a function of
angular frequency, temperature, and curing time. At the onset
temperature of the curing process, an abrupt increase in dynamic
shear moduli, G′ and G″, and complex shear viscosity, η*, was
observed during the dynamic temperature ramps (2 °C/min
heating rate) of the sample over a wide range of angular
frequencies. A dramatic increase in zero-shear viscosity, η0, was
also observed at the gelation temperature, Tgel. The value of Tgel
obtained from the abrupt increase in η0 was found to be in good
agreement with the value evaluated from the crossover point of G′ and G″. The real time curing kinetics was investigated under
isothermal conditions over a wide range of angular frequencies at different constant curing temperatures (40, 45, 50, and 55 °C).
The isothermal gelation kinetics was found to be strongly curing temperature dependent; i.e., the higher the curing temperature,
the faster the gelation process. Both G′ and G″ showed a power law relationship with angular frequency at the gel point, with
critical power law exponents at the gel point in good agreement with the value predicted using percolation theory. Furthermore,
η0 and the equilibrium storage modulus, Geq, were found to be well described by power law scaling functions with the relative
distance from the gel point. The molecular dynamics and thermal stability of the fully cured sample were also investigated by
dynamic mechanical analysis and thermogravimetry, respectively.

■ INTRODUCTION

Polymers are as ubiquitous as they are essential for a plethora of
consumer and high technology applications. Currently, most
industrial polymers and plastics are produced from non-
renewable, petrochemical resources. However, concerns regard-
ing petroleum depletion and the growing cost of oil, as well as
the environmental impact of such materials, have led to an
increased interest in alternative, sustainable, environmentally
friendly materials based on renewable resources. Bio-based
polymers have a number of outstanding desirable character-
istics, such as abundant availability from renewable agricultural
resources, low cost, biodegradability (most of them), high
thermal stability, and noncytotoxicity (inflammatory inert).
Biorenewable polymers from vegetable oils are excellent
alternatives to petroleum-based resins for both environmental
and economic reasons. With the exception of castor oil,
vegetable oils do not naturally contain hydroxyl groups (often
necessary for chemical modification and/or polymerization),
but rather hydroxyl groups can be introduced through
appropriate chemical modifications on the carbon−carbon
double bonds and the ester functionality present in
triglycerides. Castor oil’s unique structure, with ∼90% of the
fatty acid chains bearing a hydroxyl group, makes it a very
useful vegetable oil in industry.1 A wide variety of polymers,

especially castor oil-based polyurethanes, were prepared by
taking advantage of these naturally occurring hydroxyl groups.2

Olefin metathesis, which is a relatively new polymerization
method,3 has been employed to prepare vegetable oil-based
polymers. For example, recently, acyclic diene (triene)
metathesis polymerization (ADMET/ATMET) was used to
prepare plant oil-based polymers.4 Novel biorenewable
materials were prepared by ring-opening metathesis polymer-
ization (ROMP) as well. For example, two kinds of ROMP-
based systems, norbornenyl anhydride-functionalized castor oil
(BCO)/cyclooctene (CO)5 and Dilulin (a norbornenyl-
functionalized linseed oil)6/dicyclopentadiene (DCPD)),7

were previously developed in our group. Both systems afford
green thermosets and provide a promising new route to
bioplastics from biorenewable resources. However, some
improvements need to be made to obtain well-controlled and
precise ROMP for bioplastics production.
Fundamental investigations of the kinetics of ROMP

reactions are a promising area for research to obtain better
understanding of the cure behavior and of the mechanism of
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macroscopic gelation (formation of three-dimensional thermo-
set structure). It may also prove useful for controlling the
production process and final performance of the systems.
Although in the past decades many studies focused on cross-
linked thermosetting resins, the network formation mechanism
and the fine structure of cross-linked resins are still
controversial topics because of the complexity of the reactions
involved and the insolubility of the products.8 The kinetics of
cross-linking reactions has been investigated by a wide range of
experimental techniques, such as 13C NMR (nuclear magnetic
resonance),9−12 SEC (size exclusion chromatography),13,14

DSC (differential scanning calorimetry),15−18 and FTIR19−21

(Fourier transform infrared spectroscopy). Mechanical charac-
terizations were also performed by measuring Young’s modulus
or swelling ratio. However, measurements obtained from
Young’s modulus or swelling ratio experiments do not reveal
the kinetics of curing and are therefore not useful in
determining the optimal cross-linking reaction with desired
properties. In most studies reported in the literature, the
samples were cured isothermally for different time intervals
before being analyzed.
Dynamic rheology is one of the most accurate techniques

widely used to monitor physical and chemical cross-linking

reactions and changes in the material microstructure during the
gelation process. This technique investigates the viscoelastic
properties during the curing process under small-amplitude
oscillatory shear flow without a significant disruption of the
microstructure. The viscoelastic behavior of polymer gels near
the sol−gel transition has been studied experimentally22−29 and
theoretically.30−34 Understanding the relationship between gel
structure and linear visoelastic behavior at the sol−gel
transition was one of the most important goals of these
studies.22−30

Evaluation and characterization of the gelation process are
very crucial to optimize the processing conditions of cross-
linked materials. The universal behavior of cross-linked
materials at the gel point makes the gelation process interesting
from a fundamental point of view.34−36 Real-time measure-
ments of viscoelastic material parameters (G′, G″, and η*) in
the vicinity of the gel temperature are normally used to monitor
the formation of gel, where a sudden increase in these
parameters can be easily detected at the onset of the gelation
process.27,29 At the gel point a huge increase in the molecular
weight of the material is normally expected, where the existence
of one long chain running through the whole system with a
sudden loss of flow are the most common criteria of gel

Figure 1. (a) Peak assignments of the 1H NMR for the pure BHCC sample. (b) Chemical structures of castor oil and norbornenyl-functionalized
castor oil (NCO) with their 1H NMR spectra.
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formation.38−44 Several models for gelation have been
proposed, and the most well-known is percolation theory.45,46

The percolation theory was generalized to predict how the
viscoelastic properties are expected to scale with time or
frequency.47 For example, at the gel point, G′, G″, and η0 are
expected to follow power law behavior with frequency based on
the percolation theory as will be investigated later in this article.
Here, the kinetics of ROMP for norbornenyl-functionalized

castor oil (NCO), which has ca. 0.8 norbornene rings per fatty
acid chain, are investigated using small-amplitude oscillatory
shear flow experiments. The ROMP was carried out using only
0.125 wt % of second-generation Grubbs catalyst to prepare a
novel castor oil-based thermoset. The rheokinetics are
investigated by evaluating G′, G″, η*, and tan δ during the
ROMP process as a function of temperature, angular frequency,
and curing time. The real-time evolution measurements of the
viscoelastic properties at different constant temperatures and
shear frequencies near the Tgel are also considered.
Furthermore, equilibrium storage modulus, Geq, and zero
shear viscosity, η0, are expressed in power law scaling functions
with critical exponents that may be useful in predicting the
validity of percolation theory for this bio-based thermoset
polymer. The molecular dynamics and thermal stability of the
fully cured sample are investigated by dynamic mechanical
analysis (DMA) and thermogravimetric analysis (TGA)
measurements, respectively.

■ EXPERIMENTAL SECTION
Materials. Castor oil, second-generation Grubbs catalyst, triethyl-

amine, and acryloyl chloride were obtained from Sigma-Aldrich
(Milwaukee, WI), while dicyclopentadiene (DCPD) (purity higher
than 95%) was supplied by Alfa Aesar (Ward Hill, MA). Benzene,
ethyl acetate, methylene chloride, NaHCO3, and HCl were obtained
from Fisher (Fair Lawn, NJ). All reagents were used as received
without further purification unless otherwise stated.

Synthesis of Bicyclo[2.2.1]hept-2-ene-5-carbonyl Chloride
(BHCC). The detailed description of BHCC synthesis was described
elsewhere.48,49 At 0 °C, 56 g of freshly cracked cyclopentadiene (0.85
mol) was added dropwise to 70 g of acryloyl chloride solution (0.77
mol) in toluene (275 mL). The reaction mixture was kept at 0 °C for 3
h and then heated up to 100 °C and held for 30 min. A yield of 95 g
(∼79%) as a colorless oil (83:17 endo:exo) was obtained after
distillation of toluene and residual liquid under reduced pressure. The
1H NMR of pure BHCC is depicted in Figure 1a. The 1H NMR
(CDCl3, δ ppm) of pure BHCC contains both the endo and exo
isomers and their peak assignments.

Synthesis of Norbornenyl-Functionalized Castor Oil (NCO).
Castor oil (20 g, 0.021 mol) was dissolved in 100 mL of anhydrous
CH2Cl2 and cooled to 0 °C. A solution of BHCC (10.6 g, 0.068 mol)
in 100 mL of anhydrous CH2Cl2 was added dropwise, and then 11.4 g
of triethylamine (0.11 mol) was added. The solution was heated up to
room temperature under constant stirring and maintained at that
temperature for 48 h. Subsequently, the reaction mixture was stirred
with 500 mL of aqueous 5 wt % Na2CO3 solution overnight to convert
the excess BHCC into water-soluble carboxylate salt. After extraction
with CH2Cl2 and removal of the solvent, a quantitative yield of NCO
was obtained as a brown liquid. More details about NCO synthesis can
be found in our previous publication.49

The chemical structure and 1H NMR spectrum of castor oil are
shown in Figure 1b. The methylene protons in the glyceride unit are
given by the signals at 4.1−4.4 ppm (a), while the vinyl protons (f) in
the fatty acid chains are observed at 5.3−5.6 ppm. The tertiary
hydrogen atoms adjacent to the hydroxyl group in the fatty acid chain
(h) are detected at 3.6 ppm. NCO can be easily synthesized with
excellent yield through esterification of castor oil by BHCC. The
chemical structure of NCO and its 1H NMR spectrum are also
presented in Figure 1b. The peak at 3.6 ppm (h) is substantially
reduced in NCO compared to castor oil, indicating that most of the
hydroxyl groups have reacted and a new peak representing the tertiary
hydrogen adjacent to the norbornenyl ester is observed at 4.8 ppm.
Approximately 95% of the hydroxyl groups reacted with BHCC as
determined by the integration of the peaks k and h. This calculation
suggested that about 2.4 norbornene rings were incorporated into the

Scheme 1. ROMP Process of NCO Using Second-Generation Grubbs Catalyst
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triglyceride (0.8 norbornene rings per fatty acid chain). The
norbornene hydrogens are found at 5.9−6.2 ppm.
Freeze-Drying of the Grubbs Catalyst. Normally, freeze-drying

of the Grubbs catalyst is necessary to improve the solubility of the
catalyst in the NCO monomer. Here, the freeze-drying process was
carried out according to a literature procedure.50 About 5 mL of
benzene was used to dissolve 250 mg of Grubbs catalyst, and then the
solution was quenched in liquid nitrogen. Benzene will be sublimated
under vacuum at room temperature for 5 h. The large surface area of
the Grubbs catalyst produced from this procedure has excellent
solubility in NCO monomer.
Rheological Measurements. Scheme 1 shows the ROMP

process of NCO using second-generation Grubbs catalyst. The
rheokinetics of the ROMP process was investigated for a mixture of
NCO with 0.125 wt % Grubbs catalyst using a TA Instruments
(ARES-G2) with 25 mm diameter parallel plates. All rheological
measurements (isothermal and nonisothermal) were carried out under
very accurate thermal conditions (±0.1 K) using an air/N2 gas
convection oven designed with twin element heater guns, a barrel-
shaped chamber, and three internal platinum resistance thermometers
(PRT) for optimum temperature stability. In this study, the following
rheological experiments were performed:

1 Strain sweep at a constant temperature and angular frequency
range of 0.1−100 rad/s to obtain the linear viscoelastic range of
the sample.

2 A temperature sweep (2 °C/min) at different constant angular
frequencies and a certain strain rate in the linear viscoelastic
regime in order to determine the temperature dependence of
the linear viscoelastic properties and to evaluate the gelation
temperature.

3 A time sweep at different constant temperatures (40, 45, 50,
and 55 °C) and constant angular shear frequency (ω = 0.5 rad/
s) in the linear viscoelastic regime in order to determine the
influence of the ROMP process on the visoelastic characteristic
functions (G′, G″, and η*).

4 A frequency sweep at a given constant temperature for different
gelation times in the linear viscoelastic region to test the validity
of expressing G′, G″, and η0 in power law forms with critical
exponents based on the percolation theory.

DSC, DMA, and TGA Measurements. DSC measurement after
rheokinetics test at 55 °C for 5 h was investigated to confirm the full
curing of the sample. The DSC measurement was conducted using a
TA Instruments Q2000. The DSC measurement was carried out in an
atmosphere of dry nitrogen. The glass transition temperature (Tg) was
determined using the temperature of half the step height in the specific
heat curve. The DMA (dynamic mechanical analysis) and TGA
(thermogravimetric analysis) measurements for a fully cured sample (5
h at 55 °C, i.e., the time required to reach a complete curing reaction
or conversion) were carried out using a Q800 dynamic mechanical
analyzer and a Q50 thermogravimetric analyzer (TA Instruments, New
Castle, DE), respectively. For DMA measurement, a rectangular shape
sample of 0.77 mm thick and 8 mm wide was heated from −90 to 100
at 3 °C/min heating rate at a frequency of 1 Hz. However, for TGA
measurement, about 5 mg of the cured sample was heated from 50 to
600 °C under a nitrogen atmosphere at 20 °C/min heating rate.

■ RESULTS AND DISCUSSION
Effect of Thermal-Induced ROMP on Rheological

Behavior. The effect of thermal-induced ROMP for NCO
with 0.125 wt % Grubbs catalyst on the viscoelastic properties
will be investigated in this section. Figure 2 demonstrates the
temperature dependence of G′ at a heating rate of 2 °C/min
and different constant angular frequencies. At a temperature
range lower than the gel temperature (T ≤ 43 °C), the value of
G′ slightly decreases with increasing temperature. A sudden
increase in G′ at about 44 °C (Tonset) was observed at all values
of angular frequencies owing to the onset formation of a three-
dimensional thermoset structure of NCO. The magnitude of

the elevation in G′ increases greatly with increasing temper-
ature because of the evolution of the ROMP process and the
significant increase in branching (formation of cross-linked
structure). In addition, G′ is no longer frequency dependent at
a high temperature range because of the formation of an
equilibrium storage modulus, Geq, which is a typical criterion for
the formation of a cross-linked structure.
The complex shear viscosity η* behaves differently with

angular frequency and temperature, as shown in Figure 3. At

low temperatures, η* is almost constant, regardless of angular
frequency, and slightly decreases with increasing temperature.
At higher temperatures, η* becomes strongly frequency
dependent (non-Newtonian behavior). This different behavior
of η* is attributed to the fact that, at low temperatures (i.e., T <
46 °C), the NCO was not totally polymerized and exhibited
almost frequency-independent viscosity behavior over the
entire range of angular frequencies (Newtonian behavior). At
Tonset, the NCO changed from a liquid-like to a solid-like
structure, and consequently η* becomes frequency dependent
as the ROMP process evolves into the formation of a cross-
linked polymer structure. Therefore, the different behavior of
η* with temperature and frequency is not surprising. Details of
the frequency dependence of η* over a wide range of
temperatures and angular frequencies will be considered in
the next section.
The kinetics of thermal-induced ROMP of NCO can be

investigated rheologically by monitoring the variation of
viscoelastic material parameters, such as G′, G″, η*, and η0, at

Figure 2. Temperature dependence of dynamic storage modulus, G′,
for the ROMP process of NCO at 2 °C/min heating rate and different
constant angular frequencies.

Figure 3. Temperature dependence of complex viscosity, η*, for the
ROMP process of NCO at 2 °C/min heating rate and different
constant angular frequencies.
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different constant temperatures, curing times, and angular
frequencies. Here, it is imperative to accurately determine Tgel,
which is the temperature at which the three-dimensional cross-
linked structure of thermoset NCO is formed. The Tgel will be
evaluated by two different methods. With the first method, Tgel
will be determined from the simultaneous temperature
dependence of the dynamic shear moduli, G′ and G″, as
shown in Figure 4. At temperatures below Tonset, both G′ and

G″ are frequency dependent and G″ is more than 1 order of
magnitude higher than G′. As the temperature increases and
Tonset is approached, both G′ and G″ increase with temperature
and coincide at Tgel. At higher temperatures than Tgel, the
ROMP process evolves and G′ increases more rapidly than G″
(i.e., G′ is ∼2 orders of magnitude higher than G″), indicating
the formation of a three-dimensional cross-linked polymer
structure. It is also clear that the evaluation of Tgel from the
crossover of G′ and G″ is slightly angular frequency dependent
(Tgel is approximately 44 and 47 °C at ω = 5 and 100 rad/s,
respectively). However, it is well established in the literature
that the crossover of G′ and G″ is not a general criterion for the
determination of Tgel because of its high frequency depend-
ence.51,52 In a previous work, we have reported that the Tgel of
thermally cross-linked poly(vinyl methyl ether) evaluated at ω
= 100 rad/s was ca. 20 °C higher than that obtained at ω = 1
rad/s.51 A similar behavior was reported by Zhao et al.,52 who
found that the temperature at which G′ and G″ intersect was
shear stress and frequency dependent for sol−gel transition of a
hybrid gel. Winter et al.22,23 reported that, when the gelation
point cannot be evaluated from the crossover of G′ and G″, it
could be related to the critical conversion point of the cross-
linking reaction. On the basis of the above discussion, it can be
concluded that at Tgel the polymer chain branching becomes
significant and the polymer network starts to form. For T > Tgel
the branching proceeds, ultimately leading to the formation of a
three-dimensional polymer structure characterized by G′ > G″.
In addition, both G′ and G″ reach equilibrium values (or
become frequency independent). The preceding discussion
indicates the rheological material parameters (G′, G″, and η*)
of NCO are very sensitive to the thermal-induced ROMP
process and the corresponding formation of a cross-linked
polymer structure.
An alternative method to evaluate Tgel relies on the

temperature dependence of the zero-shear viscosity, η0. The
magnitude of η0 will increase dramatically once Tgel is reached.
The angular frequency dependence of η* must be carried out

over a wide range of temperatures below and above Tgel (44
°C) for NCO to evaluate η0 as a function of temperature. A
typical angular frequency dependence of η* at different
constant temperatures is shown in Figure 5.

Obviously, the viscosity decreases gradually with increasing
temperature at temperatures lower than the Tgel (i.e., T ≤ 42
°C) while it exhibits Newtonian behavior (frequency
independent). At higher temperatures (T ≥ 46 °C), the
viscosity increases strongly with increasing temperature; for
example, at 70 °C the viscosity is ∼6 orders of magnitude
higher than the corresponding value at 42 °C. In this
temperature range, the viscosity decreases strongly with
increasing angular frequency (non-Newtonian behavior). The
value of η0 at different temperatures can be accurately
determined by fitting the η* versus ω curves according to the
Carreau−Yasuda model53

η η τ ω| *| = + η
−[1 ( ) ]a n a

0
( 1)/

(1)

where n and a are material constants, while τη is a characteristic
viscous relaxation time that defines the location of the
transition from Newtonian to shear-thinning behavior. Using
the Carreau−Yasuda model resulted in an excellent description
of the experimental data, as shown in Figure 5, where the lines
are fitting lines and the symbols are the experimental data.
Table 1 shows the characteristic rheological parameters for the
NCO at different curing temperatures during the rheokinetics
reaction using eq 1.
Figure 6 depicts the temperature dependence of η0 obtained

from fitting the data in Figure 5 to eq 1. Figures 5 and 6 clearly
show that η0 follows the same trend as the dynamic
temperature ramps of G′, G″, and η* (Figures 2−4), with a
sudden increase in the value of η0 at Tgel. Tgel can be determined
by the intersection of the tangent lines to the experimental data
as shown in Figure 6 where the arrow indicates the value of the
Tgel, determined by this method. The Tgel obtained using this
method (44 °C) is identical to the value determined using the
crossover point of G′ and G″ at ω = 0.5 rad/s (see Figure 4).

Real-Time Rheological Measurements during ROMP.
In this section, the time evolution of the viscoelastic properties
during the ROMP process of NCO in the vicinity of Tgel is
investigated. Figure 7 shows the isothermal time dependence of
G′ at different constant temperatures and an angular frequency

Figure 4. Temperature dependence of G′ and G″ for the ROMP
process of NCO at 2 °C/min heating rate and different constant
angular frequencies.

Figure 5. Angular frequency dependence of complex viscosity, η*, for
the ROMP process of NCO at different constant temperatures. The
lines are calculated from eq 1, while the symbols represent
experimental data.
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of ω = 0.5 rad/s. Obviously, a dramatic increase in G′ was
observed at the early and intermediate stages of the ROMP
process (t < 100 min) at all measuring temperatures, caused by
the formation of a cross-linked network structure. The increase
in G′ levels off at longer times (i.e., G′ becomes almost time
independent). The magnitudes of the increase in G′ and the
time at which G′ levels off (tlo) were found to be strongly
temperature-dependent; i.e., the magnitude of the elevation in
G′ increases and tlo decreases with increasing temperature. The
fact that the magnitude of the elevation in G′ increases greatly
with increasing time and temperature is attributed to the
gelation process and the significant increase in branching
(formation of cross-linked structure). The plateau value of G′ at

longer times is curing temperature dependent and related to an
equilibrium modulus, Geq (a typical criterion for the formation
of a cross-linked structure). At 55 °C the ROMP process is
significantly faster, implying that the curing time needed to
reach the plateau region is shorter than the one observed at
lower temperatures. Similar behavior was observed for the
curing time dependence of η* at different curing temperatures
and ω = 0.5 rad/s, as shown in Figure 8. Similar behavior was

also found for G″ versus curing time. The elevation of G″ with
increasing curing time was found to be relatively small
compared to that of G′ at a constant temperature under the
same rheological conditions (angular frequency and strain rate).
This experimental finding is attributed to the elastic origin of
the stress induced in the system by the formation of three-
dimensional thermoset polymer via ROMP as will be discussed
in the next section.
The thermal-induced ROMP of NCO is also examined as a

function of different angular frequencies under isothermal
conditions. Figure 9 shows the time dependence of G′ at 50 °C

for different constant angular frequencies. Clearly, the variation
of G′ with time and frequency can be divided into two different
regimes. At t < 150 min (regime I), G′ increases rapidly with
curing time. In this regime, the chain branching of NCO
becomes significant and the formation of a cross-linked
structure starts. At t > 150 min (regime II), G′ is slightly
time dependent as the ROMP process is almost completed. It is
also obvious that G′ is frequency independent in both regimes I

Table 1. Characteristic Rheological Parameters for the NCO
at Different Curing Temperatures during the Rheokinetics
Reaction Using Eq 1

T/°C η0/Pa·s τη/s n a

20 1.15 1.8 × 10−5 0.35 0.51
30 0.58 3.1 × 10−5 0.37 0.49
42 0.37 5.8 × 10−6 0.51 0.53
46 7 5.7 × 10−3 0.18 0.39
48 287 0.033 0.41 0.33
50 2541 0.07 0.38 0.51
52 1.07 × 104 1.32 0.25 0.34
54 3.22 × 104 1.8 0.31 0.44
56 8.06 × 104 2.7 0.19 0.37
60 3.61 × 105 3.1 0.21 0.41
64 1.35 × 106 3.3 0.34 0.51
70 3.06 × 106 3.5 0.23 0.53

Figure 6. Zero-shear viscosity as a function of temperature for the
ROMP process of NCO. The arrow shows the value of Tgel.

Figure 7. Time dependence of G′ at different constant temperatures
and ω = 0.5 rad/s for the ROMP process of NCO.

Figure 8. Time dependence of η* at different constant temperatures
and ω = 0.5 rad/s for the ROMP process of NCO.

Figure 9. Variation of G′ as a function of time for the ROMP process
of NCO at 50 °C and different constant angular frequencies.
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and II because of the formation of an equilibrium modulus, Geq,
which in turn is related to the fast ROMP process at 50 °C.
Figure 10 shows η* as a function of curing time at 50 °C for

different angular frequencies. Here, η* exhibits almost a

Newtonian behavior (frequency independent) at the beginning
of the measurement (early stage of the curing process). With
increasing time, η* increases dramatically, reaching equilibrium
values that are strongly frequency dependent (non-Newtonian
behavior).
Determination of tgel. The Winter−Chambon criterion is

the most widely used method to accurately determine gelation
time, tgel, of physically and chemically cross-linked materials
from their rheological data.22,23 Based on this criterion, tgel is
identified as the instant in time when the dynamic shear
moduli, G′ and G″, scale in an identical fashion with time; i.e.,
both can be described by the following power law:

′ ∼ ″ ∼G G wn (2)

The relaxation exponent, n, is linked to the microstructural
parameters of the cross-linked material. If G′ and G″ behave
according to the above power law over a sufficiently wide range
of angular frequencies, the loss tangent, tan δ, can be expressed
by the following equation:

δ π= ″
′

= ⎜ ⎟
⎛
⎝

⎞
⎠

G
G

n
tan tan

2 (3)

According to eq 3, tan δ is angular frequency independent at
tgel. This theory is valid for a variety of physically and chemically
cross-linking systems. The time dependence of tan δ for the
ROMP process of NCO at 40 °C and different constant angular
frequencies is presented in Figure 11. Clearly, tan δ is angular
frequency independent at tgel = 70 min, indicating that the
cluster structure is macroscopically percolated. At a longer time,
tan δ decreases gradually because the increase in G′ is higher
than the increase in G″ as a result of the formation of a cross-
linked polymer structure. It is also clear that before reaching tgel
the value of tan δ decreases with increasing ω, however, after
tgel the trend reverses. This common behavior has been
observed for many systems during physical and chemical
gelation reactions and is related to the magnitudes of G′ and G″
before and after tgel at different angular frequencies. These
results suggest that the Winter−Chambon theory is applicable
to this system over a wide range of angular frequencies (as
shown in Figure 11), suggesting the existence of a self-similar
structure (or critical gel) at the gel point.

Figure 12 shows the time dependence of G′ and G″ at 40 °C
and ω = 0.5 rad/s. Clearly, G′ is about 2 orders of magnitude

lower than G″ at the beginning of the measurement, indicating
that the sample exhibits liquid-like behavior. While both G′ and
G″ increase with time, G′ increases more sharply than G″ and
becomes about 3 orders of magnitude greater than G″ at the
late stage of the curing process (t = 300 min). G′ increases at a
more rapid rate than G″ because at long curing times above the
gel point the elastic effects dominate, owing to the fact that
cross-linked structures are capable of storing elastic energy. The
gel time tgel can be calculated from the crossover point of G′
and G″, as indicated by the arrow in Figure 12. The value of tgel
= 70 min obtained from this method is identical to that
obtained using tan δ versus t at different frequencies (Figure
11).

Critical Phenomena at Gel Point. The angular frequency
dependence of G′ at different curing time intervals for the
ROMP process of NCO at 40 °C is shown in Figure 13. The
figure shows that the slope of G′ versus ω decreases
dramatically and the magnitude of G′ increases greatly with
increasing curing time. In addition, G′ becomes no longer
frequency dependent and reaches an equilibrium value (Geq) at
the late stage of the curing process owing to the formation of an
elastic, cross-linked structure. Figure 14 shows the angular
frequency dependence of G″ for different curing times. In
contrast to the behavior of G′ with respect to angular
frequency, G″ is more angular frequency dependent and does

Figure 10. Variation of η* as a function of time for the ROMP process
of NCO at 50 °C and different constant angular frequencies.

Figure 11. Loss tangent, tan δ, as a function of time at 40 °C for the
ROMP process of NCO at different constant shear frequencies. The
gel point, tgel, is determined by the intersection point as described by
the arrow.

Figure 12. Time dependence of G′ and G″ at 40 °C and 0.5 rad/s.
The arrow shows tgel as obtained from the crossover point of G′ and
G″.

Macromolecules Article

dx.doi.org/10.1021/ma301458n | Macromolecules 2012, 45, 7729−77397735



not dramatically increase with increasing curing time as shown
in Figure 14. The smaller increase of G″ with curing time
compared to G′ under the same conditions (same curing time
and temperature) is attributed to the higher sensitivity of G′ to
the structure change accompanying the cross-linking process.
This higher sensitivity of G′ to the cross-linking process is
attributed to the fact that the stress induced in the system by
the branching and formation of a three-dimensional polymer
network is mostly of elastic origin. In addition, G″ does not
reach a plateau value. The variation of η* as a function of
angular frequency for different curing times at 40 °C is shown
in Figure 15. Observably, η* is slightly frequency dependent at t
= 40 min (before the onset of the gelation process). At longer
curing times, the value of η* increases abruptly and the entire
curve becomes strongly frequency dependent. In this figure the

solid lines are computed from eq 1, while the points represent
experimental data.
Analysis of the data in Figures 13 and 14 shows that the

variations of G′ and G″ with angular frequency follow the
power law of eq 2 over the entire range of frequencies. The
values of the exponents n′ and n″ at different curing times can
be obtained from the slopes of G′ and G″ versus ω,
respectively. One can see that both n′ and n″ are curing time
dependent, and Figure 16 displays their time dependence at 40

°C for the ROMP process of NCO. The values of the two
exponents decrease exponentially with curing time and become
identical at the gel point; i.e., at tgel, n = n′ = n″ = 0.64. The
values of the exponents are very close to those obtained for
different systems reported in the literature and found to be in
good agreement with the one predicted theoretically from the
percolation theory (n = 2/3).54−58

In the vicinity of the gel point, both η0 and Geq also can be
expressed as power law scaling functions based on the following
equations:

η ε∼ <− P P( )k
0 c (4)

ε∼ >G P P( )z
eq c (5)

where P and Pc are the reaction extents at time t and tgel,
respectively, while ε is the relative distance from the gel point,
which can be determined by eq 6:

ε =
| − |P P

P
c

c (6)

The values of Geq at different curing times can be determined
by the frequency-independent values of G′ in Figure 13 (G′ is
almost frequency independent at tgel ≥ 65 min). The
corresponding values of η0 can be determined by fitting the
angular frequency dependence of η* to eq 1, as demonstrated
in Figure 15.
Figure 17 depicts Geq and η0 as a function of ε in a double-

logarithmic scale; the slopes of the two linear curves directly
determine the values of z and k, respectively. From the critical
exponents k and z, one can calculate the exponent n from the
following equation:59

=
+

n
z

k z (7)

Figure 13. Angular frequency dependence of G′ for the ROMP
process of NCO at 40 °C for different curing times.

Figure 14. Variation of G″ as a function of angular frequency for the
ROMP process of NCO at 40 °C for different curing times.

Figure 15. Angular frequency dependence of η* for the ROMP
process of NCO at 40 °C for different curing times.

Figure 16. Variation of exponents n′ and n″ as a function of time
obtained from the slopes of G′ and G″ versus ω at 40 °C, respectively,
according to eq 2.
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The values of z and k obtained from the slopes of the two
curves of Figure 17 are 2.1 and 0.75, respectively, yielding a
value of n = 0.73. This value is in acceptable agreement with the
value obtained from Figure 16. On the basis of the discussion in
the preceding sections, it is apparent that the ROMP process of
bio-based NCO thermosets can be well characterized by its
viscoelastic properties during the curing process. In addition,
the critical phenomenon near the gel point can be well
described by the scaling power laws based on percolation
theory and Winter−Chambion approaches.
DSC, DMA, and TGA Measurements. The DSC measure-

ment for the sample that was isothermally cured at 55 °C and
0.5 rad/s for 5 h during the rheokinetics study (see Figure 7)
was carried out to detect any addition isothermal curing process
in the sample. The DSC data (Figure 18a) showed only one Tg
for NCO at −50 °C without any isothermal curing process,
indicating that the sample was fully cured during the
rheokinetics measurement under the just mentioned curing
condition.
The DMA measurement for a fully cured sample under

identical condition to that used to cure the sample in the
rheometer (5 h at 55 °C) is shown in Figure 18b, which
demonstrates the temperature dependence of the storage
modulus (E′) and tan δ at 1 Hz and 3 °C/min heating rate.
Only one glass relaxation process (α-relaxation) was observed
at approximately −17 °C (the peak maxima of tan δ). This peak
is related to the micro-Brownian cooperative reorientation of
the polymeric chains and is related to the Tg of the material.
This relaxation process is frequency dependent and normally
appears above the calorimetric Tg of the material. At a low
temperature range (T≤ −40 °C), E′ is constant regardless of
the increase in temperature. A dramatic decrease in E′ was
observed at the same temperature range corresponding to that
of the tan δ peak. The value of E′ becomes temperature
independent and reaches a plateau at higher temperatures due
to the cross-linked structure of the polymer network in the
rubbery region. The cross-link density (νe) of this materials can
be evaluate from the plateau value of E′ at 50 °C above the Tg
of the material based on the kinetic theory of rubber elasticity
(i.e., E′ = 3νeRT).

60,61 The cured sample was found to have a
cross-link density of νe = 318 mol/m.3

The thermal stability of the fully cured sample was
investigated using thermogravimetry. Figure 19 shows a typical
TGA measurement for this sample at 20 °C/min heating rate
under a nitrogen atmosphere. One can see that the sample is
thermally stable at temperatures up to 200 °C. About 10 wt %
of the sample is degraded at approximately 200−300 °C. This

process is related to the evaporation of soluble materials and
unreacted oil fragments. With increasing temperature up to 500
°C, two fast degradation processes were observed. In the first
one in the temperature range 300−370 °C, about 50 wt % of
the sample was lost due to the degradation of the polymer
backbone. The second process at around 380−500 °C is
believed to be caused by further decomposition of the cross-
linked fragments. The different thermal degradation processes
of the fully cured NCO can be easily observed in the TGA
derivative curve as shown in the dashed line of Figure 19. The
multiple thermal degradation processes of bio-based thermoset
polymers from vegetable oils are discussed elsewhere in the
literature.62,63

Figure 17. Dependence of η0 and Geq on the relative distance from the
gel point, ε, in a double-logarithmic scale at 40 °C.

Figure 18. (a) DSC thermogram for fully cured sample after
rheokinetics measurement at 55 °C for 5 h and 0.5 rad/s angular
frequency. The arrow shows the Tg of the cured sample. (b) Dynamic
storage modulus, E′, and tan δ as a function of temperature for fully
cured NCO sample at 3 °C/min heating rate and 1 Hz.

Figure 19. TGA measurement for fully cured NCO sample at 20 °C/
min heating rate under a nitrogen atmosphere.
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■ CONCLUSION

The thermal-induced curing of norbornenyl-functionalized
castor oil with a controlled amount of 0.8 norbornene rings
per fatty acid chain via ROMP was investigated rheologically
under different curing time, temperature, and angular frequency
conditions.
A dramatic increase in the viscoelastic material functions (G′,

G″, and η*) at the onset of the ROMP process was observed
during the dynamic temperature ramp experiments. The
temperature dependence of zero-shear viscosity, η0, was
found to follow the same trend as the one observed in the
temperature ramps of G′ and G″ (i.e., a dramatic increase in η0
is observed at Tgel). The Tgel determined by the crossover point
of G′ and G″ was in good agreement with the value obtained
from the temperature dependence of η0. The real-time
evolution of the ROMP process of NCO was also investigated
by measuring G′, G″, η*, and tan δ at constant different
temperatures (40, 45, 50, and 55 °C) and angular frequencies.
The value of tgel determined by the time dependence of tan δ
(the point at which all curves of tan δ coincide and are angular
frequency independent) was found to be applicable over a wide
range of angular frequencies according to the Winter−
Chambon method and identical to the value obtained from
the crossover point of G′ and G″. Furthermore, both G′ and G″
were found to follow a power law behavior as a function of
angular frequency (G′ ∼ G″ ∼ ωn) with exponents n′ and n″
that are strongly dependent on curing time in good agreement
with that predicted theoretically based on the percolation
theory. Both η0 and Geq were also expressed in power law
scaling functions with the relative distance from the gel point,
η0 ∼ ε−k and Geq ∼ εz with k = 0.75 and z = 2.1. The value of
the exponent n obtained from the slopes k and z is 0.73, in
close agreement with the value predicted theoretically from the
percolation theory (n = 2/3). The cured sample was thermally
stable up to 200 °C and showed only one α-relaxation process
as confirmed by TGA and DMA measurements, respectively.
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